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Abstract—The introduction of optically active defects (such as atomic clusters, dislocations, precipitates) into
asilicon single crystal using irradiation, plastic deformation, or heat treatment has been considered a possible
approach to the design of silicon-based light-emitting structuresin the near infrared region. Defects wereintro-
duced into silicon plates by traditional mechanical polishing. The changesin the defect structure and the impu-
rity composition of damaged silicon layers during thermal annealing (TA) of a crystal were examined using
transmission electronic microscopy and x-ray fluorescence. Optical properties of the defects were studied at
77 K using photoluminescence (PL) in the near infrared region. It has been shown that the defects generated by
mechanical polishing transform into dislocations and dislocation loops and that SiO, precipitates also form as
aresult of annealing at temperatures of 850 to 1000°C. Depending on the annealing temperature, either oxide
precipitates or dislocations decorated by copper atoms, which are gettered from the crystal bulk, make the pre-
dominant contribution to PL spectra. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Single-crystal silicon is one of the main materials
used in microelectronics, but it is of little use in light-
emitting structures because of its indirect band struc-
ture and low probability of radiative transitions. Over
the past 10-15 years, prospects for integrating both
micro- and optoel ectronic deviceson aSi single-crystal
wafer have encouraged intense development of a new
line of studies (silicon-based optoelectronics) whose
aim is to produce Si-based light-emitting structures in
the visible and near-infrared regions and to integrate
them with existing microelectronic devices[1].

One approach to the formation of silicon-based
structures emitting at communication wavelengths (1.3
and 1.55 um) is the introduction of various types of
defects (point, linear, and bulk) into Si crystals. Point
defects are centers consisting of silicon and impurity
atoms (oxygen, carbon) formed asaresult of Si crystals
being irradiated by high-energy particles (y rays, elec-
trons, neutrons) [2]. Examples of optically active radi-
ation-induced defects are complexes of interstitial (i)
and substitutional (s) atoms of carbon (C,C,) and oxy-
gen (C,O)) radiating in the region of 1.3 and 1.6 um,
respectively. Thefirst silicon light-emitting diode using
defects as radiative recombination centers was reported
in[3].

In the mid-1990s, information was reported about
the fabrication of silicon light-emitting diodesin which
extended defects (disocations) were introduced by
plastic deformation or laser melting of a Si crysta [4,
5]. It has also been shown that the introduction of bulk
defects into silicon (precipitates of silicon dioxide
Si0O,) during multistage and long-term heat treatment is
accompanied by the generation of photoluminescence
(PL) in the near-infrared region (0.78-0.86 eV) [6, 7].

In spite of the variety of methods developed for
introducing defects into silicon, the conventional
mechanical treatment of silicon plates (Iapping and pol-
ishing) has not been applied so far to introduce
extended defects or to study their luminescent proper-
ties during subsequent heat treatments. We recently
reported the observation of an intense PL signal with a
peak at 0.83 eV (1.5 um) arising after heat treatment of
an n-Si (100) plate whose nonoperating backside was
preliminary mechanically polished [8].

It was believed that this PL signal could be due to
extended defects, generated by mechanical treatment,
being decorated either by transition-metal (Cu, Ni, Fe)
or oxygen atoms present in the initial Si crystals at a
concentration level of less than 10'* and approximately
10 cmr3, respectively. Earlier, the effect of defects
decorating metal impurities on dislocation PL spectra
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Fig. 1. Bright-field TEM images (horizontal section) of aSi
surface layer (a) subject to mechanical polishing and
(b, ©) subsequent thermal annealing for 20 min at (b) 850
and (c) 1000°C.

(lines D1-D4) was reported [9, 10]. Therefore, in this
work, a relationship was studied between the PL of
mechanically polished and thermally annealed Si layers
on one hand and the structure and impurity composition
of damaged layers on the other.

2. EXPERIMENTAL

In the present work, n-Cz-Si (100) plates with
mechanically polished backsides and an electrical
resistance of 4t05 Q cmwere used. Thermal annealing
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(TA) of crystals was carried out in a nitrogen atmo-
sphere at temperatures T, = 850°C and T, = 1000°C for
20 to 60 min, followed by slow cooling. The structure
of damaged layers before and after TA was examined,
using transmission electron microscopy (TEM), both
near the silicon surface and at a depth of about 7 um
after chemical removal of alayer. The impurity compo-
sition of Si surface layers for atoms with Z > 20 was
examined using x-ray fluorescence (XRF). The photo-
luminescence of damaged layers before and after TA
was measured at 77 K with a BOMEM Fourier spec-
trometer equipped with a cooled germanium detector.

3. RESULTS AND DISCUSSION

Figure lashowsaTEM image of the microstructure
of adamaged Si layer on the backside of aplate near the
surface. One can see that the Si surface is covered with
bands and scratches about 0.5 um in width, induced by
the finishing mechanical polishing by micropowders of
chromium oxide with similar grain fineness. The thick-
ness of adamaged Si layeris1to 1.5 um. According to
the results of TEM studies, after etch removal of a Si
layer about 7-pum thick, no marks of mechanical dam-
ages caused by polishing were found at this depth (not
shown in the figure). There were only square etch pits
associated with dislocations, whose density was about
103 cm?intheinitial crystal.

Heat treatment of a Si crystal at temperature T, =
850°C produced considerable changes in the defect
structure of the damaged layer (Fig. 1b). In the places
where scratches were before, their traces are observed
to contain dislocations of different lengths (100 to
450 nm) and dislocation loops 40 to 50 nmin size. The
density of loops and dislocations is about 4 x 108 and
3 x 108 cm, respectively. Deeper scratches serve as
sources of higher concentrations of dislocations.

In addition to dislocation structures, round-shaped
particles about 0.2 um in size form at the points where
there are scratches; these particles are precipitates of a
second phase. Electron microdiffraction data show that
additional point reflections appear in the diffraction
pattern, which were interpreted as belonging to a-S O,
(cristobalite). Precipitation of oxygen in the form of
SO, particles in silicon during heat treatments at an
elevated temperature (above 800°C) is caused by its
supersaturation due to the concentration of oxygenin Si
(~10'® cm™) considerably exceeding its equilibrium
solubility (~10% cm) at such temperatures. The den-
sity of SIO, particlesinthe silicon surface layer is about
108 cm2. In deeper layers of acrystal (~7 um from the
surface), the density of SiO, particles is much higher
(~10° cm?) and they are dlightly smaller in size (50 to
150 nm).

Annedling of a S crysta at temperature T, =
1000°C (Fig. 1c) resulted in further improvement of the
structural state of the damaged layer (the traces of
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Fig. 2. Photoluminescence spectrum of Si subject to
mechanical polishing and thermal annealing for 20 min at
temperatures of (a) 850 and (b) 1000°C. The spectra are
detected both from the front side and the backside of the
plate. The dip in the spectrum at 0.9 €V is caused by radia-
tion absorption by the quartz window of the Dewar vessel.

scratches became less noticeable). The densities of
loops and dislocations decreased slightly to 3 x 10° and
108 cm?, respectively, while the size of loops them-
selvesincreased up to 0.2 um. The generation of stack-
ing faults was also observed with a density of about
107 cm, which istypical of decomposition of a super-
saturated solid solution of oxygen in a Czochralski-
grown silicon. It should be noted that almost no SiO, par-
ticles are seen in Fig. 1c, though in deeper layers their
density remains the same (~10° cm?) as their sizes
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reduce further down to 30-50 nm. This fact can be
explained as resulting from the oxygen depletion of Si
surface layers, which is observed at elevated annealing
temperatures (=1000°C) [11].

Examination of the impurity composition of silicon
before and after TA using the XRF method revealed an
EXCess copper concentration in damaged layers after
TA. The characteristic spectral line of copper (CuK,,
E = 8 keV) was not detected at either Si surface before
TA. After annealing at T, = 850°C, XRF spectra (not
cited in the present work) exhibit the CuK, line, withits
intensity being higher on the backside (damaged) sur-
face of the plate. After annealing at T, = 1000°C, the
CuK, lineintensity increased on the damaged side. The
excess concentration of copper in the defected Si layer
is explained by copper gettering from the bulk of the
crystal during TA. The extraction of technological
impurities (Cu, Ni, Fe) from the active (device) areas of
aSi crystal by mechanically damaging its backside and
the formation of oxide precipitates in the crystal bulk
during heat treatment are widely used practical meth-
ods of background impurity gettering [12].

Figure 2 shows PL spectraof mechanically polished
and thermally annealed Si layers taken from the front
side and from the backside of the plate. After TA a T, =
850°C (Fig. 2a), a PL line with a peak at 0.83 eV
(1.5 um) is visible in both spectra; however, its inten-
sity is much higher for the backside of the plate. In
addition, the above spectraexhibit an intrinsic emission
signa of Si at 1.1 eV, whose intensity is higher when
taken from the front (chemically polished) side of the
plate. Annealing of Si at T, = 1000°C (Fig. 2b) shifts
the maximum of the defect lineto 0.808-0.812 eV, i.e.,
to the position of the dislocation line D1 at cryogenic
temperatures [4, 5]; the line shape becomes nonsym-
metric, with a tail on the short-wavelength side. The
intensity of the signal taken from the backsideincreases
considerably, and the signal from Si at 1.1 eV disap-
pears.

4. CONCLUSIONS

The transformation of the defect structure of dam-
aged layers during heat treatment of a Si crystal has
been shown to be accompanied by the formation of
both didocation structures and oxides precipitates,
which are decorated by copper atoms from the bulk of
the crystal. The transformation of defects during
annealing has an effect on the PL spectra, with the con-
tribution from either SiO, particles or dislocations to
these spectra becoming predominant depending on the
temperature of annealing. Intense PL from the backside
of the plate is essentially due to the decorating of
defects with copper atoms, whose concentration is
related to the concentration of defects produced by
mechanical polishing.
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Abstract—The density of crystal lattice defectsin Si : Er layers grown through sublimation molecular-beam
epitaxy at temperatures ranging from 520 to 580°C is investigated by a metallographic method, and the Hall
mobility of electronsin these layersisdetermined. It isfound that the introduction of erbium at a concentration
of up to ~5 x 10 cm into silicon layers is not accompanied by an increase in the density of crystal lattice
defects but leads to a considerable decrease in the electron mobility. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The discovery of luminescence phenomena, such as
photoluminescence and electroluminescence, in
Si : Er/S structuresin the wavelength range 1.5-1.6 um
has given impetus to more comprehensive investigation
into the properties of these structures and has stimu-
lated the development of various methods for their
preparation.

Implantation of erbium ionsinto silicon layers [1-4]
is the most extensively employed method for produc-
ing luminescent silicon structures. Moreover, these
structures have often been prepared by molecular-
beam epitaxy [5, 6] and sublimation molecul ar-beam
epitaxy [7, 8.

The density of lattice defectsisan important charac-
teristic of crystal quality. It can be expected that crystal
layers implanted with high-energy ions of erbium con-
tain defects of different typesin rather large amounts,
in particular, dislocations at a density of 108-10'° cm™
[3]. One of the purposes of the present work was to
investigate defects involved in silicon layers grown by
sublimation molecul ar-beam epitaxy.

As was shown earlier by Franzo et al. [3] and Coffa
et al. [4], erbiumionsare excited in areverse-biased p—n
junction through collisions with hot electrons. In this
work, collisions of eectrons with erbium complexes in
S : Er layers grown through sublimation molecular-
beam epitaxy were studied by analyzing the Hall mobil-
ity g in the layers. To the best of our knowledge, the
Hall mobility y, has never been examined in Si : Er
structures prepared by molecular-beam epitaxy. In a
recent work, Aleksandrov et al. [9] obtained a depen-
dence of the Hall mobility p, onthe donor impurity con-
centration in silicon layers implanted with erbium ions;

however, the level of erbium doping (2.5 x 10'7 cmr)
was relatively low as compared to the optimum value for
electroluminescence (Ng, = 1 x 10%° cm3). Apparently,
thislight doping of the silicon layers could be the reason
why those authors did not reveal a change in the Hall
mobility p,, after the erbium doping. The second purpose
of the present study was to analyze the Hall mobility p
in Si : Er layers grown through sublimation molecular-
beam epitaxy.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

For our measurements, Si : Er epitaxial layers up to
3 um thick were grown through sublimation molecul ar-
beam epitaxy at arate of 1.0-1.5 um/h under vacuum at
aresidua pressure of (2-8) x 10~ mbar and at temper-
aturesranging from 520 to 580°C on Si(100) substrates
doped with boron (10 Q cm). The growth method and
its potential were described in greater detail in[7, §].

The concentration n and the Hall mobility p, of
electronsin Si : Er epitaxial layerswere measured using
the van der Pauw method, the distribution of charge
carriers over the layer thickness was determined by the
electrochemical capacitance-voltage technique, and
the distributions of impurities (specifically of erbium
and oxygen) were obtained using secondary ion mass
spectrometry. An important advantage of sublimation
molecular-beam epitaxy is that this method provides
for growing sufficiently thick layers. In turn, this made
it possible to employ a simple reliable technique for
revealing defects, namely, selective etching with subse-
guent observation of defects with the use of an Ml1-4
optical microscope (300%).

1063-7834/05/4701-0102$26.00 © 2005 Pleiades Publishing, Inc.
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Erbium was uniformly distributed over the thickness
of the epitaxial layers. The erbium concentration Ng; in
the epitaxial layers was equal to (2-5) x 10 cm=3. The
Si : Er layers had n-type conductivity. In al the struc-
tures grown through sublimation molecul ar-beam epit-
axy, photoluminescence was observed at atemperature
T =77 K. As was shown in [10Q], back-biased diodes
fabricated from these structures exhibited electrolumi-
nescence at 300 K.

3. CRYSTAL LATTICE DEFECTS

In this work, we studied defects in p—n structures.
Here, p stands for a silicon substrate and n denotes a
Si : Er layer. Theelectron concentrationin Si : Er layers
was estimated as n = (1.5-2.0) x 10'¢ cm3. The main
defects observed with an optical microscope after etch-
ing of the sampleswere dislocations. Asarule, the den-
sity of dislocationsin Si : Er layers (10>-10* cm) coin-
cided with that observed in the silicon substrate. This
gave groundsto believe that dis ocations grew from the
silicon substrate into a S : Er layer.

After weak selective etching, the layer—substrate
boundary was observed with an optical microscope in
the form of athin line on the (111) cleavage surface. In
some cases, prolonged selective etching revealed dislo-
cation pitsonthe (111) cleavage surface. The density of
didocation etch pitsin our layers aso did not exceed
10* cm?;, however, these pits as a rule were not
observed on the cleavage surface.

In diode structures prepared by implantation of
erbium ions, the electron concentration at an optimum
erbium concentration Ng, ~ 10'° cm2 is sufficiently
high: n~10™ cm3. It isassumed that, in these structures,
the erbium complexes serve asdonors. Inthe S ; Er lay-
ers grown through sublimation molecular-beam epit-
axy, the above electron concentration (10'® cm=) was
reached by additional doping with phosphorus and anti-
mony during growth of the layers [8]. After selective
etching, the Si : Er epitaxial layers at an electron con-
centration of 108 cm3 did not contain dislocation pits.
It should be noted that the disappearance of dislocation
etch pits at a higher electron concentration (=10 cm)
has been observed both in heavily doped erbium-free
layers grown through sublimation molecul ar-beam epi-
taxy [11] and in heavily doped bulk silicon [12].

4. HALL MOBILITY OF ELECTRONS

The Hall mobility p, of electrons was investigated
in n-Si : Er layersisolated from the substrate by a p—n
junction. These layers were grown using plates cut out
fromdifferent Si : Er ingots serving as sources of erbium
atoms. The electron concentration inthe n-Si : Er layers
varied from 3 x 10'°to 6 x 10*” cm3,

The dependence of the Hall mobility on the electron
concentration py(n) for Si : Er layers grown through
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sublimation molecul ar-beam epitaxy is depicted in the
figure. For comparison, this figure shows the depen-
dencespyy(n) forbulk n-Siand Si: B Si: Sh,and S : As
layers grown through sublimation molecul ar-beam epi-
taxy but not doped with erbium. Let us now explain the
choice of the dependence p,(n) for bulk n-Si. Accord-
ing to Glowinke and Wagner [13], the Hall mobility py
of electrons in bulk n-Si depends on the oxygen con-
centration Ny and reaches a maximum value of
1850 cm?/(V s) for Ng ~ 10'® cm8 in the case when the
donor concentration is less than 10*2 cm3. In al the
layers grown through sublimation molecul ar-beam epi-
taxy in our experiments, the oxygen concentration Ng
fallsin the range from 10% to 10%° cmr=. On this basis,
the dependence p,(n) for bulk silicon (see figure) was
constructed from the data reported by Debye and
Kohane [14], according to which the maximum mobil-
ity of electronsisidentical to that obtained in[13]. The
same values of y, were obtained in our study of n-Si
crystals grown by the Czochralski method with a high
oxygen content.

From analyzing the dependences j1,4,(n) shownin the
figure, we can draw the following conclusions: (i) the
Hall mobility of electronsin an n-Si epitaxial layer free
from erbium coincides with the value of p, for n-Si sin-
gle crystals over the entire range of electron concentra-
tions; and (ii) at the same electron concentrations, the
Hall mobilities of electronsin Si : Er layersare 1.5-3.0
times lower than those observed in bulk silicon and in
silicon layers not doped with erbium. The decrease in
the Hall mobility py of electronsin the S : Er layers
cannot be explained in terms of scattering by ionized
impurities, because, in this case, the concentrations of
donors and acceptors should be severa tens of times
higher than the measured concentration of electrons.
However, this assumption disagrees with the results of
analyzing the temperature dependence of the electron
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concentration n(T). Furthermore, the decrease in the
Hall mobility p,, of electronsinthe Si : Er epitaxia lay-
ers also cannot be explained as resulting from the pres-
ence of defectsin the crystal structure, because, as was
shown above, the defect density is not very high.

In our opinion, the observed decrease in the Hall
mobility p, of electronsinthe Si : Er epitaxia layersis
morelogically explained in terms of electron scattering
by erbium complexes. In what follows, the term
“erbium complex” will be used in reference to athree-
dimensional cluster that contains an erbium atom sur-
rounded by impurity atoms. The electron mobilityug,,
which is associated with the electron scattering only by
erbium complexes at a temperature of 300 K, can be
determined from the expression

1.1 1 "
Her p-exp Hp
where |, is the measured mobility of electronsin the
Si : Er layersand p, isthe mobility of electronsin bulk
silicon at the same el ectron concentration. The value of
Hg at an erbium concentration Ng, = 4 x 10 cm3 is

approximately equal to 500 cm?/(V s).

The mechanism of electron scattering by erbium
complexes was analyzed in the framework of two mod-
els. According to the first model, an erbium impurity
complex is considered a sphere of radiusr and the elec-
tron scattering is assumed to be elastic in nature. Within
this approximation [15], the electron mobility pg can
be represented in the form

Ug = 4el @
" 3, ormPkT
1
L = —5—. ©)
T[rONEr

Here, L isthe mean free path of el ectrons upon scattering
by erbium complexes, e is the elementary charge, and

m: = 0.26my, is the effective conductivity mass (where

my isthe electron mass) [16]. For Ng, =4 x 10* cm—2 and
Ug =500 cm?/(V s), thefirst model of €l ectron scattering
by erbium complexes givesL = 18 nm and r, = 2.1 nm.
The obtained value of r, considerably exceeds the min-
imum distance at which the oxygen impurity atoms sur-
rounding the erbium atom arelocated in the structure of
the complex. Thisvalue of r, can be explained either by
alocal distortion of the crystal lattice around the erbium
complex or in terms of the fact that the impurity atoms
are separated from the erbium atom by a distance that
is substantially longer than the interatomic distance.

When analyzing the mechanism of electron scatter-
ing by erbium complexes in the framework of the sec-
ond model, we used the Erginsoy formulafor the relax-
ation time upon scattering of electrons by a neutra
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impurity [17]. Taking into account this formula, the
electron mobility g, can be written in the form

ho = —STo__ ey @
= 20e(h/2m)°Ng, Emel me
Here, m* = 3(m||mé)”3/(m|_|1 +2m.)my, (where mis
the longitudinal effective electron mass and m;is the
transverse effective electron mass) [15], histhe Planck
constant, and € is the permittivity. Within this model,
it is assumed that the scattering center is a hydrogen-
like neutral atom immersed in a medium with permit-
tivity €. By substituting the erbium concentration
Ng, = 4 x 10'8 cm=2 into relationship (4), we obtain the
electron mobility pg, = 810 cm?/(V s), whichisin sat-
isfactory agreement with the electron mobility pg =
500 cm?/(V s) determined from expression (1).
According to relationship (4), the mean free path of
electrons upon scattering by erbium complexes has the

form
_ —9 T
L =34x10 1300 KuE,. 5)

Here, pg and L are expressed in cm?/(V s) and cm,
respectively. For g, =500 cm?/(V s) at T =300 K, we
obtain L = 17 nm. This value of L is close to the mean
free path determined in the framework of the first
model. It isdifficult at this point to decide between the
two above mechanisms of electron scattering. This
problem calls for further investigation.

5. CONCLUSIONS

Thus, we investigated the density of crystal lattice
defects and the Hall mobility of electronsin S : Er lay-
ers grown through sublimation molecular-beam epit-
axy. The erbium concentration in these layers was as
high as5 x 10'8 cm3,

It was found that the introduction of erbium into sili-
con layersis not accompanied by an increase in the den-
sity of crystal lattice defects. The observed density of
defects (dislocations) was not very high (10°-10* cm)
and coincided with the density of dislocationsin silicon
substrates.

It was reveal ed that the Hall mobility of electronsin
Si : Er epitaxial layers is considerably less than that
observed in erbium-free silicon layers at the same elec-
tron concentration.
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Abstract—The Stark splitting of the energy levels of Er3* ionsimplanted in a structure made up of alternating
layers of silicon dioxide and quasi-ordered silicon nanocrystals is calculated. The level splitting is caused by
the electric field of the image chargesinduced at the interfaces between layers with different permittivities. The
splitting was established to increase as the contrast in permittivity between the silicon dioxide and silicon
nanocrystal layersincreases, as well aswhen the erbium ions approach the layer interface. The results obtained
offer an adequate explanation of the experimentally observed additional broadening of the erbium photolumi-
nescence band (0.8 €V) with increasing characteristic size of the silicon nanocrystals. © 2005 Pleiades Pub-

lishing, Inc.

1. INTRODUCTION

The recent interest in the luminescence of Er¥* ions
in various silicon structures stems from the need to
devel op devices capabl e of efficient emission at awave-
length of 1.5 um, which corresponds to the minimum
absorption in fiber-optic communication lines [1]. A
system that has alternating layers of quasi-ordered sili-
con nanocrystals and erbium-doped silicon dioxide
(denoted subsequently as nc-Si/SIO, : Er) isastructure
with application potential [2, 3].

The presencein nc-Si/SIO, : Er structures of regions
with different values of permittivity inevitably gives
rise to nonuniform polarization of the medium in elec-
tric fields. In such a system, at the interfaces between
regions with different permittivities, Er®* ions induce
image charges, whose electric fields, in turn, act on the
ions themselves and bring about an additional energy
level splitting. As aconsequence, the luminescence line
undergoes additional broadening as compared to sys-
tems in which Er®* resides in a dielectrically homoge-
neous matrix.

In this work, we studied the photoluminescence
(PL) spectra of Er®* ionsin asilicon oxide matrix con-
taining silicon nanocrystals (nc-Si) of various sizes. A
model was constructed to account for the experimen-
tally observed broadening of the Er®* PL line with
increasing nanocrystal dimensions.

2. SAMPLES AND EXPERIMENTAL RESULTS

The nc-Si/SIO, : Er samples used in the study were
prepared by reactive cosputtering (with SiO and SO,

layers deposited successively on a c-Si substrate) [4]
followed by annealing, which favored the formation of
nanocrystals. Nanocrystals in each sample had a
spread in size d to within 0.5 nm, and their size varied
from one sample to another from 2 to 6 nm. After this,
Er3* ions were implanted into the samples to a dose of
~2 x 10% cm (average concentration Ng, ~ 10%° cm3).

Figure 1 shows the PL spectra of Er3* ionsfor three
different nc-Si/SIO, : Er samples. The excitation was
effected by nanosecond-range N,-laser pulses (photon
energy hw= 3.7 eV, pulselength T ~ 10 ns, pul se energy
E < 1 uJ, pulse repetition frequency v ~ 100 Hz). We

2 nm =
iz l- ———4nm Z
= —6nm 8
= g
£ =
- g

S
a i Z.
=]
32
R= 0.78 0.80 0.82 0.84
| Photon energy, eV
W)
0

0.80 0.85
Photon energy, eV

0.75 0.90

Fig. 1. PL spectra of Er¥* ionsin nc-Si/SiO, : Er samples
with nc-Si substrates of different dimensions. N, laser
pumping: Ege = 3.7 €V, T = 300 K. Inset: normalized PL

spectraof Er3* ions.
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(a)

(b)

Fig. 2. (a) nc-Si/SIO, : Er structure in one-dimensional
approximation (schematic) and (b) the model employed in
the calculations.

can see that, as the silicon nanocrystals grow in size
(SiO layer thickness increases), the Er®* PL intensity
decreases and the spectral width of the line increases
(see inset to Fig. 1). In addition, the Er®* PL line in
these structuresis al so noticeably broadened (FWHM ~
20 meV) as compared to the analogous band in the sam-
ples where erbium is contained in a homogeneous sili-
con dioxide matrix [5]. This property could be
employed to advantage in the development of various
optoel ectronics devicesin which the transmission band,
spectral width, etc., have to be varied. The next section
deals with amodel explaining the behavior of the Er3*
PL linewidth in nc-Si/SIO, : Er structures.

3. MODEL AND METHODS OF CALCULATION

The symmetry of the nc-Si/SIO, : Er structure
allows usto approximate it with an infinite sequence of
aternating layers of nanocrystals of silicon and silicon
dioxide with dielectric constants €, and €,, respectively
(Fig. 2). Because nanocrystals form a close-packed
array within each layer [2, 3], consideration may be
limited to aone-dimensional problem. The thickness of
the nanocrystalline layer d, in different samples can be
varied purposefully from 1 to 6 nm [2]. The SIO, layer
thickness (d,) is usually 1-4 nm. Because the solubility
of erbium in SiO, exceeds that in Si by several orders
of magnitude, it can be maintained that erbium ions
reside primarily in the SiO, layers.

To calculate the additional electric fields acting on
the Er®* ion in anc-Si/SiO, structure, we have to solve
the Poisson equation subject to the corresponding
boundary conditions. The image charge potential V(2)
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Fig. 3. Energy level splitting of the ground and first excited
states of the Er®* ion in an additional electric field. Vertical
arrows identify possible optical transitions. The solid arrow
indicates the optical transition used to estimate the splitting
energy.

in the layer where the ion resides can be written in the
form [6]

0

—kz

V(z a) = %‘IJO(ka)(LIJ(k)ekZ+¢(k)e ydk, (1)
0

where Jy(ka) is the zero-order Bessel functionand ais
the distance from theion to the layer boundary (Fig. 2).
The origin coincides with the ion position. The explicit
form of the functions W(k) and ®(k) was found by solv-
ing the coupled equations from the continuity of the
potential and electric induction at the interfaces.
Expression (1) remains finite within the layer d. The
problem was ssimplified by assuming that the layer con-
taining the ion is surrounded by a medium with an
effective dielectric constant ¢, (effective-medium
approximation), depending on the thicknesses d, , and
dielectric constantse, , (Fig. 2). Thedielectric constant
g.isgiven by [7]

_ (d, +d,)e; €,
d,e, +dyg;

e 2
Using Eg. (2), we can find the dependence of €, on the
thickness of the nanocrystalline layer for several values
of its dielectric constant. In doing this, we take into
account the dependence of €, on the size of the nanoc-
rystals and their concentration in the layer.

The strength of the additional electric field F, found
by differentiating the integrand in Eq. (1) with respect
to z, was subsequently used to estimate the Stark effect
through perturbation theory. In the system at hand, the
Stark effect is quadratic [8], because the Er®* ion does
not have a noticeable dipole moment in a zero field. To
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Fig. 4. Additional field (solid lines) and level-splitting ener-
gies (dashed lines) plotted vs. dielectric contrast for an Ers*
ion located at different distancesfrom the interface between
the media.

simplify the problem, the one-electron approximation
was employed. Figure 3 displaysthe level splitting pat-
tern for this case. The additiona energies of the split
levels are given by [8]

2
S
16
where f = F/F, is the perturbation parameter, F, is the
intraatomic field, n is the principal quantum number
(n = 4), and misthe magnetic quantum number (Fig. 3).
We took for the splitting the largest difference in the
transition energies (corresponding to a pair of levels)
allowed by the selection rules in the magnetic quantum
number (Am = £1):

AE = AE, ,—AE, . (4)

Figure 4 plots the additional electric field induced by
image charges at the interface separating the media and
the additional energy associated with splitting in this
field versus the dielectric contrast calculated within the
above model for d = 4 nm. The dielectric constants €,
and €, were assumed to be 11.8 and 3.5, respectively.
The calculations were carried out for an erbium ion
located at a distance of 0.2 and 0.4 nm from the inter-
face. The smaller distance was dictated by the S—-O
bond Iength (~0.18 nm), because thislength isthe min-
imum distance to which an ion can approach the inter-
face in a structure while till remaining in the silicon
oxide. Therelation displayed in Fig. 4 can be explained
by the higher contrast generating alarger image charge
and, hence, a higher electric field. The additional field
and the energy splitting drop sharply as the separation
of anion from the interface increases.

Figure5illustrates the calculated splitting asafunc-
tion of relative ion position in the structure for two val-
ues of the dielectric contrast. The splitting isthe largest

AE, “[17n°—9m’ + 19], ©)
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Fig. 5. Dependence of splitting energy on Erd* ion position
for different values of the dielectric contrast g¢/¢g;: (1) 1.7
and (2) 1.3.

near the interface and becomes additionally enhanced
with increasing dielectric contrast, in full agreement
with the graph in Fig. 4. The sharp decrease in AE
observed to occur in Fig. 5 as the parameter a/d
approaches 0.5 is accounted for by the simultaneous
influence exerted on the ion by the two interfaces,
whose action cancel each other out in the middle of the

layer.

4. CONCLUSIONS

Thevaues AE = 10-15 meV obtained for a= 0.2 nm,
d=4nm, ande./g; = 1.5-1.7 are closeto the experimen-
tally measured widths of erbium luminescence spectra
in nc-Si/SIO, : Er structures with silicon nanocrystals
~4-6 nm in size (Fig. 1). In addition, the results
obtained within the simple model considered here fit
well the experimentally observed broadening of the PL
line with an increase in the nanocrystal size, i.e., with
an increase in the dielectric contrast in the nc-Si/SIO,
structure.
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Abstract—The photoluminescence of Er3* ions in a SiO, matrix containing silicon nanocrystals 3.5 nm in
diameter is studied under resonant and nonresonant pulsed pumping with pulses 5 nsin duration. The effective
erbium excitation cross section under pulsed pumping, o = 8.7 x 10717 cm?, is close to that for nanocrystals.
Comparison of the erbium photoluminescence intensity obtained for a SiO, matrix with and without nanocrys-
tals madeit possibleto determine the absol ute concentration of optically active nanocrystals capabl e of exciting
erbium ions, the concentration of optically active erbium, and the average number of erbium ions excited by
one nanocrystal. The study revealed that excitation transfer from one erbium ion to another isarelatively slow
process, which accounts for the low efficiency of erbium ion excitation under pulsed pumping in a SiO, matrix
containing silicon nanocrystals. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Silicon undoubtedly is and obviously will remainin
the future a basic material for use in modern electron-
ics. A promising application of silicon in optoel ectron-
ics is closely connected with its doping by erbium,
which emitsin the transition from the first excited state
to the ground state at a wavelength of 1.54 um coincid-
ing with the minimum of absorption in fiber-optic com-
munication lines. The efficiency of erbium excitationin
silicon is several orders of magnitude higher than that
in dielectric matrices. Unlikethe SIO, dielectric matrix,
however, erbium luminescence in silicon suffers very
strong temperature quenching. Intense research is pres-
ently under way on a new type of optical medium that
combines the advantages of semiconducting and
dielectric matrices [1-4]. This is a heterogeneous sys-
tem in the form of a SIO, matrix doped by erbium and
containing nanocrystals of silicon (Si-nc). In this case,
the pump radiation is mainly absorbed by the silicon
nanocrystals, which subsequently transfer energy with
a high efficiency to the erbium ions present in SiO..
Because nonradiative erbium de-excitation processes
characteristic of silicon are absent in SIO,, the photolu-
minescence (PL) intensity of erbiumispracticaly inde-
pendent of temperature.

The vast mgjority of studies on erbium excitation in
heterogeneous SiO, : Si-nc matrices were made under
cw pumping. By contrast, pulsed pumping performed
with pulse lengths shorter than the characteristic
erbium excitation and de-excitation times and the exci-
ton lifetime in slicon nanocrystals alows deeper
insight into the mechanism of electron transfer from
nanocrystals to erbium ions and makes it possible to
determine a number of parameters characterizing the

SiO,: Si-nc matrix [5]. These are very important fac-
torsin the search for ways to increase the erbium lumi-
nescence efficiency in this matrix.

2. EXPERIMENTAL RESULTS

Three SO, films 100-nm thick were PECV D-grown
on SO, substrates. Two of them contained silicon
nanocrystal s obtained by producing 8% supersaturation
by silicon of stoichiometric composition from a SiO,
gas mixture. The diameter of the silicon nanocrystals,
3.5 nm, and their concentration, 5 x 108 cm3, were
determined with a planar transmission electron micro-
scope (TEM). Erbium wasimplanted into one of the two
SiO,: Si-nc samples and into the SO, film at the same
energies and to the same dose. The erbium concentration
implanted in these samples was 2.2 x 10° cm3. A
detailed description of the sample preparation technol-
ogy employed can be found in [2]. The characteristics
of the samples studied in this work are listed in the
table.

Photoluminescence measurements were performed
under pulsed pumping using atunable optical paramet-
ric oscillator (OPO) with 5-ns pulses at arepetition rate

Sample characteristics

Sample - [Si-nc], [Ef],
no. Composition 1018 o3 102 o3
1 SiO,: Si-nc 3]
2 SO, : Si-nc: Er 5 22
3 | SiO,:Er 2.2

1063-7834/05/4701-0110$26.00 © 2005 Pleiades Publishing, Inc.
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of 20 Hz. The OPO enable us to tune the pump wave-
length in the range 500-560 nm for aspectral linewidth
of 5 nm. The PL to be measured passed through a grat-
ing monochromator and was subsequently detected
with a Hamamatsu NIR photomultiplier.

The PL spectra obtained in the 1.5-um wavelength
region on samples 2 and 3 containing erbium had
approximately the same shape and spectral position of
the maximum (Fig. 1). The luminescencein thisregion
derives from radiative transitions of the Er3* ion from
the first excited state, *l,5,, to the ground state, “l;s,.
Resonant excitation of erbium in sample 3 was effected
by an OPO tuned to a wavelength of 520 nm, which
corresponds to the #l,5,—?H,4, transition. An identical
spectrum was obtained on sample 2 within a broad
region of spectral excitation. Figure 2 shows the PL
excitation spectra of samples 2 and 3 measured at a
wavelength of 1.54 pm, which corresponds to the max-
imum of the erbium PL spectral line.

Figure 3 sums up the main experimental results
obtained. Curve arelatesto sample 2 excited at awave-
length of 510 nm, at which erbium can be pumped via
nanocrystals only; curve b refersto sample 2 excited at
520 nm, a wavelength permitting both direct erbium
excitation and excitation mediated by silicon nanocrys-
tals; curve c identifies sample 3 excited at 520 nm (reso-
nant excitation of erbium in a SIO, matrix); and curve d
plotsthe difference between datab and a; i.e., it reflects
direct excitation of erbium in the presence of nanocrys-
tals.

The PL spectrum of silicon nanocrystals (sample 1)
was afairly broad spectral line peaking at about 900 nm.
The excitation cross section of silicon nanocrystals in
this sample, 1.08 x 1026 cm?, and the exciton lifetime
in the nanocrystals, 100 s, were measured in [2].

3. DISCUSSION OF THE RESULTS

An essentia feature of the results displayed in Fig. 3
istheir calibration against the absol ute concentration of
excited erbium for both samples. For this purpose, we
used a simple two-level model of erbium excitation in
which photons are directly absorbed by erbiumions. In
this case, the concentration of excited erbium is
described by the rate equation

dNE _ oy N&
dt Gq)(NEr Er) T ’ (1)

where o is the photon absorption cross section by
erbium ions, ® isthe pump photon flux, N, isthe total

concentration of erbium ions, N, is the concentration
of excited erbium ions, and T isthe erbium ion lifetime
in the first excited state #l,5,. In our case, because the
OPO pulselength (5 ns) is substantially shorter than the
characteristic erbium lifetime in the excited state,
Eq. (1) can be solved to yield

& = Ng(1-exp(-0®A)), )

Er —
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Fig. 1. Typical PL spectrum of samples2 and 3takenat T =
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where At isthe OPO pulse duration and ¢ isthe erbium
absorption cross section in the SiIO, matrix, which is
2 x 107%° cm? at awavel ength of 520 nm corresponding
to the “4,5,—?H;,,, transition in the inner erbium ion



112

shell [6]. Thus, using the concentration of implanted
erbium and Eq. (2), we could determine the excited-
erbium concentration in sample 3 as a function of the
pumping level.

As is evident from Fig. 3, the excited-erbium con-
centration in sample 2 due to direct photon absorption
by erbiumions (curve d) dependslinearly on the photon
flux, asisthe case for the excited erbium concentration
in sample 3, but with a substantially smaller slope.
Assuming the photon absorption cross section of
erbium ions to be the same in these two samples, we
found that the concentration of optically active erbium
ionsin sample 2 is about 40% of that in sample 3.

At photon energies in excess of the band-gap width
of silicon nanocrystals, the erbium contained in the
SiO,: Si-nc matrix is excited primarily through excita-
tion transfer from the nanocrystals to erbium ions. In
this case, the first to be excited are the erbium ions
located near the nanocrystals, after which the excitation
can be transferred from one erbium ion to another. As
seen from Fig. 3 (curve a), in the presence of nanocrys-
tals, the concentration of excited erbium saturates rap-
idly at alevel substantialy lower than the concentration
of optically active erbiumionsfound for sample 2. This
implies that excitation transfer from an erbium ion in
the vicinity of a nanocrystal to other erbium ionsis a
slow process and can be disregarded in our case of
pulsed pumping. Therefore, the concentration of
excited erbium ions under interband pump absorption
by nanocrystals can be presented in a form similar to

Ea. (2),
Er = nNnc(l_eXp(_Geffq)At))v (3)

where 0; is the effective erbium excitation cross sec-
tion under pump absorption by nanocrystals, n is the
number of erbium ions that can be excited by one sili-
con nanocrystal, and N, is the concentration of the
nanocrystals capable of exciting erbium. Thus, the
product nN,. is actually the total concentration of
erbium that can be excited via nanocrystals. The solid
line in Fig. 3 displays the results of processing the
experimental data presented by curve a in Fig. 3 with
Oy = 8.7 x 107 cm?. The effective cross section O
under pulsed erbium excitation mediated by nanocrys-
talsis close in magnitude to the excitation cross section
of nanocrystals, =1 x 107 cm?, which suggests that
this process is highly efficient. The concentration of
erbium that can be pumped through nanocrystals in
sample 2 saturates at alevel of =4.5 x 10' cm=3,

The saturated concentration of excited erbium thus
obtained is noticeably lower than the concentration of
nanocrystalsin sample 2 (5 x 10'® cm3). This suggests
that, under pulsed pumping, one nanocrystal is capable
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of directly exciting one erbium ion only. Thus, the sat-
urated concentration of excited erbium we have
obtained corresponds to the concentration of nanocrys-
tals capable of transferring energy to erbium ions. The
concentration of excited erbium in sample 2 generated
under cw pumping (where the excitation is transferred
from one erbium ion to another) saturates at a level of
=1 x 10 cm3, which is considerably higher than that
under pulsed pumping.

4. CONCLUSIONS

Thus, we have studied the excitation of erbium ions
in a SiO, matrix containing silicon nanocrystals under
resonant and nonresonant pulsed pumping with a pulse
length of 5 ns. The effective erbium excitation cross
section under pulsed pumping, 04 = 8.7 x 1077 cm?, is
close to the excitation cross section of nanocrystals.

Our results suggest that, although loading the SIO,
matrix with nanocrystals does strongly increase the
efficiency of erbium excitation, the concentration of
optically active erbium decreases noticeably. In addi-
tion, the silicon nanocrystals in the SIO, matrix are by
no means all opticaly active, i.e., capable of exciting
erbium. Asfollows from our estimates, the time needed
to transfer excitation from one erbium ion to another is
substantially longer than that from Si-nc to an erbium
ion and the exciton lifetime in nanocrystals.
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Abstract—Thetechnology and properties of light-emitting structures based on silicon layers doped by erbium
during epitaxial MBE growth are studied. The epitaxial layer forming on substrates prepared from Czochral ski-
grown silicon becomes doped by oxygen and carbon impurities in the process. This permits simplification of
the Si : Er layer doping by luminescence-activating impurities, thus eliminating the need to make a special cap-
illary for introducing them into the growth chamber from the vapor phase. The photoluminescence spectra of
all the structures studied at 78 K are dominated by an Er-containing center whose emission line peaks at
1.542 uym. The intensity of this line measured as a function of the substrate and erbium dopant source temper-
atures over the ranges 400—700°C and 740-800°C, respectively, exhibits maxima. The edge luminescence and
the P line observed in the PL spectraare excited predominantly in the substrate. The erbium atom concentration
in the epitaxial layers grown at a substrate temperature of 600°C was studied by Rutherford proton backscat-
tering and exhibits an exponential dependence on the erbium source temperature with an activation energy of

~2.2 eV. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

lon implantation and molecular beam epitaxy
(MBE) are widely employed in the development of
light-emitting structures based on single-crystal Si : Er
layers [1]. MBE technology has a major asset in that it
makes it possible to control the concentration profiles
of various impurities with a high precision. However,
the high complexity of various design realizations of
the MBE techniques gives rise to specific properties of
the light-emitting structures fabricated. The present
communication reports on a study of the effect that the
various epitaxial growth conditions exert on the impu-
rity concentration in agrowing Si : Er MBE layer and
on photoluminescence (PL) spectra at low oxygen and
carbon impurity concentrations as compared to that of
erbium.

2. EXPERIMENTAL

MBE-grown Si : Er layers were produced with a
SUPRA-32 (RIBER) apparatus. A Si flux was obtained
with an electron beam evaporator bombarding a target
of n-type silicon grown through floating-zone melting
(n-FZ-Si) with an electrical resistivity p=2Q cm. A
flux of rare-earth atoms was produced by an effusion
cell containing metallic Er. The substrates used were
polished n-Cz-Si plates with a (100)-oriented surface
and p = 4.5 Q cm. The epitaxial growth proceeded at a

constant substrate temperature T = 400-700°C, adep-
osition rate of 0.26-0.70 A/s, and a residual gas pres-
surein the growth chamber not exceeding 8 x 10-° Torr.
To make the origina surface as smooth as possible, a
thin (100-300 A thick) buffer layer of undoped Si was
preliminarily grown on it. The Er concentration in an
MBE layer could be varied by properly controlling the
operating Er source temperature (Tg) from 740 to
800°C. Analysis of the dynamics of the reflection high-
energy electron diffraction patterns reveal ed that, in the
technological conditions chosen, the growth of Si : Er
layers follows a two-dimensiona pattern. The layer
thickness was as high as 1.3 um. The MBE-grown lay-
erswere n-type.

The concentrations of the oxygen impurity in inter-
dtitial positions (O;) and of carbonin lattice sites (C,) in
the silicon source plate for MBE growth and in the sub-
strate plate prior to epitaxial growth were derived from
the maximum of the lines at 1107 and 605 cm™ in IR
absorption spectra measured with aresolution of 1 cm
on an IFS-113 Fourier spectrometer (Bruker) with a
Cd,Hg, _,Te detector in the range 500-1600 cm™ at
room temperature. The caibration coefficients for oxy-
gen and carbon were 3.14 x 10'7[2] and 8.2 x 10% cm
[3], respectively. It was found that [O;] < 8 x 10% cm
and[Cy] <5x10% cm2inFZ-S and[O;] =(1.1£0.3) x
10¥ cm2 and [Cy] = (5% 3) x 10 cm=3in Cz-Si. The

1063-7834/05/4701-0113$26.00 © 2005 Pleiades Publishing, Inc.



114

1 020 T T T

-3

Er concentration, cm

1019

1
9.4 9.6 9.8
10%/Tg,, K!

Fig. 1. Er concentration plotted vs. effusion cell tempera-
ture.

concentration profiles of the Er, C, and O impurities
were measured by secondary-ion mass spectrometry
(SIMS) on a Cameca IMF 4F. Rutherford backscatter-
ing (RBS) of 231-keV protonsin the random and chan-
neling regimes was used to study the structural perfec-
tion of the epitaxial layers and the Er atom concentra-
tion. PL spectra were measured with a resolution of
7nm at a temperature of 78 K. The visible radiation
from a ~50-mW halogen lamp used to excite PL was
mechanically chopped at afrequency of 36 Hz. Theradi-
ation emitted by asamplewas collected by alensand, on
passing through an MDR-23 monochromator, detected
by an InGaAs photodetector operating at 300 K.

3. RESULTS AND DISCUSSION

High structural perfection of the MBE-grown layers
isindicated by the RBS data; indeed, the relative yield
of scattered protons (the ratio between the numbers of
counts in the channeling and random RBS operation
modes for the channels beyond the surface peak) isat a
level typical of Si single crystals. The dependence of
the erbium atom concentration (measured using RBS)
in MBE layers grown at a substrate temperature of
600°C on the effusion cell temperature is presented
graphically in Fig. 1. The calculated activation energy
derived from this dependence was ~2.2 eV. A similar
value for the activation energy was found in [4], where
MBE growth of Si : Er layers was performed at a sub-
stantialy higher effusion cell temperature (800—
1200°C).

Figure 2 displays SIM S concentration profiles of the

Er, C, and O impurities in sample 167, which was
MBE-grown at Tg = 600°C and T, = 785°C. Note that
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Fig. 2. Concentration profiles of (1) Er, (2) O, and (3) C
impurities measured by SIMS.

the impurity concentrations [O] 2.0 x 10 cm™ and
[C] 03.0 x 10*” cmr?in the substrate are slightly higher
than those accepted in the microelectronics industry. It
isno wonder that the oxygen and carbon concentrations
in substrates measured using SIMS and IR absorption
are different, because the SIM'S method determines the
total concentration of an impurity, whereas IR absorp-
tion determines only the concentration of impuritiesin
thesilicon interstitial (O;) and lattice site (C,) positions.
Oxygen and carbon could enter the epitaxial layer both
from the gas medium in the growth chamber and from
the silicon substrate. The factors responsible for the
approximate 1.6-time increase in the concentration of
these impurities in the Si : Er epitaxia layer as com-
pared to the substrate are yet to be established.

Figure 3 (curve 1) presents a PL spectrum of MBE-
grown S : Er sample 189 prepared at T = 600°C and
Tg = 785°C. The PL spectrum is seen to be dominated
by three peaks, namely, a peak at the wavelength of
maximum intensity A, [11.542 um deriving from Er3*
radiative transitions from the first excited state %l 5, to
the ground state 1,5, a peak at A, 01.62 um, and an
edge luminescence peak with A, 0 1.13 um. The max-
imum PL intensity in al our MBE-grown samples is
observed to fall on thelineswith A, = 1.542 um. Simi-
lar Er-related spectra were produced by samples with
implanted erbium and carbon ions [5, 6] or grown by
sublimation MBE [7]. Note that the spectra of samples
with implanted erbium and oxygen ions usualy reveal
Er—O-containing centers with A, = 1.537 um [1]. The
above SIMS data corroborate the formation of Er—C-
containing optically active centers in the MBE-grown
layers under study here.
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Fig. 3. PL spectra (1) of an MBE-grown Si : Er structure
(Tg =600°C, Tg, = 785°C) and (2) of aSi : Hoimplantation
structure.

The dependence of the PL intensity of the Er-related
line on the erbium source temperature measured at a
fixed substrate temperature Tg = 600°C is displayed in
Fig. 4. The intensity grows with the concentration of
the rare-earth element to reach a maximum value at
[Er] ~ 2 x 10% cm3 (Tg, = 785°C). As the erbium con-
centration is increased even further, no lines related to
Er-containing centers or edge luminescence are
observed in the PL spectrum. A TEM study of these
samples revealed defects of a fairly unusua shape
whose nature still remains to be established. The PL
intensity of an Er-containing center in MBE-grown lay-
ersis comparable to that of an Er—O-containing center
in Er- and O-implanted samples.

Figure 5 shows graphs relating the intensities of the
three dominant lines in the PL spectra of the samples
under study to the substrate temperature at a fixed
erbium source temperature Tg, = 785°C. The fact that
the PL edge intensity is independent of substrate tem-
perature during epitaxial growth implies that the lumi-
nescence excitation level is the same in MBE-grown
layers. Thelineat A, 11.62 um, referred to in the liter-
ature as the P line (or the 0.767-eV line), belongsto a
center containing carbon and oxygen that forms after
silicon annealing at ~450°C [8, 9]. The observed corre-
lation between the Er-related and P-lineintensitiesisan
additional argument for the carbon impurity being
directly involved in the formation of these centers. The
P line was observed by us earlier in n-Cz-Si after
implantation of holmiumionswith energiesE = 2.0 and
1.6 MeV toadose D =1 x 10* cm and of oxygen with
E =290 and 230 keV to adose D = 1 x 10'® cm= and
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Fig. 4. Er-related PL lineintensity plotted vs. erbium source
temperature at fixed Tg; = 600°C.

subsequent annealing at 620°C for 1 h (curve 2 in
Fig. 3). After the epitaxial layer in the structure exhib-
iting a strong edge PL and the intense Er-related and P
lineswas removed, the Er-related line was not observed
and the intensities of the other two lines remained
almost the same. This suggests that photoluminescence
of these two linesis excited primarily in the substrate.

PL intensity, arb. units

Fig. 5. PL line intensities at (1) A, 0 1.542, (2) 1.62, and
(3) 1.13 um plotted vs. substrate temperature for fixed
Tg, = 785°C.
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4. CONCLUSIONS

A technique for fabricating light-emitting structures
based on silicon layers doped by erbium in the course
of MBE growth has been developed, and their proper-
ties have been studied. The activation energy as deter-
mined from the dependence of the erbium atom con-
centration in the epitaxial layer on the reciproca tem-
perature of the effusion cell containing metallic erbium
was found to be ~2.2 eV. It was established that the epi-
taxial Si : Er layer becomes doped by carbon and oxy-
gen impurities during MBE growth. This apparently
favors the formation of Er-containing, optically active
centers in the course of epitaxial growth of a Si : Er
layer. The PL spectra of all samples are dominated by
radiation of the Er-containing center peaking at awave-
length of 1.542 um. The PL lines of edge luminescence
and of the center containing carbon and oxygen impu-
rities (the P line) are excited in the substrate.
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Abstract—Features appearing in the photo- and el ectroluminescence spectra of light-emitting structures based on
MBE-grown S : Er layers are studied. The luminescence properties of Si layersimplanted by Er and O ionswere
used as a reference. The temperature quenching of the photoluminescence intensity of Er-containing centersin
MBE-grown and implanted layers can be approximated adequately by the same functiona relationships with
equal activation energies but with preexponential factors differing by more than two orders of magnitude. It is
shown that the el ectroluminescence of Er®* ions can beincreased by additional coimplantation of erbium and oxy-
gen ions into MBE-grown light-emitting diode structures and subsequent annealing. After this treatment, the
Er-containing centers continue to dominate the luminescence spectrum. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Light-emitting structures based on Si : Er single-
crystal structures are prepared using various modifica-
tions of the technology of molecular-beam epitaxy
(MBE). The luminescence intensity of Er®* ions can be
increased if activators of optically active centers,
namely, oxygen, carbon, or fluorine, areintroduced into
alayer during MBE. Theseimpuritiesare usually intro-
duced from the gas phase through a capillary built into
the growth chamber. Earlier, we observed the effect of
doping of the MBE layer by oxygen and carbon impu-
rities without their purposeful admission into the
growth chamber [1]. The goal of thiswork wasto study
the effect of implantation of oxygen and erbium ions
and subseguent annealing on the luminescence proper-
ties of light-emitting structures based on Si : Er
MBE-grown layers and to compare their properties
with the characteristics of structures based on
implanted Si : (Er,0) layers.

2. EXPERIMENTAL CONDITIONS

Si : Er layers were prepared by MBE in a SUPRA-
32 (RIBER) setup on polished plates of Czochralski-
grown n-S (n-Cz-Si) with a (100)-oriented surface and
an electrical resigtivity p = 45 Q cm. A S flux was
obtained with an electron beam evaporator bombarding a
target of n-type silicon grown through fl oating-zone melt-
ing (n-FZ-S) with an electrical resigtivity p=2Q cm. A
flux of rare-earth atoms was produced by an effusion
cell containing metallic Er. The epitaxial growth pro-
ceeded at a constant substrate temperature of 600°C, a

deposition rate of 0.6 A/s, and aresidual gas pressurein
the growth chamber of no greater than 8 x 10-° Torr. To
make the original surface as smaooth as possible, athin
(100-A-thick) buffer layer of undoped Si was prelimi-
narily grown on it. The erbium source temperature was
785°C, which provided an erbium concentration of
=1 x 10% cm3. Analyzing the dynamics of the reflec-
tion high-energy electron diffraction patterns revealed
that, in the technological conditions chosen, the growth
of Si : Er layersfollows atwo-dimensional pattern [1].
The layer thickness was 1.1 um. The MBE-grown lay-
erswere n-type.

The p—n junctions were obtained by implanting
boron ions with an energy E = 40 keV into Si : Er epi-
taxial layersto adose D = 5 x 10% cm. Phosphorus
ions with an energy E = 80 keV were implanted to a
dose D = 1 x 10% cm2 into the rear side of the n-type
substrates to produce a heavily doped n* layer. To
anneal implantation defects and stimulate electrically
active centers, the sasmples were subjected to heat treat-
ment at 950°C for 0.5 h in a chlorine-containing atmo-
sphere (CCA), which was actualy a flow of oxygen
with an admixture of 1 mol % carbon tetrachloride.
Light-emitting diode mesa structures with an operating
area of 3 mm? were fabricated by photolithography,
aluminum deposition, and chemical etching of the p—n
junction surface.

We studied the effect of additional implantation of
oxygen ions with E = 100 keV and D = 3 x 10% cm™
into MBE-grown Si : Er layers and of subsequent iso-
chronous annealing (for 0.5 h) at 600-800°C in argon

1063-7834/05/4701-0117$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. PL spectra obtained with implanted (Yall.7) and
MBE-grown (D133) Si : Er structures.

on the photoluminescence (PL). We aso studied the
effect of additional implantation of erbium ions with
E=2and 1.6 MeV and D =1 x 10* cm and of oxygen
with E = 280 and 220 keV and D = 1 x 10" cm? into
MBE-grown Er®* layersof light-emitting diode structures
and subsequent two-stage annealing (at 650 and 900°C)
for 0.5 hin CCA on the eectroluminescence (EL).

To better understand the processes involved in the
formation of optically and electricaly active centers
and the mechanisms responsible for the excitation—de-
excitation of rare-earth ionsin MBE-grown layers, the
properties of Er* layers prepared by MBE and ion
implantation were compared. The Er¥*-implanted lay-
ers were grown on (100)-oriented p-Cz-Si substrates.
Erbiumionswith energy E=1.0MeV anddoseD =1 x
10* cm=? and withE=0.8 MeV and D = 1 x 103 cm
were implanted on aK2MV High-Voltage Engineering
Europe setup at 300 K into substrates with p = 1 and
4.5Q cm, respectively. The implanted samples were
annealed at 620-900°C for 0.5 h in CCA. After the
annealing, the conduction in the implanted layers was
observed to undergo p — n conversion. The electron
concentration in them was about an order of magnitude
lower than the concentration of the introduced erbium
ions.

PL and EL measurements were conducted at 78 and
80 K, respectively. Thevisibleradiation from a~50-mwW
halogen lamp used to excite PL was chopped mechani-
caly at a frequency of 36 Hz. The injection EL was
excited by current pulses applied at a frequency of
33 Hz, an amplitude of up to 500 mA, and a duration of
5 ms. The radiation from the sample was collected by a
lens and, on passing through an MDR-23 monochroma-
tor, was measured with an InGaAs photodetector operat-
ing at 300 K.
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Fig. 2. Temperature dependence of the Er®* ion PL intensity
in implanted (Ya31.11) and MBE-grown (D133) samples.

3. RESULTS AND DISCUSSION

Figure 1 shows PL spectra obtained on implanted
(Yall.7) and MBE-grown (D133) Er3* structures. The
Yall.7 sample was prepared on a (100)-oriented p-Si
substrate with p = 1 Q cm by implanting erbium ions
with E=1MeV and D = 1 x 10** cm™ and annealing
in CCA at 620°C over 0.5 h and then at 900°C over
0.5 h. The D133 sample was studied following epitaxia
growth with no additional annealing. The structure of
the optically active centers is seen to be different;
indeed, the implanted sample is dominated by Er-O-
containing centers with a peak in radiation at A, =
1.537 ym [2], and the MBE-grown sample, by Er—C-
containing centerswith A, = 1.542 um [3, 4]. It iscus-
tomarily accepted that the dominant lines derive from
Er3* transitions from the first excited state, %l 3, to the
ground state, %l ;5,. The PL intensities of the Er-contain-
ing centers in the structures prepared by both methods
were of about the same order of magnitude.

Figure 2 displays the temperature dependences of
the PL intensity of Er-containing centers in the
implanted (Ya31.11)) and MBE-grown (D133) sam-
ples. TheYa31l.11 sample was prepared on a (100)-ori-
ented p-Si substrate with p = 4.5 Q cm by implanting
erbium ionswith E=0.8 MeV and D = 1 x 10** cm™
and annealing in CCA at 900°C over 0.5 h. The temper-
ature quenching of the PL intensity of Er-containing
centersin theimplanted and MBE structures can be fit-
ted well by the following respective functional rela
tions, which have equal activation energies but have
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Fig. 3. PL spectra of MBE-grown Si : Er structures taken
after implantation of oxygen ions and annealing at (1) 600,
(2) 700, and (3) 800°C.

preexponential factors that differ by more than two
orders of magnitude:

Plimps = 14/[1+ 12exp(—E,/KT)

1
+1.3 x 10°exp(-E,/KT)],

+5.0 x 10°exp(-E,/KT)],

whereE; =22 meV and E, = 170 meV. Similar relations
for the temperature quenching of the PL intensity of Er-
containing centersin Si : Er implanted and MBE-grown
samples, as well as the PL intensity of Ho-containing
centersin S : Ho samples, were reported in [5-7].

Additional implantation of oxygen ions into MBE-
grown Si : Er layers and annealing neither increase the
PL intensity of Er-containing centers nor modify their
structure (Fig. 3). Annealing at 600°C has almost no
influence on the PL spectrum, including on the maxi-
mum lineintensity. Increasing the annealing temperature
brings about adecreaseinthe PL intensity (curves2, 3in
Fig. 3). A similar effect for MBE-grown structures was
observed in [6], whereas additional implantation of
oxygen ions into the Si : Er implanted layers followed
by annealing was accompanied by an increasein the PL
intensity of Er-containing centers[8].

Despite the rectifying pattern of the |-V characteris-
tics, no well-devel oped breakdown of p—n junctionsin
MBE-grown light-emitting diodes could be reached (as
opposed to the implanted structures). Therefore, Ers*
EL in MBE light-emitting diodes was observed only
under forward bias (curve 1 in Fig. 4). Additional

)
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Fig. 4. EL spectrum of MBE-grown diode structures taken
(2) beforeand (2, 3) after implantation of Er and O ionsand
subsequent annealing at (2) 650 and (3) 900°C.

implantation of Er and O ions and two-stage annealing
(at 650°C for 0.5 h and at 900°C for 0.5 h) are accom-
panied by an increase in the EL intensity of Er* ions
and a change in the EL spectrum originating from the
defectsthusintroduced but do not cause any modifica-
tion in the structure of Er—C-containing centers
(curves 2, 3in Fig. 4). Curve 1 was obtained at a cur-
rent of 300 mA, and curves 2 and 3, at 500 mA. In these
conditions, saturation of the PL intensity of Er®*ionsis
already observed.

4. CONCLUSIONS

The specific features of the luminescence spectra of
MBE-grown Si : Er light-emitting structures have been
studied. It was established that additional implantation
of Er and O ionsinto MBE-grown light-emitting diode
structures and annealing permit one to increase the Ers*
EL intensity while not affecting the structure of the
dominant Er—C-containing centers.
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Abstract—The photoluminescence (PL) spectra and kinetics of erbium-doped layers of silicon nanocrystals
dispersed in asilicon dioxide matrix (nc-Si/SIO,) are studied. It was found that optical excitation of nc-Si can
be transferred with a high efficiency to Er®* ions present in the surrounding oxide. The efficiency of energy
transfer increases with increasing pumping photon energy and intensity. The process of Er3* excitation isshown
to compete successfully with nonradiative recombination in the nc-Si/SiO, structures. The Er3* PL lifetime was
found to decrease under intense optical pumping, whichimpliesthe establishment of inverse population in the Er3*
system. The results obtained demonstrate the very high potential of erbium-doped nc-Si/SiO, structures when
used as active mediafor optical amplifiersand light-emitting devices operating at awavelength of 1.5 um. © 2005

Pleiades Publishing, Inc.

1. INTRODUCTION

Interest in the photoluminescence (PL) of the Erd*
erbium ion in silicon matrices can be traced to the need
to develop silicon optoelectronic devices capable of
operating at awavelength of 1.5 um (the*l 5, — 4155,
transitions in the inner Er3* 4f shell), which fals at the
minimum of absorption in fiber-optic communication
lines[1, 2]. A number of related problems remain, how-
ever, unsolved. For instance, if crystalline silicon (c-Si)
isemployed as amatrix, the PL of Er®* ionsis observed
to undergo strong temperature quenching caused by
their nonradiative de-excitation through reverse energy
transfer to the matrix [3]. As a result, the PL quantum
yield of c-Si : Er a room temperature turns out to be very
low. The temperature quenching of the PL of erbium-
doped amorphous hydrogenated silicon (a-Si : H) at a
wavelength of 1.5 umis substantially weaker [4]. Anal-
ysisof the Er®* PL kineticsin a-Si : H revealed that the
energy of electron—hole pairs is transferred to ions in
sufficiently short times (submicrosecond scal€), which
provides a high efficiency of excitation [5—7]. Because
of nonradiative energy losses, however, the PL intensity
of Er¥* ionsin a-Si : H(Er) is still not high enough to
warrant application of this material in light-emitting
devices.

Among the promising approaches to overcoming
these difficultiesis to use erbium to dope the insulating
matrix containing layers of silicon nanocrystals (nc-Si)
[8-11]. It should be noted that, although the wavelength

of erbium PL ispractically independent of the nature of
the matrix (because the “operating” 4f shell of the Er3*
ion is screened by outer electronic shells), theion exci-
tation efficiency can be controlled by properly varying
the properties of the matrix, for instance, its band-gap
width and/or the density of electronic states of the
defects and impurities it contains [1, 3]. This control
can easily be reached in nc-Si structures, because the
effective band-gap width of nanocrystalsincreaseswith
adecrease in their size [12, 13]. In addition, Si nanoc-
rystals favor simultaneously high carrier localizationin
small spatial regions near the Er®* ions and sufficiently
long lifetimes (hundreds of microseconds) of electronic
excitation [12, 13]. In this case, the energy of a photo-
excited electron—hole pair can efficiently be transferred
to the Er®* ion. Indeed, erbium-doped nc-Si layers in
the SIO, matrix reveal intense and stable PL of the Er®*
ions even at room temperature [9, 10]. This suggests as
the most promising candidates layers of quasi-ordered
silicon nanocrystals in multilayered nc-Si/SiO, struc-
tures, which are characterized by a high controllability
of the size of the nanocrystals and their separation [11].

This communication reports on a study of the PL
spectra and kinetics of erbium-doped samples contain-
ing silicon nanocrystals in the silicon oxide matrix at
different excitation levels and temperatures. The data
obtained enabled usto gauge the possibility of reaching
an inverse population in the system of erbium ions in
such structures.

1063-7834/05/4701-0121$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. PL spectraof undoped (1) and Er-doped (2) samples
of series 1 with nc-Si sized = 3 nm. Inset: the ratio of inte-
grated intensities of Er¥* PL in doped samples to excitonic
PL in undoped structures plotted vs. nanocrystal size. Exci-
tation: Eg = 3.6 €V, T=300K.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUES

Thenc-Si/SiO, samples studied by uswere obtained
by reactive evaporation (with SO and SiO, layers depos-
ited successively on a c-Si substrate) [14] (series 1) and
by rf magnetron sputtering of solid targets[15] (series?2).
The samples were thermally annealed to form nanoc-
rystals. The nanocrystalsin each sample had aspreadin
size d to within 0.5 nm, and their size varied from one
sample to another from 2 to 6 nm. Er®* ions were
implanted in some samples of series 1 to a dose of
~2 x 10 cm? (average concentration Ng, ~ 10%° cm™3).
The samples of series 2 contained 0.1 at. % Er (Ng, ~
10%° cm3).

The PL was excited by a cw He-Cd laser (photon
energy Aiw = 2.8 eV), apulsed N, laser (A = 3.7 eV,
pulse duration T ~ 10 ns, pulse energy E < 1 pJ, pulse
repetition frequency v ~ 100 Hz), and a pul sed copper-
vapor laser (hw=24and2.1eV,1~20ns, E< 10 ],
v ~ 12 kHz). The laser beams were focused on asample
to aspot 1.5 mm in diameter. The PL spectraand kinet-
ics were measured with computerized spectrometers
equipped with a PM tube, a CCD camera, and an
InGaAs photodiode with a time constant of ~0.5 ms.
The spectra were corrected to alow for the spectra
response of the system.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 displaystypical PL spectraof undoped and
Er-doped samples of series 1. The excitonic PL spec-
trum of undoped structures is a broad band (with an
FWHM of ~0.3 eV) peaking at 1.3-1.6 €V [14]. Note
that the PL quantum yield of the samples under study
reached as high as 1%, which indicates afairly low effi-
ciency of nonradiative recombination as compared to
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that typical of other kinds of silicon structures [16].
Incorporation of Er®* ionsinto the samples under study
brought about suppression of the excitonic PL (by a
factor of ~10°) and the appearance of a strong PL band
near 0.8 eV characteristic of the 41,5, —= g, intrac-
enter transitions in Er3*. At the same time, the PL effi-
ciency of Er®* ionsin the matrix of homogeneous amor-
phous SiO, was extremely low for the nonresonant
excitation employed [14]. Thus, the Er®* ions in our
samples are excited not in a direct optical process but
rather through energy transfer from excitonsin nc-Si to
the Er ion. The quantum yield ratio of the Er3* to exci-
tonic PL may serve as a quantitative characteristic of
thistransfer. Theinset to Fig. 1 plots the dependence of
thisratio on the nc-Si size. We can see that thisratiois
0.3-0.4 for structures with d = 3-6 nm and increases to
2 for d=2nm. Inthelatter case, the number of photons
emitted by anc-Si/SIO, : Er sampleistwicethat emitted
by an undoped structure. This suggests partial suppres-
sion of the nonradiative recombination channel in nc-S
as a result of competition with the transfer of optical
excitation to the Er3* ions. This processis more likely to
occur in samples with smaler nanocrystals because the
high-energy Er3* states become involved [17].

Notethat, asfollowsfrom low-temperature PL spec-
tra [17], suppression of the excitonic PL originating
from phonon-mediated energy transfer from nc-Si to
Er®* ionsislessthan 0.1% of thetotal level of suppres-
sion of the excitonic PL caused by incorporation of the
Er®* ions. This suggests the operation of a substantially
stronger energy transfer mechanism, for instance, of
resonant Coulomb interaction between excitons in nc-
Si and nearby Er3*ionsin SiO,.

We studied the dependence of the PL intensity of
nc-Si/SIO, : Er structures on the intensity of optical
pumping by pulsed and cw laser radiation. Figure 2 dis-
plays such dependences obtained under excitation by
nanosecond-scal e pulses of a N, laser. The intensity of
excitonic PL in undoped samples is seen to deviate
from alinear relationship with increasing pump power,
which may be assigned to an enhanced probability of
Auger recombination in nc-Si at high pumping levels.
In doped samples, however, this dependence remains
linear, which suggests a weakened Auger recombina-
tion rate. The latter is most likely due to an interplay
with a competing process of energy transfer from
nanocrystals to the Er3* ions. Note that, under the exci-
tation conditions used, the PL intensity of Eré* ionsalso
follows alinear course.

Figure 3 displays the intensity of the excitonic and
erbium PL as functions of cw pump intensity in the
form of agraph. The excitonic PL in undoped samples
exhibits a sublinear dependence for I, > 0.1 W/cm?.

However, in Er3*-doped samples, the excitonic PL does
not saturate and even becomes superlinear for lg. >

0.02 W/cm?, which suggests suppression of nonradia-
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Fig. 2. PL intensities of Er®* ions (1) and of silicon nanoc-
rystals in nc-Si/SiO, (2) and nc-Si/SiO, : Er samples (3)
(series 1) plotted vs. N, laser pumping level (Eq = 3.6 €V,
Texe = 10 ns). Solid lines show linear relations.

tive processes for excitons (Auger recombination and
energy transfer to the Er®* ions). Asfor the PL intensity
at 0.8 eV, it exhibits atendency toward saturation. This
behavior of the erbium PL may be caused by two fac-
tors. First of al, an increase in the number of excited
ions enhances the probahility of cooperative upconver-
sion[18], which givesriseto asublinear dependence of
the PL intensity deriving from the 41,5, — “l;5, tran-
sitions and superlinear behavior for the 4,1, — %115,
transitions. Asis evident from Fig. 3 (curve 4), the PL
intensity for transitions from the second excited state,
H1yp —= Y15, (1.26 €V), islinear in the pump intensity
region of interest to us here. Thus, upconversion in our
samples cannot bring about saturation of the Er¥* PL
intensity.

A more probable cause of erbium PL saturation
could betransition of most of the Er®* ionsto an excited
state, i.e., the onset of inverse population in this system.
To test this assumption, we calculated the ratio of the
concentration of Er3* ions in the first excited state, N,,
to their total concentration, Ng.. To do this, we mea-
sured the kinetics of therise and decay in Er3* PL inten-
sity inanc-Si/SiO, : Er sample (series 2) pumped by a
square pulse from a quasi-cw copper-vapor laser
(Fig. 4). Fitting the PL rise and decay curves by single-
exponential functions permitted us to determine the
corresponding times for different pump intensity levels
(inset to Fig. 4). Using coupled rate equations (see, e.g.,
[18]), one can express the relative ion concentration in
the first excited state as

N1/NEr = 1_Trise/Tdecay1 (1)
where T, and Ty are the PL rise and decay times,
respectively. Figure 5 plots the dependence of the rela
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Fig. 3. PL intensity of asampleof series1 (d = 3 nm) plotted
vs. pump intensity of aHe—Cd laser (Eg = 2.8 €V): 1—nc-
Si (1.6 eV), 2—nc-Si : Er (1.6 eV), 3—nc-Si : Er (0.8 eV),
4—nc-Si : Er (1.26 eV). Dashed lines are linear relations.
T=10K.

tive concentration N,/Ng, calculated from Eq. (1) on
excitation intensity. We can see that inverse population
(Ny/Ng, > 0.5) is attained at excitation intensities in
excess of 0.1 W/cm?. Note that a higher pump intensity
isrequired to establish inverse population in samples of
series 1 because of the higher values of Ng,. The pump-
ing level needed to attain inverse population decreased
with increasing pump photon energy and decreasing
sample temperature. The establishment of inverse pop-
ulation was paralleled by a shortening of the time Tgeca,
which may be attributed to the ion lifetime in the

10g
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Fig. 4. Erbium PL kinetics (0.8 eV) of nc-Si/SiO, : Er struc-
tures of series 2 obtained under copper-vapor laser excita-
tion with 40-ms pul ses (dashed line), with the pulserise and
decay fitted by the functions 1 — exp(—t/1,s0) (1) and
eXp(—t/Tgecay) (2), respectively. The inset gives the depen-
dences of the PL rise and decay times on pumping intensity.
Eee=214and 2.43eV, T=300K.
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Fig. 5. Relative concentration of excited Er®* ions (N;/Ng)
in anc-Si/SiO, : Er sample (series 2) plotted vs. pumping
intensity. Eg. = 2.14 and 2.43 eV, T = 300 K. Dashed line
identifies the N;/Ng, = 0.5 level (establishment of erbium
inverse population).

excited state decreasing because of the increasing con-
tribution of induced optical transitions. Another cause
of the shortening of the time Ty, could be reverse
energy transfer from Er®* to nc-Si, a process that
becomes possible when an ion transfers to an upper
excited state due to double excitation. Further studies
are needed to shed light on the nature of this effect. We
note, however, that the contribution of induced transi-
tions in Er®* can obviously be increased by properly
optimizing the sample parameters, as well as by form-
ing waveguide structures.

4. CONCLUSIONS

To sum up, our studies have shown that undoped
nc-Si/SiO, structures have afairly high quantum yield of
excitonic PL in the visible and near IR spectral regions.
Erbium-doped structures exhibit strong PL at 1.5 um due
to efficient energy transfer from excitons in nc-Si to the
Er®* ions in SIO,. At high optica excitation levels, the
process of energy transfer can compete successfully with
nonradiative Auger recombination in nc-Si. It has been
established that inverse population can be attained in the
Er3* system under strong optical pumping, which, com-
bined with the high efficiency of the Er®* PL, may stim-
ulate considerable interest in the development of optical
amplifiers and light-emitting devicesintended for opera-
tion at awavelength of 1.5 pm.
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Abstract—The electroluminescence (EL) of p*-Si/n-Si : Er/n*-Si light-emitting diode structures in which a
thin lightly doped n-Si : Er layer (Np ~ 10'® cm) is sandwiched between heavily doped silicon layersis stud-
ied. It is shown that the Er®* ion EL intensity reaches a maximum in structures operating in aregime of mixed-
type breakdown in the space-charge region. The dark-region width is determined (dygk ~ 0.015-0.020 pm)
within which the electrons attain an energy sufficient to excite Er3* ions. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Impact excitation of Er3* ions realized in Si : Er/Si
light-emitting diode (LED) structures operating under
the conditions of p—n junction breakdown has made it
possible to significantly suppress nonradiative Auger
relaxation of excited Eré* ions involving free carriers
and to obtain intense electroluminescence (EL) at
wavelengths A ~ 1.5 pm (the 41,5, — 415, transition
in the Er®*-ion 4f shell) at room temperature [1, 2].

Earlier, we showed that, in diode structures with a
“thick” base (p*-Si/n*-Si : Er-type structures in which
the thickness of the diode basg, i.e., the n*-Si : Er layer,
exceeds the width of the space-charge region (SCR)
under the breakdown conditions), the intensity and
excitation efficiency of the Er®* ion EL reach a maxi-
mum in the regime of mixed-type SCR breakdown. If
either the tunneling- or avalanche breakdown mecha
nism becomes dominant, the EL intensity and excita-
tion efficiency decrease at a fixed drive current [3]. In
this work, we study another type of Si : Er-based LED
structures, so-called diode structures with a punctured
base. These are structures of the p*-Si/n-Si : Er/n*-S
type in which a thin, lightly doped n-Si : Er layer is
sandwiched between heavily doped silicon layers. In
such structures, as the reverse bias voltage increases,
the SCR edge will have reached the n-Si : Er/n*-Si
interface before the p—n junction breakdown occurs.
The breakdown voltage for such structures is deter-
mined to a greater extent by the base thickness than by
the impurity concentration [4]. These structures are of
interest because the p—n junction breakdown conditions
in them can be controlled by varying the thickness of
the lightly doped n layer, which makes it possible to
vary (viathe breakdown conditions) the EL properties
of the structures.

2. EXPERIMENTAL TECHNIQUE

The LED structures studied in this work were grown
on p-Si : B (100) substrates with aresistivity of 10 Q cm
using the sublimation molecul ar-beam epitaxy [5]. The
free-carrier concentration in the n-Si : Er layer was
~1 x 10'® cm3, the layer thickness was varied from
0.01 to 0.5 um, the growth temperature was ~580°C,
and the Er concentration was ~2 x 108 cm=3, The car-
rier concentrations in the p*-Si and n*-Si layers were
5x 10 and 1 x 10%° cmr3, respectively. LEDs were
fabricated using the conventional mesatechnology; the
mesa area was ~2.5 mm?, with 70% of this area being
transparent to the generated light. Note that all diode
structures under study were grown in the same growth
experiment. The technique used to grow epitaxial struc-
tures (including Si : Er/Si LED structures) in which the
epitaxial-layer thickness and the carrier concentration
vary smoothly along the length of the structure was
described in [6].

The EL spectrawere taken in the range 1.0-1.6 um
with aresolution of 6 nm by using an MDR-23 grating
monochromator and an infrared InGaAs photodetector
cooled to liquid-nitrogen temperature. EL spectrawere
excited and detected using pulsed drive-current modu-
lation (pulse duration, 4 ms; repetition frequency,
~40 Hz; amplitude up to 500 mA) and a lock-in tech-
nigue. The current—voltage (I-U) characteristics of the
diodes were measured in pulsed mode. The breakdown
voltage U, was determined by extrapolating the linear
portion of the I-U curve at reverse bias to its intersec-
tion with the voltage axis.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 showsthe evolution of the voltage Uy, (and
the breakdown mode) with the n-Si : Er layer thickness
d for p™-Si/n-S:Er/n*-Si LEDs. As expected, a
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Fig. 1. Breakdown voltages of p*-Si/n-Si : Er/n*-Si LEDs
asafunction of n-Si : Er layer thickness at temperatures of
77 and 300 K.
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Fig. 2. Er3* ion EL intensity as a function of breakdown
voltege for LEDs of the (1) p*-Siin*-Si : Er and
(2) p*-Si/n-Si : Er/n*-Si types. The inset shows the EL
spectrum of a p*-Si/n-Si: Er/n*-Si LED with the mixed
breakdown mechanism taken at 300 K. The drive current
density is~8 Alcm?.
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decreaseinthen-Si: Er layer thickness at afixed carrier

concentration in the layer causes the breakdown volt-

ages UZZ and US’,O ° to decrease. Furthermore, the rela-

tionship between U, and U2* indicates that the break-

down mechanism changes as the n-Si : Er layer thick-
ness decreases. We note that, even for such alow donor
concentration in the diode base (Np ~ 10 cm3), the

tunneling breakdown maode dominates (U ZZ > UE? 0) aa
diode base of a few tens of nanometers. As the diode
base increases to 0.1 pum, a change from the tunneling

to amixed-type breakdown mode (U ,ZZ =U ffo ) occurs.

This change can be explained by the fact that the prob-
ability of avalanche development and, hence, the ava-
|anche contribution to the breakdown current increase
with the base thickness.

Based on the relationship between the values of Uy,

and Usro ° we did not detect a pronounced avalanche

breakdown in the LEDs under study with maximum
n-Si : Er layer thicknesses (Fig. 1). However, we
observed the formation of separate microplasmas on
the LED surface in the breakdown regime, whose num-
ber increased with the n-Si : Er layer thickness and the
breakdown voltage U,, in LEDs exhibiting a mixed
breakdown. This behavior suggests that the avalanche
component of the diode breakdown current gradually
increases with the n-Si : Er layer thickness.

The EL spectrum of an LED with the mixed break-
down mechanism is shown in the inset to Fig. 2. This
spectrum istypical of LEDs exhibiting a mixed break-
down and consists of a fairly narrow Er EL line (the
#1310 — %45, transition in the Er3*-ion 4f shell) and a
wide band of so-called hot EL, which is associated with
radiative relaxation of carriers accelerated by the elec-
tric field in the SCR. Figure 2 aso shows the depen-
dences of the Er EL intensity (ELI) on breakdown volt-
age Uy, for ap*-Si/n-Si : Er/n*-Si LED studied in this
work and a p*-Si/n*-Si : Er LED studied by us earlier
[3]. The ELI(U,,) dependences for both types of LEDs
are similar in character. In both cases, as Uy, increases
and the change from the tunneling to the mixed break-
down mechanism occurs, the EL intensity increases,
which is due to an increase in the EL excitation effi-
ciency and in the emitting volume determined by the
product of the mesa area times the SCR thickness (in
p*-Si/n-Si : Er/n*-Si structures, the SCR thickness is
dictated by the thickness of the n-Si : Er layer). In the
case of a mixed breakdown, ELI(U,,) reaches a maxi-
mum and then decreases noticeably with increasing Uy,
which we associate with the development of a micro-
plasma breakdown.

Note that the Er EL intensity in p*-S/n-S : Er/n*-Si
structuresis noticeably lower than that in p*-Si/n*-Si : Er
structures. In our opinion, the reason for thisdistinction
is as follows. An electron accelerated by the electric
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field in the SCR of the reverse-biased diode interacts
most efficiently with the optically active Er®* ionsif its
Kinetic energy satisfies the condition W, < W < W,
where W, = 0.8 €V is the Er excitation energy (the
413, — 45, trangition in the Er3*-ion 4f shell) and
Wi, ~ 1.5E; (E isthe band-gap width in silicon) isthe
energy at which intense avalanching beginsin the SCR
of the p—n junction. At W < W,,,, the electron energy is
not sufficiently high to excite an Er®* ion, and at W >
W, the interaction between the el ectron and the silicon
lattice becomes essentially inelastic, because the elec-
tron loses its energy by generating electron-hole pairs.
Since the Si atomic concentration isfiveto six orders of
magnitude greater than that of optically active erbium
centers, the silicon crystal |attice becomes an efficient
sink for hot electrons at W > W, and the excitation effi-
ciency of Er ions decreases.

Preliminary cal culations show that the flow of carri-
ers with energies in the range W,,; < W < W, forms
mainly in the weak-field region; thisregion is absent in
p*-Si/n-Si : Er/n*-Si structures (Fig. 3) but is present in
p*-Si/n*-Si : Er structures, though fairly narrow. The
interaction between hot carriers and an array of Er ions
is more efficient in so-called tunneling transit-time
structures of the p*-Si/n*-Si/n-Si : Er type, in which the
electric field strength and the thicknesses of the strong-
and weak-field regions can be varied separately over
wide limits (Fig. 3c). The narrow p*-Si/n*-Si junction
(the strong-field region) operatesin the tunneling break-
down mode and acts as an injector of hot carriers with
energies within the range Wy, < W< W,. Then-Si : Er
layer is a weak-field region, which is needed to excite
Er ions and compensate for the energy loss due to scat-
tering by optical phonons.

Animportant characteristic for theimpact excitation
of Er3* ionsis the thickness dy, of the “dark” region,
where the carriers are accelerated by the field of the
reverse-biased p—n junction and attain an energy Wi;.
In this work, we determined dg, in the
p*-Si/n-Si : Er/n*-Si structure as the minimum thick-
ness of the n-Si : Er layer for which the Er®* ion EL is
still observed. In Fig. 4, the thick line corresponds to
the range where the erbium EL intensity decreases with
adecreasein the n-Si : Er layer thickness. By extrapo-
lating thislineto zero erbium EL intensity, one can esti-
mate dg,. For the p*-Si/n-Si : Er/n*-Si structures stud-
ied in thiswork, we obtained d, ~ 0.015-0.02 pm.

The thickness dy,, for the structures studied was a so
estimated theoretically to be approximately 0.01 um,
which agrees fairly well with the experimenta data. In
the calculations, the carriers were assumed to be gener-
ated (withazeroinitial velocity) at the plane of the met-
allurgic p—n junction. The critical field in the SCR for
the onset of tunneling breakdown was taken to be
~8 x 10°V/cm [7]. Allowance was also madefor inelas-

PHYSICS OF THE SOLID STATE Vol. 47 No.1 2005

E
(a)
p*-Si n*-Si: Er
X
E M , (b)
n-Si : Er
p*-Si n*-Si
X
E
(©)
n*-Si
p*-Si

X

Fig. 3. Electric-field distribution over the space-charge
region in LEDs of the p*-Siin*-Si : Er,
(b) p*-Si/n-Si : Er/n*-Si, and (c) p*-Si/n*-Si/n-Si : Er types.

60

ELI, arb. units
(98]
<)
T

(1]

1 1 1 1 L1 1 1 1 111
0.01 0.1 d, pm

Fig. 4. Er3* ion EL intensity as afunction of n-Si : Er layer
thickness for a LED of the p*-Si/n-Si : Er/n*-Si type mea-
sured at 300 K. The drive current density is ~8 A/lcm?.



128

tic scattering of the accelerated carriers by acoustic and
optical phonons.

Note that our estimate of dy,, differs from that
obtained in [8] for p*-Si/n*-Si . Er structures
(~0.045 pum). In our opinion, this discrepancy is dueto
the different field distributions in the active region of
the structures (Fig. 3). Indeed, the ailmost uniform field
in the p*-Si/n-Si : Er/n*-Si structures studied in this
work accelerates the carriers more effectively than the
linearly decreasing field in the p*-Si/n*-Si . Er struc-
tures studied in [8].

4. CONCLUSIONS
The breakdown mode in a p*-Si/n-Si : Er/n*-Si
structure with a pronounced puncture of the lightly
doped n-Si : Er base (Np ~ 10% cm) is determined by
the base thickness. Asthe base thicknessincreasesfrom
0.01 to 0.1 pm, a change from the tunneling (U, >

Us’) to the mixed breskdown mechanism (U, =

U i,oo ) is observed. The Er3* ion EL intensity reaches a
maximum in structures operating under the conditions
of amixed breakdown. The thickness of the dark region
within which the electrons attain a energy sufficient to
excite Er®* ions has been estimated to be dygy ~ 0.015—
0.02 pum.
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Abstract—The giant optical nonlinearity of a novel organic nanocomposite based on a conducting polymer,
namely, poly(9-vinylcarbazole), and quinone derivatives as a charge photogenerator isinvestigated. The change
in the refractive index of athin polymer film (60 pm thick) is determined to be An = —7.3 x 103, The inference
is made that the origin of the optical nonlinearity is associated with the difference between the polarizabilities
of the quinone molecule and the quinone radical anion formed under exposure to laser radiation. The optical
nonlinearity is examined using two methods: (i) the self-action of a Gaussian beam in alayer of the material
and (ii) Z-scan measurements of a thin film at a wavelength of 633 nm. These hanocomposite materials can
serve as active mediain diverse applications, including image processing, high-density optical information stor-
age, and phase conjugation. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In recent years, increased interest has been
expressed by researchers in the nonlinear optical prop-
erties of organic polymer nanocomposites, because
these materials hold considerable promise, in particu-
lar, for use in the storage and processing of optical
information and in many other fields of engineering [1—
3]. Organic materials are characterized by a number of
attractive and unique features, such as a high nonlinear
optical susceptibility, structural flexibility, smplicity of
treatment, and a relatively low cost. Furthermore,
owing to their significant advantages over inorganic
media, organic materials are very promising and quite
competitive from the standpoint of application in mod-
ern systems of optical communication. In this respect,
the design and study of novel polymer nanocomposites
that will exhibit nonlinear optical and electro-optical
properties and be suitable for a wide range of practical
applications are important problems in nonlinear
optics.

In our previouswork [4], weinvestigated theinertial
optical nonlinearity of photorefractive polymer nano-
composites based on a conducting polymer, namely,
poly(9-vinylcarbazole), and fullerenes C,, and Cg,. An
explanation was offered for the mechanism responsible
for the observed nonlinear variation in the refractive
index of these materials. According to this mechanism,
the optical nonlinearity is associated with the dynami-
cal transformation of fullerene molecules into radical
anions under exposure to optical beamsfrom ahelium—

neon laser operating at a wavelength of 633 nm. More-
over, a number of optical experiments were performed
with the aim of determining the magnitude and sign of
the optical nonlinearity.

The purpose of thiswork wasto investigate the opti-
cal nonlinearity of organic polymer nanocomposite
materials with a similar composition in which mole-
cules belonging to the quinone class (rather than
fullerene molecules) act as a photosensitive compo-
nent. The optical nonlinear response was examined
using a standard Z-scan technique and self-action of a
Gaussian laser beam in alayer of the material.

2. EXPERIMENTAL INVESTIGATION
INTO THE SELF-ACTION OF LASER BEAMS
IN FILMS

According to the mechanism of self-focusing of
laser radiation, which was proposed earlier in [4], an
organic polymer nanocomposite material should con-
tain a photosensitive donor—acceptor pair with specific
properties. Irradiation of the organic polymer nano-
composite material should result in efficient electron
transfer from the donor component to the acceptor
component. Moreover, the photointeraction between
components of the donor—acceptor pair should lead
only to electron transfer without subsequent chemical
reaction between the components of this pair or the
guantum yield of the chemical reaction should be min-
imum. Let us now consider a donor—acceptor pair con-
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Fig. 1. Schematic diagram illustrating the observation of the
interaction of a laser beam with a layer of the material:
(1) helium—neon laser, (2) lens with a focal distance F =
5.5 cm, (3) cell, and (4) screen.
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Fig. 2. Characteristic kinetics of the formation and relax-
ation of anonlinear lens. The optical field is switched off at
an instant of timet = 1380 s.

sisting of p-chloranil and poly(9-vinylcarbazol€) under
the above conditions. In principle, these compounds
can enter into the photochemical reaction of hydrogen
transfer with the formation of new compounds and, cor-
respondingly, with adecrease in the content of the com-
ponents of the initial pair. The hydrogen phototransfer
reaction involves two stages, namely, (i) electron trans-
fer and (ii) proton transfer. The free energy of electron
transfer AG, [5] for this pair of reactants was estimated
asAG,~-0.77 eV (in the calculation, the electrochem-
ical oxidation potential of poly(9-vinylcarbazole) was
taken to be equal to that of ethylcarbazole, i.e., 1.12V
[6]). It is known that, in this case, the rate constant of
electron phototransfer between reactants is maximum
[5, 7]. On the other hand, the rate constant for the reac-
tion of photoreduction of p-chloranil at thisvalue of the
free energy AG, should be insignificant [8]. In other
words, the photointeraction between p-chloranil and
poly(9-vinylcarbazole), for the most part, should be
reduced to reversible electron transfer without subse-
guent chemical reaction and these compounds can be
used as the main components of the desired nanocom-
posite.

The organic nanocomposite material studied in this
work consisted of the following components: poly(9-
vinylcarbazole) serving as a conducting matrix,
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p-chloranil serving as a photosensitizer, and amixture of
ethylcarbazole with phenyltrimethoxysilane serving as
plasticizers (in a percentage ratio of 41.5: 3.0 : 55.5%,
respectively). For experiments, samples in the form of
60- to 100-um-thick films were prepared from a solu-
tion in toluene. These films were placed between two
glass plates.

The sdf-defocusing effect in the nonlinear films
under investigation was observed using a weakly
focused Gaussian beam from a continuous-wave
helium—neon laser operating at wavelength A = 633 nm
and at an initial power of 15 mW (Fig. 1). The propaga
tion of the Gaussian laser beam under conditions of
strong focusing brought about the formation of an aber-
ration nonlinear lens in the far-field region; to put it dif-
ferently, there arose a characteristic distribution of the
optical field intensity in the form of aternating bright
and dark fringes (see Fig. 1). This fact is decisive evi-
dencethat the organic polymer nanocomposite studied is
characterized by anonlinear response. In our case, asta-
ble pattern consisting of thirteen fringes was observed
when the laser beam was focused by a lens with focal
distance F = 5.5 cm. The characteristic time required for
the formation of a nonlinear lens was found to be
inversely proportional to the intensity of the writing
beam. Thisis adistinguishing feature of the optical non-
linearity which is governed primarily by a photoexcita-
tion mechanism. Figure 2 illustrates the kinetics of the
formation and relaxation of the optical nonlinearity in
the organic polymer nanocomposite under investigation.
The experimental results demonstrate that the lens
observed in our case is not a thermal lens, because the
timeof itsrelaxation isconsiderably longer than the ther-
mal diffusion time t; of the polymer in afilm of thick-
nessl. Thethermal diffusiontimet;isdefined by thefol-
lowing relationship: 11 = 1%/4x, where X is the thermal
diffusivity of the polymer matrix. This time was esti-
mated as 1 = 25 msfor | = 0.1 mm and x = 103 cm?/s.

3. Z-SCAN MEASUREMENTS OF THE OPTICAL
NONLINEARITY OF A FILM

The magnitude and sign of the optical nonlinearity
were determined by a standard Z-scan method using a
thin film. Thisexperimental technique consistsin deter-
mining the constant of optical nonlinearity from the
dependence of the intensity of a laser beam passed
through a nonlinear film on the position of the film (or
cell) with respect to the focal point of thelens[9].

In our experiments, the polymer film was moved in
the Z direction along the focal waist (Fig. 3) and the
beam intensity was measured in the far-field region at
the axis as a function of the film position with respect
to the focal point of the lens (Fig. 4).

The nonlinear response of the organic nanocompos-
ite was evaluated under the assumption that the optical
nonlinearity of the film is related to the optical field
and, hence, obeys the relationship An = n,l. Moreover,
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Fig. 3. Schematic diagram of a Z-scan experimental setup:
(2) lenswith afocal distance F =11 cm, (2) cell, (3, 6) pho-
todetectors, (4) beam splitter, and (5) pinhole.
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Fig. 4. Experimental Z-scan curve.

we ignored the small change in the absorption coeffi-
cient Aa of the medium, even though this change could
lead to an additional modulation of the amplitude over
the cross section of the optical beam (it is easy to dem-
onstrate that the contribution from this effect to the
nonlinear refraction of the optical beam isinsignificant
as compared to the contribution from the nonlinear
changein the refractive index of the material under the
condition Aa << Ank, where k is the wave number). For
alocal nonlinearity of thistype, the Z-scan dataare ade-
quately described in terms of the self-focusing theory.
Therefore, the small change in the refractive index An
of the medium can be determined from the relationship

An = AT/(0.4(1—9) % KLy). (1)

Here, Sis the transmittance of the recording aperture
(i.e., the ratio between the total radius of the limiting
aperture at the axis and the radius of the optical beam),
Lg = [1—exp(—al)]/a isthe effective length of the non-
linear interaction, a is the absorption coefficient of the
medium, and AT = T, — Trin IS the change in the nor-
malized transparency of the lens. The quantity AT is
defined as the difference between the transmittances
(the ratios between the powers of the optical beam
passed through the pinhole at the axis and the total
power of the beam passed through the nonlinear film) at

0.27
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the extreme points in the experimental Z-scan curve.
With knowledge of the beam intensity at the axis and
the experimentally measured quantity AT, it is possible
to determine the nonlinear refractive index n,.

The estimate obtained from relationship (1) for the
maximum change in the refractive index of the studied
sample with the use of the parameters known from our
experiment was found to be An = 7.3 x 1073, The neg-
ative sign of An indicates that the organic polymer
nanocompositeis characterized by adefocusing nonlin-
earity.

4. CONCLUSIONS

The experimentally observed self-defocusing of the
laser beam in the polymer film allows us to make the
inference that the nanocomposite containing poly(9-
vinylcarbazole), plasticizers, and  sensitizing
p-chloranil possesses strong optical nonlinearity. The
revealed effect has defied explanation in terms of both
the photorefractive nonlinearity (because the mixture
used does not contain components characterized by an
electro-optical response) and the thermal nonlinearity
(the relaxation time of the lens is substantially longer
than the thermal diffusion time of the polymer in afilm
of specified thickness). No nonlinear change in the
refractive index of the sample due to photochemical
processes occurred during measurements, because the
formation of new stable chemical compounds was not
revealed in the course of our experiments. Therefore,
from analyzing the results of the above investigation,
we can conclude that the strong optical nonlinearity
found in similar polymer nanocomposites has a photo-
chromic nature and can be associated with the differ-
ence between the polarizabilities of the p-chloranil
molecule and the p-chloranil radical anion formed
under exposure to laser radiation.

The mechanism of the optical nonlinearity can be
described as follows. The introduction of p-chloranil
into a poly(9-vinylcarbazole) solution in toluene leads
to a drastic change in the color of the solution. The
absorption spectra of the mixture exhibit a broad band
that is extended over the entire visible range and has a
maximum at wavelength A = 530 nm. A similar band is
not observed in the absorption spectra of individual
solutions of p-chloranil and poly(9-vinylcarbazole).
This band can be attributed to the charge-transfer com-
plex formed by p-chloranil and poly(9-vinylcarbazole).
Irradiation in the wavelength range corresponding to
the band of the charge-transfer complex results in the
formation of aradical ion pair that consists of aquinone
radical anion and a poly(9-vinylcarbazole) radical cat-
ion. It should be noted that the change observed in the
refractive index of various compounds upon excitation
of molecules with different polarizabilities in the
ground and excited states is a well-known effect (see,
for example, [10]).
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The magnitude of the optical nonlinearity of the
photosensitive quinone-containing polymer compos-
itesunder investigation isno less than that of the major-
ity of similar media [11]. Undeniably, the main disad-
vantage of the af orementioned materialsisthe degrada-
tion of the polymer film. This process can be precluded
only by careful hermetic sealing. At the same time, the
guinone-containing polymer nanocomposites with a
giant nonlinear optical susceptibility seem to be very
promising materials for use in devices of optical data
processing (for example, for isolating a signal against
the background of random fluctuating noise).
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Abstract—The photoluminescence intensity (PLI) related to Si nanocrystalsin a SiO, : nc-Si system synthe-
sized by ion implantation is studied experimental ly and theoretically as afunction of the Si+ ion dose at various
annealing temperatures T, (1000-1200°C). The dose corresponding to the maximum PLI isfound to decrease
with increasing T,,,. These data are explained in terms of amodel taking into account the coalescence of neigh-
boring nanocrystals and the dependence of the probability of radiative recombination of quantum dots on their
size. It is found that, when silicon oxide is grown in a wet atmosphere, the photol uminescence spectrum con-
tains an additional band (near 850 nm), which isrelated to shells around the nanocrystals. This band weakens
abrupily after high-temperature annealing in an oxidizing atmosphere (air). © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The system of S nanocrystals (NCs) in a SIO,
matrix (SiO,:nc-Si) has been extensively studied, since
itispromising for the creation of next-generation light-
emitting and memory devices based on silicon quantum
dots. lon implantation is one of the most convenient
methods for making such a system. Although numerous
studies have been performed that deal with this system,
a number of gquestions related to the physics of its for-
mation and operation remain open. One of these ques-
tions is the dependence of the photoluminescence
intensity (PLI) on the silicon dose @ and the postim-
plantation annealing temperature T,,,. The authors of
[1, 2] found that, at fixed T,,, the PLI depends non-
monotonically on ®; more specificaly, the PLI first
increases and then drops as the dose increases. At rela
tively low T, (~1000°C), this dependence was
explained as follows. the NC concentration increases
with the excess-silicon density; at ahigh NC concentra-
tion, NCs partially overlap, the mean inclusion size
increases, and (according to theory) the probability of
radiative transitions (oscillator strength) decreases.
However, at higher values of T, that intensify silicon
diffusion in SiO,, coalescence (Ostwald ripening, OR)
rather than mechanical overlapping of theinclusionsis
dominant [3]. In this case, small inclusions decompose
to feed larger ones.

As applied to the evolution of the SIO, : nc-Si sys-
tem during annealing, OR was theoretically considered
in [4]. However, that work does not contain a quantita-
tive analysis of the effect of OR on the dose depen-
dences of PLI at various values of T,,,. Moreover, the
calculations were based on certain assumptions. For
example, the authors of [4] assumed that the excess Si
was entirely in the form of S-S dimers even before
annealing and that the attachment of Si atomsto nanoc-
rystals and their “evaporation” into the matrix are
quasi-steady-state processes. These assumptions are
disputable.

Another important question is the effect of the char-
acter of the initial SIO, matrix on the photolumines-
cence (PL) spectra. Ordinarily, thermal oxide films
grown in a dry-wet—dry or wet—dry cycle are applied.
In this case, aPL band with asingle maximum at 800 +
50 nm forms upon annealing at T,,, = 1000°C. How-
ever, a comprehensive analysis of the spectra indicates
that this band is asymmetric (see, e.g., [5]); the band
decomposition reveals a long-wavelength peak near
900 + 50 nm. This peak has not been discussed in the
literature. In[1, 6, 7], we a so detected similar PL bands
when studying SIO, films grown in a dry—wet—dry
cycle. However, in the case of SIO, grown in a wet
atmosphere, we revealed a pronounced two-mode PL
structure and the long-wavelength peak (850-900 nm)
was comparable to or even higher in intensity than the
peak in the region 750-800 nm.

1063-7834/05/4701-0013$26.00 © 2005 Pleiades Publishing, Inc.
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1—1000°C 1
2—1100°C
3—1200°C

PL intensity, arb. units

1017
Si dose, cm™

1016
2

Fig. 1. Dose dependences of the PL1 of the SIO, : nc-Si sys-
tem for different temperatures of annealing in N. Points

represent experimental data, and lines show calculated data
(the dashed line is borrowed from [1]).

In this work, we study the effects of ® and T,,, and
the character of the SIO, thermal film on PL spectra.
The ® and T,,, dependences are analyzed in terms of a
model taking into account OR and the oscillator
strength. A model is proposed to explain the two-mode
structure of the PL spectra.

2. EXPERIMENTAL

Oxidized silicon samples of two types were studied.
Samples of the first type were oxidized in a dry—wet—
dry cycle at a temperature of 1100°C, and the SO,
thickness was 0.3 um. Samples of the second type were
oxidized in a wet atmosphere aso at 1100°C to an
oxide thickness of 0.52 um. The dose dependence of
PL was studied on first-type samples only.

Si* ion implantation was performed on an ILU-200
implanter at an energy E = 150 keV and an ion-current
density j < 5 uA/cm?. Postimpl antation annealingswere
carried out for 2 hin adried-nitrogen flow. Some sam-
ples were air-annedled either after implantation or
beforeit (see below). PL spectrawere recorded at room
temperature using an MDR-23 monochromator and Ar-
laser excitation (at wavelength A, = 488 nm).

3. RESULTS AND DISCUSSION

Figure 1 shows maximum PLIs at various values of
@ and T,,,. It is seen that the curves are bell-shaped at
al values of T,,. The higher the T,,,, thelarger the shift
in the optimum dose toward low values. Earlier [1, 8],
we observed this type of behavior for T,,, = 1100 and
1000°C. For T,,, = 1100°C, the position of the maxi-
mum in the ® axis coincides with the data from [2],
which were obtained under similar conditions.

To account for these dependences, we consider the
growth of NCs during the first-order phase transition in

PHYSICS OF THE SOLID STATE Vol. 47

a S-S0, supersaturated solid solution by making
allowance for OR [3]. Let us point out the main
assumptions of our model.

(1) NCs are formed during annealing via homoge-
neous nucleation.

(2) NC nucleation centers are two-atom complexes,
which form during random meeting of diffusing Si
atoms.

(3) NCs grow in the form of spherical particles of
radiusr dueto diffusion of individual Si atomsfrom the
supersaturated solid solution to them.

(4) The spatial distribution of NCsis a Poisson dis-
tribution.

(5) OR istaken into account as follows: as soon as
the distances between the centers of two or more NCs
in acertain volume become smaller than the doubl e dif-
fusion length for a given annealing temperature and a
given annealing time, the thermoemission decomposi-
tion of smaller inclusions (with r < r,, wherery isthe
critical radius) and the related growth of coarse NCs
(withr >ry) begin. Asinthe Lifshitz—Slezov theory [9],
we assume that inclusions with amean size of about r
areinvolved in coal escence from the very beginning.

(6) NCs contribute to photoluminescence according
to the probability of radiative recombination, which
depends on the resulting NC size.

In the first stage, the thermoemission detachment
and attachment of diffusing atoms to a nucleation cen-
ter occur irrespective of other nucleation centersin a
small surrounding region (diffusion sphere) with a
radius of the order of the diffusion length (Dt)Y2. Here,
D isthediffusion coefficient and t isthetime. It is obvi-
ousthat such regions must overlap to provide an atomic
flux from one inclusion to another. Thus, the mean cen-
ter distanceis a coal escence control parameter.

The nucleation rate is directly proportional to the
probability of random meeting of two silicon atomsand
depends exponentialy on the annealing temperature
T Therefore, the concentration of nucleation centers
formed by atimet = t,,, (where t,,, is the annealing
time) can be written as

Eb |:|
KT -

N, = 8anDn32tamexp%—

‘. o )

KT g2’

where . isthe capture sphere radius, which is approxi-
mately equal to the average interatomic distance in sil-
icon in our case; E, isthe energy barrier to the joining
of two atoms; n, is the average concentration of excess
silicon introduced into the matrix (for simplicity, this
concentration is assumed to be independent of depthin
the layer); and d is the layer thickness (d = R, + AR,
where R, isthe mean projected range and AR, istheion
straggling). In Eq. (1), N, is the nucleation-center con-

= 8mr Dt exp E—
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centration that would be by the end of the annealing
time (t,,,) if the coalescence were to be insignificant.
However, if the average distance between nucleation
centers is shorter than 2(Dt,,,)Y?, their diffusion
spheres overlap upon annealing and the coalescence
efficiency increases sharply. As the dose increases, the
distance between nucleation centers decreases and the
number of inclusions involved in coaescence
increases. When these inclusions decompose, coarser
inclusions form, which make a smaller contribution to
the PL because of the smaller probability of radiative
recombination; therefore, the PL intensity decreases at
high doses. Thus, the problem is to find the fraction of
S inclusions located within spheres of volume
(4/3)T(Dt,,,)¥? (diffusion cells) at each dose. We divide
the whole volume into cells each of volume
(4/3)m(Dt,,,)¥2. The concentration Ny of such cellsis

1 _ 3
T (2)

Ny = = —2
" Ve an(Dt,,)

and the average number of nucleation centers per cell
N per cell is
Cc

NET = NVoar- ©)

We apply the Poisson equation to determine the
probability of mcenters being present in adiffusion cell
m

(N)"

W(m, N(;:)ercell) — exp(_N!:)ercell) —

(4)
The number of diffusion cells in which m centers are

present and are involved in coalescence is obviously
equal to

Near (M) = NegyW(m). )

We assume that, as aresult of OR, one inclusion even-
tually forms in each cdll; in this case, the partial con-
centration of inclusions formed during the decomposi-

tion of the minitial particlesis equal to N (m). The

resulting inclusion concentration is the total concentra-
tion of cellswithm=1, 2, 3, ... interacting particles.

In general, coarse inclusions forming dueto the coa-
lescence of fine nucleation centerstake part in lumines-
cence; however, their contribution is specified by the
probability of a radiative transition, which depends
strongly on the NC size. To take this contribution into
account, we use the following model. Let the PL be
caused by electron transitions between the ground
states of NCs. In this case, with allowance for phonon
absorption or emission, thetime T of radiative recombi-
nation in a silicon quantum dot is given by [10]

1 _ _C_:[E-_ng 0Av O
T = SO0 COthEiz—kBTD’ (6)
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wherea, = 0.543 nmisthesilicon lattice parameter, v is
the frequency of transverse optical phonons (with an
energy of about 57.5 meV), and C is a dimension
parameter that is independent of T and r (only transi-
tions between the ground states in a quantum dot are
taken into account). The size of an NC that forms as a
result of the coalescence of m inclusions of radius r

within a diffusion cell is r(m) = rym"3. Therefore, the
dependence of the transition probability on the number
mis given by

T(m) D%. (7)

Finally, the PL intensity is expressed as

M

1o (. Tan) ONeat (Tam) S WP, T, )T (). (8)
m=0

Here, the main fitting parameters are the activation
energy E, and D. By fitting the cal culated dependences
to the experimental data for three annealing tempera-
tures (Fig. 1), we obtain E, = 2.31 €V and D(cm?/s) =

1 0.68eV[
U kT, U
gieskE,+ E;=3.0eV iscloseto avalueof 2.8 €V, which
was attributed in [4] to the sum of the diffusion activa-

tion energy and the energy of detachment of a Si atom
from an NC.

The deviation of the calculated dose dependence
from the experimental one at T,,, = 1000°C (Fig. 1) is
likely due to the fact that the predominant factor at this
T, 1S Not OR but rather the mechanical joining of NCs
because of their high density (bringing about the forma:
tion of a continuous Si layer), which was described by
usin[1]. Thediscrepancy at the highest dosesfor Tg,, =
1100°C may aso be expected, since we did not take
into account dimer formation during implantation at
high Si concentrations, which is highly probable even
without annealing [11].

Let us consider the effect of the character of the ini-
tial silicon dioxide on the PL spectra. As noted above,
apart from the maximum at 750-800 nm, the PL spec-
trum of the SIO, : nc-Si system sometimes exhibits
signs of a second long-wavel ength band, which mani-
fests itself as asymmetry of the main band or as a
weakly pronounced shoulder. However, researchers
have not mentioned this feature. Moreover, since the
spectral sensitivity range of the measuring apparatusis
usually not given in the literature, we may assume that
the long-wavelength portion of the spectrum (at A =
800 nm) was cut off in some cases. The authors of [12]
observed a second peak in the PL spectra of porous Si
at ~900 nm. Therefore, we aimed to reveal whether the
appearance of the long-wavelength band and its differ-
ent intensity are related to the character (growing con-
ditions) of thermal silicon oxide.

. The sum of activation ener-

1.9 x 10 8exp
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T T T T T
(a)
Si0,: dry—wet—dry oxidation

nc-Si formation:
1000°C in N,

(b)

Si0,: wet oxidation
nc-Si formation:
1000°C
I—in N,
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PL intensity, arb. units

(©)
Si0,: wet oxidation
nc-Si formation:
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I—in N,
2—in air
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Fig. 2. PL spectra of the SIO, : nc-Si system for different
conditions of SiO, thermal growth and Si NC formation

(@ =10 cm™?).

Indeed, for the first-type samples, where SO, was
grown in the dry—wet—dry cycle, the PL spectrum does
not exhibit an additional peak and has a usual shape
(Fig. 2a). However, the second-type samples (where
SiO, was grown in a wet atmosphere) exhibit a clearly
pronounced two-mode spectrum structure after anneal -
ing at 1000°C in N, or air (Fig. 2b): two bands are vis-
ible, with their maxima located near 770 and 880 nm,
respectively. As compared to annealing in N,, anneal-
inginair decreasesthetotal PLI and shiftsthe spectrum
somewhat toward the blue side. Annealing at a higher
temperature (1100°C) in an inert atmosphere (Fig. 2c)
changesthe PLI ratio only dightly in favor of the short-
wavelength band, whereas annealing in air at this tem-
perature almost quenches the band at ~880 nm (and
decreases the total PLI).

Theseresultsindicate that the two-mode structure of
the PL spectrum is not accidental and depends strongly

PHYSICS OF THE SOLID STATE Vol. 47

T T T T T
Si0,: I—wet oxidation + 1100°C in air
2—wet oxidation

nc-Si formation:
2 1000°C in N,

PL intensity, arb. units
T

1 | | !
800 900 1000 1100

Wavelength, nm

1
700

Fig. 3. Effect of preliminary annealing of theinitial oxidein
air on the experimental PL spectrum of the SO, : nc-Si sys-
tem (® = 10 cm™). Postimplantation annealing was per-
formed in an N, atmosphere.

on the annealing conditions. In discussing this struc-
ture, we have to take into account the PL mechanisms
proposed in the literature for the SiO, : nc-Si system.
The authors of [2, 13] believe that the band at ~750—
800 nm is related to an interband transition inside an
NC (quantum dot). However, another point of view is
more widely accepted (see, e.g., [5, 14, 15]). According
to this point of view, excitons form in a quantum dot,
whereas radiative recombination occurs through the
levels localized in the interface region near the NC,
although the nature of these levelsis still unknown (the
transition region is usually supposed to be nonstoichio-
metric). Currently, we cannot reliably state which of the
two standpoints regarding the band at ~750-800 nm is
right. Apparently, both mechanisms can be operative
depending on the experimental conditions. Our experi-
ments show that the band near ~880 nm is most likely
due to the interface states related to the presence of
water vapor in the oxidizing atmosphere; however,
these states are not associated with the main band (at
~750-800 nm). It is natural to assume that the centers
that are responsible for the ~880-nm band contain
hydrogen or OH groups. This interpretation is sup-
ported by the fact that this band disappears after anneal -
ing in an oxidizing aimosphere at a sufficiently high
temperature, which obviously occurs because of oxida-
tion of the interface region and/or hydrogen removal. A
relative decrease in the intensity of this band also took
place when the second-type samples were subjected to
annealing in air for 3 h (SO, dehydrogenation) before
Si implantation (Fig. 3).

Figure 4 shows a possible PL model in the case
where the above-mentioned interface region exists
around an NC. During excitation, an exciton forms in
the NC; the exciton can recombine directly (interband
transition) or through the interface region states (this

No.1 2005
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Sio, Si0,
Interface region
N0 nc-Si SiO,
&* Interface region
2 (?{”/? states
1
a y
1.1eV % é Z

Fig. 4. Probable band structure of the SiO, : nc-Si system

and possible radiative transitions: (a) transitions through
states in a quantum dot (at a wavelength of ~770 nm) and
(b) through states at the interface (at a wavelength of
~880 nm).

case is not shown in Fig. 4). In the case of wet oxida-
tion, this region contains additional centersthat capture
an electron and a hole from the NC. Their radiative
recombination gives the 880-nm band. The interface
region states can also be excited due to the Auger pro-
cess during the interband recombination of the NC.

4. CONCLUSIONS

The character of the PL spectraof SO, : nc-Si lay-
ers has been shown to be dependent in a complicated
manner on the dose, annealing temperature, and the
character of silicon oxide. The dependences obtained
can be explained by OR, if we take into account the
influence of the NC sizes on the probability of radiative
recombination, and by the effect of hydrogen-contain-
ing impurities on the interface regions of NCs, if we
assume that these regions, in addition to the NCs, are
involved in PL. It should be noted that the interpretation
of the spectra differs from the traditional one [5, 14,
15], where the PL band near ~750-800 nm is attributed
to the interface regions. Conclusively revealing the
nature of the two-mode structure would require further
investigations.
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Abstract—The effect that alongitudinal magnetic field exerts on the transverse negative magnetoresi stance by
suppressing the interference quantum correction is studied in GaAg/In,Ga; _ ,ASGaAs structures with asingle
guantum well. It is shown that the variation in the shape of the transverse magnetoresistance curve caused by a
longitudinal magnetic field depends strongly on the relation between the mean free path, the phase-breaking
length, and the correlation length characterizing the roughness of the two-dimensional layer. It is shown that
the experimental results allow one to estimate the parameters of large-scale and small-scale roughness of the
two-dimensional layer in the structures under study. The results obtained are in good agreement with the data

of probe microscopy. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The temperature and magnetic field dependences of
the conductivity of disordered two-dimensiona sys-
tems are substantially determined by the interference
guantum correction. It is known that only a magnetic
field normal to the plane of the system (B destroysthe
interference of electronic waves and givesriseto aneg-
ative magnetoresistance in the case of an ideally flat
two-dimensional system [1]. In rea two-dimensional
systems, the effect of a magnetic field is more compli-
cated [2]. Among the reasons giving rise to alongitudi-
nal magnetoresistance in two-dimensional systems
with one filled confinement subband, the most impor-
tant is the roughness of the interfaces forming a quan-
tum well (QW). Moreover, due to roughness, the appli-
cation of alongitudinal field (B;) changesthetransverse
magnetoresistance. The first studies of the effect of a
longitudinal magnetic field on magnetoresistancein the
presence of atransverse magnetic field were performed
on silicon MOS transistors [3]. It has been shown that,
in the presence of small-scale roughness (such that L <
Ip, where L is the correlation length characterizing the
roughness in the sample plane and |, is the mean free
path), the change in the shape of the transverse-magne-
toresistance curve caused by the application of an addi-
tiona longitudinal magnetic field can be described
assuming that the phase-breaking time T, decreases with
increasing By. Theoretica analysis [4, 5] has shown that
such an effect of the longitudina magnetic field is not
universal and is actualy determined by the relation

between the characteristic lengthslL, |, and I, = /D1,

where D is the diffusion coefficient. Thus, by studying
the quantum interference correction in crossed mag-
netic fields, one can obtain information on the rough-
ness and nonplanarity of atwo-dimensional layer.

2. EXPERIMENTAL DETAILS

Studies were performed on GaAs1nGa, _ , ASGaAs
semiconductor heterostructures with a single QW,
grown on a semi-insulating GaAs substrate by gas
phase epitaxy from organometallic compounds. Two
structures of different design were studied. Hetero-
structure 3512 was a series of epitaxial layers forming
an 8-nm-wide Iny,GaygAs QW with barriers of
undoped GaAs. Doping was performed by introducing
Sn o layersinto the barriers on both sides of the QW at
adistance of 9 nm. On the upper side, a 300-nm-thick
covering layer of pure GaAs was grown. In the other
structure, H5610, a thin InAs layer was grown instead
of the Iny,Ga, gAs QW. In this case, a strong mismatch
in the lattice parameters of GaAs and InAs resulted in
the formation of nanoclusters onthe InAswetting layer,
which had athickness of several monolayers and repre-
sented a deep QW for electrons. Several field-effect
transistors in the form of a Hall bar were fabricated
from each structure, which allowed usto perform mea-
surements at different electron concentrations in the
QW. Aluminum was thermally sputtered in vacuum
through amask and was used as afield electrode. It was
shownin [6] that, for electron concentrations exceeding
7 x 10 cm2 for structure 3512 and 9 x 10 cm for
structure H5610, the states in the doping o layers are

1063-7834/05/4701-0133$26.00 © 2005 Pleiades Publishing, Inc.
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Parameters of the investigated structures

12 a

Structure \<? nér%]gz gc; ?30(; 101‘173 o|Br T
3512 -0.5 0.88 |123.0 |1276| 3.8 0.011
-0.75| 069 | 836 | 88.7| 34 |0.018
-1.0 067 | 704 | 755 | 3.0 0.024
-15 047 | 204 | 26.4| 147 |0.138

2.5 0.32 427 93| 0.76 |0.76
H561041° | -1.0 091 | 388 | 453 | 1.31 |0.001
2.5 073 | 229 | 295 | 1.06 |0.172

-35 059 | 103 | 164 | 0.73 | 0.45

aT=145K.

bThe parameters of samples#1 and #2 are close.

populated, which gives rise to additional effectsin the
magnetoresistance. In this study, we restrict ourselves
to the case where & layers are not populated. The sam-
ple parameters for various vaues of the gate voltage V
are given in the table. The method of finding the Drude
conductivity o, thetransport momentum relaxation time

T,, and the transport magnetic field (B, = h/2e|,2)) is
described in[7]. In this study, we denote by G, the quan-
tity €/21h = 1.23 x 105 Q1.

GERMANENKO et al.

Measurements were performed in the temperature
range from 1.4 to 4.2 K. The magnetic system of the
experimental setup consisted of two superconducting
solenoids. the main one (creating a longitudinal mag-
netic field of up to 6 T) and an additional split solenoid
with an axis oriented normally to the axis of the main
solenoid. The additional solenoid created a field of up
to 0.5 T. The solenoids were fed from independent cur-
rent sources, which allowed us to scan one of the mag-
netic fields continuously, whereas the other was kept
constant. Magnetic fields were measured using two
normally oriented Hall sensors.

3. RESULTS AND DISCUSSION

Figure 1 shows the conductivity as afunction of the
transverse magnetic field, measured on structures 3512
and H5610 at a fixed longitudinal magnetic field. The
gate voltage was chosen such that the conductivities in
both caseswere similar in magnitude. It is seen that the
longitudinal magnetic field affects the shape of the
transverse magnetoresistance curves in different ways.
For structure 3512, the shape of the magnetoresi stance
curves changes in a wide range of magnetic fields. For
the samples fabricated on the basis of structure H5610,
the main changes occur in the region of low magnetic
fields, B; < 0.2B,,, whereas for high magnetic fields,
B;> 0.2B,, the o(By) curves are only displaced

0/G,
o/G
/Go 25
24
21+
4
3
i 2
1
0 23k
20 1 1 1 1 1 1 1 1 1 1
-0.5 0 0.5 -0.5 0 0.5
B/By B/By

Fig. 1. Conductivity asafunction of B measured at T = 1.45K for different values of By;. (a) Structure 3512, Vy=-1.5V; (b) struc-

ture H5610#1, Vy = —2.5V.
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0(Bg, B)) — 0(Bp, 0), Gy

1.0

0.5

Fig. 2. (a) Transverse magnetoconductivity o(B,

135

T¢, 10711 S

221
2.0
1.8

1.6
1.4

1.2

1.0

0.8

0.6

0.4

B)) — (B, 0) as afunction of the transverse magnetic field for structure 3512 at

By=0and3T, T=145K, and V4 =-1V. Symbols represent experimental data, and curves are the result of fitting using Eq. (1)
with the following fitting parameters: B = 0; a = 0.98 and T, = 1.5 x 107 s (dashed curve); o = 0.87 and 1 = 1.65 x 107! s (solid
curve); By =3T; o =0.75and T =0.56 x 10! s (dashed curve); and o = 0.62 and T =0.63 x 10" s (solid curve). Dashed and
solid curves correspond to different ranges of magnetic fieldsin which the fitting was made: dashed curves correspond to B = (0—
0.1)By, and solid curvesto B = (0-0.2)By,. (b) Temperature dependence of the phase relaxation time at B =0and 3 T for structure

3512. Symbols represent experimental data. Curve 1 corresponds to the T~ law, and curve 2 is plotted as described in the text.

upwards with increasing By. As will be shown below,
thisdifference in behavior isrelated to the differencein
the scales of interface roughnessin the structures under
study.

3.1. The Role of Small-Scale Roughness

We consider the results obtained for structure 3512.
Analysis showsthat the dependence of the conductivity
on the transverse magnetic field, as well as the temper-
ature dependence of the conductivity measured at B, =
0, isin good agreement with the theory of weak local-
ization. The transverse magnetoconductivity Aa(B) =

p;i (B) - p;i (0) iswell described by the known expres-
sion [8]

Ao(B)
Go
- o5y, BB Btd] [Fp%
=a T+ === —In
oY
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where o and 1, are fitting parameters (Fig. 2d). In
Eq. (1), Y(x) is the digamma function. It is seen in
Fig. 2b that the temperature dependence of the param-
eter T, closely obeys the T~ law. Finally, the tempera-
ture dependence of the conductivity at B = 0islogarith-
mic and its slope in (InT, 0/Gg) coordinates is equal to
1.45 + 0.05. The above value of the slopeis determined
by the quantum interference correction, whose contri-
bution is approximately equal to unity, and by the cor-
rection related to the electron—electron interaction.

Let us consider the results obtained in the presence
of alongitudinal magnetic field. In this case, the mag-
netoconductivity a(Bg, B) — o(0, By is also well
described by Eq. (1) and the parametersa and 13 (here
and in what follows, the asterisk denotes a parameter
obtained at By # 0) are very negligibly sensitive to the
range of magnetic fields in which the data were pro-
cessed (Fig. 29). Itisseenin Fig. 3athat the parameter

T, decreases rapidly with increasing B and is well

described by the law 1/t5 O B|2I . Thus, the application

of alongitudinal magnetic field results in an effective
increase in the inelastic phase relaxation rate.
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/15 0(0, By, G, A’L, nm?
15F
(b) (©
72
10+
. o
5 -
| | | 70 | | | 0 | | |
0 2 x10* 0 100 0.2 0.4 0.6 0.8
(B)fBy)? ByB, n, 102 em™2

Fig. 3. (a) Ratio Tp/rj;) as afunction of B|2| for structure 3512 at T = 1.45 and 4.2 K, V= -1 V. Symbols represent experimental

data, and curves are calculated from Egs. (2) and (3) with A%L = 7.2 nm?3, |, = 117 nm, and 1,/14 = 0.018 (T = 1.45 K) and 0.048
(T =4.2K). (b) Conductivity asafunction of By for structure 3512 at T = 1.45K and V= -1V, (1) experimental resuits; (2) depen-

dence given by Eq. (4a), where Tty and r$ are obtained by processing the experimental Ac(Bp) curvesfor B = 0 and By # 0, respec-

tively; and (3) Eq. (4b) with A?L = 7.2 nm® and |, = 117 nm. (c) Dependence of the roughness parameter A%L on the electron con-

centration for structure 3512.

Qualitatively, we may interpret this effect as fol-
lows. The interference quantum correction to the con-
ductivity is related to the interference of electronic
waves propagating along closed trajectoriesin opposite
directions and produces an effective increase in the
backscattering cross section and, hence, a decrease in
the classical conductivity. A magnetic field produces a
phase shift between these trajectories, thereby destroy-
ing this interference and giving rise to a negative mag-
netoresistance. An ideal two-dimensional system does
not experience a longitudinal magnetic field, since all
closed trgjectories lie in one plane and the magnetic
field flux through them is zero. In real two-dimensional
structures, because of the interface roughness, the elec-
tron motion is accompanied by a variation in the posi-
tion of the electronic wave function in the direction per-
pendicular to the growth plane and, therefore, the flux
of thelongitudinal magnetic field through closed trajec-
toriesisnonzero. Thus, the application of alongitudinal
magnetic field results in an additional phase shift and,
therefore, should affect the shape of the magnetoresis-
tance curves measured in atransverse magnetic field. A
theoretical analysis of this phenomenon[3, 5, 9] shows
that, in the case of small-scale roughness, the role of a
longitudinal magnetic field is indeed reduced to an

PHYSICS OF THE SOLID STATE Vol. 47

increase in the phase relaxation rate and the o(Bp)
dependence measured at By # 0 should be described by
Eq. (1), with the effective phase rel axation rate given by

L=242 @
T, T T

where 1/1is determined by the roughness parameters
and by B [5]:

1_1/m’LByy

=~ ) 3
T T, 4 |2 (B, 3

Here, A isthe root-mean-sgquare roughness amplitude.
L et usdiscussto what extent the results obtained for

sample 3512 agree with the model described above. As

noted above, T,/Ty indeed increases quadratically with

B, (Fig. 3a) and the slope of the function 1,/1§ (B|2|) is
temperature-independent, in complete agreement with
Egs. (2) and (3). In the context of this model, the tem-
perature dependence of T3 in the presence of alongitu-
dinal magnetic field is predicted to be saturated to T,
with decreasing temperature. In Fig. 2b, we see that the

No.1 2005
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experimental T3 (T) dependence obtained at B,=3T tends
to saturation as T — 0. In the same figure, curve 2
shows the 13 (T) dependence calculated using Eq. (2).

We used the expression 2.5 x 107*Y/T for 1,(T), which
provides agood interpolation for the case B = 0 (curve 1

in Fig. 2b); the vaue of Tﬁl equal to 1 x 10" s was

obtained as the difference between (13 ) and T,' a
T = 1.45 K. Apparently, good agreement between the
calculated curve and experimental pointsisobservedin
the entire temperature range.

This model also predicts that, as the longitudinal
magnetic field increases (in the absence of atransverse
field), the conductivity increases according to the law

6(0,B) = o(0,0) + Goln2 (43)
0

~ 6(0,0) + Goln[l ¥ ?@LLEELDT. (4b)
p

In Fig. 3b, we see that the experimental o(B,) depen-
dence is well described by the formula (4a) if we use

the 13 (B,) dependence shown in Fig. 3a.

Thus, for structure 3512, al theoretical predictions
are confirmed experimentally and, therefore, we may

assume that the slope of the dependence of 1,/t3 on

(B/B,)? gives the quantity AL, in accordance with
Eq. (3). Using the data from Fig. 3a, we can easily find
that the roughness parameter A?2L is7.2nm3at Vy=—1V.
Naturally, Eq. (4b) with thisvalue of A2L also describes
well the experimental o(B;) dependence measured in
the absence of a transverse magnetic field (cf. data 1
and curve 3in Fig. 3b).

This type of detailed analysis was performed for
experimental results obtained at different gate voltages.
Figure 3c shows the dependence of the parameter A’L
on the electron concentration in the QW. We seethat the
quantity AL increases with electron concentration.
This behavior may be interpreted if we assume that the
outer interface forming the QW is rougher than the
inner interface. With decreasing gate voltage, i.e., with
decreasing electron concentration, the electronic wave
function is displaced away from the rough outer inter-
face, thus reducing its role in weak localization. The
fact that the outer interfaceisrougher than theinner one
is natural for GaAdInGa, _ ,As/GaAs heterostructures
[10]. Similar results were reported in [3] for silicon
field-effect transistors with a surface QW.

3.2. Effect of Nanoclusters on Weak Localization

We consider now the results obtained for the H5610
structure with nanoclusters. Asin the previous case, the
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magnetoconductivity measured in the absence of alon-
gitudinal magnetic field is described well by Eq. (1).
However, if we try to use this formula for the case of
B, # 0, reasonable agreement will be impossible to
achieve. Indeed, in contrast to structure 3512, thefitting

parameters a and Ty appear to be strongly dependent

on the magnetic-field range in which thefitting is made
(Fig. 49). Moreover, it becomes unclear how to account
for the prefactor values that are substantially greater
than unity (a = 1.4-2.2). As far as we know, only the
valley degeneracy or the presence of several filled con-
finement subbands can result in a > 1. Obvioudly, this
is not the case in the situation considered. All thisindi-
catesthat Eq. (1) cannot adequately describe our exper-
imental results and that the effect of alongitudinal mag-
netic field does not reduce to an effectiveincreasein the
phase relaxation rate as in the case of structure 3512.
Below, we show that the experimental results can be
quantitatively described with allowance for the exist-
ence of large-scale roughness arising due to the pres-
ence of nanoclusters in the H5610 structure. Actually,
due to the existence of nanoclusters, the motion of an
electron along the plane of the structure is no longer
two-dimensional; the electron position in the QW is
subjected to fluctuations, as shown in the inset to
Fig. 4a

The effect of a longitudina magnetic field on the
shape of the transverse magnetoresistance curves for
the case L > |, was studied theoretically in [5]. How-
ever, the final expressions for the magnetoconductivity
appear to be rather involved and inconvenient for prac-
tical use. From the physical point of view, the limiting
case of L > |, is simpler. In this case, we may assume
that all closed trajectories of interest liein the flat ele-
ments with a characteristic size exceeding |, and that
these elements form small random angles 3 with the
plane of the idea structure. The magnetoresistance of
such a system is given by the sum of the contributions
from each of these regions. If we write the contribution
of each element asd0(B,, 14) = d0(By + BB, ), where
B, is the projection of the total magnetic field onto a
normal to the plane of the element, the total magnetore-
sistance can be written as

0(Bo By 1y) = IdBF(B){)G(BD +BB, 1), (5

where F(B) is the slope-angle distribution function. In
order to use Eqg. (5) to process experimental results, we
must specify the function F(8). We assumed that the
slope angles are distributed under a normal law with
standard deviation Ag. For 00(B; + BB, T4), we used the
experimental o(By) curve measured at B = 0. In this
approach, there is only one fitting parameter, Ag; this
substantialy facilitates the processing of the results.
The results of thefitting procedure for o(Bp, By) —o(0,
B,) are shown in Fig. 4b. We see that the shape of the
experimental curves is described well by this simple
model down to B, =2 T and, moreover, the magnitude



138

o(Bp, B)) — a(0, By), Gy
25+

2.0

L.5

1.0

0.5

0 0.1 0.2 0.3 0.4
BB,

GERMANENKO et al.

0(Bp, B)) — a(0, By), Gy
25+
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Fig. 4. Transverse magnetoconductivity o(Bp, By) — o(0, B)) as a function of By measured at different values of B for sample
H5610#2 at T = 1.45K and V; = -2.5 V. Symbols correspond to experimental results. Curvesin panel (a) are the resuilts of fitting
by Eq. (1) with the following parameters: B = 0: o = 1.0, Ty = 1.2 x 10~ s (dashed curves) and o = 0.9, and 1y = 1.45 x 10! s
(solid curves); B =3T:a =221y =23x 10712 s (dashed curves) and o = 1.4, and Tp=29x% 10712 s (solid curves). Dashed and
solid curves correspond to different ranges of magnetic fieldsin which thefitting procedure was made: the dashed curve corresponds
to B = (0-0.1)By,, and the solid curve to B = (0-0.2)B,. Curvesin panel (b) are the result of fitting by Eq. (5). The values of
parameter Ag are 0.34°, 0.41°, 0.47°, and 0.52° for By changing from 1 to 5 T. The inset illustrates the motion of an electron along

the QW with one rough interface.

of the parameter Az indeed appears to be small, Ag =
0.3°-0.4°.

For high magnetic fields, B, > 3T, the curves calcu-
lated in this model deviate appreciably from the exper-
imental curves. We believe that this disagreement is
related to the fact that, in our approach, we disregarded
small-scale roughness, which obviously exists in the
H5610 structure in addition to large-scale roughness.
As shown above, small-scale roughness is the reason
for the decreasein 1, after the application of amagnetic
field. Thus, when processing the experimental results
obtained for high B, the substitution of the experimen-
tal o(Bp) curve measured at B, = 0 into Eq. (5) is not
justified.

3.3. Results of Microscopic Sudies

To obtain direct information on the characteristic
roughness scale, we measured the profile of the QW
surface in the structures under study. After transport
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measurements, the covering GaAs layer was removed
using selective etching [11-13]. Then, the surface was
studied using a TopoMetrix Accurex TMX-2100
atomic-force microscope (AFM). The results obtained
for both structures are shown in Fig. 5. Itisclearly seen
that the roughness scale widely differs for different
structures. Indeed, the amplitude of roughness with lat-
erd sizef >, ismuch greater for structure H5610 (the
length I, determined at T = 1.5 K is equal to 870 and
490 nm for structures 3512 and H5610, respectively).
To obtain quantitative information related to the infor-
mation obtained from transport measurements, mathe-
matical scan processing was performed.

First, we consider theresults of theanalysisof large-
scaleroughness. The correlation analysis performed for
structure H5610 showed that the correlation length, L =
1 um, isindeed greater than the phase-breaking length
ly, which is approximately equal to 300-500 nmat T =
15 K (for different voltages at the gate electrode).
Therefore, the approach used above in analyzing the

No.1 2005



EFFECT OF ROUGHNESS OF TWO-DIMENSIONAL HETEROSTRUCTURES

F,deg™!
10

B, deg

200 nm

139

F,deg™!
201 . m (b)
15

Fig. 5. Results of AFM studiesfor structures () H5610 and (b) 3512. The insets show the angle distribution function F([3) obtained

for&f = 2.

transverse magnetoconductivity of structure H5610 is
justified. Next, according to the model used in the pre-
vious subsection, the surface was approximated by aset
of flat fragments of fixed size &£ > ly- Then, we found
the slope-angle distribution function F((3) involved in
Eq. (5). For structure H5610, the result is shown in the
inset to Fig. 5a If the distribution obtained in this way
isfitted by a Gaussian function, then it appears that the
standard deviation Ag is approximately equa to 2° and
differs by no more than 30% for different sizes of the
approximating fragments, & = 2l,, and 3l,,. This value
of Ag is approximately six times greater than the value
obtained from studying the interference quantum cor-
rection. Qualitatively, this can be understood if we take
into account that the electron actually moves not along
the surface, whose profile is obtained from AFM stud-
ies, but rather in the QW, which is located under this
surface. Therefore, the deviations of the trajectory of
electron motion in the growth direction of the structure
appear to be smaller than the deviations of the surface
from an ideal plane.

Similar processing performed for structure 3512
shows that, in this case, the standard deviation 4 is
only 0.035° (seeinset to Fig. 5b); it followsthat thereis
virtually no large-scale roughnessin this structure. This
conclusion completely agrees with the results of the
transport measurements.
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To estimate the parameter AL describing the contri-
bution of small-scale roughness to weak localization,
we studied selectively etched surfaces of the structures
with a high resolution. Mathematical processing
showed that the magnitude of this parameter for struc-
ture 3512 is approximately 8 nm?, in good agreement
with the results shown in Fig. 3c.

4. CONCLUSIONS

We have experimentally studied the effect that alon-
gitudinal magnetic field exerts on the transverse nega-
tive magnetoresistance by suppressing the interference
guantum correction. We have shown that this effect
depends substantially on the relation between the mean
free path and the characteristic lateral roughness size.
An analysis of the shape of the transverse magnetore-
sistance curves measured at different values of B has
allowed usto estimate the characteristic roughness size.
The results obtained are in good agreement with the
results of atomic force microscopy studies.
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Abstract—Forsterite doped with Cr#* ions is prepared in silicon-based structures according to a simple tech-
nigue. These structures are of interest due to the characteristic luminescence in the near-IR range. Forsteriteis
synthesized by impregnation of porous silicon layers on n*-Si and p*-Si substrates with subsequent annealing
in air. A photoluminescence response at a wavelength of 1.15 um is observed at room temperature in porous
silicon layers doped with magnesium and chromium for which the optimum annealing temperature is close to
700°C. The photoluminescence spectrum of porous silicon on the p*-Si substrate contains a broad band at a
wavelength of approximately 1.2 um. This band does not depend on the annealing temperature and the magne-
sium and chromium content and ismost likely associated with the presence of dislocationsin silicon. The exper-
imental EPR data and electrical properties of the structures are discussed. It is found that layers of pure porous
silicon and chromium-doped porous silicon on n*-Si substrates exhibit indications of discrete electron tunnel-

ing. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

It isknown that crystalline magnesium silicate (for-
sterite) doped with tetravalent chromium Mg,SiO, : Cr
is characterized by the maximum photoluminescence
qguantum efficiency (38%) in the range of the highest
transparency in systems of quartz fiber opticsat awave-
length of approximately 1.3 um [1]. In the present
work, we synthesized and studied a similar phase in
thin layers of porous silicon. This system is of interest
for the development of technologies for fabricating
highly efficient electroluminescent light sources that
would be compatiblewith silicon microel ectronics. The
specific features of these multiphase structures are the
photonic and electronic interactions of silicon nanoc-
rystals with inclusions of adielectric phase activated by
transition elements. Similar structures are also of inter-
est from the standpoint of investigating the discrete tun-
neling through atoms of transition elements [2].

Poroussiliconis especialy attractive for the synthe-
sis of oxides with tetravalent chromium replacing sili-
con due to the use of a simple technique that involves
impregnation of pores with agueous salt solutions fol-
lowed by oxidation annealing. The nanotopology of
porous silicon favors rapid formation of oxides at tem-
peratures substantially lower than the temperatures
necessary for the growth of forsterite single crystals.

In this work, the photoluminescence, electron para-
magnetic resonance (EPR), and transverse transport in
porous silicon layers doped with magnesium and chro-
mium and grown on n-Si and p-Si single crystals
heavily doped with shallow-level impurities (up to

approximately 10*° cm3) were investigated in order to
elucidate how Group I11 and V dopant impurities affect
both the Fermi level in porous silicon and the properties
of the materials prepared by the proposed technique.
Solving this problem with the use of M@,SIO, : Cr crys-
tals grown by atraditional technique presents consider-
able difficulties. The high conductivity of the silicon
substrate almost eliminates its contribution to the EPR
spectra of porous silicon and the current—voltage char-
acteristics of diode structures with porous silicon inter-
layers.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Poroussilicon layerswere grown through a standard
anodic dissolution of Si(110) single-crystal platesin a
50% hydrofluoric acid solution in ethanol for 10 min at
a current density of 10 mA/cm?. A layer 2.7 um thick
was grown on a KES 0.01 n-S substrate, and a layer
approximately 1 um thick was formed on aKDB 0.005
p-Si substrate. Porous silicon was saturated either with
chromium or with chromium and magnesium by
impregnation with MgCl, and CrO; agueous solutions,
followed by drying and oxidation annealing in a fur-
nace at temperatures of 700 and 1000°C for 10 minin
air. In the case when porous silicon was doped with
both magnesium and chromium, these elements were
taken in an atomic ratio of 200 : 1 (i.e., at approxi-
mately the same ratio used for Mg,SiO, : Cr laser crys-
tals [1]). When porous silicon was doped only with

1063-7834/05/4701-0141$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Photoluminescence spectra of porous silicon layers
on (a) KES0.01 and (b) KDB 0.005 substrates at room tem-
perature: (1) porous silicon with magnesium and chromium
after annealing at 1000°C, (2) porous silicon with chro-
mium after annealing at 700°C, (3) porous silicon with
magnesium and chromium after annealing at 700°C, (4)
pure porous silicon after annealing at 700°C, and (5) spec-
trometer noise.

chromium, the impregnation was carried out in a 10%
CrO; agueous solution. Our preliminary experiments
showed that annealing of a dried MgCl, salt at atem-
perature of 700°C in air led to its transformation into
MgO (this was revea ed from the change in the hyper-
fine structure of the EPR spectra of the unavoidable
manganese traces contained in maghesium com-
pounds). Hexavalent chromium in CrO; readily trans-
formed into a state with a lower valence, because this
process occurs with a loss of oxygen upon heating of
the oxide to temperatures above 200°C.

The photoluminescence spectra were measured at
room temperature on a BOEM DAS Fourier spectrom-
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eter with a germanium detector cooled in liquid nitro-
gen. Optical pumping was performed with an argon
laser at awavelength of 514.5 nm and aradiation power
of 250 mW. The EPR spectra were recorded at temper-
atures of 293 and 77 K on a spectrometer operating in
the 3-cm band. The transverse transport was studied at
room temperature by using the static current—voltage
characteristics of diode structures containing porous
silicon interlayers with indium metal contacts depos-
ited on asilicon substrate and porous silicon (according
to the procedure described in [3]).

3. RESULTS AND DISCUSSION

Our expectations regarding the formation of the for-
sterite phase doped with tetravalent chromium in
porous silicon proved to be correct, at least, for silicon
initially doped with antimony. It can be seen from
Fig. 1a that the photoluminescence spectra of the
porous silicon samples on the KES substrate after dop-
ing with magnesium and chromium (curves 1, 3) con-
tain photoluminescence bands with maxima at a fre-
quency of 8700 cm (1.15 um), which is close to the
1.17-pm photoluminescence band of Mg,SIO, : Cr.
Compared to the spectrum of the sample annealed at a
temperature of 1000°C (curve 1), the spectrum of the
sample annealed at 700°C (curve 3) contains a broader
asymmetric photoluminescence band with a higher
lying long-wavelength wing and an intensity that is
higher by a factor of 2. No noticeable photolumines-
cence is observed for the porous silicon samples on the
KES substrate without dopants or doped only with
chromium (curves 2, 4). Thisimplies that silicon is not
replaced by chromium in SIO, at 700°C. It turned out
that the porous silicon samples on the KDB 0.005 p-Si
substrate exhibit a broad-band photol uminescence with
the maximum at a frequency of 8400 cm™ (1.2 um).
The manifestation of this photoluminescence is virtu-
ally independent of the presence of magnesium and
chromium and the annealing temperature (Fig. 1b). It
seems likely that this luminescence has a dislocation
nature, asisthe case with dislocation silicon containing
boron [4].

The porous silicon samples on the KES 0.01 sub-
strate after annealing at 700°C are characterized by an
anisotropic EPR spectrum due to the presence of P,
centers at room temperature and 77 K (Fig. 2). Accord-
ing to the inferences drawn in our earlier work [5], this
spectrum is associated with the dislocationsinvolved in
silicon nanograins in porous silicon. The intensities of
the EPR spectra of pure porous silicon and porous sili-
con containing only chromium are rather high and com-
parable in magnitude. The intensity of the spectrum of
magnesium-doped porous silicon is one order of mag-
nitude lower. This can be caused by the decrease in the
amount of silicon grains due to the formation of the
Mg,SiO, : Cr phase. The spectrum disappears alto-
gether after annealing at 1000°C (most likely, because
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Fig. 3. Current-voltage characteristics of diode structures
with interlayers formed by porous silicon on the KES 0.01
substrate without magnesium and chromium dopants after
annealing at 700°C. The current-voltage curves for two
junctions are depicted. Closed and open symbols indicate
forward and reverse branches of the current—voltage charac-
teritics, respectively.
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Fig. 4. Thesame asin Fig. 3 for diode structures with inter-
layers formed by porous silicon doped with chromium.

porous silicon almost completely transforms into for-
sterite and silicon oxide). As can be judged from the
lower intensity of photoluminescence spectrum 3 as
compared to the intensity of spectrum 1 (Fig. 1), the
amount of silicon transformed into SiO, at 1000°C is
larger than that transformed at 700°C. It can be seen
from Fig. 2 that the EPR spectrum of porous silicon
doped with chromium (spectrum 2) and the spectrum of
porous silicon doped with chromium and magnesium
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(spectrum 3) contain anarrow line. The g factor isequal
to approximately 2. Possibly, this line can be attributed
to tetravalent chromium. For the sample doped only
with chromium (spectrum 2), this can indicate that
chromium isincorporated into SIO, in place of silicon.
However, this hypothesis calls for additional verifica
tion. The EPR signa of porous silicon on the KDB
0.005 substrate, as in [5], cannot be distinguished
against the background of noisesinduced by recharging
of P, centers dueto the lowering of the Fermi level.

As should be expected, the annealing of porous sili-
con in air leads to a drastic decrease in the electrical
conductivity due to the oxidation of silicon nanoparti-
cles. The passage of an electric current before the
breakdown was observed only in diode structures with
interlayers formed by pure porous silicon and chro-
mium-doped porous silicon on the KES 0.01 substrates
after annealing at 700°C. The current—voltage charac-
teristics of these diodes (Figs. 3, 4) are nonlinear and
obey the power law | ~ V" with additional stepwise
changesin the current, as was observed earlier in [6, 7].
As follows from the data presented in Fig. 3, the cur-
rent—voltage characteristics for pure porous silicon are
described by a power dependencewith n=3-5. Inchro-
mium-doped porous silicon (Fig. 4), the electrical con-
ductivity at voltage U = 10 V decreases by a factor of
40, most likely, due to the chemica reaction of chro-
mium oxide with silicon nanoparticles. However, the
electric current in this diode varies more weakly: n= 2
(similar to the passage of injection currents in dielec-
trics). The current steps and large exponents n indicate
discrete electron tunneling through silicon nanograins
in porous silicon. The exponent n = 2 for chromium-
doped porous silicon can be associated with the smaller
band gap in the chromium oxide as compared to that in
SO, and the larger contribution of injection currents,
because silicon grains in this sample (according to the
data in Fig. 2) are dmost identical to those in pure
porous silicon.

4. CONCLUSIONS

Thus, forsterite doped with tetravalent chromium
was prepared in porous silicon on an n*-Si substrate.
The characteristic photoluminescence band at a wave-
length of 1.15 um was observed at room temperature. It
turned out that the oxidation annealing temperature of
700°C is closer to being an optimum temperature than
1000°C. The presence of shallow-level impurities in
silicon at a concentration of 10'° cm~3 has a profound
effect not only on the formation of porous silicon but
also onits properties. The photol uminescence spectrum
of porous silicon on a p*-Si substrate contains a broad
band at a wavelength of approximately 1.2 um. This
band does not depend on the annealing temperature and
the magnesium and chromium content and is most
likely associated with the presence of dislocations in
silicon. It was demonstrated that the EPR technique is
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a convenient tool for controlling the state of silicon
nanoparticles in porous silicon on an n*-Si substrate.
It was found that layers of pure porous silicon and

chromium-doped porous silicon on a KES 0.01 sub-
strate exhibit indications of discrete electron tunneling.
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Abstract—The optical properties of arrays of metallic (gold) nanowires deposited on dielectric substrates are
studied both theoretically and experimentally. Depending on the substrate, Wood's anomalies of two types are
observed in the transmission spectra of such planar metal—dielectric photonic crystals. One of them is diffrac-
tion (Rayleigh) anomalies associated with the opening of diffraction channels to the substrate or air with an
increase in the frequency of the incident light. The other type of Wood's anomaly is resonance anomalies asso-
ciated with excitation of surface quasi-guided modesin the substrate. Coupling of the quasi-guided modeswith
individual nanowire plasmons brings about the formation of waveguide plasmon polaritons. This effect is
accompanied by a strong rearrangement of the optical spectrum and can be utilized to control the photonic
bands of metal—dielectric photonic crystal slabs. © 2005 Pleiades Publishing, Inc.

Photonic crystals are structures whose permittivity
varies periodically in space with aperiod of the order of
the wavelength of light. An explosive growth in the
number of studies of such structures began after publi-
cations [1, 2]. A characteristic feature of the optical
spectra of photonic crystalsis the presence of photonic
band gaps (see, e.g., [3, 4]). In addition to three-dimen-
sional (3D) photonic crystals, one- and two-dimension-
ally periodic layered photonic crystalswith an arbitrary
complex vertical geometry are also of interest [5—7].
Photonic crystal slabs can be prepared using modern
layer-by-layer lithographic techniques. The optica
properties of such structures are of practical interest
because of their potential integrability with microelec-
tronics.

It should be noted that studies on photonic crystals
had begun long before the appearance of this term. For
example, the influence of the photonic energy gap on
the radiative atomic transition times had been investi-
gated by Bykov [8]. Studies on photonic crystal slabs,
which arein effect diffraction gratings, began even ear-
lier. In particular, the main features of the optical spec-
tra of diffraction gratings are called Wood's anomalies,
because they werefirst studied in classical work [9].

In the presence of opticaly active electronic reso-
nances, the pattern of the photonic-crystal behavior
becomes richer, because eectronic and photonic reso-
nances are coupled to form polaritons. Such phaotonic
crystals are commonly called polaritonic. In polaritonic
crystals, the electronic and photonic resonances can be
controlled simultaneously. Depending on the type of
electronic resonance, the crystals are called exciton-
polaritonic (with a semiconducting nanostructure) and

plasmon-polaritonic (with a metalic nanostructure).
Among the exciton-polaritonic crystals, the so-called
Bragg superlattices (one-dimensionaly periodic verti-
cal-layered structures) were the first to be studied [10-
12], followed by another modification of exciton-polari-
tonic crystals, photonic crystal slabswith a semiconduct-
ing nanostructure in the layer plane [13-16].

Fig. 1. Metal—-dielectric photonic crystal consisting of an
array of gold nanowires deposited on the surface of an
indium-tin oxide (ITO) guide on a quartz substrate (sche-
matic). The inclined arrow indicates the direction of inci-
dence of light (in measuring the transmission spectrum)
defined by the angle of incidence § and the azimuth angle
@. The components of the wave vector kg of the incident
photon of frequency w in vacuum (kg = w/c) in the horizon-
tal plane are ky = kgsind cosg (perpendicular to the nanow-
ires) and ky, = kgsin® cosg (along the wires).

1063-7834/05/4701-0145$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. Extinction spectra (-InT, where T is the transmis-
sion) for structures with a period d, = 450 nm deposited on
(a) athinand (b) athick ITO layer, measured at normal inci-
dence of light, 9 = @ = 0. Solid and dashed curves corre-
spond to the TM and TE polarizations (with the magnetic
and electric fields directed along the nanowires), respec-
tively. In panel (), the arrow indicates the position of the
diffraction (Rayleigh) anomaly.

One type of plasmon-polaritonic photonic crystals
isathin metallic film with an array of holes (or dielec-
tric inclusions). Recently, an anomaloudly high trans-
mittance of light was detected in such systems with
holes whose diameter was smaller than the wavel ength
of light [17]. Physically, this effect is associated with
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Fig. 3. Electric-field distribution over the region of a metal-
lic nanowire near plasmon resonance. The plasmon is
excited by a TM-polarized plane electromagnetic wave
(with the electric field directed along the x axis perpendicu-
lar to the wire) incident from above (the angles of incidence
ared = @=0; seeFig. 1). The rectangle at the center corre-
sponds to a cross section of the nanowire, and the region
below the nanowire is an ITO waveguide. The length and
orientation of aconeindicate the magnitude and direction of
the electric field at the center of the cone.

the behavior of surface plasmonsin a metal, which are
excited dueto Bragg resonances with the array of holes.
In fact, in order to observe the resonant transmission,
holes are not necessary; it will sufficeto haveametallic
layer with periodically modulated thickness such that
the thickness in certain places is small in comparison
with the skin depth [18]. Recently, the possible applica-
tion of surface plasmons in high-resolution nanooptics,
nanophotolithography, and other areas has been dis-
cussed (see, e.g., [19]).

Another type of polaritonic photonic crystalsis an
array of metallic nanodots [20] or nanowires [21].
However, in contrast to the surface plasmonsin contin-
uous metallic layers with periodicaly distributed
dielectric inclusions considered above (or in arrays of
closely spaced metallic particles), we have plasmons
localized in metallic nanoparticles that are much
smaller in size than the wavelength of light. Since the
polarizability of localized plasmons is high, resonance
phenomenain this case are more pronounced.

A metal—dielectric structure consisting of an array
of metallic (gold) nanowires on a dielectric substrateis
shown schematicaly in Fig. 1. Gold nanowires are
deposited on an indium-tin oxide (ITO) layer on aquartz
substrate. Experimental extinction spectra (-InT), where
T is the transmission coefficient) for a system with a
period d, = 450 nm for normal incidence of light with
polarization paralel (TE) and perpendicular (TM) to
the nanowires are shown in Fig. 2. Figures 2a and 2b
show extinction spectra measured for systems support-
ing and not supporting waveguide modes, respectively,
in the spectral region covered. The broad maximum
observed in the TM polarization at a photon energy of
1.8 eV corresponds to excitation of a plasmon localized
within a nanowire. The typical distribution of the elec-
tric field of a localized plasmon in the region of a
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nanowireis shown in Fig. 3. A characteristic feature of
the localized plasmon is the pronounced dipolar char-
acter of thefield distribution in the near wave zone out-
side the nanowire, whereas the field is approximately
uniform over the nanowire. The significant enhance-
ment of thefield near the nanowire cornersisalso worth
noting. Localized plasmons are not excited in the TE
polarization (i.e., in the case where the electric field is
directed along the nanowire). In the high-frequency
wing of the plasmon resonance, we see Wood's anom-
aly (indicated by an arrow in Fig. 2a) associated with
the opening of a diffraction channel to the substrate,
which occurs as the frequency of the incident light
increases. Such sguare root singularities commonly
manifest themselves as a cusp in the spectral depen-
dences.
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If substrates support waveguide modes, the extinc-
tion spectra change significantly (Fig. 2b). In the TE
polarization, the changesare simpler: in the case of nor-
mal incidence, a narrow peak appears, which shifts to
lower frequencies as the period of the structure is
increased. This behavior is clearly shown in Figs. 4a
and 4b (dashed lines). The narrow peak is associated
with the resonant excitation of a standing wave formed
by TE, waveguide modes with Bragg wave vectors
+217d, in the waveguide. Therefore, this peak is a so-
called resonance Wood anomaly associated with an
incident quasi-waveguide-mode wave in the photonic
crystal slab. A more detailed analysis of the behavior of
quasi-waveguide modes in photonic crystal slabs can
be found in [22] (see also references therein).
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Fig. 5. Empty-lattice approximation for a system with a
period d, equal to (a) 300 and (b) 450 nm. Lines 1-3 rep-
resent cones of light in air, quartz, and I TO, respectively;
lines 4' and 5' are dispersion curves of the TEy and TM
waveguide modes, respectively, in an ITO waveguide of
thickness L, = 140 nm; and lines 4 and 5 are dispersion
curves of the TEy and TMq waveguide modes, respectively,
folded into thefirst Brillouin zone of the corresponding lat-
tice. Solid and open circlesindicate the energy cutoffs of the
TEy and TM modes. Horizontal line 6 corresponds to the
energy of thelocalized plasmon in a nanowire.

The behavior of such standing waves with variations
in the structure period can be explained in terms of the
empty-lattice approximation for the 1D photonic crys-
tal dab (Fig. 5). By folding the dispersion curves of the
TE, mode into the first Brillouin zone (lines 4', 4 in
Fig. 5), it can be seen that there is Bragg resonance at
the " point, which shiftsto lower energies as the period
increases, that is, asthefirst Brillouin zone decreasesin
size (Figs. 5a, 5b for d, = 300, 450 nm, respectively).

The behavior of TM-polarized spectrais much more
complicated and relates to the coupling of the TM,
quasi-waveguide modes (lines 5, 5 in Fig. 5) with
localized plasmonsin nanowires (horizontal lines6). In
the empty-lattice approximation, it can be seen that
such resonance can occur in a structure with a period
d, ~ 450 nm if the localized-plasmon frequency is of
the order of 1.8 €V. Indeed, the anticrossing of the two
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resonances is clearly seen from Fig. 4 to occur at d, ~
450 nm and is accompanied by the formation of a
waveguide plasmon polariton [21].

For oblique incidence of light, the behavior of the
extinction curves is more complex because of a third
resonance (Figs. 4c, 4d). This resonance is associated
with the excitation of a mode that is antisymmetric at
the center of the Brillouin zone and, hence, does not
manifest itself at normal incidence of light.

Thus, if the dielectric substrate supports waveguide
modes, second-type Wood anomalies can arise, which
are resonance anomalies associated with the excitation
of surface quasi-waveguide modes in the substrate.
Resonance coupling of these surface modes with local-
ized plasmon excitations brings about the formation of
waveguide plasmon polaritons [21]. This effect is
accompanied by a significant rearrangement of the
optical spectrum and can be used to control the photon
energy bands in photonic crystal slabs. For example,
photon stop bands overlapping for all polarizations can
be formed. Dueto the high optical oscillator strength of
nanowire plasmons, the Rabi splitting in the waveguide
plasmon polariton can be extremely large (up to 250—
300 meV).

Thetheoretical extinction spectrain Figs. 4b and 4d
were calculated using the scattering-matrix method
[22] without fitting parameters; the geometrical dimen-
sions of the system were measured experimentally, and
the freguency-dependent permittivities were taken
from the literature (see discussion in [21]). It can be
seen that the scattering-matrix method reproduces all
gualitative features of the behavior of optical spectra
fairly well. Furthermore, this method enables one to
calculate the distribution of electromagnetic fields in
the near wave zone, which is essential to understanding
the physics of the processes occurring in a photonic
crystal slab and to describing possible nonlinear optical
effects. The electric-field distribution in the region of a
metallic nanowire presented in Fig. 3 was calculated
using the scattering-matrix method.

The scattering-matrix method has significant advan-
tages over the direct method of the finite difference on
time domain (FDTD) used to solve Maxwell’s equa-
tions in photonic-crystal physics. Since the former
method is directly based on the general scattering the-
ory, itisadvantageousto use general properties, such as
the unitarity (for transparent media) and reciprocity of
scattering channels coupled viathe time-reversal oper-
ation [23]. Using the scattering-matrix method, a reso-
nance approximation has been developed for describ-
ing the optical properties of photonic crystal dlabs in
terms of resonant photonic modes, which are calcul ated
with inclusion of the actual geometry and composition
of a particular structure [23]. Furthermore, the method
does not require large computational resources, in con-
trast to the FDTD method, and apersonal computer will
suffice in many cases. This method also alows one to
include the frequency dispersion of the permittivity of
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the various photonic-crystal constituents, which is par-
ticularly important in the case of metals. Using this
method, one can also directly calculate losses due to
radiation. A disadvantage of thismethod isits poor con-
vergence when applied to metals.
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Abstract—The first results obtained in the synthesis of one-dimensiona ferroelectric photonic crystals based
on nanostructured lead zirconate titanate and porous silicon are reported. The samples synthesized are studied
using linear reflection and second optical harmonic spectroscopy. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Photonic crystals and microcavities based on these
crystals have been intensively studied in recent years.
Great interest has been expressed by researchers in
these structures due to their unique optical properties
associated with the existence of the so-called photonic
band gap. The presence of the photonic band gap in
photonic crystals renders them promising for use in
optoelectronic devices [1, 2] and, moreover, makes it
possible to observe novel optical and nonlinear optical
effectsin these structures [3, 4].

Porous silicon is a material that has been widely
used for producing photonic crystals [5, 6]. One-
dimensional photonic crystals can be prepared by peri-
odic variations in the porosity. This results in spatial
modulation of the refractive index of poroussilicon and
in the formation of a photonic band gap in afrequency—
angular range [6]. Moreover, the possibility exists of
filling pores with various materials and, thus, of pro-
ducing photonic crystals with different properties on
the basis of porous silicon matrices. In this work, we
present the first results obtained in the design and syn-
thesis of one-dimensional ferroelectric photonic crys-
tals and microcavities based on nanostructured lead zir-
conate titanate introduced into a photonic crysta
matrix prepared from porous silicon.

The considerable research attention given to ferro-
electric photonic crystals is mainly caused by the fact
that the crystal structure of ferroelectrics in the ferro-
electric phase has no inversion symmetry. As a result,
these materials possess a volume dipolar quadratic sus-
ceptibility, which can be used, for example, for the gen-
eration of second optical harmonics. A photonic crystal
or microcavity prepared from a ferroelectric materia
can significantly amplify the second optical harmonic
signal dueto thefield localization and the fulfillment of
the phase synchronism conditions. It is also of interest
to analyze the possibility of controlling the properties
of photonic crystals and microcavities. The permittivity
and, correspondingly, the refractive index of ferroelec-

trics depend on the temperature and the external elec-
trostatic field. Therefore, the location of the photonic
band gap and the allowed microcavity mode of the fer-
roelectric photonic crystal can be controlled by varying
the temperature and the magnitude of the applied elec-
trostatic field.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Photonic crystals based on lead zirconate titanate
were synthesized according to the following procedure.
At thefirst stage, samplesof photonic crystalsor micro-
cavitieswere prepared by electrochemical etching of p-
or n-type crystalline silicon with (001) orientation,
which brought about the formation of pores in the
direction perpendicular to the surface of the plate.
According to atomic force microscopy, the mean diam-
eter of the pores was approximately equal to 10 nm in
p-type silicon and 100 nm in n-type silicon. Then, the
samples were annealed at a temperature of 900°C. At
the second stage, the sol of lead zirconate titanate was
introduced into the photonic crystal samplesin order to
provide partia filling of the pores in the photonic crys-
tals or microcavities. Thereafter, the samples were sub-
jected to heat treatment under the following tempera
ture—time conditions accepted for the sol—gel synthesis
of polycrystalline lead zirconate titanate films: the first
heat treatment was performed for 10 min at 180°C; the
second heat treatment, for 30 min at 450°C; and the
third heat treatment, for 60 min at 900°C. For the sam-
ples thus prepared, we analyzed the linear reflection
spectra and the spectra of the intensity of the reflected
second harmonics. In the nonlinear optical experi-
ments, light from an optical parametric oscillator oper-
ating in the wavelength range 700-1200 nm with a
pulse duration of 10 ns and a peak power of approxi-
mately 1 MW/cm? was used as probe radiation.

1063-7834/05/4701-0150$26.00 © 2005 Pleiades Publishing, Inc.
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the sample free of lead zirconate titanate. The dashed line
indicates the spectrum of the sample with the introduced
lead zirconate titanate sol.

3. RESULTS AND DISCUSSION

The photonic band gap of the photonic crystals and
the mode of the microcavities are shifted because the
pores in the matrices are partialy filled with the lead
zirconate titanate sol. Figure 1 shows the linear reflec-
tion spectrafor two samples of the microcavities based
on p-type silicon with the introduced lead zirconate
titanate sol and without it. Both sampleswere subjected
to heat treatment. The magnitude of the spectral shift is
approximately equal to 50 nm. According to estimates,
this value corresponds to the degree of filling of the
porous structure with crystalline lead zirconate titanate,
which fals in the range 10-15%. Moreover, the spec-
tral width of the photonic band gap increases.

The linear reflection spectra of the annealed photo-
nic crystals based on n-type silicon with the introduced
lead zirconate titanate sol and without it are shown in
Fig. 2a. The spectral shift of the photonic band gap is
approximately equal to 50 nm. The spectrum of the
unanneal ed samplefree of lead zirconate titanate isalso
shown in this figure. Figure 2b displays the spectra of
theintensity of reflected second harmonicsfor the same
samples. The ferroelectric ordering of lead zirconate
titanate in the porous silicon structure can be judged
from the significant increase in the signal of the second
harmonics for the sample containing lead zirconate
titanate and subjected to high-temperature annealing.
This increase in the signal of the second harmonicsis
caused by the formation of the polar phase in the form
of lead zirconate titanate nanocrystallites in the porous
structure. The intensity of the second harmonics at a
maximum for the annealed sample containing lead zir-
conate titanate is more than 20 times higher than that
for the annealed sample free of lead zirconate titanate.
For comparison, Fig. 2b shows the spectrum of the
intensity of the second harmonics for the unannealed
sample free of lead zirconate titanate. The intensity of
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Fig. 2. (8) Linear reflection spectraand (b) the spectraof the
second-harmonic intensity for photonic crystals based on
n-type silicon: (1) unannealed sample free of lead zirconate
titanate, (2) annealed sample free of lead zirconate titanate,
and (3) annealed sample with the introduced lead zirconate
titanate sol.

the second harmonics for this sample is approximately
three times lower than that for the sample containing
lead zirconate titanate. The intensity of the second har-
monics increases in the case when the phase synchro-
nism conditions are satisfied at the edges of the photo-
nic band gap [2]. For the unannealed sample free of
lead zirconate titanate, this increase is observed at the
short-wavelength edge of the photonic band gap but is
amost completely absent at the long-wavelength edge.
For the annealed samples with the introduced lead zir-
conate titanate and without it, the increase in the inten-
sity of the second harmonics is observed at the long-
wavelength edge of the photonic band gap. Whether or
not the intensity of the second harmonics increases at
the short-wavel ength edge of the photonic band gap for
these sampl es cannot be conclusively established in this
case, because their photonic band gaps lie outside the
wavelength range of the optical parametric oscillator
used in our experiments.

Figure 3 shows the linear reflection spectra and the
spectra of the intensity of the reflected second harmon-
ics for the annealed photonic crystal with the intro-
duced lead zirconate titanate at different angles of inci-
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second-harmonic intensity for the annealed photonic crystal
based on n-type silicon with the introduced lead zirconate
titanate sol at different angles of incidence of radiation 6 =
(2) 30°, (2) 45°, and (3) 60°.

dence of radiation 8 = 30°, 45°, and 60°. Anincreasein
the angle of incidence leads to a shift of the photonic
band gap of the photonic crystal toward the short-wave-
length range (Fig. 34). For angles 8 = 30°, 45°, and 60°,
the center of the photonic band gap lies at wavel engths
of 735, 715, and 695 nm, respectively. This behavior of
the photonic band gap is characteristic of one-dimen-
sional photonic crystals. As can be seen from the spec-
tra of the second-harmonic intensity at the same angles
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of incidence of radiation, the maximum of the intensity
also shifts with achangein the angle of incidence: itis
located at wavelengths of approximately 748, 743, and
739 nm for angle 6 = 30°, 45°, and 60°, respectively
(Fig. 3b).

4. CONCLUSIONS

In thiswork, we developed amethod for introducing
lead zirconate titanate into a porous structure of photo-
nic crystals and microcavities based on porous silicon.
It was found that the intensity of the second harmonics
in the ferroel ectric photonic crystal based on nanostruc-
tured lead zirconate titanate increases by afactor of 20.
The photonic band gap and the maximum of the inten-
sity of the second harmonics in the ferroel ectric photo-
nic crystal are shifted when the angle of incidence of
radiation on the structure is changed.
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Abstract—This paper reports on the results of research into low-dimensional magnetic structures that have
been intensively studied over previous decades due to the discovery of novel effects that are exhibited by these
structures but not observed in bulk magnetic materials. A nonlinear optical analog of the magnetooptical Kerr
effect is revealed in the optical third-harmonic generation in thin magnetic metallic films and nanogranular
structures. It is shown that the magnetic nonlinear optical Kerr effect observed in the third harmonic exceeds
the magnetooptical analog by more than one order of magnitude. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Magnetic nanostructures have attracted consider-
able research attention owing to the discovery of novel
physical phenomena (such as spin-dependent scattering
and tunneling, giant magnetoresistance, oscillations of
exchange interaction between magnetic and nonmag-
netic layers, etc. [1, 2]) that are observed in these struc-
tures but are absent in bulk magnetic materials. It has
been demonstrated that magnetic nanostructures can
exhibit new nonlinear optica and magnetooptical
effects. In particular, recent studies have revealed that,
under the conditions of optical second-harmonic gener-
ation (SHG), multilayer magnetic structures and mag-
netic nanoparticles are characterized by a giant nonlin-
ear magnetooptical Kerr effect, which is a nonlinear
optical analog of the magnetooptical Kerr effect [3, 4].
It should be noted that the revealed effects exceed the
magnetooptical analogs by no less than one order of
magnitude. However, up to now, investigation into the
magnetic nonlinear optical effects has been limited
only to the second-order processes and magnetization-
induced optical third-harmonic generation (THG) in
nanostructures has not been observed.

In this work, we revealed magnetization-induced
optical third-harmonic generation, i.e.,, a nonlinear
magnetooptical Kerr effect in the third-harmonic gener-
ation in magnetic nanoparticles and thin films. It was
found experimentally that the magnetic nonlinear opti-
cal effect in the third harmonic has the same order of
magnitude as in the second harmonic and exceeds the
analogous linear magnetooptical effect by no less than
one order of magnitude.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Samples of iron and cobalt epitaxial films 200 nm
thick and magnetic nanogranular films served as the
objects of our investigation. The iron films were
deposited under vacuum at aresidual pressure of 1 x
10° to 2 x 10° Torr in a Riber LAS-600 apparatus
equipped for diagnostics using low-energy electron dif-
fraction and Auger electron spectroscopy. Single-crys-
tal n-Si(111) with aresistivity of 4.5 Q cm was used as
a substrate. Granular films of composition Co,Ag; _«
were prepared through el ectron-beam evaporation from
two sources under high vacuum. The mean size of
cobalt grainsin the films reached several nanometers at
a cobalt content x < 0.5. Magnetization-induced third-
harmonic generation was observed in the case when the
surface of the samples was exposed to radiation from a
YAG : Nd** laser at awavelength of 1064 nm. The pulse
duration was 15 ns, and the peak power was approxi-
mately equal to 1 MW/cm?. The reflection of the radia-
tion at the frequency of the third or second harmonics
was separated out using suitable interference and color
filtersand was then recorded with a photomultiplier and
an electronic gated recording system. The magnetiza-
tion-induced changes in the phase of the second- or
third-harmoni c waves were measured using interferom-
etry of the second and third harmonics, which is based
on the interference between the second- and third-har-
monic waves from a standard nonlinear source (a
30-nm-thick 1TO film) and from the sample. The inter-
ference pattern is determined by the phase difference
between the second-harmonic signals from the sample

1063-7834/05/4701-0153$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Interferograms of the intensity of the (a) second and
(b) third harmonics for iron films.

and the standard source and, consequently, can be
described by a periodic function of the distance
between these sources of the second and third harmon-
ics (due to the dispersion of air).

3. RESULTS AND DISCUSSION

Magnetization-induced third-harmonic generation
was reveded for all the studied samples. This effect
manifests itself both in changes in the third-harmonic
intensity and phase and in the polarization of the third-
harmonic wave under application of a static magnetic
field to the sample. Basic measurements were per-
formed for the equatorial magnetooptical Kerr effect,
for which the magnetic field is aligned parallel to the
plane of the sample surface and is perpendicular to the
plane of incidence of probe radiation. In this case, for
both the linear and nonlinear magnetooptical Kerr
effects, one can expect magnetization-induced changes
in the intensity and phase of the second- and third-har-
monic waves with no rotation of the plane of polariza-
tion [5]. For this reason, we measured both the mag-
netic contrast of the second- and third-harmonic inten-
sity and the interference of the second and third
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harmonics in an external magnetic field, which made it
possibleto estimate the rel ative magnitude of the effec-
tive magnetization-induced components of the cubic
susceptibility.

Figures 1a and 1b show the interferograms of the
intensity of the second and third harmonics reflected
from the iron film, which were measured for opposite
directions of the magnetic field applied according to the
scheme of the equatorial magnetooptical Kerr effect. It
can be seen from these dependences that the change in
the direction of the magnetic field leads to noticeable
changes in both the intensity and the phase of the sec-
ond- and third-harmonic waves.

In order to analyze the observed effects, the qua-
dratic and cubic nonlinear susceptibility can be conve-
niently represented as the sum of the even component
X" (which does not depend on the direction of the
applied magnetic field) and the odd component x°%
(which reverses sign when the direction of the magnetic

field changes): X = €% (M) + x®, where ¢ isthe
phase shift between the even and odd components and
M is the magnetization of the medium. Therefore, the
changein the direction of the magnetic field can lead to
an odd (with respect to the magnetic field) changeinthe
intensity of the second and third harmonicsdueto inter-
ference of the even and odd (with respect to the magne-

tization) fields of the second and third harmonics:
|0 (ei¢E0dd + Eeven)Z: (Xe\/en)zi 26i¢X0dd(iM)Xevm.

The magnetic contrast can serve as a measure of the
magnetization-induced change in the intensity of the
second or third harmonics:

p = (M) =1(=M))/(I(M) +1(-M))

odd

= 2x " “cosdp/x .

The magnitude of the magnetic contrast is determined
by both the relative magnitude of the odd (with respect
to the magnetization) component of the nonlinear sus-
ceptibility and the phase shift ¢. From the measure-
ments of the magnetic contrast and the interferograms,
we can estimate the relative magnitudes of the odd and
even (with respect to the magnetic field) components of
the susceptibility for cobalt. Taking into account the
magnetization-induced phase shift, we obtain

%24 (M)/%®**" = 0.18 for the quadratic susceptibil-

ity and §@ (M)/%®**" = 0.09 for the cubic suscep-
tibility. For comparison, the maximum values for the
linear magnetooptical Kerr effect do not exceed 1%.

The magnetization-induced effects observed in the
third-harmonic generation were investigated in nan-
ogranular films of composition Co,Ag; _,. These films
exhibit a giant magnetoresistance (up to 20% in a mag-
netic field of ~8 kOe at room temperature). The depen-
dence of the magnetoresistance on the cobalt content in
thefilmsisshownin Fig. 2. A changein theintensity of

No.1 2005
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Fig. 2. Dependences of the magnetoresistance and the mag-
netic contrast of the second and third harmonics on the
cobalt content x in the Co,Ag; _ granular films.

both the second and third harmonics is observed in the
geometry of the equatorial magnetooptical Kerr effect
induced by the magnetic field. According to interferom-
etry of the second and third harmonics, the magnetiza-
tion-induced phase shift of the second- and third-har-
monic wave in nanogranular films is insignificant (no
more than 15°); hence, the magnetic contrast can be
determined to a high accuracy from the ratio
)A((Z, 3)odd (M)/)’\((z 3)even .

The revealed magnetic contrast of the third-har-
monic intensity hasthe same order of magnitude asthat
for the second harmonic and exceeds the contrast of the
magnetooptical Kerr effect by at least one order of mag-
nitude, asisthe case with homogeneousthin films. The
increase observed in the magnetic contrast for films
with x > 0.5 is associated with both the increase in the
cobalt content and the ferromagnetic ordering in the
films. At the same time, the films with a cobalt content
x < 0.5 are characterized by a honmonotonic depen-
dence of the magnetic contrast of the second and third
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harmonics. Note that the maximum in the magnetic
contrast and the maximum in the magnetoresi stance are
observed in the same range of concentrations x of the
magnetic material. In this range of concentrations,
there exists a nanogranular structure in the films. It
seems likely that the increase in the magnetic contrast
in the second and third harmonicsis dueto theincrease
in the magnetic component of the nonlinear susceptibil-
ity in magnetic nanoparticles. The second mechanism
responsible for the increase in the magnetic contrast of
the second and third harmonics in the Co,Ag, _, films
can be the excitation of loca surface plasmons in
metallic nanoparticles and its related decrease in the
nonmagnetic component of the nonlinear susceptibility
for films of the given composition.

4. CONCLUSIONS

Thus, we revealed magnetization-induced effects
under conditions of the third-harmonic generation in
thin metalic films and nanogranular structures. It was
demonstrated that the magnetic nonlinear optical Kerr
effect in the third harmonic exceeds the magnetooptical
analog by more than one order of magnitude.
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Abstract—A technique to prepare one-dimensional anisotropic photonic crystals and microcavities based on
anisotropic poroussilicon exhibiting optical birefringence has been devel oped. Refl ectance spectrademonstrate
the existence of a photonic band gap and of an alowed microcavity mode at the photonic band gap center. The
spectral position of these bands changes under rotation of the sample about its normal and/or under rotation of
the plane of polarization of the incident radiation. The dependence of the shift of the spectral position of the
photonic band gap edges and of the microcavity mode on the orientation of the polarization vector of incident
electromagnetic wave with respect to the optical axis of the photonic crystals and microcavities was studied. ©

2005 Pleiades Publishing, Inc.

The interest in the development of microstructures
with a photonic band gap, namely, photonic crystals
and microcavities [1] based on silicon, stems from the
possibility they provide to control the optical response
of silicon and to purposefully enhance the intensity of
photoluminescence [2] or Raman scattering [3] within
acertain spectral interval, aswell asto increase the effi-
ciency of the nonlinear optical response of silicon, for
instance, the efficiency of second- [4] and third-har-
monic generation [5]. The application potential of sili-
con-based photonic crystals is accounted for by their
possible use to construct modern photonics and opto-
electronics devices, such as optical transistors,
switches, and multiplexers. Techniques are presently
availableto fabricate one-, two-, and three-dimensional
(1D, 2D, and 3D, respectively) silicon-based photonic
crystals, i.e., structures with dielectric function varying
with aperiod of the order of one wavelength in the vis-
ible or IR spectral regions in one, two, or three direc-
tions. One-dimensional photonic crystals (Bragg mir-
rors) are made of mesoporous silicon [6], 2D photonic
crystals are made of macroporous silicon [7], and 3D
devices are based on opa-silicon composites [8]. A
promising aspect of this problem is the devel opment of
anisotropic photonic crystals based on anisotropic
mesoporous silicon, which possesses optical birefrin-
gence[9].

The present communication reports on the devel op-
ment of 1D photonic crystals and microcavities based
on anisotropic mesoporous silicon and a study of the
spectral position of the photonic band gap and of the
microcavity mode as a function of orientation of the
polarization vector with respect to the optical axis of a
sample.

Samples were prepared from heavily doped silicon
with a (110)-oriented surface and a resistivity of

50 mQ cm using electrochemical etching [6, 10] in a
22%-agueous solution of hydrofluoric acid with etha-
nol. Ordinarily, silicon is stable against hydrofluoric
acid. However, application of an electric voltage ini-
tiates electrochemical etching, which is accompanied
by arelease of SiF, and hydrogen and produces pitsin
the near-surface layer of single-crystal silicon, with the
pits evolving subsequently into channels (pores). The
hydrogen released in the reaction passivates the pore
walls, with only the pore bottom | eft active. As aresult,
the pore diameter remains practically constant across
the sampl e thickness. The density of the current flowing
through the silicon surface determines the porosity of
the silicon and, accordingly, its effective refractive
index, while the etching time governs the thickness of
the porous silicon layer. Thus, by periodically varying
the etching parameters, namely, the current density and
etch time of each layer, one can produce 1D photonic
crystals and microcavities with the spectral positions of
the photonic band gap and of the microcavity mode
determined by the optical thicknesses of thelayers. The
pore size in mesoporous silicon produced from plates
of heavily doped silicon varies from 10 to 100 nm. The
highest etching rate and pore growth rate are attained in
{100} -type directions, which brings about directed
growth of the pores. In silicon with surface crystallo-
graphic orientation (110), the [100] and [010] direc-
tionsmake an angle of 45° with the surface. Inthiscase,
the pores are also oriented at 45° to the surface, which
accounts for anisotropy in the sample refractive index
both in the plane of incidence and in the sample surface
plane[11].

Photonic crystals consist of 25 pairs of aternating
layers of mesoporous silicon with effective refractive
indicesn; = 1.39 and n, = 1.58 and an optical thickness
equal to Ay/4, where Ay = 850 nm coincides with the

1063-7834/05/4701-0156$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Reflectance spectraof (a) aphotonic crystal and (b) a
microcavity measured with s-polarized radiation at an angle
of incidence of 20° for sample azimuthal angles ¢ = 0°
(open circles) and Y = 90° (filled circles).

center of the photonic band gap under normal inci-
dence. The layer porosities are about 0.7 and 0.8,
respectively. Microresonators are made up of two pho-
tonic crystals, each formed by 12 pairs of mesoporous
silicon layers separated by a microcavity layer with an
optical thickness A,/2. The anisotropy of the refractive
indices found by approximating the reflectance spectra
of single anisotropic mesoporous silicon layers was
found to be An, = 0.07 and An, = 0.08 at a wavelength
of 800 nm.

Figure 1 displays reflectance spectra of s-polarized
light from a photonic crystal (Fig. 1a) and a microcav-
ity (Fig. 1b) measured at an angle of incidence of 20°
for two values of the sample azimuthal angle, whichis
actually the angle between the plane of incidence and
the (001) plane. The reflectance spectra demonstrate
the existence of a photonic band gap with areflectance
of about 0.9 in the wavelength region of 770-850 nm
for the photonic crystal, as well as of a photonic band
gap with areflectance of about 0.85 in the wavelength
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Fig. 2. Reflectance spectra of a microcavity measured with
p- (open circles) and s-polarized (filled circles) radiation at
an angle of incidence of 20° for the sample azimuthal angle
Y =0°.

region of 780-900 nm and of amicrocavity mode at the
wavelength Ay = 830 nm for the microcavity. The spec-
traalso revea ashift in the photonic band gap spectral
position with variation of the azimuthal angle. Thelarg-
est shift, about 20 nm, is observed with the samplerota-
tion from 0° to 90°.

Figure 2 presents reflectance spectra of a microcav-
ity for s and p-polarized light. The spectra show the
presence of a photonic band gap and of a microcavity
mode for both polarizations. The spectral position of
the microcavity mode is observed to change when the
polarization of the incident light is switched, with the
shift exceeding the mode half-width. With p-polarized
light and large angles of incidence (about 55°), the shift
of the microcavity mode increasesto 30 nm.

Another manifestation of the anisotropy isaspectral
shift of the microcavity mode observed when the inci-
dent polarization is changed. Figure 3 plots the spectral
shift of the microcavity modes (measured at an angle of
incidence of 20°) for p- and s-polarized light, AA = A, —
A, related to the mode half-width A as afunction of the
microcavity azimuthal angle . This dependence is
seen to have two maxima, at Y = 0° and 180°, and two
minima, at Y = 90° and 270°. The spectral positions of
the modes for the s- and p-polarized light measured at
the azimuthal angles @ = 45°, 135°, 225°, and 315°
coincide.

To sum up, we have prepared 1D photonic crystals
and microcavities based on anisotropic mesoporous sil-
icon. Their reflectance spectrareveal the existence of a
photonic band gap and of an allowed microcavity mode
whose wavelength positions can be varied by properly
rotating the sample about the normal to its surface. We
also have studied the dependence of the shift in the
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mode spectral position on the parameters determining
the mutual orientation of the vector of electromagnetic
wave polarization and of the optical axis of the photo-
nic crystal, more specifically, the angle of incidence of
light, the azimuthal angle of the sample, and the angle
of rotation of the plane of incident polarization.
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Abstract—Methods for increasing the efficiency of the optical second- and third-harmonic generation in gal-
lium phosphide and silicon nanostructures formed by electrochemical etching of crystalline semiconductorsare
discussed. The efficiency of nonlinear optical interactions can be increased by using phase matching in aniso-
tropic nanostructured semiconductors that exhibit form birefringence or by increasing the local field, asin scat-
tering in macroporous semiconductors. The efficiencies of third-harmonic generation in porous silicon and of
second-harmonic generation in porous gallium phosphide are found to increase by more than an order of mag-

nitude. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Electrochemical etching of solids, which resultsina
growth of nanopores and nanocrystals, has become a
method for creating semiconductor media with new
optical, including nonlinear optical, properties. The
advantages of this technique for producing nanostruc-
tures arethe rapidity, controllability, and low cost of the
process. In the case where the characteristic sizes of
pores and nanocrystals are much smaller than wave-
lengths of light, a nanostructured semiconductor can be
considered a uniform optical medium with a certain
effective refractive index differing from the refractive
indices of the substances making up the nanostructure.

Nanostructured materials can be used to increase the
efficiency of optical frequency conversion. The har-
monic generation efficiency is determined, first, by
optical anisotropy of the porous semiconductors
induced by anisotropic electrochemical etching and,
second, by light localization in ensembles of nanoparti-
cles. In this work, these two factors are used in nano-
structured semiconductors such as porous silicon (por-
Si) [1] and porous gallium phosphide (por-GaP) [2, 3].
Note that both factors are combined in photonic-crystal
structures based on porous semiconductors [1, 3], for
which both the inherent dispersion law and locally
increased field strength are important.

Inthefina analysis, both factors are associated with
the effect of local fieldsin nanostructures on their mac-
roscopic optical properties. Asisknown, thelocal fields
control the magnitude and symmetry of effective non-
linear susceptibilities [4, 5]. An increase in the effi-
ciency of nonlinear optical interactions (both paramet-
ric and nonparametric) due to an increase in the local
field was predicted and observed for optical composite

media containing metallic inclusions [6] or, in a more
general case, inclusions that exhibit resonance at fre-
guencies close to the frequencies of interacting waves
[7, 8]. Increased efficiency was also observed in cases
where an inclusion with optical nonlinearity was sur-
rounded by amedium with a higher refractive index [9,
10]. However, the recently detected increase in the effi-
ciency of nonlinear optical processesin por-Si [11-14]
and por-GaP [15-17] consisting of semiconductor
nanocrystals separated by nanopores is a new phenom-
enon that merits detailed consideration. In this work,
we obtain and discuss experimental results.

2. EXPERIMENTAL

Por-Si filmswere fabricated by electrochemical etch-
ing of single-crystal (110) silicon wafers with resistivi-
tiesof 1.5 and 3 mQ cm in an HF (48 vol %) : C,Hs;OH
(1 : 1) solution. The etching current densities were 50
and 100 mA/cm?. The etching time was varied from 2.5
to 20 min, and the layer thicknesses ranged from 10 to
80 um. To remove afilm from the substrate, the current
density was sharply increased to 700 mA/cm? over a
period of a few seconds. The treatment conditions
resulted in mesoporous silicon with pores and silicon
nanocrystals about 10 nmin size.

Por-GaP layers were formed using electrochemical
etching of (110) and (111) n-GaP doped with Te to a
concentration of 3 x 10*” cm2in a0.5 M agueous solu-
tion of H,SO, and an HF (48 vol %) : C,H;OH (1: 1)
solution, respectively. Both free-standing por-GaP
films and por-GaP layers on substrates were studied.
The thicknesses of the porous layers ranged from 4 to
40 um. As seen from atomic-force microscopy images

1063-7834/05/4701-0159$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Dispersion of the refractive indices of birefringent
por-Si for ordinary (n,) and extraordinary (ny) waves. Solid
lines show the results of fitting using a generalized Brugge-
man model, Eq. (1). Theinset shows an €ellipsoid of revolu-
tion with semiaxes a and b and the axial-symmetry axis
coinciding with the [001] crystallographic direction.

of the por-GaP surfaces [16, 17], the inhomogeneities
(pores and nanocrystals) were about 0.5 umin size.

Transmission spectra of por-Si films and scattering
spectra of por-GaP layers were recorded in the visible
and near-infrared (IR) regions (0.47 to 1.6 um) with an
incandescent lamp, an MDR-12 monochromator, sili-
con (for the range 0.47-1.0 um) and germanium (for
1.0-1.6 pm) photodiodes, and a computer-aided record-
ing system. The IR spectrain therange 1.6-8.0 um were
recorded with a Perkin Elmer Spectrum RX | FT-IR
Spectrometer.

Second- (SH) and third-harmonic (TH) generation
was performed with laser systems based on aNd : YAG
crystal (1.064 um, 35 ps, pulse energy of upto 3 mJ), a
Cr : forsterite crystal (1.250 um, 50 fs, repetition fre-
guency of 25 MHz, pulse energy of 6 nJ), and a para-
metric light oscillator (with the idler wave smoothly
tuned from 1.0 to 2.0 um, a pulse duration of 3 ns, and
a pulse energy of 10 mJ). The use of the parametric
light oscillator allowed usto satisfy the phase-matched
conditionsfor third-harmonic generation (THG) in por-
Si and vary theratio of the wavelength to the nanocrys-
tal size; thelatter gaveinformation on the effect of light
scattering on second-harmonic generation (SHG) in
por-GaP.

3. SHAPE ANISOTROPY AND ITSAPPLICATION
FOR PHASE MATCHING

3.1. Form Birefringence in Por-S

As shown in [18-21], mesoporous silicon layers
(with pore and nanocrystal sizes of about 10-30 nm)
created on a substrate of single-crystal silicon with a
low surface symmetry have the properties of an opti-
caly uniaxial crystal with a negative birefringence
An = n, — n, reaching 0.24 (n, and n, are the refractive
indices of ordinary and extraordinary waves, respec-
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tively). The optical axis of birefringent por-Si on a
(110) substrate lies in the surface plane and coincides
with the [001] crystallographic direction.

To check the applicability of an effective-medium
model to therefractive indices measured, it isfruitful to
study their dispersion. Figure 1 shows the wavelength
dependences of n, and n. determined from the transmis-
sion spectra of a por-Si film under normal incidence of
linearly polarized light onto the sample surface[22]. To
describe the dispersion of the por-Si refractive indices,
we used a generalized Bruggeman effective-medium
model taking into account the shapes of silicon nanoc-
rystals and pores [23]. This model relates the effective
permittivity €4 of such a system to the silicon permit-
tivity e and the permittivity g4 of the dielectric filling
the pores. In the case of poresfilled with air, g, =1 and
we have

€g — Egy
et + L(Eg —Eqtf)

D €q— Eqy
€t + L(Eg—Eeff)

+(1-p) =0.(2)

wherepisthe porosity of thematerial and L isthe depo-
larization factor, which is specified by the shapes of the
nanocrystals and pores and depends on the direction of
polarization of the light-wave electric field. For ellip-
soids of revolution, L is determined by the ratio of the
ellipsoid semiaxes. By comparing the experimental and
calculated data, we see that the generalized Bruggeman
model inwhich silicon nanocrystalsand poresareellip-
soids of revolution turns out to be a good approxima-
tion. However, in the long- and short-wavelength
regions, differences between the calculated and experi-
mental refractive indices become noticeable. In the
former region, these differences are caused by the fact
that absorption by free carriers was not taken into
account in the calculations, and in the latter region the
differences are due to the wavelength approaching
nanocrystal size, in which case the effective-medium
theory becomes inapplicable.

3.2. Phase Matching for Harmonics Generation

The high value of birefringence in por-Si, which is
comparabl e to the dispersion of this material, allows us
to satisfy the conditions of phase matching for SHG and
THG. The phase matching of a harmonic and the corre-
sponding nonlinear-polarization wave can be attained
by varying the effective refractive index for an extraor-
dinary wave. This variation can be realized by varying
the angle of incidence of light, by filling pores with
dielectric liquids, or by changing the fundamental radi-
ation wavelength.

When a SH is generated by pumping with picosec-
ond pulses of light fromaNd : YAG laser, the SH inten-
sity is observed to increase by two orders of magnitude
in the above-mentioned samples at a certain angle of
incidence of the fundamental wave. Calculations show
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Fig. 2. THGinabirefringent por-Si film. (a) Dependence of the TH intensity on the fundamental wavelength for various geometries;
the inset shows the scheme of sample arrangement in the THG experiment in the ooe-e geometry; letter A designates a Glan prism
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dependence under phase-matched conditions; the inset shows the scheme of sample arrangement for measuring the orientation
dependences; and letter A designates a Glan prism that transmits TH radiation in the fundamental-wave polarization direction.

that the conditions of phase matching are satisfied for
thisangle[4, 5].

The magnitude of birefringence also turns out to be
sufficient for achieving phase-matched THG. Figure 2a
shows the dependence of the TH intensity in the ooe-e
geometry on the fundamental wavelength (Fig. 2a,
inset). The clearly visible maximum at awavelength of
1.635 um corresponds to phase matching. We aso
obtained spectral dependences of the TH intensity in
other geometries. Noticeable TH signals were aso
detected in cases where both the TH and the fundamen-
tal wave were polarized along the direction of polariza-
tion of either an ordinary or extraordinary wave (the
000-0 Or eee-e geometry, respectively). However, for
other geometries (0oo-e, oee-€), the TH signa was
lower than the experimental noiselevel. Asisseenfrom
Fig. 2a, the dependencesfor the 000-0 and eee-e geom-
etries do not have pronounced extrema. This result is
obvious, sincethe dispersion of therefractive indices of
the materials hinders the phase matching of THG for
these geometries. Theincreasein the TH intensity with
wavelength for all the geometries shown in Fig. 2ais
explained by the decreased absorption at the TH fre-
quency.

The orientation dependences of the TH intensity in
the presence and in the absence of phase matching are
given in Fig. 2b. These dependences are substantially
different. In the case of phase matching, the depen-
dence of the TH intensity |5 on the rotation angle Y of
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the sample (Fig. 2b, inset) is predominantly determined
by phase-matched THG:

1,0 (sn‘weos’ W) sin‘2y. )
Far from phase matching, the I15(y) dependence is
mainly specified by 0oo-0 and eee-e interactions, for
which phase matching isimpossible in a medium with
normal dispersion, and the maxima of the orientation
dependence coincide with the extrema of the sin*(2y)
and cos*(2y) functions.

3.3. Madification of the Cubic
Nonlinear Susceptibility Tensor

Just as the anisotropic local field changes the linear
properties of nanostructured silicon, we may aso
expect changes in the symmetry properties of the cubic
nonlinear susceptibility tensor x©@(3w; w, w, w). Fol-
lowing [24] and taking into account the effect of the
local field in the effective-medium approximation, we
obtain [25]

(3)
Xef, ijki

®
= (1- P)Li(3w) (W) L) L (W)X

where, with allowance for the effective-medium anisot-
ropy, the local-field factor ¥, relates the fields outside
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(Eo) @nd inside (E;,,) an ellipsoid to each other as fol-
lows:

1
Eou i 4
T+ {(eq—tw Nemy G ooi- )

It is known [26] that crystalline silicon belongs to the
symmetry group m3m and its cubic nonlinear suscepti-

bility tensor has two independent elements, xﬁ)ﬂ =

Xg)zz = Xg)sa and XS)12 = Xﬁ)zz = XS)Zl . Therefore, for
the effective medium formed by silicon and vacuum
ellipsoids, the following five elements of the tensor

. : .3 3) 3)
X®(3w; w, w, w) are independent: X1111, X112+ X1133 »

(3) (3)
Xaa11 » and X333 - Here,

Eini = &Eout,i =

Xég)ss < Xﬁ)n ®)
(subscript 3 corresponds to the optical axis of birefrin-
gent por-Si).

The orientation dependences of the TH intensity
obtained far from phase matching (Fig. 2b) allow us to
find the following relation between the elements of the
tensor X®(3w; w, w, w):

_ Xim + 3Xime _ 5 [ls(@ = W2)|3Kk] — k3
r=—=————-= =2 |[—————=1_38 (6)

@ I3(p =0) e_ke

X3333 3k; — ks

where k;'; are the wave vectors of the ordinary and
extraordinary waves at the fundamental and TH fre-
guencies. For birefringent por-Si, risfoundtobe 3.3 +

0.2, whereasfor crystalline silicon the val ue of ()(ﬁ)11 +

xﬁ’zz )/ xﬁ)ﬂ is 2.35 = 0.15. The different values of the
ratio between the elements of the tensor x©®(3w; w, W,
w) are caused by inequality (5), which agrees qualita-
tively with our analysis of the effect of a nanostructure
on thisratio.

3.4. Increased THG Efficiency in Mesoporous Slicon

The effective-medium model predicts a decrease in
the THG efficiency for mesoporous silicon. In our
experiments, however, the TH intensity in the mesopo-
rous silicon was more than an order of magnitude
higher than that in the corresponding crystalline mate-
rial [14]. Note that, for microporous silicon with the
same porosity and a nanocrystal size of 1-2 nm, the
THG efficiency was, on the contrary, lower than in the
crystalline silicon. The latter fact agrees well with the
effective-medium model predictions. Thus, we can
state that the nanocrystal sizein por-Si isadecisivefac-
tor that limits the applicability of this model. Although
the nanocrystal sizes (afew tens of nanometers) in the
mesoporous silicon are even smaller than the TH wave-
length in this material (~200 nm), the electrostatic
approximation becomesinvalid and the effects of inter-
action and localization of light waves should be taken
into account.
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4. INCREASED HARMONIC-GENERATION
EFFICIENCY DUE TO LOCALIZATION
OF LIGHT

The efficiency of nonlinear optical processes can be
increased using the phenomenon of light localization in
scattering media. This method was realized in the case
of por-GaP. This material has a wider band gap and,
therefore, could be used in the visible region (at wave-
lengths higher than 0.55 um). Furthermore, por-GaP is
anoncentrosymmetric medium whose quadratic dipole
susceptibility is two orders of magnitude greater than
that for most crystals applied for frequency doubling.
The inhomogeneities (pores and nanocrystals) in por-
GaP wereabout 0.5 umin size, whichiscloseto the SH
wavelength. The samples exhibited significant scatter-
ing of light. The recorded scattering spectra indicate
non-Rayleigh scattering, and the detected wavelength
dependence of the scattered light intensity is character-
istic of Mie scattering [17].

The measured orientation dependences of SH are
shown in Fig. 3. For crystalline GaP (c-GaP), these
dependences have certain distinguishing characteris-
tics. In contrast, the orientation dependence for por-
GaP isisotropic: the SH intensity is independent of the
mutual orientation of the polarizer and the sample. The
SH intensity is higher by an order of magnitude for por-
GaP produced on the (110) surface (Fig. 3a) and by
nearly two orders of magnitude for por-GaP produced
on the (111) surface (Fig. 3b) than that for c-GaP.

The results obtained demonstrate the key role of
scattering in SHG in por-GaP. Scattering can betherea-
son for the depolarization of the SH signal. The
increased SHG efficiency can be due to light localiza-
tion effects [27] associated with scattering. The possi-
ble light localization effects are indicated by the non-
Rayleigh character of scattering. The relation

Kl = 2mmi/A 01 @)

(where Kk is the wave vector in the medium, n is the
effective refractiveindex of the medium, | isthe photon
mean free path) is the criterion for the Anderson local-
ization of light in random media, whichischaracterized
by a substantial deceleration of light propagation.
Using the photon mean free paths givenin [27], wefind
kI = 5-20. However, a direct indication of the light
localization effects could be obtained by directly mea-
suring the photon lifetime in a scattering medium. To
understand therole of these effectsin SHG, it isinstruc-
tiveto find the wavel ength dependence of the SHG effi-
ciency in por-GaP.

The photon lifetime was measured using an optical-
heterodyning scheme [28] with a Michelson interferom-
eter and aCr : forsterite crystal—based femtosecond laser
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Fig. 3. Orientation dependences of the SH signal of por-GaP and c-GaP for the (&) (110) and (b) (111) surface orientations. The SH
is polarized either parallel or normal to the fundamental -wave polarization.

system. In this scheme, a cross-correlation function is
measured for the wave scattered by por-GaP [29]:

C(1) = [A(-T)S(t)d: (8)

wheret isthedelay time, A(t) isthefield of theincident
light wave, and S(t) is the field of the light wave scat-
tered by por-GaP. The experimentally obtained func-
tion C(1) isshown in Fig. 4. Asis seen from Fig. 4, this
function is nonzero for a much longer time than the
laser pulse duration (50 fs). Analysis indicates that the

T, ps

Fig. 4. Correlation function for the field of the fundamental
wave scattered by por-GaP.
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lifetime of scattered fundamental-frequency photonsis
0.7 psinthiscase. Simple estimations show that, within
thistime, aphoton travels about 100 um and undergoes
about one hundred scattering acts.

Figure 5 shows the SH intensities generated in por-
GaP and c-GaP as functions of the fundamental wave-
length. It is seen that, for fundamental wavelengths
longer than 1.5 pm, the SH signal from the crystalline
sample is higher in intensity than the SH signal from
por-GaP. This result agrees qualitatively with the pre-
dictions from the effective-medium model. However, at
fundamental wavelengths shorter than 1.5 um, the SH

r 701 ¢-GaP
T ey [1191' Por-GaP
“ | m Sng ’ —-eSH
= 1f ¥ %
= E u £ ~I
s C . “‘~;c 450,
g | e
= uu
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Fig. 5. Intensity of the SH signal (in the direction normal to
theincident wave) upon scattering by por-GaP and c-GaP as
afunction of the fundamental wavelength. The inset shows
the experimental scheme.
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intensity in por-GaP exceeds that in c-GaP. As the fun-
damental wavelength decreases, the SH intensity in c-
GaP remains virtually unchanged, whereas the SH
intensity in por-GaP increases and exceedstheintensity
in c-GaP by afactor of 35 at awavelength of 1.02 um.
This result is explained by the drop in the mean free
path with decreasing fundamental and SH wavelengths
and indicatesthat the light localization is of importance
in SHG in por-GaP.

Like in photonic-crystal structures, the increase in
the SHG efficiency in por-GaP is caused by two inter-
related factors: first, alocal increasein thefield of light
waves due to constructive interference of scattered
waves and, second, an increase in theinteraction length
between fundamental and nonlinear-pol arization waves
because of partial phase-mismatch compensation dur-
ing the propagation of light in a heterogeneous struc-
ture. The idea behind the first factor can be formulated
as follows: at a point with a coordinate r, the field can
be written as

E(r) = [1+3(r)]E,, (9)

where E, isthe average field in the medium and &(r) is
an r-dependent field variation. By averaging, we obvi-
ously obtain [&(r)CE= 0. In this case, the averaged non-
linear polarization at the SH frequency is proportional
to the average square of thefield at the fundamental fre-

guency:
E D= Q1+8(r)]TE: = [1+ B (r)JE2. (10)

Thus, the higher the field nonuniformity, the higher the
average nonlinear polarization. The second factor is an
anal og of quasi-phase matching in polar periodic struc-
tures [24] and of phase matching in photonic crystals
[30], where an effective increase in the coherent length
of the nonlinear optical processis observed.

5. CONCLUSIONS

We have analyzed methods for increasing the effi-
ciency of the optical second- and third-harmonic gener-
ation in nanostructured semiconductors. One method
for increasing the efficiency of these processesisto use
nanostructured structures with artificial anisotropy in
which phase-matched harmonic generation becomes
possible. Another method is based on light-wave local -
ization effects, which lead to an increase in the photon
lifetime in ananostructure and to alocal increasein the
field of light.
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Abstract—The photoconductivity kineticsin PbTe(Ga) epitaxial films prepared by the hot-wall method is stud-
ied. The recombination of nonequilibrium photoexcited electrons at low temperatures was found to proceed in
two stages, with a period of relatively fast relaxation followed by delayed photoconductivity. The temperature
at which delayed photoconductivity appears increases with decreasing film thickness. The relaxation rate over
the period of fast relaxation depends on film thickness and isthe lowest in the thinnest layers. In semi-insulating
films, photoconductivity is aways positive, whereas in samples with lower electrical resistivity positive and
negative photoconductivities are observed to coexist. The data obtained are discussed in terms of a model in
which the impurity gallium atom can be in more than one charged state. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Several dopants that have a mixed valence and sta-
bilize the Fermi level in lead telluride are currently
known (Ga, In, Yb, Cr). However, almost every one of
these impurities exhibits specific features. Gallium is
the only dopant that allows one to attain the semi-insu-
lating state in PbTe. In PbTe(Ga) single crystals,
delayed photoconductivity is observed to exist below
Tc ~ 80 K, atemperature substantialy in excess of T
in samples doped by other mixed-valence impurities.
Another remarkable feature of PoTe(Ga) is the fairly
narrow dopant concentration interval within which the
Fermi level can be stabilized. An increase in gallium
concentration in single-crystal samplesinitiates asharp
growth in the electron concentration, which may be
caused by the excess gallium starting to behave as an
active donor.

The properties of single-crystal PoTe(Ga) samples
have been studied in considerable detail [1, 2]. The
present communication reports on an investigation of
the electrophysical and photoel ectric properties of epi-
taxial PbTe(Ga) layerswith variation of the layer thick-
ness, substrate type, and dopant concentration.

2. SAMPLES

Samples were prepared by a modified hot-wall tech-
nique. By properly varying the substrate temperature
T the film conductivity could be controlled over a
broad range. For Ty, < 200°C, filmswith p conduction
formed. At substrate temperatures near 200°C, reversal
of the conduction type was observed, and the films pre-
pared at Ty, lying in the interval from 210 to 240°C
were n-type and semi-insulating at low temperatures. A
subsequent increase in Ty, to 250°C or higher brought
about destruction of the semi-insulating state, which

was accompanied by an increase in electron concentra-
tion in the layers. Thus, by properly varying the sub-
strate temperature, we succeeded in reconstructing the
pattern corresponding to variation of the properties of
single-crystal samples under a successive increase in
gallium content. In the case of films, however, it turned
out possible to achieve a substantially smoother varia-
tion of the impurity concentration and to prepare a
series of samples corresponding to an intermediate
state between the stabilized Fermi level position and n-
type metalic conduction. Substrates were primarily
made of [111Horiented barium fluoride, which favored
epitaxial growth with good adhesion and with no visi-
ble signs of mechanica strains. Silicon with a SO,
buffer layer was also employed to obtain semi-insulat-
ing layers. In this case, the adhesion was poor.

The temperature dependences of the conductivity
and relaxation kinetics were measured in the tempera-
ture range 4.2-300 K in a chamber that screened the
samples from background illumination. A miniature
incandescent lamp and a light-emitting diode operating
at wavelength A = 1 um served as IR sources.

3. PHOTOCONDUCTIVITY
IN SEMI-INSULATING PbTe(Ga)

Figure 1 displays temperature dependences of the
electrical resistivity p of semi-insulating films depos-
ited on various substrates. Thefilm thicknesswas 2 pm.
We can see that the qualitative pattern of the p(10%/T)
graphs does not depend on substrate type. When illumi-
nated, photoconductivity is observed at temperatures
T<Tc~100K, whichis20 K above the corresponding
temperature for single-crystal samples. Significantly,
the trend toward an increase in T with decreasing epi-
taxial-layer thickness is well pronounced. Indeed, in

1063-7834/05/4701-0166$26.00 © 2005 Pleiades Publishing, Inc.
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films 0.2-um thick, T reaches as high as 140 K. The
amplitude of the photoresponse was found to be
dlightly higher in layersgrown on aBaF, substrate. Fig-
ure 2 displays photoconductivity kinetics measured at
severa temperatures for the same film under pulsed
illumination by alight-emitting diode. Just asin single-
crystal samples, the photoconductivity signal decay
kinetics observed after the illumination is removed has
a period of relatively fast decay followed by delayed
photoconductivity. Therapidly relaxing signal is domi-
nant under pulsed illumination. By properly varying the
experimental conditions (pulse duration, type of radia-
tion source, temperature, etc.), one can obtain various
amplitude ratios of the rapidly relaxing to delayed pho-
toconductivity signal. However, both in single crystals
and in films with athickness of afew microns, the pho-
toconductivity falls off nonexponentially. The situation
in sufficiently thin filmswith d ~ 0.2 umisqualitatively
different. Practically immediately after the termination
of theillumination pulse, signal decay reveals exponen-
tial kinetics, Ao(t) O exp(—t/t). At T = 4.2 K, the fast-
relaxation time T is 13 ms. It is important to note that,
in thin films, the relaxation occurs more slowly than in
thicker ones.

The specific features of the kinetics of nonequilib-
rium processes occurring in bulk samples and films
with different thicknesses can be assigned to the gal-
lium in lead telluride having mixed valence. The
recombination of nonequilibrium carriers is actually a
sum of the processes involved in the carrier capture to
impurity centers residing in different charge states.
Therefore, the recombination rate is determined not
only by the concentration and spatial distribution of
nonequilibrium carriers but also by the number of
impurity centersin different charge states and their dis-
tribution over the sample volume. Nonuniform carrier
distribution over the volume, combined with a nonuni-
form distribution of impurity centersin different charge
states, may give riseto nonequivalent conditionsfor the
recombination of different carrier groups and to a sub-
stantial modification of the kinetic processes involved.
Spatia uniformity in the distribution of nonequilibrium
carriersand of charged impurity centers apparently takes
placeonly insufficiently thinlayerswithd < 0.2 um. The
relaxation process is described in this case by an expo-
nential relation.

4. PHOTOCONDUCTIVITY IN PbTe(Ga)
WITH ENHANCED Ga CONTENT

The photoconductivity in comparatively low-resis-
tivity samples characterized by an enhanced gallium
content differs qualitatively from that found for semi-
insulating layers. Figure 3 shows the temperature
dependence of electrical resistivity of alow-Ohmicfilm
(d = 2 um). In addition to dark-conductivity curve 1,
Fig. 3 gives dependences measured at different levels of
illumination (curves 2, 3). In the low-temperature
region, illumination initiates an increase in film resis-
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Fig. 1. Temperature dependences of the electrical resistivity
p of n-PbTe(Ga) epitaxial filmsgrown (1, 1') on [1116BaF,
and (2, 2') on Si-SIO, substrates. Curves 1 and 2 were
obtained in the dark, and curves 1' and 2', under continuous
illumination by a miniature incandescent lamp.
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Fig. 2. Photoconductivity kinetics, Aa(t), obtained under
pulsed illumination by a light-emitting diode (wavelength
A =1 um) from an n-PbTe(Ga) film on a [111EBaF, sub-
strate at (1) 4.2, (2) 13, and (3) 30 K; IR pulse duration,
1 ms. Arrowsindicate theinstant illumination wasremoved.
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Fig. 3. Temperature dependence of the electrical resistivity
p of an n-PbTe(Ga) sample. Relation 1 was obtained in the
dark; 2 and 3, under continuousillumination (by aminiature
incandescent lamp) with different (but increasing) intensi-
ties; and 4, under heating in the dark after removal of the IR
sourceat T=4.2K.

tivity, i.e., negative photoconductivity. As the tempera-
ture increases, the amplitude of negative photoconduc-
tivity decreases and photoconductivity vanishes (at the
point where curves 1 and 2 or 1 and 3 intersect), with
positive photoconductivity setting in as T is increased
further. Actually, the positive and negative photocon-
ductivity components also coexist at low temperatures,
but the negative photoconductivity dominates. This is
demonstrated by the fact that, at T = 4.2 K, p reachesits
maximum value after illumination is removed (curve 4
in Fig. 3). We see that delayed negative photoconduc-
tivity isobserved upto T ~ 100 K.

Coexistence of the positive and negative photocon-
ductivity contributions at low temperatures is even
more revealing in studies of the photoconductivity
kinetics (Fig. 4). At 77 K, only positive photoconduc-
tivity is seen to exist. As the temperature is lowered to
4.2 K, however, the original positive-photoconductivity
signal reversessign after approximately 0.5 s, with only
delayed negative photoconductivity being observed
thereafter; after the illumination is removed, part of the
positive photoconductivity relaxes rapidly and the sam-
ple resistivity becomes even larger as compared to the
dark level.
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Fig. 4. Photoconductivity kinetics, Ao(t), measured under
illumination of an n-PbTe(Ga) sample with a miniature
incandescent lamp (see Fig. 3) at (1) 77 and (2) 4.2 K.
Arrowsindicate the instant illumination was removed.

Note that delayed negative photoconductivity is in
no way aunique phenomenon. It isobserved in systems
in which a recombination barrier forms for any reason.
In particular, the recombination of spatially separated
nonequilibrium electrons and holes in inhomogeneous
semiconductors may be complicated by a modulation
inthe band relief; asimilar situation may occur in quan-
tum-well systems and polycrystalline samples. The fast
component of negative photoconductivity observed
under pulsed illumination is a more interesting phe-
nomenon. Figure 5 displays the kinetics of decay of the
photoconductivity signal, Ao(t)/a,, measured at differ-
ent temperatures. Under pulsed illumination, negative
photoconductivity is dominant, with instantaneous
relaxation times on the order of tens of microseconds,
which isthree orders of magnitude shorter than the cor-
responding positive photoconductivity times in semi-
insulating PbTe(Ga) samples. This fast recombination
defies explanation in models that assume a spatial sep-
aration of nonequilibrium carriers. The pattern of
recombination should be determined by the band struc-
ture of theimpurity states.

Thus, the photoconductivity signal observed inrela
tively low-resistivity PbTe(Ga) samples at low temper-
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Ao/a, arb. units

Fig. 5. Photoconductivity kinetics, Ao(t), measured under
pulsed illumination by a light-emitting diode (wavelength
1 pum) from an n-PbTe(Ga) sample (see Fig. 3) a (1) 4.2,
(2) 13, and (3) 30 K. IR radiation pulse 5 ps long. Arrows
indicate the instant illumination was removed.

atures aternates in time, a feature associated with the
coexistence of negative and positive photoconductivity,
with each having afast and a dlow component that pre-
vail at different instants of time.

5. DISCUSSION OF THE RESULTS

As awhole, the experimental data obtained can be
best fitted by the model proposed in [3]. This model
draws from the fact that the states of alowed bandsin
lead chal cogenides derive practicaly completely from
the atomic p orbitals. The doping gallium atom substi-
tutesfor the lead atom in these materials. The stabiliza-
tion of the Fermi level is conditioned by the negative
correlation energy of electrons at the center. Hence, the
charge state of the gallium atom Ga?*, which is neutral
relative to the lattice, is unstable and decaysin the reac-
tion 2Ga&?* — Ga* + Ga**. Thus, stabilization of the
Fermi level rests upon a disproportionation of gallium
atoms between the donor Ga®* and acceptor Ga* charge
states. Treated in termsof atomic orbitals, the Ga2* state
can be identified with the s'p? configuration; the Ga*
state, with the s°p* configuration; and the Ga** state,
with s%p®. The lead atom substituted for by galliumisin
the s?p? configuration. The allowed band statesin lead
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chalcogenides evolve amost completely from the
atomic p orbitals; therefore, for different charge states
of the gallium atom, the electronsin the deep sshell are
localized while the p electrons are delocalized. The sta-
bilization of the Fermi level suggests that the s shell is
empty in asizable number of gallium atoms. The short-
range attractive potential of this shell is capable of
binding two p electrons with oppositely directed spins
[4]. However, because of the large permittivity and the
small effective mass of electrons in PbTe, a single
impurity center with an empty s shell may not create a
bound state at all. At the same time, the number of such
centers is very large and a cluster of 10°-10* impurity
centers with an empty s shell may be capable of form-
ing one p-electron bound state [5].

6. CONCLUSIONS

Thus, the generation and recombination of nonequi-
librium carriers, bothin PbTe(Ga) singlecrystalsandin
epitaxia films, are governed by electron transitionsin a
system of two allowed bands and three impurity levels.
The density of states at the impurity levels can vary in
the course of relaxation and be spatially nonuniform. In
these conditions, one can observe intriguing phenom-
ena, such asfast decay of the negative photoconductiv-
ity signal. The modd from [3] can qualitatively
describe all the main experimenta findings revealed.
Rigorous quantitative description is apparently unreal-
istic, because it would require the determination of
many microscopic parameters and of their temporal and
coordinate relationships. It should be noted, neverthe-
less, that experiments performed under identical condi-
tionsyield highly reproducible results.
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Abstract—The near-IR luminescence in thin films of metal-free phthalocyanine and phthalocyanine com-
plexesisinvestigated at room temperature. It is shown that the intensity of the luminescence peaks depends on
the polymorphic modification and the structure of the complexes, whereas the peak positions remain virtually

unchanged. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Phthal ocyanine metallocomplexes belong to one of
the most important classes of low-molecular materials
used in photovoltaics. For example, these compounds
have been used in fabricating organic light-emitting
diodesbut, for the most part, astransport layers[1]. The
intrinsic (weak) el ectroluminescence of phthal ocyanine
metallocomplexes in monolayer organic light-emitting
diodes was observed in [2-5] for metal-free phthal ocy-
anine H,Pc (Fig. 1).

Although the quantum efficiency of the molecular
photoluminescence in the red visible and near-IR
ranges is greater than 0.5, the transition to the solid
(crystaline) phase is accompanied by a strong quench-
ing of luminescence (by three or four orders of magni-
tude) due to the intermolecular interaction [6]. This
luminescence (usually measured in the wavelength
range 7001000 nm, i.e., below the absorption edge of
the Q band; see Fig. 1) can be quenched by doping, for
example, with Cg,, which leads to an increase in the
photoconductivity [7].

The position and intensity of the photoluminescence
band depend on the polymorphic modification [8-10],
i.e.,, on the molecular packing in the crystal, and the
nature of the central metal atom (group) [6]. As is
known, complexation leads to a change in the structure
of molecular orbitals of phthalocyanine metallocom-
plexes and their coordination ability with respect to
simple gas molecules (O,, CO, H,0) [11]. The aim of
this work was to investigate the photoluminescence of
metal-free phthalocyanine H,Pc over a wide spectral
range and its possible change in phthal ocyanine metal -
locomplexes. Moreover, it was of interest to compare
the effect of intermolecular and intramolecular interac-
tions on the emission intensity in thin films.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE
Meta-free phthalocyanine H,Pc (99%) was
obtained from Avocado Res. Chem. Phthalocyanines
MgPc, AlFPc, and SbCl, Pc were synthesized and puri-

fied at the Department of Fine Chemical Synthesis
Technology (Ivanovo State University of Chemical
Technology). Films of thickness <1 um were prepared
through thermal evaporation under vacuum (VUP-5) on
R-cut sapphire plates. The samples were characterized
by UV-VIS and IR spectroscopy (LOMO KSVU-12,
LOMO IKS-29), atomic force microscopy (Solver P-4),
and x-ray diffraction (DRON-4M). The deposition at
rates of approximately 0.2—0.5 nm/s onto substrates at
a temperature T < 40°C resulted in the formation of
fine-grain films of a-H,Pc phthalocyanine [8]. The
films had a texture determined by a preferred orienta-
tion of the molecular planesin stacks (with the closest
packing along the b axis) aligned approximately paral-
lel to the substrate surface. No similar orientation was
observed in the MgPc films. After sublimation, the
AlFPc complexes aggregated into a bridging p-fluo-
ropolymer [11], in which the large el ectric dipol e stabi-
lized a linear chain of uniaxial molecules oriented
almost normally to the surface.

Optical density, arb. units

200

nm

Fig. 1. Optical absorption spectra of HoPc films (a, B, X
modifications) prepared under different conditions. The
inset shows the structural formula of the H,Pc molecule.

1063-7834/05/4701-0170$26.00 © 2005 Pleiades Publishing, Inc.
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All phthalocyanine metallocomplexes are intensely
colored (bluish green). The spectra of these compounds
contain several intense bands (extinction coefficient € ~
10°) in the UV and visible ranges. The transition of a
solution or a vapor phase to the crystalline state can
lead to broadening, splitting, or shift of the bands; as a
result, the absorption becomes nonzero even in dips
between the maxima[12]. Thetypical absorption spec-
traof the H,Pc filmsare shownin Fig. 1. The band with
a lower intensity in the red visible spectral range (Q
band) corresponds to the Te-Tt* transition a;, —= 2g4in
the Pc ring, i.e., the transition from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO). The band in the range
300-350 nm (the Soret band) is associated with the
mixed TETt* and NIt transitions a,, — %, and

b2u E—— 2eg [2, 13]

The luminescence spectra were excited with Ar*
(A =514 nm, 50 mW), He: Cd (A =325 nm, 6 mW), and
semiconductor (Mitsubishi ML 1016R-01, A = 660 nm,
15 mW) lasers. The sample was in air at room temper-
ature. The outgoing radiation was focused on an
entrance dlit of a monochromator (LOMO MDR-23;
grating, 1200 or 600 grovesymm) and recorded at the
exit (both dits, 1.2 mm) by a PEM-62 photomultiplier
(600-1100 nm) or a germanium detector (Oxford
Instrument, 800—-1700 nm). It should be noted that, in
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the former case, the measured spectra were similar to
those obtained in [6-8]. However, the increase in the
spectral sensitivity of the receiver made it possible to
reveal that the maximum of the broad luminescence
band of H,Pc islocated in the IR range (approximately
at 1 um; see Fig. 2). Thislarge Stokes shift between the
absorption and emission bands is characteristic of a
phases of phthalocyanine metallocomplexes [6].

3. RESULTS AND DISCUSSION

Excitation at awavelength A = 660 nm (correspond-
ing to the HOMO — LUMO transition in H,Pc mol-
ecules) and at A = 514 nm, all other experimental con-
ditions being the same, induces luminescence that is
nearly identical in intensity. Most likely, thisis associ-
ated with the compensation for different extinctions of
the molecular layer at these wavelengths by the pump-
ing power of the Ar* laser. In general, the position and
shape of the peaks, including those in the spectra mea-
sured on another setup (MDR-4U with an InGaAs
detector), coincide with each other. Upon illumination
with light at A = 325 nm (this corresponds to the exci-
tation in the range of the Soret band; see Fig. 1), no
luminescence peakswere observed in the spectral range
under investigation.

The luminescence spectra excited with the Ar* laser
and measured with the germanium detector (no notice-
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able signals were observed in the ranges 600-800 and
1300-1700 nm) for the H,Pc films are depicted in
Fig. 2 (at the left). The smeared luminescence peak
with a moderate intensity in the near-IR range is
explained by the emission from the lowest (first) singlet
exciton state [6, 7]. A closer examination performed in
[9, 10] revealed the molecular luminescence (S, — S)
and the existence of the excimer state (S— ), which
is responsible for the long-wavelength peak. The
deconvolution of the luminescence band of B-H,Pc is
shown in the upper inset to Fig. 2, which illustrates the
true ratio between the peaks. As follows from [8-10],
the shape of the luminescence band of H,Pc in the near-
IR range depends on the type of polymorphic maodifica-
tion, in particular, for the so-called a, 3, and X forms. It
isknown that these modifications are formed under dif-
ferent conditions of synthesis or growth of crystallites
[14]. In our case, the B modification was prepared by
deposition on the substrate heated to 280-290°C [14]
(according to [8, 15], this can be 3, or T form) and the
X modification was produced using the procedure
described in [15]. The differences in the x-ray diffrac-
tion patterns of the films with the thicknesses under
investigation on the sapphire substrates are insufficient
for reliable identification of the polymorphs. However,
the optical spectraexhibit characteristic band splittings,
predominantly, in the visible range (Fig. 1), which are
well studied (see, for example, [16, 17]) and confirm
the formation of the above phases. Note that the struc-
tures of the H,Pc phases have been determined by dif-
ferent x-ray diffraction methods and have been contin-
uoudly refined [18, 19]. For example, according to dif-
ferent data, the unit cell of the a modification consists
of six, four, or two molecules [8-10, 14, 16-19].

As can be seen from Fig. 2, the positions of two
peaksin the spectraof al three polymorphsdiffer insig-
nificantly: 930 £ 5 and 1010 £ 5 nm (1032 nm for the X
maodification of H,Pc). On the other hand, the lumines-
cenceintensity increases by approximately one order of
magnitude in the series X — a — [. These results
were reproduced on different experimental setups. Pos-
sibly, in the works of other authors, the dependences of
the peak shape on the packing were affected by the
reabsorption of luminescence, which can be sufficiently
strong in the range 800900 nm due to the smeared
absorption edge (or the presence of the fundamental
absorption, as is the case with the X modification of
H,Pc; see Fig. 1). Furthermore, it is necessary to allow
for different wavelengths of exciting radiation.

Figure 2 (at the right) shows the spectrum of the
MgPc film. It is evident that this film does not emit in
the spectral range under consideration (even though
Sakakibara et al. [6] observed aweak peak at approxi-
mately 710 nm at room temperature). As is known,
magnesium porphyrinates (phthalocyanines, chloro-
phylls) are able to interact selectively with molecular
oxygen. Since H,Pc and MgPc have asimpler structure
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of the molecular orbitals (there is no transition metal),
the suppression of the radiative relaxation of the excit-
ing state can be associated with this interaction. The
guenching of luminescence of phthal ocyanine metallo-
complexes in the presence of O, was described by
Amao et al. [20]. Moreover, van Faassen and Kerp [21]
recently demonstrated that the diffusion coefficients
and the volume concentration of O, in H,Pc films are
less than those in phthal ocyanine metallocomplexes.

The luminescence spectrum of the composite film
prepared by codeposition of H,Pc and MgPc is
depicted in Fig. 2 (at theright). Judging from the differ-
encein the sublimation rates, the ratio between the con-
tents of these compounds can be estimated at 3 : 1. It
was shown earlier in [22] that codeposited polycrystal-
linefilms of structurally isomorphic planar phthal ocya
nine metallocomplexes can form solid solutions over a
wide range of concentrations without disturbing the
packing of stacks. It can be seen from Fig. 2 that the
luminescence is amost completely quenched in the
presence of MgPc. Since radiative transitions in stack-
ing phthal ocyanine metallocomplexes suggest a migra-
tion of excitons[6-8], we can assume that the introduc-
tion of even an insignificant amount of nonradiative-
recombination centers (i.e., MgPc molecules) should
lead to substantial quenching.

Owing to the chain geometry of the AIFPc complex,
the axial bonding of oxygen is hindered. However, we
observed only aweak luminescence signal of this com-
pound, whose position approximately coincides with
that of the peak of H,Pc (Fig. 2). It seemslikely that, as
in other chain polymers [11], the noncovalent bonding
through the fluorine atom in the AlFPc complex pre-
vents the Ttinteraction of Pc rings. On the other hand,
this bonding is insufficient for achieving a high lumi-
nescence efficiency, aswas shown in [6] for phthal ocy-
anine chromophors separated by peripheral or axia
bulky covalent substituents (groups). The films pre-
pared from the SbCIPc and SbCl;Pc complexes are
characterized by a very weak luminescence (the most
pronounced spectrum of SbCIPc is depicted in Fig. 2).
However, the luminescence spectra of these complexes
differ substantially from each other. Indeed, the smeared
luminescence band of SbCIPc covers the range up to
1200 nm, most likely, due to the presence of peaksin the
range of wavelengths longer than 1100 nm. More accu-
rate assignment would require that measurements be
made at low temperatures at which the luminescence
(fluorescence) of phthalocyanine metallocomplexes
becomes more intense [6, 9]. The broadening of lumi-
nescence bands (and their more complex structure) was
also observed for peripherally substituted complexes,
for example, for 4-Br,Pc derivatives.

Unlike the solutions of phthal ocyanine metallocom-
plexes, where luminescence has been well studied, no
systematic data on the luminescence in solid com-
pounds are available in the literature. Luminescence
has been frequently observed as a side phenomenon
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when measuring Raman spectra[8, 12]. Note that exci-
tation at different wavelengths leads to several effects
for phthalocyanine metallocomplexes. According to
our data, the intensity of luminescence in phthalocya
nine thin filmsis substantially affected by the intramo-
lecular structure and the molecular packing in films.
However, the positions of the peaks in the near-IR
range vary insignificantly. It is possible that appropriate
choice of the structure of the complexes, polymorphic
modification, and experimental conditions (for exam-
ple, in the absence of oxygen) will allow oneto achieve
ahigher luminescenceintensity in thinfilms. Moreover,
investigating more composite phthal ocyanine metallo-
complexes (extradoped and sandwich complexes) that
retain the typical advantages of the class of compounds
under consideration will make it possible to reved a
luminescence peak in the IR or visible range.
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Abstract—The temperature dependence of the luminescence of CdTe/ZnTe quantum-dot superlattices (self-
assembled quantum-dot multilayers) with ZnTe spacers of various thicknesses was studied. Luminescence
guenching observed to occur with increasing temperature is shown to depend substantially on the thickness of
the ZnTe spacer. Particular attention is focused on the temperature dependence of the luminescence of a struc-
ture with the smallest ZnTe layer thickness, containing clusters of regularly arranged quantum dots. The lumi-
nescence line of tunneling-coupled quantum dots appearing in this structure exhibits an unusual temperature
dependence, more specifically, an anomalously large shift of the peak position and fast luminescence quenching
with increasing temperature. © 2005 Pleiades Publishing, Inc.

1. Elastic strains play acrucia role in the spontane-
ousformation of semiconductor quantum dots (QDs) in
highly lattice-mismatched systems. The strains created
in the course of growth of multilayer structures initiate
the formation of ordered QD arrays, and they affect the
shape and electronic structure of the QDs. Of particular
interest in this respect are the properties of CdTe/ZnTe
multilayer QD structures. This heteropair is specific in
that the jump in the potential in its valence band is
determined almost entirely by the elastic strains gener-
ated by the lattice mismatch. Disregarding the strains,
the valence-band offset is no greater than ten percent of
the difference between the band-gap widths [1]. This
offers the additional possibility of controlling the elec-
tronic spectrum of the structure (for instance, to change
the type of the band diagram) by properly varying the
elastic strain distribution through variation of the struc-
ture parameters (the buffer layer material, spacer layer
thicknesses, etc.).

2. The CdTe/ZnTe quantum-dot superlattices
(QDSLs) under study were grown by MBE on a
(100)GaAs substrate. A CdTe buffer layer 4.5-um thick
was deposited on the substrate, and a QDSL was grown
on this layer, which consisted of 200 CdTe layers with
a nomina growth thickness of 2.5 monolayers sepa-
rated by ZnTe spacers of a preset thickness (12, 25, and
75 monolayers, referred to subsequently as structures
B12, B25, and B75, respectively). High-resolution
transmission electron microscopy showed a QD layer
in such structures to be actualy a Zn, _,Cd,Te solid-
solution layer containing self-assembled QD regions
(islands) with an enhanced cadmium concentration,
measuring 6 to 10 nm in diameter and up to 2 nm in
thickness. It was established that, in QDSLswith ZnTe
spacers less than 25 monolayers thick, QD positions
become correlated in the adjacent layers, aswell asin
the layer plane; correlated QD arrangement was

observed to persist within six to seven layers in the
growth direction and up to six islands in the lateral
direction [2]. Such clusters of regularly arranged QDs
are accompanied by regions where no correlation in
QD arrangement is observed. The photoluminescence
(PL) spectrum of QDSL swith thin enough spacers con-
tains not only the emission line of “isolated” QDs (by
which we mean CdTeislands having no close neighbors
in adjacent QD layers) but also a longer wavelength
emission line originating from the presence of gquan-
tum-mechanically coupled QDs.

3. PL spectra were measured at temperatures rang-
ing from 5 to 200 K under cw pumping by an argon
laser at wavelengths of 4880 and 5145 A, aswell as by
aHe—Cd laser (4416 A). The pump power density was
varied from 1 mW/cm? to 100 W/cm?. We also mea-
sured PL spectraat room temperature. The spectrawere
analyzed with a DFS-24 double-grating monochroma-
tor with alimiting resolution no worse than 0.1 A.

4. Unlike structures with isolated CdTe/ZnTe QD
layersthat have practically no lateral exciton migration
[3], excitons in QDSLs migrate lateraly, which
becomes manifest in a broadening of the PL lines with
increasing temperature. The shift of the emission line
peak in the B75 and B25 structures, aswell asin struc-
ture B12 with isolated QDs, follows the ZnTe band-gap
shrinkage [4], which also takes place in structures with
isolated QD layers studied earlier. The situation is com-
pletely different with the emission line of tunneling-
coupled QDs in the B12 structure (Fig. 1), which
reveals an anomaloudly large shift of the PL peak posi-
tion with increasing temperature; indeed, asthe temper-
atureisraised from 5 to 50 K, the peak shift (15 meV)
is 2.5 times larger than the ZnTe band-gap variation in
this temperature range (6 meV).

1063-7834/05/4701-0174$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Shift of the PL line maximum in isolated QDs (cir-
cles) and tunneling-coupled QDs (squares). Solid line plots
the variation of the ZnTe band-gap width.

An anomal ous shift of theluminescenceline peak in
some temperature interval is frequently observed to
occur in QD and quantum-well structures (see, e.g.,
[5, 6] and references therein). Excitons are capable of
migrating in the QD layer plane (or in the plane of a
guantum well exhibiting thickness fluctuations) via
tunneling transitions between QDs (local potential min-
imain aquantum well). Such transitions are accompa-
nied by the emission (absorption) of phonons; at low
temperatures, migration entails primarily energy
losses. As the temperature increases, excitons, in addi-
tion to the increasing probability of transferring
directly to deeper states, also become capable of mak-
ing this transition through an intermediate (higher
energy) state, a process involving the absorption of a
phonon. Thus, as the temperature is increased, it
becomes possible for excitons to transfer from shal-
lower to deeper localized states (for instance, from
smaller to larger QDs).

Other mechanisms that could be responsible for the
anomalous long-wavelength shift of the PL line peak
position in QD structures with increasing temperature
are aso considered in theliterature. For instance, in[7],
where the temperature dependence of the CdSe/ZnSe
QD luminescence was studied, it was assumed that the
anomalous shift of the peak position is associated not
with transitions between different QDs but rather with
transitions between different states within a QD
(island); such states can form as aresult of the complex
topological structure of the islands. Note that
CdSe/ZnSe QDs resemble, in many respects, the
CdTe/ZnTe QDs under study here: indeed, a QD layer
is a layer of a Zn, _,Cd,Se solid solution containing
islands with an enhanced cadmium content, measuring
5to0 10 nminthe layer plane and 1.5- to 3-nm thick. As
pointed out above, however, the QDSLs under study
here do not exhibit any anomalous shift of the peak
position (including the emission line of isolated QDsin
the B12 structure), except for the PL line related to tun-
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Fig. 2. Temperature dependence of the integrated PL inten-
sity of the B75 (solid line) and B25 (dashed line) structures
and of theemission line of isolated QDsin the B12 structure
(points) (normalized to radiation intensity at 5 K).

neling-coupled QDs. One may therefore assume that
the anomal ous shift originates from exciton migration
among different QDs within clusters of self-assembled
islands.

The onset of exciton redistribution among QDs at
such low temperatures as 20-30 K is not typical of QD
structures. The characteristic spread of exciton statesin
energy in clusters of self-assembled QDs is apparently
small enough for thermally activated exciton transport
among QDsto occur already at such low temperatures.

Studies of the temperature dependence of the inte-
grated PL intensity of CdTe/ZnTe QDSLs reveal that
PL quenching with increasing temperature depends
substantially on the thickness of the ZnTe spacer. The
behavior of the emission line of tunneling-coupled QDs
inthis caseis also fairly unusual, and we will consider
it in more detail below. The B75 structure exhibits
noticeable luminescence even at room temperature,
whereas the PL intensity of a QDSL with a thinner
ZnTe spacer drops with increasing temperature sub-
stantialy faster. The PL quenching activation energy,
derived from the temperature dependence of the inte-
grated QDSL PL intensity, decreases gradually with
decreasing thickness of the ZnTe spacer from 60 meV
inthe B75 structure to less than 30 meV for the PL line
of isolated QDs in B12 (Fig. 2). While the activation
energy of 60 meV obtained for the B75 QDSL is com-
parable to the value observed earlier in structures with
single CdTe/ZnTe QD layers having similar nominal
growth thicknesses of the CdTe layer [3], activation
energies on the order of 30 meV are certainly not typi-
cal of structures with single QD layers.

Such apronounced decrease in the activation energy
can be assigned to avariation of the elastic strain distri-
bution pattern occurring in a QDSL with decreasing
thickness of the ZnTe spacer. Our earlier anaysis of IR
reflectance spectra of the B12, B25, and B75 structures
showed that, in the case of thick ZnTe spacers, the elas-
tic strains are concentrated in the Zn, _,Cd,Te layers,
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Fig. 3. PL spectra of the B12 structure measured at various
temperatures. The spectra are normalized and translated
vertically for clarity.

whereas in QDSLs with thin barriers the elastic strain
distribution pattern is more complex [8]. In the B75
structure (as in structures with single QD layers), the
CdTe/Zn, _,Cd,Te layers (including the QDs them-
selves) undergo biaxial compression, whereasthe ZnTe
spacers are practically under zero stress; it is this that
accounts for the relatively large depth of the potential
well for the heavy hole in QDs. In the B25 and B12
structures, the ZnTe layers are distorted strongly by the
thick CdTe buffer and the Zn, _,Cd, Te layers, while the
latter layers are less compressed, which substantially
reducesthe potential-well depth for the heavy hole. The
QD luminescence guenching with increasing tempera-
tureisdueto thermal gjection of carriersfrom the QDs,
followed by their nonradiative recombination. Because
the greater part of the difference between the band-gap
widths of ZnTe and CdTe (0.8 V) is, as aready men-
tioned, caused by the conduction band offset, the mag-
nitude of the activation energy is determined by the
potential-well depth for the hole rather than for the
electron.

PL spectra of the B12 structure obtained at various
temperatures are displayed in Fig. 3. Therelative inten-
sity of the emission line of tunneling-coupled QDs
grows with increasing temperature up to 40 K, to prac-
ticaly disappear in the spectrum at 80 K. Structures
with isolated CdTe/ZnTe QD layers usually exhibit the
reverse situation; namely, the larger the radiation wave-
length (and, accordingly, the more strongly localized
the carriers in the QDs), the more dowly the PL
quenching begins with increasing temperature [3].

The observed anomaly can be explained in terms of
the band diagram of the CdTe/ZnTe structures by tak-
ing into account the fact that the QDSLs under study
were grown on athick CdTe buffer layer. The band dia-
gram of CdTe/ZnTeis such that the depth of the poten-
tial well for the electronsis determined primarily by the
composition of the well and spacer materials and the
potential-well depth for the holes, by the elastic strains.
Therefore, alonger emission wavelength does not nec-
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essarily correspond to a deeper potential well for both
carrier types. Under certain conditions, a situation may
arise in CdTe- and ZnTe-based low-dimensional struc-
tures where an optical transition involving a spatialy
indirect eectron-ight-hole exciton has a lower energy
than that involving aspatially direct el ectron-heavy-hole
exciton. Indeed, for conventiona CdTe/Cd,_,ZnTe
superlattices, it was shown in[9] that, by properly vary-
ing the buffer layer composition so asto redistribute the
strains between the CdTe and Cd, _,Zn,Te layers, one
can change the type of band diagram of the structure.
Thelowest energy can in this case have either the bound
state of an electron and a heavy hole localized in the
same CdTelayer (type-l superlattice) or the bound state
of an electron and alight holelocalized in two different
layers, CdTe and Cd, _,Zn,Te (type-11 superlattice).

It was conjectured in [8] that, because of the pres-
ence of athick CdTe buffer layer, the luminescence of
tunneling-coupled QDsin the B12 structure may be due
to spatially indirect excitons (the strains are maximum
in the region between two CdTe idands in adjacent QD
layers, which may bring about the formation of a poten-
tial well for light holes in these regions, with the elec-
tronslocalized in CdTeislands). This conjectureis cor-
roborated by photoreflectance spectroscopy data (to be
published separately); indeed, in the photoreflectance
spectra, the feature associated with tunneling-coupled
isandsis practically absent, whereas the feature deriv-
ing from isolated islands is distinct, thus showing the
exciton oscillator strength to be substantially weaker in
the former than in the latter case (as should be expected
for indirect excitons).

Clusters of regularly arranged QDs contain an array
of regularly arranged potential wells for the hole
(between CdTe islands in adjacent QD layers). Since
the depth of these potential wellsisreatively small, the
spread in the energy level positions for such wells
should likewise be small. By dlightly simplifying the
situation, one can say that, within a cluster of regularly
ordered QDs, alight hole can be bound to acertain QD
only through Coulomb interaction with the electron
localized in the deep potential well in the QD. The
binding energy of aspatially indirect exciton is substan-
tially smaller than that of adirect exciton, and the char-
acteristic time of its radiative recombination noticeably
exceeds that of a direct exciton. One may expect in
these conditions that an increase in temperature will
bring about afairly fast luminescence quenching of the
tunneling-coupled QDs, exactly what is observed in
experiment. Even with aslight increase in temperature,
intense exciton migration occurs in clusters of self-
assembled QDs and gives rise to an increase in the
number of excitons undergoing nonradiative recombi-
nation [10], which likewise favors quenching of the
luminescence of tunneling-coupled QDs with increas-
ing temperature.

5. To sum up, it has been shown that quenching of
the CdTe/ZnTe QDSL luminescence observed to occur
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with increasing temperature depends substantially on
the ZnTe spacer thickness. The emission line of tunnel-
ing-coupled QDs that appears in QDSL s with the min-
imum ZnTe spacer thickness (12 monolayers) exhibits
an unusua behavior; indeed, one observes an anoma-
lously large shift of the line peak position and a fast
drop in luminescence intensity with increasing temper-
ature. This behavior can be accounted for by assuming
that the luminescence of tunneling-coupled quantum
dots derives from spatially indirect excitons and that
excitons within regularly arranged quantum-dot clus-
ters undergo intense migration even at low tempera-
tures.
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Abstract—We have cal culated light absorption spectra of planar metal surfaces with atwo-dimensional lattice
of spherical nanovoids just beneath the surface. It is shown that nearly total absorption of light occurs at the
plasma resonance in avoid lattice in the visible range when the intervoid spacing and the void deepening into
the metal are thinner than the skin depth, which ensures optimal coupling of void plasmons to external light.
We conclude that the absorption and local -field properties of thistype of nanoporous metal surface can be effec-
tively tuned through nanoengineering of the spherical pores and that they constitute a very attractive system for
various applications in future submicron light technology. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In general, planar metal surfaces absorb light very
poorly. The reason for this is their high free-electron
density, which reacts to the incident light by sustaining
strong oscillating currents that, in turn, efficiently re-
radiate light back into the surrounding medium,
whereas the light intensity inside the metal remains
weak. Actuadly, the same phenomenon takes place
when light excites plasma oscillationsin metallic parti-
cles, and light absorption is inhibited as a result at the
plasma resonances. In other words, the local-field
enhancement inside or near the metallic particle
appears to be quite moderate even at the plasma reso-
nance. Local-field enhancement factors of up to 15
have been reported for spherical metallic nanoparticles
[1,2].

In apparent contradiction with the above arguments,
sharp and deep (down to —20 dB) resonant dips in the
reflectivity spectra of light from ananoporous gold sur-
face have been recently observed [3], which points to
strong resonant light absorption on such a surface.

It was presumed in [3] that this phenomenon is
related to the excitation of plasmon modes in spherical
nanocavitiesinside the metal, which couple much more
effectively to thelight than thosein metallic spheres. As
an intuitive explanation of their observations, the
authors of [3] employed a simple model of plasmon
modes supported by a spherical void in an infinite
metallic medium. Although that model gives eigenfre-
guency values that somehow can be fitted to the fre-
guencies of the resonances in the measured reflectivity
spectra, it cannot describe the coupling between plas-
mon modes in the nanocavity and the external radiation
field. Thereason for thisisthat the plasmon modesin a

L This article was submitted by the authorsin English.

void are nonradiative, because their electromagnetic
field cannot radiate into an infinite metal having a neg-
ative permittivity. However, the huge resonant dips in
the reflectivity spectra observed in [3] suggest a strong
coupling of nanocavity plasmons to the incident light.
Therefore, gaining a better understanding of the effect
of coupling between plasmons in metallic nanocavities
and external radiation becomes of great importance.

On the other hand, it has been shown in [4-6] that
the spectra of plasma oscillations in spherical metallic
nanoparticles with inner voids (nanoshells) are much
richer than those in metallic nanospheres. Both sphere-
like plasmons (those mainly bound to the outer surface
of the shell) and voidlike plasmons (those mainly
bound to the inner surface of the shell) can be excited
in such a particle. The optical properties of a single
metallic nanoshell and nanoshell clusters can be effec-
tively tuned through nanoengineering of their geome-
try. As has been theoretically shown in [6], the local-
field enhancement factor at the voidlike plasmon reso-
nance can reach ultrahigh values for specific values of
the metallic wall thickness in a nanoshell: local-field
enhancement factors exceeding 60 and 150 in gold and
silver nanoshells, respectively, have been predicted,
and this field enhancement is accompanied by sharply
enhanced light absorption at resonance.

In this paper, we study the optical properties of a
nanoporous metal surface. We start with asimple model
of the resonant surface in order to examine the essential
physics underling strong light absorption on such a sur-
face. Then, we cal culate the refl ection/absorption spec-
tra of nanoporous metal surfacesin the framework of a
rigorous electromagnetic scattering-matrix approach
[7], taking into account the actual porous structure of
the surface.

1063-7834/05/4701-0178$26.00 © 2005 Pleiades Publishing, Inc.
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2. MODEL OF A RESONANT SURFACE

Let us consider an electromagnetic plane wave inci-
dent from vacuum normally onto a planar surface of
metal with a two-dimensional lattice of voids just
underneath the surface (Fig. 1). In order to examine the
essential physics of energy transformation in the sys-
tem, we elaborate a simple equivalent model that
describes the resonant surface in terms of its effective
surface impedance Zy defined by the relation E, =
Z4(n x B,), where E; and B, are the tangential compo-
nents of the total electric and magnetic fields, respec-
tively, and n is the external normal to the planar metal
surface. Making use of the impedance boundary condi-
tion [8] and solving Maxwell’s equations in the sur-
rounding medium, it is easy to obtain the complex
amplitude reflection coefficient r = (Zy — Zo)/ (Zeis + Zo)s
where Z; is the free-space impedance.

We describe plasma oscillations in the lattice of
voids using an equivalent RLC circuit (Fig. 1) com-
posed of the equivalent areal capacitance C, = |f|?d¢,,
where & is the thickness of the nanoporous surface
layer, €, isthe electrical constant, |f;|* is the dimension-
less phenomenological form factor characteristic of a
given Ith multipole plasmon mode, connected in paral-
lel to R — L, series (Fig. 1). The equivalent areal elec-
tronic resistance and kinetic inductance are defined as
R = mv,/(eANy) and L, = m/(e’AN,), respectively,
wherev, isthe damping of the Ith plasmon mode due to
all dissipative processes except radiative damping, N is
the total areal free-electron density in the surface skin
layer, A, isthe fraction of free electrons participating in
the plasma oscillations at the Ith mode, and e and mare
the electron charge and mass, respectively.

With these considerations, we can easily obtain the
equivalent surface impedance in the form

00

2 2

m . . m |B|| (.l)|
Zyt = —(V.—1W) —1— —
eff eZNe( e ) 2e2|;A|Newl_w_|Vl

2
e'AN
W = ___3_'__2_ 2)
|f|"dgm

isthe frequency of thelth plasmon modeand |B[°< 1is
the phenomenological coefficient of coupling between
the external light and the Ith plasmon mode. The first
term in Eq. (1), where v, is the free-electron scattering
rate, describes the Drude response of a homogeneous
metal surface within intervoid regions to incident light
by the equivalent electronic resistance R, = nv./(e°N,)
and kinetic inductance L, = m/(e’N,) (Fig. 1). In the
vicinity of the Ith plasma resonance, w = w, the Ith

(D)

where
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Fig. 1. Nanoporous surface of metal and its equivalent cir-
cuit.

term of the summation dominates the right-hand side of
Eg. (1) and we have

2 2
~_j m|B)| W,
2e’AN W —W—1v

The surfaceimpedance given by Eq. (3) leadsto thefol-
lowing expression for the absorbance of light in the
neighborhood of the Ith plasma resonance:

Zet ©)

A=1l-rr*= tvm > (4)
(W —w) +(v,+y)
where
2
mew
yi = Bl —— (5)
27,62M\N,

is the radiative damping of the Ith plasmon mode. It
should be noted that the line of the absorption reso-
nance given by Eq. (4) has a Lorentzian shape with a
full width at half-maximum (FWHM) of 2(v, + ;). Free
parameters|f /4, and |3 /4, can be obtained by fitting
the resonance frequency and FWHM yielded by this
simple model to those yielded by a rigorous electro-
magnetic modeling, which isdonein the next section of
this paper.
Finally, at resonance (w = ), one finds
- 4vyy,
res
(v + Y|)2

and it is readily seen that nearly total light absorption
by the Ith plasmon mode (i.e., A = 1) occurs when
Vi = V,. Theradiative damping y; may be considered the
coupling coefficient that controls the strength of inter-
action between the plasmon mode and light. For small
vi (i.e, v <€), the coupling is weak and the plasmon
mode absorbs light only weakly. In the opposite limit,
Vi > v, the strong plasma oscillation currents flowing
on the metal surface reradiate incident light back into
the surrounding medium, which again reduces absorp-
tion drastically. Therefore, it is possible to realize the
condition of total light absorption by plasmons on a
nanoporous metal surface by varying the coupling coef-
ficient |3 |2. The optimal value of |3, |> can be easily real-
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Fig. 2. Absorption spectra of light incident normally onto a
planar silver surface with a lattice of spherical voids just
beneath it (seeinset). (a) Variation of the spectrawith inter-
void spacing h, chosen equal to the void deepening, for the
void diameter d = 300 nm. (b) Variation of the spectrawith
void diameter for intervoid spacing h =5 nm, also taken to
be equal to the void deepening. The absorption of light on
the surface of bulk silver is shown by a dash-dotted curve.
Vertical arrows mark the energies of the fundamental plas-
mon modes (I = 1) of asingle void in bulk silver.

ized for voidlike plasmon modes in the spherical voids
buried in ametal substrate. For example, the condition
Vi =V, can be easily satisfied for voidlike plasmonsin a
nanoshell by choosing a specific value of the shell-layer
thickness, as shown in [6].

3. SELF-CONSISTENT ELECTRODYNAMIC
MODELING

L et us consider a periodic two-dimensional hexago-
nal lattice of spherical voids with the lattice vectors a
and b, where|a| = |b|and a - b = Jaj>cosa with a = 60°.
We assume that the lattice of voids is buried inside a
metal substrate at distance h from the planar metal sur-
face to the top of the voids, therefore we call h the void
deepening. We also assume that the intervoid spacing
along the lattice vectors a and b is equal to the void
deepening h (inset to Fig. 2a8). We consider that external
light shines normally onto the metal surface.

PHYSICS OF THE SOLID STATE Vol. 47

TEPERIK et al.

To calculate the light absorption on such a nanopo-
rous surface of metal, we use a self-consistent rigorous
electrodynamic method based on the scattering-matrix
approach with the use of re-expansion of the plane-
wave representation of electromagnetic fields in terms
of the spherical harmonics [7]. This approach involves
the following steps. First of al, we define a planar sur-
face layer containing the periodic lattice of voids in
such away that the planar real surface of the metal and
the imaginary plane located below the voids at a dis-
tance h from the void bottoms form the interfaces
between the periodic surface layer and either the sur-
rounding medium or metal substrate, respectively. The
total fields in the surrounding medium and in the sub-
strate result from the superposition of propagating and
evanescent plane waves with in-plane wave vectors
Gpq = PA + B, where A = 2m(b x n)/[a x b| and B =
21(n x a)/|a x b| are the principal vectors of the recip-
rocal lattice and p and q areintegers. It should be noted
that, at frequencies below the bulk plasma frequency,
every plane wave in the metal substrate is evanescent.
Thetotal field inside the periodic surface layer isrepre-
sented as a superposition of the incoming plane waves
(both propagating and evanescent) and the field scat-
tered from every void. In this way, the multiple light
scattering between all voidsin the surface layer is self-
consistently accounted for. The in-plane summations of
fields scattered from different voids, performed in our
case directly in real space, provide a quite fast conver-
gence.

The interaction between the combined el ectromag-
netic field incident upon a given single void and the
electromagnetic field scattered from this void is deter-
mined by its scattering matrix [9, 10]. Because the scat-
tering matrix of asingle void is constructed in a spher-
ical-harmonic representation, we decompose the com-
bined field incident upon a given single void into
spherical harmonics. Then, we transform the combined
self-consistent field scattered from al voids into a
plane-wave representation, expressed as a sum over in-
plane wave vectors G, and apply the boundary condi-
tions at theinterfaces of the planar surfacelayer contain-
ing the lattice of voids with the surrounding medium and
substrate. As aresult, we construct the scattering matrix
of the entire structure, which allows us to calculate the
reflectance, R, and absorbance, A= 1 —R, of the porous
metal surface. Note that this approach can be straight-
forwardly extended to model an arbitrary number of
layers with periodically arranged spherical voids with
the same period but having different void radii in differ-
ent layers if one wishes. A detailed description of this
method can be found in [7].

It is interesting to point out that the propagation of
the electromagnetic field between voids is performed
through the metal, so that each void interacts directly
only with its nearest neighbors, unlike what happensin
a dielectric environment. Accordingly, the Bragg reso-
nances controlled by the periodicity of the system are
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not exhibited in the calculated spectra. Therefore, only
resonances originating from the excitation of Mie plas-
mon modes in every single void influenced by nearest
void neighbors show up in the spectra.

Figure 2 shows the calculated absorption spectra of
light incident normally onto a nanoporous silver sur-
face for the case of a single periodic layer of closely
packed voids buried inside the silver substrate (inset to
Fig. 28). We use experimental optical data [11] to
describe the dielectric response of silver to an electric
field in our calculations. The light absorption exhibits
resonant enhancement at the frequencies of plasmares-
onances in nanovoids. Almost total resonant light
absorption (the effect of “black silver”) occurs when
the lattice of voids is buried in the silver substrate at a
distance smaller than the skin depth (the latter is about
23 nmfor silver). Although the frequency of the plasma
resonance on the porous metal surface is close to the
frequency of the fundamental (with the orbital quantum
number | = 1) Mie plasmon mode of a single spherical
void in an infinite metallic medium, they do not coin-
cide. As is clearly seen in Fig. 2a, the shift between
these two frequencies grows as the intervoid spacing
decreases, which shows that the reason for this shift is
the coupling of plasmons in adjacent voids. Note that
the spectra are independent of the polarization for nor-
mally incident light due to the symmetry of thevoid lat-
tice, |a] = |b|.

Now, we can estimate free parameters |f[#/A, and
|B |24, introduced in the previous section by fitting
Egs. (2) and (5) to the resonance frequency and FWHM
in the case of total light absorption. In this case, the
FWHM isequal to 4y, as shown in the previous section.

We obtain free parameters |f[#A, = 1 and | |44, = 0.1
for every resonance shown in Fig. 2b.

Figure 2 depicts the resonant absorption caused by
the excitation of the fundamental plasmon mode (I = 1)
in voids. The frequencies of high-order plasma reso-
nances fall within the interband absorption spectra (at
frequencies higher than 3.5 eV for silver [11]), and,
therefore, these resonances can hardly be observed in
the reflectivity spectra. The frequencies of plasmon res-
onances on a hanoporous metal surface can be reduced
by filling the pores with a dielectric material. Figure 3
shows the calculated absorption spectra of light inci-
dent normally onto a silver surface with filled spherical
nanopores. In this case, the second and the third plas-
mon resonances along with the fundamental plasma
resonance show up inthevisible. Giant light absorption
can also be achieved at high-order plasma resonances
by choosing appropriate parameters of the porous layer
(Fig. 3).

In conclusion, we have shown theoretically that
nearly total light absorption on a nanoporous surface of
metal can be achieved at the plasma resonance. This
phenomenon occurs when the lattice of spherical voids
is buried in the metal substrate at a specific distance
from the metal surface, which ensures optimal coupling
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Fig. 3. Absorption spectra of light incident normally onto a
silver surface with spherical inclusions of a material with
dielectric constant € = 4.5 (solid curve) and € = 3.3 (dashed
curve). The absorption of light on the surface of bulk silver
is shown by a dash-dotted curve. Vertical arrows mark the
energies of thefundamental (I = 1), second (I = 2), and third
(I = 3) plasmon modes of asingle void in bulk silver.

of plasmons in the voids to the external light. Based
upon a simple model, later corroborated by detailed
calculations, we have found a physical criterion for the
optimal coupling, that the radiative broadening of the
plasma resonance must be equal to its dissipative
broadening in order to produce total light absorption at
resonance. It isworth mentioning that the resonant light
absorption must be accompanied by high loca-field
enhancement near or inside the voids, and this could be
used to trigger nonlinear effects. The frequencies of
absorption resonances can be easily tuned by varying
the diameter of the voids or by filling them with dielec-
tric materials. This makes this type of nanoporous met-
als very attractive for a variety of applications, from
nanophotonics to biophysics.
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Abstract—A new method is suggested for fabricating nanocrystalline silicon by using high-dose (D > D,) irra-
diation with rare-gasions. In this case, a nanostructure isformed due to silicon self-assembling on the interface
between amorphous layer and crystalline substrate. Two bands, at 720 and 930 nm, are found in the photol umi-
nescence spectrum. These bands possibly originate from the quantum confinement effects in nanocrystals and
may also be related to the regions of disordered silicon outside the amorphous layer containing nanocrystals.
Theintensity of the photoluminescence signal is studied as afunction of duration of HF etching of samplesand
their subsequent exposure to atmosphere. The influence of thermal annealing on the photoluminescence spec-

trum is also studied. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Silicon, the most abundant element in the earth’s
crust, has played an exceptional role in the develop-
ment of the semiconductor industry. However, a new
phase in the evolution of information technologies has
recently posed a serious challenge to its dominance.
Requirements for increasing speed in integrated cir-
cuits, advances in fiber-optic communication networks,
and other factors have put optoelectronics forward as a
substitute for traditional microelectronics. Indeed,
increasing operational speeds can only be accom-
plished by replacing electrical links between active ele-
ments with optic ones. The development of fiber optics
also demands designing new light-emitting and photo-
electronic devices. Meanwhile, silicon, which is an
indirect band gap semiconductor, has quite poor light-
emitting properties. Hopes for it to keep its leading
position have led to the expansion of both fundamental
and applied research into silicon-related topics.

Recently, there has been a huge number of studies
on the luminescence of silicon nanostructures. Most of
them consider inclusions of silicon nanocrystallites
(NCs) in amatrix of awider band gap material, which,
due to its large barrier, provides strong quantum con-
finement for electrons and holes motion. However, it is
well known that intense luminescence at room temper-
ature is also observed in amorphous—-nanocrystalline
compositions with much weaker confinement. In this
case, luminescence bands are displaced significantly
upward in energy. Thistype of composition can be pro-
duced, for example, by annealing either deposited
hydrogenated amorphous silicon layers [1] or silicon
layers made amorphous by ion beams with doses
dlightly less than the total amorphization dose[2].

In the present paper, we study the possible forma-
tion of nanocrystalline silicon by high-dose (D > D,)
irradiation with rare-gas ions. In this case, due to fur-
ther madification of the amorphous layer by the appear-
ance of inclusions of rare-gas atomsin the form of bub-
bles and blisters, nanostructure formation proceeds in
severa ways: by silicon self-assembling on the inter-
face between the amorphous layer and the crystalline
substrate, by a growth of silicon nanocrystallites from
the interface towards the surface, and as a result of
defect proliferation over the boundary.

2. EXPERIMENT

Samples of Si (111) with aresistivity of 2000 Q cm
were used as a raw material. Wafers were subjected to
standard mechanochemical treatment, and a disrupted
layer of about 20 um was subsequently etched off.
Samples were irradiated by Ne* ions using energies of
40 and 150 keV and doses of 6 x 10*°-6 x 10 cmr2,
Theion current density never exceeded 5 pA/cm?. Pho-
toluminescence (PL) was measured at room tempera-
ture and at 77 K using argon laser excitation (A =
488 nm). PL spectra were processed by frequency fil-
tering. EPR was studied at liquid-nitrogen temperature
using an RE-1306 spectrometer. In order to determine
the concentration of centers with a g factor of 2.0055,
differential curves were integrated twice. A Mn?* : MgO
standard was used to obtain a common scale. Samples
were etched in a40% HF solution. Surface topography
was studied by means of a TopoMetrix TMX-2100
Accurex scanning probe microscope in the contacting
operation mode (ACM) with silicon nitride probes. The
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crystal structure was determined by reflection electron
diffraction using an ERM-103 apparatus.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

High-dose irradiation (D > D,) causes further
reconstruction of a completely amorphous layer. The
thickness of this layer can be estimated as AR = R, +
AR, + L, where AR, is the straggling length and L is
the swelling. The swelling becomes comparable to R,
and AR, when doses exceed D, by an order of magni-
tude. For example, this quantity is between 10 and
100 nm for silicon irradiated by neon ions with an
energy of 40 keV and doses of 6 x 10%—6 x 10*" cm
[3]. The swelling is mainly related to the formation of
neon bubbles and blisters in the irradiated layer. Sput-
tering of the silicon surface under neon irradiation may
be neglected, because the thickness of the sputtered
layer does not exceed 5—7 nm. It isclear that the forma-
tion of nanocrystalline silicon under high-dose irradia-
tion cannot be related to the residua crystalline islands
anywhere but in the transitional region between the
amorphous layer and the single crystal. Possible rea-
sons for the formation of the nanostructure are recrys-
tallization of the amorphous regions in the vicinity of
the interface between the amorphous layer and the sin-
gle-crystal substrate and restructurization of the single
crystal due to the propagation of defects and elastic
stresses through the boundary of the amorphous layer
into the depth of the crystal.

In order to study the internal structure of the layer
and the nature of the radiating centers, weremoved lay-
ers by etching irradiated silicon in HF. As is well
known, HF reactswith SiO, and does not react with sin-
gle-crystal silicon. However, the silicon surface dam-
aged by ion bombardment can be etched by HF [4].
Highly selective action of HF (depending on the imper-
fection of thelayer) causes the devel opment of ananos-
caerelief on the silicon surface, which isrelated to the
nanocrystalline structure. The existence of such astruc-
tureis confirmed by the pyramid-shaped protuberances
in the topograms (Fig. 1). Unfortunately, the probe
radius was large in comparison with the lateral sizes of
pyramids, which made it impossible to observe the
actual shape of the NCs, because their shape is convo-
luted with the shape of the probe. These data are evi-
dence of complex processes of recrystallization and
self-assembling due to a nonuniform distribution of
defects (rare-gas atoms, broken silicon bonds, self-
interstitials) and el astic stresses originating from them.

PL spectraof such layerswere found to contain two
bands both at liquid-nitrogen and room temperature
(Fig. 2). We tried to establish how the PL intensity var-
ies as a result of HF etching. The data obtained are
shown in Fig. 3. It turned out that the PL spectra
depended on whether they were taken immediately
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Fig. 1. Topogram of the surface of aSi sampleirradiated by
Ne' ions (40 keV) to adose of 6 x 1016 cm2 taken after pro-
cessing with HF. The thickness of the etched-off layer is
150 nm.
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Fig. 2. PL spectra of Si samples irradiated with Ne* ions
(40 keV) to doses of (1) 6 x 1016, (2) 2 x 1017, and (3) 6 x
10 cm 2,

after processing with HF or after long (severa days)
storagein air.

We measured PL spectraon the same sample imme-
diately after 12-min etching, then after 50-min storage
in air, and then after storage for several days. The PL
spectraare shown in Fig. 4. It seems natural to assume
that, aswasthe casein [5], storage leadsto oxygenation
of the layer, the formation of S—O double bonds at the
boundaries of NCs, and a growth in the intensity of the
720-nm transition, which, according to [6], corre-
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Fig. 3. PL peak intensities at (1) 720 and (2) 930 nm as a
function of etching duration for Si samples irradiated by

Ne' ions (40 keV) to adose of 6 x 1016 cm™2.

sponds to excitons localized on Si—O bonds. However,
analysis of the PL spectrain Fig. 4 shows that the vari-
ation in the 720-nm band is smaller than that of the
long-wavelength band. A study of PL spectra taken
after long-term storage of samples as a function of the
etching duration (Fig. 3) shows that the intensities of
both bands increase after removal of the surface layer
that is rich in neon and contains most of the broken
bonds. The behaviorsof the bands are correlated, which
indicatesthat the two types of PL centers should be spa
tially linked. After 40-min HF etching, the amorphous
layer is certainly removed (a layer about 450-nm thick
is etched away, and there is no longer an EPR signal)
but both PL bands are still observed. Hence, it is NCs
formed due to the propagation of elastic stresses and
defects beyond AR that are the PL centersin this case.
As a result, reconstruction of the single-crystal lattice

PL intensity, rel. units

1 1
800 900 1000
Wavelength, nm

700

Fig. 4. PL spectra of a Si sample irradiated by Ne* ions
(40 keV) to a dose of 6 x 108 cm and etched by HF for
12 min taken (1) immediately after the etching, (2) after
50-min storagein air, and (3) after 7 days of storagein air.
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occurs and nanostructures form outside the above-men-
tioned boundary. The boundaries between crystallites
apparently have a strongly imperfect structure and a
wide spectrum of localized statesin the band gap, since
the PL bands are wide, especiadly in the long-wave-
length range of the spectrum.

The development of both NCs and polycrystalline
grains in the layer that was previously amorphous is
due to crystalization of the amorphous layer. The
remaining amorphous phase simultaneously provides
guantum confinement and produces PL at about
900 nm. This PL band can be associated with interfa-
cia statesof NCs. The PL intensity in this case depends
on the structure of the NC boundaries and adjoining
external regions. The oxygen penetrating into the sur-
face layers during prolonged storage in air plays an
important role. Saturation of interfacial regions with
oxygen enhances energy barriers at the NC boundaries
and possibly reduces the nonradiative recombination
rate, which leads to an increase in the PL intensity. In
this case, the boundaries between NCs are not ordered
dislocation boundaries; they are strongly disordered
and closeto a-Si or SIO, in structure.

A sample irradiated to a dose of 6 x 10 cm™ was
subjected to a series of annealings at temperatures in
the range 100-800°C. As seen in Fig. 5, the variations
in the intensities of both bands are correlated. After
annealing at 600°C, the intensities of both bands pass
through a maximum. EPR studies show that, at this
temperature, reverse annealing takes place, which was
previously observed in [7]. In the same temperature
range, the highest yield of neon from a sample was
observed in [8] and the most intense destruction of blis-
terstook place, causing significant changesin the layer
structure. As is well known, for samples irradiated to
doses of the order of the amorphization dose, thermal
annealing at a temperature of above 450°C leads to

PL intensity, rel. units

1 1 1
0 200 400 600 800

Annealing temperature, °C

Fig. 5. PL peak intensities at (1) 720 and (2) 930 nm as a
function of annealing temperature for aSi sampleirradiated

to adose of 6 x 1016 cm2,
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recrystallization of the damaged layer and to recovery
of the single-crystal structure. However, for samples
irradiated to a dose that is several orders of magnitude
higher than the amorphization dose, the recovery of the
single-crystal structure isincomplete, as shown by the
reverse annealing phenomena. Probably, the layers
modified by an ion beam still have damaged regions
containing alarge number of defects. Theseregionscan
contain NCs, which contribute to the increased PL
signal.

4. CONCLUSIONS

Photoluminescence has been observed in the red
and near infrared regions after ion bombardment of the
silicon surface. The PL spectraare characterized by two
bands, one at ~720 and one at ~930 nm. The spectra
have been explained in terms of NCs surrounded by
amorphous or strongly disordered regions whose struc-
ture and composition are similar to those of either a-Si
or SiO,. A study of PL spectra during successive etch-
ing of samples by HF has shown that the behaviors of
the two bands are correl ated, which means that the two
types of PL centers are spatiadly linked. It has been
demonstrated that the PL varies with the degree of sam-
ple oxygenation and the temperature of annealing per-
formed after irradiation.
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Abstract—Acoustic and dielectric anomalies in the region of the ferroelectric phase transition in crystals of
glycine phosphite (GPI) with a2 mol % admixture of glycine phosphate (GP) are studied. The acoustic anom-
alies were found to differ strongly from those observed in nominally pure glycine phosphite crystals. A theo-
retical analysis of the acoustic and dielectric properties of the crystals was carried out within the model of a
pseudoproper ferroel ectric phase transition. It is shown that the acoustic anomalies, as well as the temperature
dependences of the dielectric constant (for various external electric fields) and pyroelectric current observed in
the vicinity of the phase transition in GPI-GP crystals, can be adequately described when the macroscopic
polarization present in these crystals above the phase transition temperature is taken into account. The thermo-
dynamic-potential parameters describing el ectrostriction and the biquadratic relation between the polarization
and strain turned out to be close to those characterizing anominally pure GPI crystal. Anirreversible phase tran-
sition was observed to occur in GPI-GP crystalsat T = 240 K, i.e., above the ferroel ectric phase transition tem-

perature. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

A large family of new crystals containing the ami-
noacid betaine and inorganic acidsinal: 1 ratio have
been synthesized in recent years. These crystals
revealed ferroel ectric, antiferroelectric, and ferroelastic
phase transitions, aswell as transitionsto incommensu-
rate phases and glassike states [1, 2]. Growth was
reported of antiferroelectric crystals of betaine phos-
phate (CH3);NCH,COO - H4PO, (BP), ferrodectric
crystals of betaine phosphite (CH3)sNCH,COO - H4PO;4
(BPI), and crystals of BPI-BP solid solutions through-
out the concentration range of theinorganic acids[1, 2].
The physical properties of these crystals and related
solid solutions are described in [1-4].

A ferroelectric phase transition has recently been
detected in crystals of glycine phosphite (GPI),
NH;CH,COO - H;PO,, which contains the glycine ami-
noacid N*H;CH,COO~ and phosphoric acid H;PO;5 in
1: 1 proportion [5]. At room temperature, these crystals
have monoclinic symmetry P2,/a and aunit cell includ-
ing four formula units[6]. At T, 0224 K, they undergo
aphase transition to the ferroel ectric state with sponta-
neous polarization P, oriented parallel to the twofold
axis[5].

Nominally pure crystals of glycine phosphate (GP),
NH;CH,COO - H4PO,, which are actually a compound
of the glycine aminoacid with phosphoric acid H;PO,
inal: 1ratio, have the same point group symmetry at
room temperature as the glycine phosphite, but they do

not reveal any phase transitions or the piezoelectric
effect within the temperature region 120294 K [7].
These crystals exhibit alow dielectric constant, € ~ 6-9,
inall crystallographic directions.

Preparation of glycine phosphite—phosphate (GPI—
GP) solid solutions reveal ed that phosphoric acid enters
the crystal composition in substantialy smaller
amountsthan in solution [7]. These crystals were found
to exhibit a pyroel ectric response even at room temper-
ature, which indicates the existence of the macroscopic
polarization Py, in them. The polarization P, is oppo-
site in direction to the spontaneous polarization P,
which appears in these crystals at the ferroelectric
phase transition. The presence of an impurity-induced
macroscopic polarization in GPI-GP crystals is aso
corroborated by studies of the dielectric and piezoel ec-
tric properties of these crystals[7].

The ferroelectric phase transition in nominally pure
glycine phosphite crystalsis accompanied by an abrupt
drop (by about 2%) in the velocities of longitudinal
acoustic waves propagating both along the X || a and
Z || c* crystallographic axes and along the axis of spon-
taneous polarization Y ||b || C, [8, 9]. Note that striction
acoustic anomalies along the axis of spontaneous polar-
izationin ferroelectrics are usually suppressed by long-
range dipole—dipole interaction [10]. Quantitative esti-
mation of the effect that long-range forces exert on the
velocity anomalies [9] showed the acoustic anomalies
along the polar axis in GPI to be only partially sup-
pressed by the dipole—dipole interaction because of the
relatively small Curie-Weiss constant (200—400 K) for
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Table 1. Longitudinal-wave velocities and temperature coef-
ficients of the room-temperature velocity measured in three
crystallographic directions (Y, X, Z) for the GPI, GPI-GP, and
GPcrystals

- 3 Temperature coefficient
Crysta Velocity, 10° m/s of velocity, 104 K-
Y X Z Y X z
GPI 5.3 4.0 37 |-161|-277|-215
GPI-GP | 5.6 39 37 | -198|-291 | -1.09
GP 363 | 504 | 514 | -3.78

a comparatively large electrostriction component d,,,,
which determines the striction anomaly along the polar
axis [9]. The presence of the polarization P;,,, in GPl—
GP crystals within a broad temperature region, includ-
ing temperatures above the phase transition point, may
give rise to substantial changes in the acoustic anoma-
lies at the phase transition as aresult of achangein the
order parameter describing the equilibrium state of the
crystal. Acoustic studies also make it possible to deter-
minethe changesin the elastic moduli of the crystal and
the relation between the strain and polarization origi-
nating from the presence of the impurity.

To study the effect of the glycine phosphate impu-
rity in glycine phosphite crystals on the ferroelectric
phase transition, we measured the temperature depen-
dence of the velocities of longitudinal acoustic waves
propagating along the three crystallographic axes, X, Y,
and Z, in GPI-GP crystals, aswell asin nominally pure
GP and GPI crystals. We carried out a quantitative
description of the acoustic anomalies in the vicinity of
the ferroelectric phase transition in GPI-GP crystalsin
terms of athermodynamic model including the macro-
scopic polarization, as well as the long-range dipole-
dipole interaction for longitudinal waves moving along
the Y polar axis. The results obtained for glycine phos-
phite crystals with an admixture of glycine phosphate
are compared with data available on nominally pure
glycine phosphite crystals.

2. CRYSTAL GROWTH AND MEASUREMENT
TECHNIQUE

Single crystals of glycine phosphite with an admix-
ture of glycine phosphate were grown from saturated
aqueous solutions containing glycine and inorganic
acidsinal: 1ratio. Theratio of the H;PO; to H;PO,
acids in agueous solution was 75 : 25. Glycine phos-
phate single crystals were grown from a saturated solu-
tion containing glycineand H;PO, inal: 1ratio. Crys-
tals were grown by slow cooling from 25 to 8°C at a
rate of 1°C/day. Earlier estimates [7] based on x-ray
diffraction measurements suggested that the concentra-
tion of glycine phosphate in the grown GPI-GP crystals
did not exceed 0.1-0.5 mol %. Here, we report the
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results of a chemical analysis of a GPI-GP solution in
water. The H;PO, concentration in the solution was
found by weighing aresidue precipitated in the form of
double magnesium—ammonium phosphate. The analy-
sis reveadled that the molar concentration of glycine
phosphate in the GPI-GP crystalsis approximately 2%.

Acoustic measurements were performed on samples
about 6 x 8 x 3.5 mm (GPI-GP) and 9 x 9 x 9 mm (GP)
in size aong the X, Y, and Z axes, respectively, where
X|la, Y| b, and Z || (ab). Acoustic waves were excited
by lithium niobate piezoel ectric transducers at afunda
mental frequency of 15 MHz. Relative velocity mea-
surements were performed by the pulse superposition
method (Papadakis method) with a sensitivity of about
10 The absolute measurements of velocity were
accurate to ~2—3%.

Dielectric measurements along the X, Y, and Z axes
were carried out on GP samples 1-mm thick. The GPI-
GP crystal on which acoustic measurements were car-
ried out was also used to perform dielectric studies
along the Z axis. The dielectric constant and tand were
measured at frequencies of 100 Hz and 1 kHz with an
E7-15 immitance meter and at 1 MHz with an LCR
E7-12 meter.

3. EXPERIMENTAL RESULTS

Table 1 lists the absolute velocities of longitudinal
acoustic waves along three crystallographic directions,
X, Y, and Z, of GPI, GPI-GP, and GP crystals, where the
Y axisis parallel to the twofold axis and the axes X and
Z were chosen asin [5]. Longitudinal waves propagate
in different directions in GPI and GPI with a2 mol %
admixture of GP at practically the same velocity. Both
in GPI and GPI-GP, acoustic waves moving along the
twofold axis have the maximum velocity. By contrast,
in GP crystals, the velocity of longitudinal acoustic
waves along the twofold axis is the lowest.

Figure 1 shows the temperature-induced variations
in the relative longitudinal-wave velocity along the
twofold Y axis in GP crystals and along the X axis in
GPI characterized by thelargest temperature coefficient
of velocity. The velocity of longitudinal acoustic waves
in GP crystalsis seen to grow linearly with decreasing
temperature throughout the temperature interval of
120-300 K and to have no anomalies, whereas GPI
crystalsexhibit avelocity anomaly in the vicinity of the
ferroelectric phase transition at T, = 224 K. Note that
the temperature coefficient of velocity along the twofold
axisin GP crystasissubstantialy larger than that in GPI
along the Y axis near room temperature (Table 1) and is
close in magnitude to that along the X axis in the GPI
crystal. The dielectric constant of GP crystals, which
varies from 6 to 9 for different crystallographic direc-
tions, changes only dightly over the above temperature
interval.

Figure 2 displays the temperature-induced varia-

tionsin the dielectric constant €. and losstangent tand
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Fig. 1. Temperature dependences of the relative velocity
variation of 15-MHz longitudinal acoustic waves propagat-
ing dong the Y axis in the GP crystal and along the X axis
in the GPI crystal.

for GPI-GP crystals during the first cooling and subse-
guent thermocycles performed in the temperature inter-
val 300-100 K. We seethat, during thefirst cooling (1),
the dielectric constant and the loss tangent undergo an
abrupt increase at frequencies of 100 and 1000 Hz at
T = 240 K. The dielectric constant and tand exhibit
strong dispersion in the frequency range 100 Hz-1
MHz in this temperature region. After the temperature
was increased to T = 294 K after the first cooling, the
largevaluesof €. and tand persist for several hours. In
subsequent thermocycles (11), the temperature depen-
dences of €. and tand become similar in character to
that of the dielectric constant obtained in the same direc-
tion ¢*(2) in nominaly pure GPI crystals [5] (Fig. 2).
Thejumpin €, the frequency dispersion in the dielec-
tric constant, and the losses practically disappear. Note
that acoustic measurements on GPI-GP crystals were
performed after they had been used in temperature
studies of the dielectric constant and the loss tangent.

Figure 3 illustrates the temperature dependence of
the velocity of longitudinal acoustic waves along the X,
Y, and Z crystallographic directionsin GPI crystalswith
a2 mol % admixture of glycine phosphate and in the
same directionsin pure GPI crystalsin the temperature
interval, 160-300 K. We readily see that temperature-
induced velocity variations in these two crystals are
observed only in the region of the ferroelectric phase
transition, whose temperaturein GPI is T, 1224 K. The
velocity anomalies observed in different crystalo-
graphic directions of glycine phosphite with an admix-
ture of glycine phosphate are smaller in magnitude, do
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Fig. 2. Temperature dependences of (a) the dielectric con-

stant £+ and (b) tand at 100 and 1000 Hz obtained in the
first cooling run of the GPI-GP crystal (curves|) andin sub-
sequent thermocycles (curves ).

not reveal distinct velocity jumps at the ferroelectric
phase transition (unlike those in the glycine phosphite
crystals), and instead resemble minima shifted slightly
toward lower temperatures as compared to those in gly-
cine phosphite. The temperatures of the minimain the
longitudinal-wave velocity depend on the crystallo-
graphic direction. The temperature of the minimum is
the lowest for longitudinal waves propagating along the
twofold Y axis, which coincides with the direction of
spontaneous polarization.
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Fig. 3. Temperature dependences of the relative velocity
variation of 15-MHz longitudina acoustic waves propagat-
ing alongthe, X, and Z crystallographic axesin (1) the GPI
and (2) GPI-GP crystals.

Figure 4 illustrates the temperature dependences of
the velocity of longitudinal waves moving in crystals of
glycine phosphite with an admixture of glycine phos-
phate along the X, Y, and Z axes in the region of the fer-
roelectric phase transition, which were obtained by
subtracting the linear contribution to the velocity
extrapolated from the parael ectric phase.

4. ANALY SIS OF THE EXPERIMENTAL DATA

Theinorganic HPO; tetrahedrain glycine phosphite
crystals form zigzag chains. One molecule of the ami-
noacid glycine is attached to each tetrahedron [5]. A
similar structure with chains of inorganic tetrahedra
connected with betaine aminoacid moleculesis seenin
anumber of crystals, more specifically, in betaine phos-
phate (BP), betaine arsenate (BA), betaine phosphite
(BP1), and their deuterated analogs. All these crystals
possess monoclinic symmetry with point group 2/m
(C,p), but with the twofold axis oriented differently rel-
ative to the tetrahedron chain; indeed, in BP and BPI,
thisaxisis parallel to the chains formed by the PO, and
HPO; tetrahedra, respectively, and in BA crystals, it is
perpendicular to the AsO, tetrahedron chains. Never-
theless, the longitudinal acoustic wave velocity in all
the above nondeuterated crystalsisthe lowest along the
chain of theinorganic tetrahedra. The elastic rigidity of
crystals along the chains is amost the samein al these
compounds. The situation is similar in GPI crystals,
where, as seen from Table 1, the velocity is the lowest
for longitudinal waves propagating along the Z axis,
i.e, along the chains of HPO; tetrahedra arranged
nearly paralléel to the Z axis and perpendicular to the
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220 240 260
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Fig. 4. Velocity anomalies of longitudina acoustic waves
propagating along the Y, X, and Z crystallographic direc-
tions in GPI-GP crystals in the vicinity of the ferroelectric
phase transition, which were obtained by subtracting the
linear velocity contribution extrapolated from the parael ec-
tric phase. Solid lines: calculation with Egs. (7) and (8) for
k || Y and with Egs. (6) and (8) for k || X, Z.

twofold Y axis [5]. In contrast to GPI, GP crystals
exhibit elastic anisotropy of another kind; namely, the
minimum velocity of longitudinal wavesin these crys-
tals is observed along the twofold axis. Furthermore,
these crystals feature a noticeable difference between
the temperature coefficients of velocity along the two-
fold axes. One may thus conclude that the tetrahedron
chains in GP crystals are oriented parallel to the two-
fold axis (as is the case in the BP and BPI crystals).
Therefore, the chains of inorganic tetrahedrain GPI and
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GP crystals are differently oriented with respect to the
twofold axis.

Note, however, that the difference in structure
between the GPI and GP crystals cannot account for
these compounds not forming solid solutions through-
out the whole component concentration range. Indeed,
the BP—BA system, whose components differ in chain
orientation relative to the twofold axis, does form solid
solutions. The phase diagram of this system drawn ver-
sus component concentration is separated into two
parts, within one of which the structure of the mixed
crystals is of the BA type and in the other, of the BP
type[1, 4].

The sharp jump in the dielectric constant and tand

of GPI-GP crystals observed at various frequencies
during the first cooling occurs at the same temperature
of 240 K, below which the dielectric constant and tand
reveal strong dispersion (Fig. 2). This suggests long
polarization relaxation times at this phase transition.
Theirreversible character of thistransition indicatesthe
formation of a metastable state during the crystal
growth; in this state, the large glycine molecules that
are associated with the impurity complex apparently
enter sites corresponding to arelative rather than abso-
[ute minimum of energy. As the temperature decreases,
the relative minimum becomes energetically unfavor-
able to the point where the system undergoes an irre-
versible first-order phase transition to an energetically
preferable state, where it remains thereafter.

Studies of the acoustic properties of GPI and GPI +
2 mol % GP crystals reveal that introducing an admix-
ture to glycine phosphite changes the character of the
velocity anomalies in the region of the ferroelectric
phase transition only. The absolute values of the longi-
tudinal-wave velocity measured in different crystallo-
graphic directions and the temperature-induced varia-
tions in the velocity above and below the phase transi-
tion remain practicaly the same in both crystals.
Admixture of GP to GPI was shown [7] to result in the
appearance of a pyroelectric current along the Y axis
even at room temperature, whichisobviously dueto the
presence of a macroscopic polarization P, || Y in the
crystal. It may be assumed that the variations in the
acoustic anomalies near the ferroelectric phase transi-
tion observed when 2 mol % GP are introduced into
GPI originate from the existence of the macroscopic
polarization P;,.. The crystal symmetry lowers to point
group 2 (C,) inthis case.

The acoustic anomalies observed at the ferroelectric
phase transition in pure GPl crystals were quantita-
tively described within the framework of a
pseudoproper model of ferroelectric phase transition,
which includes long-range dipole—dipole interaction
for longitudinal waves propagating along the polar axis
[9]. The good agreement between the experimental and
theoretical relations suggests that the phase transition
occurs practically at the tricritical point and that the
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€l ectrogtriction tensor component d.,,, (which accounts
for the acoustic anomaly aong the polar axis) is substan-
tially larger than the other components of this tensor.

To describe the influence the polarization P, exerts
on the macroscopic crystal properties, we use the
model of a pseudoproper ferroelectric phase transition
[11] (employed in [9] to account for the properties of
GPI crystals) and modify it to include the presence of
polarization P,,. In this model, the thermodynamic
potential iswrittenin theform (here, the tensor notation
is dropped)

1 1 1
F = 5an”+2Bn"+Zyn’+ hn(P—Py)
1 2 2o, 1 P 22 @)
+§;(;P +dn S+§c0 +9gn°S -PE,
wherea = A(T-Ty); B> 0; n isanonpolar order param-
eter transforming according to the same irreducible
transformation as polarization P; histhe coupling coef-
ficient between the order parametersn and P; X, and ¢,

are the background dielectric susceptibility and elastic
modulus, respectively; and Sis strain.

We reduce thermodynamic potential (1) to adimen-

sionless form,
B* qgdt [aTast

1 ATl 2 C+ 2
+2 ATS +(£w—1)ATq(p_pmt) ( )

+1. C+ 2
2(e—1ATP

f = 1tq2

BRI s

wheret = (T — T.)/AT is the reduced temperature, AT =
(B*)?/4\y determines the closeness of the second-order
phase transition to the tricritical point, B* = 3 — 2d?%/c, >
0, C, = 412X ¢ /A isthe Curie-Weiss constant, and €,, =
41y, + 1 is the background dielectric constant. The
parameters AT, = d¥/ c§ Ayand G = cg Y/g?A define the
striction coupling and the biquadratic (in order param-
gter and strain) interaction, respectively; f =
FBYI(B*)), & = n(2yIB*), p? = PA2yIB*H?Xo), s =
S(2yc,/B*d), and e = E(./2y/h./B* ).

The equilibrium values of the order parameters g and
p are defined by the conditions df/dq = df/dp = df/ds=0

(disregarding the invariant ¢°s?). From here, one
obtains the relations

p=e-q, s=-q 3)
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Table2. Parameters AT, = d¥coly and G = coy/g?A
describing the contributions from striction energy (dn2S) and
from the energy that is quadratic in order parameter and
strain (gn?s) to the velocity anomalies of longitudinal

acoustic waves propagating along the Y, X, and Z axes of the
GPI and GPI-GP crystals

GHI Secondorder ph
i . _ ond-order phase
Direc- Tricritical point (AT =0) transition (AT = 0.01 K)
tion
ATy, G, JBT,, VG,
KJJZ 103 Kll KZUZ 103 K]JZ
Y 0.29 0.27 0.25 0.29
X 0.10 1.10 0.074 2.27
z 0.12 0.83 0.068 0.71
and the equation of state
C., N 3.5
—_——q+2q +
. (e.—natd e4*d
4)

+ (800 _ 1)AT(e plnt) 0

Therelation for the dielectric constant derived from
Egs. (3), aswell asthe expression for the rel ative veloc-
ity changes induced by the striction coupling of the
order parameter to strain (using the equation of Tho-
mas-Slonczewski [12] with due account of the relax-
ation factor), which is derived from Egs. (2) and (3),
can be cast as

C.
€=¢,t - > it ©)
(T-T¥)+6ATq +5ATq
AVIV
_ 2, /AT,ATq
(T-T:)+6MAT+ % AT.ATHY +5ATg" (6)
1
1+’

X

In the case of longitudinal waves propagating along
the Y polar axis, EQ. (6) can be transformed to the fol-
lowing form by taking into account the long-range
dipole—dipole interaction:

AV/IV
_ 2, /AT, ATG
(T—T:)+6MAT+ % AT,ATHG® +5ATq" + S—

1 (7)

2_2!
l+wT

X
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where TY =T, + C,/(g.,, — 1) is the ferroelectric phase
transition temperature, w is the circular frequency of
the acoustic wave, and T = 1,/(0%/0¢?).

The static contribution to the temperature-induced
velocity variation coming from the biquadratic interac-
tion of the order parameter with strain can be written as

AVIV = JE—GT 9. (8)

To describe the temperature-induced variations of the
dielectric constant and acoustic wave velocity, we sub-
stitute the equilibrium values of the order parameter g
obtained numerically from Eq. (4) into Egs. (5)—(8).
Figure 4 plots the temperature dependences of the
velocity of longitudinal waves propagating both along
the X and Z crystallographic axes and parallel to the Y
polar axis; these dependences were calculated from
Egs. (6)—(8). The equilibrium values of the order
parameter g were obtained numerically from the equa-
tion of state (4) assuming no external biasfield (e = 0)
and a constant polarization p;,, which was a fitting
parameter. The values of the other parameters, AT, and
G, turned out to be close to those abtained for pure GPI
crystals (Table 2). Thevaluesof T = 215K and of the
ratio C,/e,, = 20 K for GPI-GP crystals were deter-
mined from the temperature dependences of the dielec-
tric constant measured in the presence of an external
electric field compensating for the polarization pi, [7].
The experimental curves are fitted well by theoretical
relations with these parameters for longitudinal waves
propagating both along the Y polar axis, where the
long-range dipole—dipol e interaction was included, and
inthe X and Z directions perpendicular to the polar axis.
The temperatures of the velocity minima are direction-
dependent, because the el ectrostriction coefficients and
the velocity component that is biquadratic in order
parameter and strain are anisotropic and because the
long-range dipole—dipole interaction is included for
longitudinal waves moving along the axis of spontane-
ous polarization. Above the ferroelectric phase transi-
tion point, the cal cul ations made for longitudinal waves
propagating along the X axis in the range 240-220 K
disagree markedly with experiment. The experimental
values of the velocity were found to be smaller than the
predicted figures. Note that the temperature at which
this disagreement is observed coincides with that of the
irreversible first-order phase transition.

The values of the parameters AT, AT, and G for the
GPI and GPI-GP crystalsarelisted in Table 2. It is seen
that the ferroelectric phase transition in GPI-GP
remains very close to the tricritical point and that the
AT, and G parameters are close to those for the pure
GPI crystal. Theferroelectric phase transition tempera-

tures(T; 0224K in GPI and 0215K in GPI-GP) and

the dielectric parameters of the crystals, namely, the
ratio of the Curie-Weiss constant to the background
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Fig. 5. Temperature dependences (a) of the pyroel ectric cur-
rent | = d(p—pjn)0T calculated assuming linear variation of

the polarization p;,,; and using the temperature dependences

of the equilibrium spontaneous polarization p as derived
from Eq. (4) and (b) of the dielectric constant €, along the

polar axis calculated from Eq. (5) for an external bias field
(1) E=0, (2 E |l -pin and (3) E || pint:

dielectric constant C, /e, are different (C, /e, = 28 K
for GPI and 20 K for GPI-GP).

The acoustic properties of the crystal were consid-
ered above assuming the polarization p;,, to be constant.
The polarization p;, is, however, temperature-depen-
dent, which accounts for the appearance of a pyroelec-
tric current [ 7] even near room temperature; this current
grows dlightly with decreasing temperature and
reverses sign at the onset of spontaneous polarization p
near the phase transition. Let us assume that p;,; varies
with decreasing temperature approximately linearly,
which corresponds to a constant pyroelectric current
under temperature variation for T > T.. As reported in
[7], the piezoelectric effect near room temperature is
weak compared to that near the phase transition point;
therefore, we will assume p;,,; to be zero at room tem-
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perature and will find p;; in the interval near the phase
transition by looking for the best fit of the theoretical
curvesto experimental temperature dependences of the
velocity of longitudinal waves propagating in three
crystallographic directions. Anaysis shows that the
temperature dependence of the velocity calculated
under the assumption of constant p,; (Fig. 4) practically
coincides with the relations obtained assuming a linear
growth of p;, with decreasing temperature, provided the
value of py,, a the phase transition point (about 220 K) is
approximately equal to that found assuming the polariza-
tion p;; to be constant. The ratio of the spontaneous
polarization pto p,, calculated for 160 K assuming alin-
ear dependence of p;,, on temperatureis p/p;; = 3, which
agrees with the experimental dataquotedin[7].

Figure 5a displays the temperature dependences of
the pyroelectric current | = d(p — p,,)0T in arbitrary
units calculated under the assumption of alinear varia-
tion of the polarization p;,, and by using the calculated
temperature dependences of equilibrium spontaneous
polarization p. Figure 5b plots the temperature depen-
dences of the dielectric constant €, along the polar axis,
calculated from Eq. (5) for the cases of both zero exter-
nal bias and a nonzero bias field compensating for the
polarization p;, or enhancing it. The theoretical d(p —
Pi)0T and €,(T) relations are in agreement with the
experimental datareportedin[7].

4. CONCLUSIONS

Our studies have shown that the acoustic anomalies
observed in the GPI-GP crystals can be approximated
well inthe model of a pseudoproper ferroel ectric phase
transition if one includes the polarization p;,, which
brings about broadening of the phase transition and,
hence, of the acoustic and dielectric anomalies. Intro-
duction of the impurity manifests itself in a change in
the phase transition temperature T, and in the dielectric
parameters of the crystal, namely, the Curie-Weiss con-
stant and the background dielectric constant. The ferro-
electric phase transition remains very close to the tric-
ritical point. The parameters describing striction inter-
action in GPI-GP are close to those observed in
nominaly pure GPI crystals. The model under consid-
eration, in which the macroscopic polarization p;,, and
its temperature dependence are taken into account, also
allows satisfactory description of the temperature
dependence of the dielectric constant in an externa
field and of the pyroelectric response in GPI-GP crys-
tals.
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Abstract—The structure of a new alotropic form of carbon [C,g],, having a simple cubic lattice and space

group Pm 3 isproposed. The geometrical parameters of the building block of such ahypothetic crystal are pre-
liminarily determined from DFT—PBE calculations of the cluster Cg@(C,g)g and the polyhedral hydrocarbon
molecule Cg@(CyoH13)s, in Which the centers of the cubic clusters Cg coincide with the centers of the cluster
C@(Cyp)g and of the molecule Cg@(CyoH13)s, respectively, and dodecahedral C,, carbon cages are located at
the vertices of a cube. The energy of dissociation of the cluster Cg@(C,p)g into a cubic cluster Cg and eight
dodecahedral clusters C, is calculated to be 1482 kcal/mol, and the energy of each Cg—C,q bond is equal to
74.2 kcal/mol. The structure of the [Cyg],, crystal is refined using the DFT—-PBE96/FLAPW method and opti-
mized geometry. Calculations show that the crystal is a dielectric with an energy gap of 3.3 €V. The lattice
parameter a of the crystal is equal to 5.6 A, and its density is 3.0 g/cm?®. The possible existence of analogous
alotropic forms of elements Si and Geisdiscussed. A method is proposed for designing a hypothetic allotropic

form [Cyg],, from C,q(CH3)g molecules with Ty, symmetry. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The possible existence of an infinite number of car-
bon crystalline modifications was first theoretically
grounded in review [1], which generalized earlier
works dealing with the construction of new periodic
forms of carbon and prediction of their properties [2—
7]. According to [1] (see aso [8-10]), different forms
of carbon can consist of isolated carbon chains, joined
carbon chains, polyhedral carbon clusters (fullerenes),
fragments of graphite layers rolled into cylindrical
structures (tubulenes), etc. These theoretical conclu-
sions have been supported by the experimental synthe-
sis of polyhedral carbon clusters, their polymer forms,
tubular graphite forms, etc. [9].

In polymeric forms of fullerenes, monomers are
linked by four-membered cycles, which areformed asa
result of [2 + 2] cycloaddition aong two double bonds
of neighboring fullerenes. The Cg, fullerene has six
such bonds, whose centers are located at the vertices of
an octahedron. Therefore, Cg, fullerenes can form
guasi-one-dimensional, quasi-two-dimensional, and
three-dimensional structures. In particular, structures
with asimple cubic lattice can form.

Fullerene C,, was synthesized in 2000 [11] by a
purely chemical method, but its derivatives C,oH,q and
C,oH sMe,—hydrocarbon molecules with a dodecahe-
dral carbon cage [12, 13]—were produced well before

the discovery of fullerenes. Like fullerene Cg,, the
dodecahedral C,, fullerene formally contains six C-C
bonds, whose centers are located at the vertices of an
octahedron. In Fig. 1, the atomsinvolved in these bonds
are represented by gray balls. Therefore, like fullerene
Cen, the Cy fullerene can be used to construct quasi-
one-dimensional, quasi-two-dimensional, and three-
dimensional structures in which two neighboring clus-
tersare linked by four-membered cycles.

Fig. 1. Fullerene C,: black balls are atoms located at the
vertices of a cube; the C-C bonds along which [2 + 2]
cycloaddition of the same fullerenes can occur are parallel
to the cube faces. The coordinate axes are directed from the
cube center through the midpoints of these bonds.

1063-7834/05/4701-0191$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. Hypothetic structure of the [Cyq] , crystal (structure 1).

This method for modeling new forms of carbon hav-
ing a ssmple cubic lattice was used in [14, 15]. The
authors of [14] constructed two structures [C,g],, with a
simple cubic lattice (Fig. 2).! Structure 1 was calcu-
lated using LDA and incompletely optimized geometry
(the lattice parameter was fixed) and contains eight car-
bon atoms per fullerene with formal sp? hybridization
in addition to saturated carbon atoms. The former
atoms are radical centers located at the vertices of a
cube. The second structure was calculated using com-
pletely optimized geometry, and it was found that the
fullerene bonds involved in the formation of the four-
corner cycles that link two neighboring fullerenes are
broken. Asaresult, all the atoms of crystal 1' turned out
to have formal sp? hybridization. Therefore, this crystal
should have metallic properties. The possible existence
of two extrafullerene C,—based crystal structures hav-
ing denser (orthorhombic and tetragonal) packing was
theoretically grounded in [15]. In these structures, only
four atomsin each monomer are three-coordinated and
therest of the atoms are four-coordinated. In thiswork,
we disclosed a modification [Cyg],, (2) of carbon crys-
talline form 1 consisting of saturated carbon atoms
only.

Lstructure 1' is not shown in Fig. 2, since the only difference
between it and structure 1 is that the bonds in the four-membered
cycles belonging to fullerenes are broken. All atoms in structure
1" have sp? hybridization.

CHISTYAKOV et al.

2. SSIMULATION PROCEDURE

Loca energy minima in the potential-energy sur-
faces of the clusters under study were calculated using
completely optimized geometry by the DFT method
with a Perdew—Burke—Ernzerhof exchange-correlation
potential [16] (DFT-PBE), two-exponent DZ bases,
and the PRIRODA computer program [17]. The geom-
etry was optimized using the BFGS algorithm [18]. The
total energies of the systems described above were aso
estimated with inclusion of zero-point nuclear energies.
The character of the sationary points found was
checked by analyzing the spectrum of the Hessian
matrix. Crystal 2 was calculated by the full-potential
linear augmented-plane-wave (FLAPW) method [19]
using the WIEN2K computer program [20] with com-
plete geometry optimization. Electron-correlation
effects were taken into account in terms of the density
functional theory (PBE96 functional). The basis set
used for the calculations contained 7524 linearized
plane waves and nine Gaussian functions; the muffin-
tin sphere radius of a carbon atom was 0.72 A, and the
independent portion of the Brillouin zone was approxi-
mated using 76 k points.

3. RESULTS AND DISCUSSION
3.1. [Cyg],, Crystal

A comprehensive analysis of structure 1 showed that
this crystal had voids 5.76 A in diameter, which can
accommodate cubic Cg carbon clusters. Each atomin a
Cg cluster has a covalent bond to one of the eight
dodecahedral clusters located at the vertices of a cube,
which, combined with one of the C,, fullerenes, forms
aunit cell of structure 1. The [C,g] , carbon crystal mod-
ification 2 (Fig. 3) consists only of saturated four-coor-
dinated carbon atoms.? To estimate the possible exist-
ence of carbon crystal modification 2, we first per-
formed DFT-PBE caculations with complete
geometry optimization of the Cs@(C,)s Cluster (Fig. 4,
structure 2a). This cluster consists of eight dodecahe-
dral C,, fullerenes, which are located at the vertices of
the cube described above and are linked by the four-
membered cycles, and of a cubic cluster Cg located
inside this cube. We introduce the symbol @ in order to
distinguish the designations of the system under analy-
sis from the notation that uses the symbol @ for
endohedral fullerene complexes.

Calculations performed for cluster Cg showed that
there is a local minimum corresponding to a cubic
structure. The energy of dissociation of cluster 2a into
acubic cluster Cg and eight clusters C, is calculated to
be 1482 kcal/mol, and the binding energy between a

PHYSICS OF THE SOLID STATE  Vol. 47

2 The proposed new alotropic form is called cubeful20, since it is
constructed from cubic fragments Cg and fullerenes Cy,.

No.1 2005



A NEW ALLOTROPIC FORM OF CARBON

Fig. 3. Structure of [Xyg], crystals (X = C, Si, Ge). The
atoms of fragments Xg are represented by gray balls.

cluster Cg and acluster [C,]gis593 kcal/mol. Thus, the
introduction of cubic cluster Cg into the void in cluster
la is energetically favorable. Each C,;—Cg bond is
1.456-A long, and its energy is [E(Cg) + E(la) —
E(2a)]/8 = 74.2 kcal/mol (here, E(X) is the energy of
particle X). The formation of the C,—Cg bonds is
accompanied by elongation of the bonds in the cube
(from 1.482 to 1.533 A) and of the neighboring bonds
in the C,, fragment (from 1.508 to 1.572 A). However,
the C,, fullerene bonds involved in [2 + 2] cycloaddi-
tion shorten from 1.603 to 1.592 A. The atomization
energy per aom of cluster 2a is equa to
212.4 kcal/mol, which is higher than that in cluster 1a
(210.6 kcal/mol) and in fullerene C,, (205.0 kcal/mol)
but lower than that in fullerene Cgq, (223.0 kcal/moal).
The C-C bond lengths in the four-membered cycles
linking two adjacent fullerenes are 1.58 A (for the bond
between atoms of the same fullerene) and 1.59 A (for
the bond between monomers). The Cg—C,, bond length
between the atoms of the cubic cluster and the corre-
sponding dodecahedron is 1.48 A.

Since crysta 2 consists only of sp3-hybridized
atoms, we attached hydrogen atoms to unsaturated
(three-coordinated) carbon atoms located on the exter-
nal side of cluster 2a to form a hydrocarbon molecule
Cs@(CyH;3)g in order to determine the geometrical

193

Fig. 4. Hypothetical structures: (a) cluster Cg@[Coolg
(structure 2a), (b) hydrocarbon molecule Cg@[CooH13lg
(structure 2b), and (c) building block C,—Cg of crystal 2
(structure 2c).
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Table 1. Geometrical parameters of crystal 2 calculated by the DFT-PBE96/FL APW method

Bond lengths in fragment Cy:

the six (C3-C4) bonds between the monomers are 1.565-A long;

the other 24 (C2—C4) bonds are 1.553-A long.
(C1-CY') bond lengthsin fragment Cg:
al 12 bonds are 1.596-A long.

C1-C2=C(Cyp0)—C(Cg) = 1.456 A

C3-C3'=C(C,)—C(Cy0) = 1535 A
Tx=Ty=Tz= 5.60,5?

Note: Atom numbering is given in structure 2b (Fig. 4); Tx, Ty, and Tz are the spatia periods along the corresponding coordinate axes.

parameters of the building block of the crystal lattice
more exactly (Fig. 4, structure 2b). The geometric
parameters of this molecule are given in Table 1. It is
seen that the C4—C, bond length is shorter and the Cy—
C,, bond length is longer than the respective lengths in
cluster 2a. Moreover, thelength of C3—C4 bonds (Fig. 4)
involved in [2 + 2] cycloaddition decreases. Theradical
(CxH13)s (1b) is also stable, and the Cg—C, binding
energy in molecule 2b, which was caculated as
[E(Cg) + E(1b) — E(2b)]/8, is equal to 82.1 kcal/moal.
The structure of the building block C,,—Cg (2¢) of crys-
tal 2isshowninFig. 4.

In order to estimate the structure of covalent crystal 2
and its electrical properties more accurately, we per-
formed FLAPW calculations with geometry optimiza-
tion. Analysis of the calculated geometrical parameters
of crystal 2 shows that they are close to those given in
Table 1. Thiscrystal is cubic (a=5.7 A) and belongsto

space group Pm3. Thetotal number of atomsin the unit
cell is 28, the number of independent atomsis equal to
3(C1, C2, C3; seeFig. 4, structure 2¢), and the packing
density of the crystal is 3.0 g/lcmd. Asfollows from the
calculated density of states (Fig. 5), the electronic spec-
trum of the crystal has an energy gap of 3.3 eV, which
indicatesthat crystal 2 isan insulator. The high density
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Fig. 5. Tota density of states determined by the DFT—
PBE96/FLAPW (full-potential linear augmented-plane-
wave) method.

PHYSICS OF THE SOLID STATE Vol. 47

of states near the valence band top is due to the p elec-
trons of the atoms in a cubic fragment Cg (Fig. 6).

3.2. Possible Method for Designing the Cubeful 20
Sructure and Quasi-One- and Quasi-Two-
Dimensional Polymers Based on the Derivates
C(CRy)g of Fullerene Cy

A rich variety of derivatives of fullerene C,, have
been synthesized, among them the n? complexes of
transition metals [12, 13, 21]. Apparently, Cyy(CRy)g-
type molecules with T, symmetry in which methyl
groups or their derivatives CR; are added to the Cy,
fullerene atoms|ocated at the vertices of the cube (Fig. 1,
black balls) can aso be synthesized.

We propose a qualitative approach to illustrate one
possible way to form and grow quasi-one-dimensional,
guasi-two-dimensional, and three-dimensional struc-
tures using C,5(CR3)g molecules. For the sake of sim-
plicity, we consider the case where R = H. It was found
that the molecule C,5(CHJ)g is stable and its ground
stateisasinglet (Fig. 7). The C—C bondsthat are paral-
lel to the faces of the cube can be used to form four-
membered cycles linking neighboring fullerenes as a
result of [2 + 2] cycloaddition reactions. We choose a
Cartesian coordinate system with its origin at the cen-
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Fig. 6. Partial density of statesof p electronsin fragment Cg.
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ter of symmetry of the dodecahedron and the coordi-
nate axes passing through the midpoints of these
bonds (Fig. 7).

When two molecules 3 approach each other along
the x axis and have an appropriate orientation, their
interaction can result in cage molecule 4 with D, sym-
metry (Fig. 8). The left- and right-hand parts of this
molecule are linked by six C—C bonds intersecting the
x=y plane. Two of them, C20-C21 and C9—C22, can be
interpreted as resulting from [2 + 2] cycloaddition. The
other four bonds (C55-C56, C50-C53, C52—C51,
C49-C54) result from the interaction of methyl groups.
This interaction brings about the formation of four
bridging bonds -CH,—CH,— or -CH=CH- and the sep-
aration of eight and sixteen H radicals, respectively,
which can form four or eight H, molecules. Hereafter,
we assume that only the latter case is realized under
certain conditions (high temperature, high pressure,
and the presence of a catalyst). The right- and left-hand
parts of the lateral surface of molecule 4, which is
approximately parallelepiped-shaped, have the same
atomic structure as the left and right parts of the lateral
surface of molecule 3. Therefore, if molecules 3 and 4
approach each other along the x axis and have an appro-
priate orientation, their interaction can result in a cage
molecule (C,g)3(CH3)g(CH,), of Dy, symmetry with
the symmetry axis coinciding with the x axis. When this
interaction occurs, eight H, molecules are separated.
This procedure of molecule growth along the x axis can
continue infinitely. As a result, we have a quasi-one-
dimensional periodic [C,4H,],, Structure translationally
symmetric along the x axis. The spatial period is esti-
mated to be =5.64 A.

Let us consider other schemes of assembling poly-
meric molecule 3-based structures, which make it pos-
sible to form either hydrocarbon quasi-two-dimen-
sional periodic structures or crystalline carbon modifi-
cation 2.

When two molecules 4 approach each other along
the y axis and have an appropriate orientation (in this
case, it is convenient to place the origin of coordinates
at the center of symmetry of molecule 4), their interac-
tion canresultinamolecule5 (Fig. 9), which isaderiv-
ative of oligomer (C,), with monomers located at the
vertices of a square. In this system, two fragments of
molecule 4 are linked by two four-membered cycles,
C16-C17-C75-C74 and C32-C34-C91-C89, formed
through [2 + 2] cycloaddition and two cyclobutane-type
four-membered cycles resulting from the interaction of
bridging bonds -CH=CH-. In this case, eight H, mole-
cules are separated. Similarly, another molecule 4 can
be added to molecule 5, and so on. The oligomers and
polymers thus assembled can serve as a basis for
assembling quasi-two-dimensional periodic structures
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Fig. 7. Structure of molecule 3 with T;, symmetry.
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Fig. 9. Structure 5 with Dy}, symmetry.
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[Cy6H4],, having asquare lattice with alattice parameter
of =5.66 A.

We now explain how crystal 2 can be assembled.
Molecule 5 has the shape of an oblate rectangular par-
allelepiped with a square base. The atomic structure of
the top and bottom parts of the lateral surfaces of mol-
ecule 5 consists of four methyl groups, four —-C—C—
bonds of sp® carbon atoms, four bridging groups
—CH=CH-, and one cyclobutane-type four-membered
cycle. If the orientation of two molecules 5 approach-
ing each other along the z axis is appropriate, their
interaction can bring about the formation of a mole-
cule 6 (Fig. 10). In this case, twelve hydrogen mole-
cules are separated and 24 C—C bonds form. These are
the bonds that intersect the equatorial plane of the
formed molecule: eight bonds of the C9-C42 type
between the monomers; four bonds of the C161-C168
type, which complete the formation of the cubic central
fragment Cg; four double bonds of the C200=C206 and

Table 2. Geometrical parameters of the building blocks
Xag@(Xo0H13)g (the numbering is givenin Fig. 4)

CHISTYAKOV et al.

Fig. 11. Structure 7 with Doy, symmetry.

C214=C215 type; and eight single bonds in fragments
HC-CH (e.g., C212-C213). Molecule 6 contains a
cubic cluster Cg, each of whose atoms is linked to a
dodecahedron. This cluster results from the interaction
of two cyclobutane-type four-membered cycles. This
procedure can continue infinitely. As aresult, a quasi-
one-dimensional system trangdlationally invariant with
respect to the zaxisisformed. By assembling molecule
3-based molecular systems along different directions
of the coordinate axes simultaneously, we can produce
crystal 2.

To estimate the energetics of theinitial stages of the
procedures described above, we calculated the heats of
the following reactions:

3+3— 4+8H,, (1
4+4 —5+8H,, (2
5+5— 6+ 12H,. 3

of [Xyg], crystals obtained from calculations of molecules

Basic parameters Additional parameters
Element X
1-2 2-3 1-2-3 a 33 -1 34
C 1454 1.566 110.2 5.695-5.732 1.614 1.533 1.561-1.562
Si 2.307-2.308 | 2.386-2.388 | 107.9-108.1 | 8.802-8.808 | 2.420-2.443 | 2.370-2.371 | 2.400-2.402
Ge 2412 2.505 108.1-108.2 | 9.226-9.245 | 2.568-2.570 | 2.489-2.490 | 2.513-2.514
Note: The bond lengths are in angstroms, and the bond angles, in degrees.
PHYSICS OF THE SOLID STATE Vol. 47 No.1 2005
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Fig. 12. Structure 8 with D5, symmetry and building block
8a of crystal 1'.

Thefirst reaction isfound to be endothermic and to occur
with heat absorption (=102 kcal/mol). Reactions (2) and
(3) are exothermic and should be accompanied by a
release of 18 and 57 kcal/mol, respectively.

Note that the presence of cubic clustersin crystal 2
makes it possible to conserve the fullerene structure of
clusters C,, which is seen from comparing calculations
of molecule 7 (Fig. 11) and oligomer (Cyy); (Fig. 12,
structure 8). In molecule 7, eight H,C,g fragments, each
of which contains a cubic cluster Cg, hinder rupture of
the C—C bonds involved in [2 + 2] cycloaddition. In oli-
gomer 8, such bonds are broken. The central fragment
Cyx (Fig. 12, structure 8a) ceasesto beafullerene, and its
geometry characterizes the building block of crystal 1'.

Thus, we have described a possible method of
assembling quasi-one-dimensional, quasi-two-dimen-
sional, and three-dimensional periodic structures based
on octamethy!l dodecahedron C,,(CHs)g and its deriva-
tives C,o(CR;)g. However, realization of this method
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requires special conditions, such as a high temperature,
a high pressure, and, presumably, a catalyst. Note that
the synthesis conditions can depend substantially on the
nature of the substituent R and the strength of the C-R
bond. For example, it is wise to take R = Br, since the
C-Br bond is relatively weak. A similar approach was
applied to synthesize a C,, cluster, which was formed
from molecules C,,HBr,; and C,,HBr4 as a result of
their debromation and dehydration [21].

4. CONCLUSIONS

We note that allotropic forms similar to crystal 2
should also exist for other Group IV elements (e.g., S,
Ge). To determine the geometry of the building blocks
of such crystals (Fig. 3), we caculated clusters
Xg@(X50)s and polyhedral molecules Xg@(X50H13)g
(X =9, Ge) (their structures are anal ogousto structures
2aand 2b inFig. 4). The cal culated geometrical param-
eters of crystals[Si,g],, and [Geyg],, are givenin Table 2.
The calculated densities of these crystals are 1.92 and
4.33 g/cm?, respectively. Studying the electronic struc-
tures of such systems in the PBE96/FLAPW approxi-
mation requires large computational resources, which
are not currently available to us.

The results obtained were reported on the 2nd Inter-
national Conference “Carbon: Fundamental Problems
of Science, Materials Science, and Technology” [22].
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Abstract—This paper reports on the results of investigations into the photoel ectric properties and el ectrolumi-
nescence of p—i—n diodes based on GeSi/Si heterostructures with GeSi self-assembled nanoclusters embedded
in thei region. The p—i—n diodes are grown through sublimation molecular-beam epitaxy using a vapor-phase
source of germanium. The photovoltage spectra of the p—i— diodes measured at atemperature of 300 K exhibit
a photosensitivity band attributed to interband optical transitions in the GeSi nanoclusters. A new approach to
analyzing the photosensitivity spectra of the heterostructures containing GeSi thin layers is proposed, and the
energy at the edge of the photosensitivity bands assigned to theselayersis determined. The el ectroluminescence
observed in the p—i—n diodes at 77 K is associated with the radiative interband optical transitionsin GeSi nan-

oclusters. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Over the last ten years, GeSi/Si heterostructures
with nanoclusters prepared using self-assembled
growth methods have been a subject of intensive study
in the field of physics and the engineering of semicon-
ductors [1]. The considerable interest expressed by
researchers in these heterostructures stems from the
possibility of designing integrated optoelectronic
devices on the basis of silicon technology (for example,
light-emitting diodes operating in the wavelength range
1.3-2.0 um, whichisof great practical importance) and
prospective injection lasers [2]. Another important
branch of research, namely, investigation into the pho-
toconductivity of GeSi structures in the wavelength
range 1-2 um, is aimed at extending the spectral range
of operation of silicon-based photodetectors to the
infrared range.

As arule, GeSi/Si heterostructures with GeSi self-
assembl ed nanoclusters have been grown by molecular-
beam epitaxy [3]. In the present work, we investigated
the photoel ectric properties and el ectroluminescence of
p—i—n diodes based on GeSi/Si heterostructures with
GeS self-assembled nanoclusters that were grown
through sublimation molecular-beam epitaxy using a
vapor-phase source of germanium [4].

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

In our experiments, we used three types of samples
grown on Si(001) substrates (KDB-0.005). The deposi-
tion of silicon layers in samples of al three types was
performed with a sublimation source as follows. First,
a 0.6-um-thick p*-Si layer doped with boron at a con-
centration of ~10'® cm™ was grown on the substrate.
Second, a 0.8-pum-thick n-Si layer lightly doped with
phosphorus at aconcentration of ~10% cm was depos-
ited on the first layer. Third, a 0.2-um-thick n*-Si layer
with adonor concentration of ~10' cm= was grown on
the second layer. In samples of the first type, a GeSi
structure with agermanium layer whose nominal thick-
ness was equal to 20 nm was embedded in the central
region of the n-Si base layer. In order to provide depo-
sition of germanium, GeH, was allowed to bleed into
the growth chamber through a leak until the partial
pressure of 5 x 10° Torr was reached. The substrate
temperature during deposition of germanium was equal
to 800°C. The other layers of the heterostructure were
grown at a temperature of 600°C. Samples of the sec-
ond type consisted of p—i—n structuresthat had the same
parameters of the silicon layers but were prepared with-
out deposition of germanium. These structures served
as references samples. Examination of the morphol ogy
and composition of the nanoclusters was performed
using samples of the third type with surface nanoclus-
ters. In this case, germanium was deposited on the sur-

1063-7834/05/4701-0022$26.00 © 2005 Pleiades Publishing, Inc.
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face of a0.5-um-thick heavily doped (~10%® cm) p*-Si
buffer layer under conditionsidentical to those used for
the deposition of germanium in the p—i—n structures.

The surface morphology of the samples of the third
type was examined with a TopoMetrix® TMX-2100
Accurex™ atomic force microscope (AFM) operating
in a contact mode in air. The composition of the self-
assembled nanoclusters was studied using scanning
Auger microscopy on an Omicron®MultiProbe S™
ultrahigh-vacuum apparatus. The electron probe diam-
eter was approximately equal to 10 nm, the electron
energy was 25 keV, and the electron beam current was
10 nA. The Auger spectra were recorded on a hemi-
spherical energy analyzer. Since the samples were
exposed to atmospheric air during transfer from the
growth apparatus to the scanning Auger microscope,
the sample surface was covered with an oxide layer
~2 nm thick. Prior to examination with the scanning
Auger microscope, the surface oxide was removed by
etching with Ar* ions (ion energy, 1 keV; ion beam cur-
rent, 5 yA; beam diameter, 18 mm). Complete removal
of the oxide from the surface of the structure was
judged from the absence of the oxygen linein the Auger
spectrum of the samples.

The p—i—n structures were used to produce mesa
photodiodes (mesa diameter, 250 um) with a window
150 um in diameter in the top contact. The photoelec-
tric properties of the photodiodes were investigated on
a KSVU-23 spectrometric complex using a standard
sel ective technique with modul ated excitation and lock-
in detection. In the experiments, we measured the spec-
tral dependence of the open-circuit photovoltage
Von(hv), which was then normalized to the spectral dis-
tribution of the intensity of the exciting light L,(hv).
As aresult, we obtained the photosensitivity spectra of
the p—i—n photodiodes S(hv) = V,(hv)/Lyn(hv).

The electroluminescence spectra of the diodes were
measured at temperatures of 77 and 300 K in a pulsed
mode. Theduration of current pulseswas egqual to 4 ms,
and the pulse-repetition frequency was 40 Hz. The
luminescence spectra were recorded using an InGaAs
photodetector with an MDR-23 monochromator.

3. RESULTS AND DISCUSSION

The AFM image of the GeSi/Si heterostructure with
surface nanoclustersisdisplayed in Fig. 1. This hetero-
structureis characterized by a system of self-assembled
nanoclusters with a surface density of ~10° cm™, a
height of ~120 nm, and a diameter of ~800 nm.

According to scanning Auger micrascopy, the com-
position of self-assembled nanoclusters correspondsto
a GeSi; _, solid solution. The germanium content in
the bulk of nanoclustersamountsto 30 + 5 at. %. Inthe
measurements with scanning Auger microscopy, the
electron probe was directed at a nanocluster vertex.
The high silicon content in the bulk of nanoclusterscan
be explained by the diffusion of silicon from the sub-
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Fig. 1. AFM image of the GeSi/Si heterostructure with sur-
face nanoclusters.
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Fig. 2. (8) Photosensitivity spectra of (1) the p—i—n diode
with GeSi self-assembled nanoclusters in the i region and
(I1) the p—i—n diode free of GeSi nanoclusters. (b) The same

spectrain the hv—SY2 coordinates. T = 300 K.

strate into the bulk of nanoclusters in the course of
growth [1].

The photosensitivity spectra of the p—i—n diodes
with GeSi self-assembled nanoclusters in the i region
and the spectra of the p—i—n diodes free of nanoclusters
at a temperature of 300 K are shown in Fig. 2a. The
photosensitivity edge of the p—i—n diode with GeSi self-
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Fig. 3. Electroluminescence spectra of (1) the p—i—n diode
with GeSi self-assembled nanoclusters in the i region and
(2) the p—i—n diode free of GeSi nanoclusters. T =77 K.

assembled nanoclusters (curve ) is shifted to the long-
wavelength range with respect to the photosensitivity
spectrum of the diode containing no GeSi nanoclusters
(curve 11). This shift is most likely associated with the
optical absorption in GeSi hanoclusters.

The spectral dependence of the photosensitivity of
p—n silicon-based junctionsin the vicinity of the funda-
mental optical absorption edge can be described by the
relationship [5]

a(hv)L,

R TG

1
where a(hv) is the spectral dependence of the funda-
mental absorption coefficient and L, is the diffusion
length of minority carriers (in our case, electrons). The
interband optical absorption coefficient of silicon near
the fundamental optical absorption edge is sufficiently
small; as a result, a large portion of light is absorbed
deep in the interior of the structure outside the p—n
junction. Therefore, the diffusion of minority carriers
from a quasi-neutral region (in which they are gener-
ated) to the p—n junction plays a significant role in the
mechanism of photovoltage.

In the case when the optical absorption occursin a
GeSi thin layer embedded in the p—n junction, charge
carriers are generated in thislayer, which can be treated
as a &-like source of electron—hole pairs. The diffusion
of minority carriers toward the p—n junction is absent;
hence, the photosensitivity can be considered to be pro-
portional to the absorption coefficient:

Su(hv) Oa(hv). @)

Therefore, the technique used for examining the
shape of the fundamental absorption edge can be
applied to the analysis of the photosensitivity spectra of
heterostructures containing self-assembled nanoclus-
ters. For phonon-assisted indirect optical transitions,
the spectral dependence a(hv) inthevicinity of the fun-
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damental optical absorption edge can be described by
the relationship [6]

a(hv) O (hv —AE, £ 4Q)?, ©)

where Q is the phonon energy. In the hv—aY2 coordi-
nates, the spectral dependence described by relation-
ship (3) isrepresented by two straight lines intersecting
the abscissa axis at the points AE, + 2Q and AE; — Q.
It can be seen from Fig. 2b that, in the hv—SY2 coordi-
nates, the edge of the photosensitivity band attributed to
the optical absorptionin GeSi self-assembled nanoclus-
tersis also represented by two straight lines. This cor-
responds to indirect optical transitions with absorption
and emission of phonons. On this basis, the energy of
the optical transition was determined to be E; = 0.94 eV
and the phonon energy was estimated as #Q = 46 meV.
The phonon energy thus obtained is dlightly less than
the energy of LO phononsin silicon (52.1 meV).

The electroluminescence spectrum of the p—i-n
diode with GeSi self-assembled nanoclusters in the i
region and the spectrum of the p—i—n diode free of nan-
oclustersat atemperature of 77 K aredepictedinFig. 3.
Both spectra contain a peak with the maximum at a
photon energy of ~1.07 eV due to phonon-assisted
interband optical transitionsin silicon. Spectrum 1 also
contains peaks with maxima at photon energies of
~1.02 and ~0.9 eV. These peaks are associated with the
optical transitions in GeSi self-assembled nanoclusters
(i.e., with the transitions reverse to transition 1 shown
in the inset to Fig. 2a) and with the transitions from the
conduction band of the material (silicon) surrounding
the self-assembled nanoclusters to the states of the
valence band in GeSi (i.e., with the transitions reverse
to transition 2 shown in the inset to Fig. 2a). Thisinfer-
ence was made from the results of calculating the opti-
cal transition energies in the nanoclusters according to
the model proposed by Aleshkin and Bekin [7]. Under
the assumption that both transitions occurring in the
GeSi self-assembled nanoclusters are phonon-assisted
optical transitions, the germanium fractionsin the nan-
oclusters were calcul ated to be 0.25 and 0.28 for transi-
tions 1 and 2, respectively. These results are in agree-
ment with the data obtained from scanning Auger
microscopy for the germanium content in nanoclusters.

The el ectrol uminescence associated with the germa-
nium and GeSi nanoclusters was observed earlier in
structures grown through molecular-beam epitaxy [8,
9]. The results obtained in the present work demon-
strate that the heterostructures with GeSi self-assem-
bled nanoclusters grown through sublimation molecu-
lar-beam epitaxy with a vapor-phase source of germa-
nium can aso exhibit electroluminescence. This
indicates that sublimation molecular-beam epitaxy can
be applied in practice to the growth of device structures
used in silicon optoelectronics.

As follows from the foregoing, the photosensitivity
band with an energy E, = 0.94 eV at the band edge
(Fig. 3) can be assigned to the interband optical transi-
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tioninthe GeSi self-assembled nanoclusters (transition 1
inthe inset to Fig. 2a) with due regard for the tempera-
ture shift. The photovoltage spectrado not exhibit pho-
tosensitivity bands attributed to transitions from states
of the valence band of the GeSi self-assembled nano-
clusters to the conduction band of silicon. Possibly,
these transitions do not manifest themselves against the
background of the photosensitivity band with an energy
Ep = 0.9 eV at the band edge at atemperature of 300 K
(shown by an arrow in Fig. 2a). These bands are
observed in the photovoltage spectra of both the diodes
containing GeSi self-assembled nanoclusters and the
diodes free of nanoclusters and, most likely, can be
associated with dislocations.

ACKNOWLEDGMENTS

Thiswork was supported by the Russian—American
program “Basic Research and Higher Education” of the
Ministry of Education of the Russian Federation and
the US Civilian Research and Devel opment Foundation
for the Independent States of the Former Soviet Union
(CRDF) (project no. REC-NN-001), the Russian Foun-
dation for Basic Research (project no. 03-02-17085),
and the Ministry of Education of the Russian Federa-
tion (project nos. E02-3.4-238, A03-2.9-473).

PHYSICS OF THE SOLID STATE Vol. 47 No. 1

2005

REFERENCES

1. Z. F. Krasil'nik and A. V. Novikov, Usp. Fiz. Nauk 170,
3(2000) [Phys. Usp. 43, 1 (2000)].

2. G. Abstreiter, P. Schittenhelm, C. Engel, E. Silveira,
A. Zrenner, D. Meertens, and W. Jager, Semicond. Sci.
Technol. 11, 1525 (1996).

3. O. P Pchelyakov, Yu. B. Bolkhovityanov, A. V. Dvurech-
enskii, L. V. Sokolov, A. |. Nikiforov, A. I. Yakimov, and
B. Voigtlénder, Fiz. Tekh. Poluprovodn. (St. Petersburg)
34 (11), 1281 (2000) [ Semiconductors 34, 1229 (2000)].

4. S. P Svetlov, V. G. Shengurov, V. Yu. Chalkov, Z. F. Kra-
sil'nik, B. A. Andreev, and Yu. N. Drozdov, 1zv. Ross.
Akad. Nauk, Ser. Fiz. 65 (2), 204 (2001).

5. L. P Pavlov, Methods for Determining the Basic Param-
eters of Semiconductor Materials (Vysshaya Shkola,
Moscow, 1975), p. 112 [in Russian].

6. V. P. Gribkovskii, The Theory of Emission and Absorp-
tion of Light in Semiconductors (Nauka i Tekhnika,
Minsk, 1975), p. 86 [in Russian].

7. V. Ya. Aleshkin and N. A. Bekin, Fiz. Tekh. Polupro-
vodn. (St. Petersburg) 31, 171 (1997) [Semiconductors
31, 132 (1997)].

8. M. Stoffel, U. Denker, and O. G. Schmidt, Appl. Phys.
Lett. 82, 3236 (2003).

9. R.Apetz, L. Vescan, C. Dieker, and H. Luth, Appl. Phys.
Lett. 66, 445 (1995).

Trandated by O. Borovik-Romanova



Physics of the Solid State, Vol. 47, No. 1, 2005, pp. 26-29. Translated from Fizika Tverdogo Tela, Vol. 47, No. 1, 2005, pp. 29-32.
Original Russian Text Copyright © 2005 by Vostokov, Drozdov, Krasil’ nik, Lobanov, Novikov, Yablonskiz, Stoffel, Denker, Schmidt, Gorbenko, Soshnikov.

PROCEEDINGS OF THE CONFERENCE

“NANOPHOTONICS 2004”
(Nizhni Novgorod, Russia, May 2-6, 2004)

| nfluence of a Predeposited Si; _,Ge, Layer on the Growth
of Self-Assembled SiGe/Si(001) Islands

N. V. Vostokov*, Yu. N. Drozdov*, Z. F. Krasil’'nik*, D. N. Lobanov*, A. V. Novikov*,
A. N. Yablonskii*, M. Stoffel**, U. Denker**, O. G. Schmidt***,
O. M. Gorbenko***, and |. P. Soshnikov***

* | nstitute of the Physics of Microstructures, Russian Academy of Sciences, Nizhni Novgorod, 603950 Russia
e-mail: dima@ipm.sci-nnov.ru
** Max-Planck-Institut fir Festkorperforschung, Suttgart, D-70569 Germany
*** | offe Physicotechnical Institute, Russian Academy of Sciences,
Poalitekhnicheskaya ul. 26, . Petersburg, 194021 Russia

**%* | ngtitute of Analytical Instrument Making, Russian Academy of Sciences,
Rizhskit pr. 26, . Petersburg, 190103 Russia

Abstract—The growth of self-assembled Ge(Si) isands on astrained Si; _,Ge, layer (0% < x < 20%) is stud-
ied. The size and the surface density of islands are found to increase with Ge content in the Si; _,Ge, layer. The
increased surface density isrelated to augmentation of the surface roughness after deposition of the SiGe layer.
The enlargement of islands is accounted for by the decrease of the wetting layer in thickness due to the addi-
tional elastic energy accumulated in the SiGe layer and to enhanced Si diffusion from the Si; _,Ge, layer into
theislands. The increase in the fraction of the surface occupied by islands leads to a greater order in theisland

arrangement. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Epitaxial self-assembled Ge nanosized islands on
Si(001) have been actively studied for over a decade.
The reason for this interest is that the Ge/Si(001) het-
eropair is a model system for studying the physics of
heteroepitaxial growth (see [1] and reference therein).
In addition, Geislandsin a Si matrix may be useful for
development of a new generation of electronic and
optoel ectronic devices.

Among the various parameters of island growth, the
surface density isthe most important for theintensity of
luminescence [2]. The surface density can be enhanced
by raising the Ge deposition rate or by reducing the
growth temperature, but in these cases the size of
islands would simultaneously decrease, precluding the
formation of densely packed arrays of idands [3],
which are important for many applications. Neverthe-
less, dense packing may be achieved by using prede-
posited, highly strained Si; _,Ge, layers with alow Ge
content.

2. EXPERIMENTAL DETAILS

This paper presents the results of a study of the
influence of predeposition of a Si; _,Ge, layer (0% <
X < 20%) on the subsequent growth of self-assembled
Ge idands. The structures studied were grown on
Si(001) substrates using molecular-beam epitaxy from
solid sources at a substrate temperature of 700°C. The

structures with self-assembl ed nanoislands consisted of
a 100-nm-thick buffer Si layer and a 10-nm layer of
Si; - ,Ge with 0 < x < 20%, on which a Ge layer was
deposited with an equivalent thickness of 3.8t0 12 ML.
Structures intended for photoluminescence (PL) mea-
surements were covered by a Si layer grown at 700°C.
Surface morphology of the structures was studied
ex situ by atomic force microscopy (AFM) in the semi-
contact mode. X-ray diffraction studieswere performed
using a DRON-4 diffractometer. PL spectra of GeS
heterostructures were measured using a BOMEM
DA3.36 Fourier spectrometer and a cooled Ge detector.
PL spectrawere excited by an Ar* laser (514.5 nm).

3. RESULTS AND DISCUSSION

An anaysis of AFM images of samples grown on a
buffer Si layer and predeposited Si; _,Ge, layers with
different Ge content showed that the surface density of
islands increases with Ge content in the Si; _,Ge, layer
(Fig. 1). We suggested that augmentation of the surface
roughness resulting from deposition of an elastically
strained SiGe layer onto Si(00l) (reported in the litera-
ture [4]) leads to a decreased diffusion length of ada-
toms and, hence, to an increased surface density of
islands. It is found that the rms roughness of the SiGe
layer surface calculated from the AFM images
increases with Ge content in Si; _,Ge,. The increase is
more than twofold (from 1.05 to 2.2 A) after deposition
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Fig. 1. AFM images of islands grown on a predeposited
Si; _Gey layer with Ge content (a) x = 0 and (b) 10%. The
equivalent thickness of pure Ge deposited onto the layer

was 9 ML. Scandimensionsare 2 x 2 umz. (c) Surface den-
sity and average lateral dimension of islands vs. Ge content
inthe Si; _,Ge, layer.

of a SiygGe,, layer. Note that, according to AFM stud-
ies, the surfaces of the structures remained planar after
GeS deposition. Therefore, we believe that the
increased surface roughness strongly reduces the sur-
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Fig. 2. Critical Ge layer thickness d,p as a function of Ge
content in the Si; _,Ge, layer.

face diffusion length and finally causes an increase in
the surface density of islands.

In our opinion, the increased surface density of
islands and their more uniform distribution over the
surface are responsible for the fact that it is possible to
deposit Ge on the Si; _,Ge, layer by 2-3 ML more than
on aSi buffer before the onset of formation of disloca-
tion islands.

In addition to the growth of the surface density, itis
also found that islands increase in size with Ge content
in the Si;_,Ge, layer (Fig. 1c). The simultaneous
increase in the surface density and dimensions of
islands signifies that more atoms contribute to the for-
mation of islands, since the total volume of islands
rises. We suggest that an additional flow of atoms into
the islands is due to a reduction in the wetting-layer
thickness. Some Ge atoms are released during the
reduction and participate in the formation of islands. In
order to verify this hypothesis, we experimentally
determined the critical thicknessd, for the two-dimen-
sional growth of Geon aSi; _,Ge, layer asafunction of
X. The critical density for the 2D-3D transition was
measured using reflection high-energy electron diffrac-
tion (RHEED). We found that, as the Ge content in the
Si; _Ge, layer increases, the thickness d,, decreases
(Fig. 2) from 4.4 + 0.2 ML in the case of a Si buffer
layer to 1.6 + 0.2 ML when Ge is deposited on
SipsGeyo-Thus, the thickness of the wetting layer is
also reduced with increasing Ge content inthe Si; _,Ge,
layer, since it cannot exceed the critical thickness for
planar growth of a Ge film. This reduction could be
confirmed by studying the PL of samples grown with
and without a predeposited SiGe layer. It isfound that,
inthe case of islands grown on aSiGe layer, PL signals
originating from the wetting layer are shifted towards
higher energies as compared to the case of a sample
without a predeposited SiGe layer. There are two possi-
blereasonsfor thisbehavior: first, theincreased wetting
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layer thickness and, second, theincreased Si content in
the wetting layer. Since samples were grown under
exactly the same conditions, we associate this shift with
the decrease in the wetting layer thickness, which leads
to ashift of the hole energy level towards the top of the
Si valence band due to confinement effects and, thus, to
an increased PL intensity.

Segregation of Ge, which takes place under the
growth conditions we uses, can also decrease d,p(X)
(Fig. 2). However, the Ge segregation can cause no
more than one additional Ge monolayer to appear on
the surface of the Si; _,Ge, layer. Since the increase in
d,p isaslargeas 2.8 = 0.4 ML when Geis grown on a
predeposited SipGe,, layer, the Ge segregation by
itself cannot account for the observed decrease in d,p.

Another possible reason for the reduction in d,p is
the additional elastic energy accumulated in the
Si; _,Ge, layer. The elastic energies of the Si;_,Ge,
layer and the Ge film were each calculated using the
well-known formula from the theory of elasticity:

1+v

E = ZGszdm, (1)

where G is the shear modulus, v is Poisson’'sratio, € is
either the xx or yy component of the strain tensor, and
dis either the Si; _,Ge, layer thickness (10 nm in our
case) or the critical thickness d,p of the Ge film. The
elastic energy of the Si; _,Ge, layer was calculated with
inclusion of Ge segregation. Thetotal elastic energy E;;
accumulated in the structure just before the onset of
island formation was cal culated by summing the elastic
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energy of the Si;_,Ge, layer (Eqs.) and the elastic
energy of the Ge layer of critical thickness d,p (Ege):

Etot = ESiGe+ EGe' (2)

The results of our calculations are presented in
Fig. 3 in units of the elastic energy of a Ge layer of
thicknessd,; = 4.4 + 0.2 ML, which correspondsto the
growth of Geon aSi buffer layer. Itisclear that thetotal
elastic energy accumulated in the structure before the
transition from the 2D to 3D growth is almost constant
and increases only dightly with the Ge content in the
Si, _,Ge, layer. Thesmall increasein E,,, may be dueto
relaxation associated with augmented surface rough-
ness.

Theincreased sizes of islands grown on a predepos-
ited SiGe layer can originate not only from an addi-
tional flow of Ge atoms due to the reduction in the wet-
ting layer thickness but also from the enhanced Si dif-
fusion into the islands. It was shown in [6] that the Si
content in an island increases with island size. X-ray
diffraction analysis showed that the average Ge content
in the islands decreases from 52 + 3 to 41 + 3% asthe
Gecontentinthe Si; _,Ge, layer increasesfromx=0to
15%. Thisfact may seem strange, as the fraction of Ge
atoms involved in bulk diffusion from the sublayer to
the islands should increase, thereby increasing the Ge
content in the islands. Apparently, it is Si atoms that
predominantly diffuse into the islands and reduce the
elastic stresses by creating a SiGe solution. The exper-
imentally observed reduction in the thickness of the Ge
wetting layer also decreases the barrier to Si diffusion
fromthe Si; _,Ge, layer into theislands. Asaresult, the
Si content in the islands grows with increasing Ge con-
tent in the Si; _,Ge, layer; this fact, combined with the
reduction in the wetting layer thickness, enables us to
explain the experimentally observed increase of the
isandsin size.

Because of theincreaseintheisland sizeand in their
surface density, the fraction of the surface occupied by
the islands grows and neighboring islands start to effec-
tively interact with each other; therefore, a correlation
appears in the relative positions of the islands. The
direction of ordering is close to [100L] Because of the
anisotropy of the elastic properties, the stresses caused
by islands on the surface decay with distance from an
island much faster aong the direction [110than along
[1000J[6]. The degree of island ordering was studied
using the autocorrelation function of the surface [7].
The autocorrel ation function was found to exhibit three
peaks along the (1100 direction, which indicates a
strong short-range correlation in the relative positions
of islands up to the third nearest neighbor island.

4. CONCLUSIONS
In the present work, the growth of self-assembled
Ge(Si) idands on a strained Si; _,Ge, layer (0% < x <
20%) has been studied. The size and the surface density
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of islands have been found to increase with the Ge con-
tent in the Si; _,Ge, layer. The augmentation of surface
roughness resulting from deposition of the Si; _,Ge,
layer leads to an increased surface density of islands.
The island size increases because of the higher Si con-
tent in the islands, which is due to enhanced Si diffu-
sion from the Si; _,Ge, layer into the islands as aresult
of the experimentally observed decrease in the wetting
layer thickness. The significant reduction of the wetting
layer in thickness in the case of Ge deposited on a
Si; _,Ge, layer is associated with the elastic energy
accumulated in the Si; _,Ge, layer. The increase in the
surface fraction occupied by islands due to an increase
in the island size and in their surface density leads to
enhanced ordering of the relative positions of idlands.
The ordering of the islands has been studied by analyz-
ing the surface autocorrelation function.
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Abstract—A nonmonotonic dependence of the lateral photoconductivity (PC) on the interband light intensity
isobserved in Si/Ge/Si and Si/Ge/SiO, structures with self-organized germanium quantum dots (QDs): in addi-
tion to astepped increase in PC, a stepped decrease in PC is also observed. The effect of temperature and drive
field on these features of the PC for both types of structureswith amaximum nominal thickness of the Ge layer
(Nge) isstudied. The results obtained are discussed in the context of percolation theory for nonequilibrium car-
riers localized in different regions of the structure: electrons in the silicon matrix and holes in QDs. © 2005

Pleiades Publishing, Inc.

1. INTRODUCTION

Studying the mechanisms of interband photocon-
ductivity (PC) in Si/Ge structures with self-organized
Ge quantum dots (QDs) isimportant, since these struc-
tures can serve as a basis for constructing novel photo-
electric devices [1]. In these structures, in contrast to
bulk semiconductors, the variation of the interband PC
with increasing illumination intensity has a threshold
character related to the nonequilibrium-carrier (elec-
tron) transfer viadisordered localized states[2]. At rel-
atively small values of Ng, (when the distance between
QDsisgreater than the QD base size), the current flows
via electron states localized between the QDs. These
states appear in the presence of spatial relaxation of
stresses around the QDs[2]. The contribution to the PC
related to nonequilibrium holes, localized mainly in the
statesin QDs, issmall. The QD sizeincreases with Ng,,
and the electron localization region decreases. This
means that the contribution of hole transfer viathe QD
states to the PC can be comparable to that of electron
transfer. This study is devoted to the observation of this
effect. We studied Si/Ge/Si structures and Si/Ge/ SiO,
structureswith QDs at large values of Ng,.. We notethat,
in Si/Ge/SiO, structures, there was no wetting layer and
the QD concentration was higher. M easurements show
that, in addition to astepped increasein PC studied ear-
lier [2], a stepped decrease in PC is observed in struc-
tures with QDs. The kinetics of formation of these fea-
tures and their behavior with varying temperature and
driving field are studied in detail.

2. EXPERIMENTAL RESULTS
AND DISCUSSION

The synthesis of Si/Ge/Si structures with QDs is
describedin[1]. Si/Ge/SiO, structures with germanium
QDs were prepared by molecular-beam epitaxy. A
buffer Si layer ~50-nm thick was grown on a Si(001)
substrate, and then the buffer layer surface was exposed
to oxidation. Next, for each of the structures, a Ge layer
with Nge = 0, 0.3, 0.5, and 1 nm, respectively, was
grown and subsequently covered by a silicon layer
about 10-nm thick. The presence of self-organized QDs
was confirmed by structural studies, which showed that
the typical size of QD bases was 8-10 nm, the QD
height was 2-2.5 nm, and the QD concentration was
~10"? cm2. For measurements of the PC, samples about
2 x 4 mm in size were cut from a washer and linear
indium contacts were deposited on the surface along
the short side of the structure so that the distance
between them was about 2 mm.

For the Si/Ge/SIO, structures with QDs (Ng, = 0.3,
0.5nm) at T = 4.2 K, a stepped increase in PC was
observed. An increase in the driving field produced a
shift of the step to smaller illumination intensities, just
asfor structures grown on a Si sublayer [2, 3].

Figure 1 shows the PC as a function of the illumi-
nation intensity | for a structure with Nge = 1 nm (sam-
ple4) at varioustemperatures. In thisfigure, we seethat
a PC step appears above T = 18.6 K, which is substan-
tially higher than the temperature (T = 4.2 K) at which
asimilar | dependence of the PC was observed earlier
for Si/Ge/Si structures with Ge QDs[2, 3]. Anincrease
intemperature resultsin ashift of the step to higher illu-
mination intensities (Fig. 1a). As the temperature is
increased further, a region of a stepped decrease
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Fig. 1. Appearance of (a) a step and (b) a dip on the PC
dependence on interband illumination intensity with
increasing measurement temperature for a Si/Ge/SiOy

structure with QDs (the nominal Ge layer thicknessis1 nm)
forU=8V.

appearson the PC curve (Fig. 1b) and then the observed
features disappear. Figure 2 shows the effect of the
driving field on the position of the stepped decrease in
PC. Analysis showed that the observed feature is lin-
early displaced to higher values of | with increasing U.
Likewise, thedriving field affectsthe position of ajump
on the PC curve (Fig. 3).

InFig. 4, the PC dependenceon | for Si/Ge/Si struc-
tures with QDs (samples 2—7 with Ng, = 11 ML) are
shown for U =12V at different temperatures. It is seen
that, as the temperature increases, the step is displaced
to lower values of | and the step amplitude decreases.
Figure 5 shows the driving-field dependences at 20 K,
where, in addition to a step, a stepped decrease appears
on the PC curves as U increases above 4 V. Starting
from U = 4.5V, both steps are shifted to smaller values
of | withanincreaseinthedriving field. Thus, for struc-
tures of both types (Si/Ge/SIO, and Si/Ge/Si) with Ge
QDs, a stepped increase and a stepped decrease are
observed on the PC curves; however, their positions
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Fig. 2. Effect of the driving field on the position of the
stepped decreasein PC for a Si/Ge/SiO, structure with QDs

(the nominal Ge layer thicknessis1 nm)at T=22.2K and
U=85-115V.

depend differently on the temperature and on driving
field.

3. DISCUSSION

Our analysis of the results obtained is based amodel
that we suggested earlier for describing the nonequilib-
rium-carrier transfer via states localized in different
regions of the structure, namely, the transfer of elec-
tronsin the Si matrix and holes in Ge QDs. The popu-
lation of these states increases with the intensity of
interband illumination. For the structures investigated,
the features in the PC appear when the percolation
threshold is reached for nonequilibrium carriers in
localized states.

The QD size increases with Ng,, and the neighbor-
ing QDs begin to overlap. Anincrease in the overlap of
QDs decreases the percolation threshold for holes. For
electrons, the effect is opposite; namely, with increas-
ing Ng,, the size of the localization region for electrons
decreases and the percolation threshold increases. The
mechanism of electron localization also changes with
increasing Ng.. At low values of Ng,, thismechanismis
related to rel axation of stressesaround QDs, and at high
values of Ng, €lectrons are confined by the QD barriers
(Si/Ge heterointerfaces).

The described features of PC were not observed at
low temperatures (T = 4.2 K). Thereason for thisisthat
the intensity of the available source of interband light
was not sufficient for nonequilibrium carriers to attain
the percolation level. Since the Ge layer thickness is
maximum in the structures considered, the relief isalso
maximum. If the temperature increases by a factor of
approximately 5, the percolation of nonequilibrium
carriers becomes possible. The electron and hole con-
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duction in the structures considered can be described in
the terms of the continuum problem in percolation the-
ory through “white” and “black” regions [4]. In addi-
tion, it is necessary to take into account the Coulomb
interaction, which lowers the barriers separating the
white and black regions, thusincreasing the recombina-
tion rate. Accordingly, the number of carriers
decreases, which is manifested in the experiment by a
falling region on the PC curve. We assume that, in the
figures, the conductivity dueto el ectrons above the per-
colation threshold is greater than the electron conduc-
tivity below the threshold. In this case, a stepped
decrease in the PC signal is due to the fact that holes
localized in QDs attain the percolation level, and a
stepped PC increase occurs, as aso assumed in [2],
because the electrons localized in the Si matrix attain
the percolation level. The recombination at the Si/Ge
heterointerface decreases the population of localized
states by nonequilibrium electrons (i.e., a specific low-
ering of the electronic temperature occurs). A greater
illumination intensity is needed for electrons to reach
the percolation level again.

For a Si/Ge/SiO, structure, we assume that the shift
of both observed features to higher illumination inten-
sitieswith an increase in temperature (Fig. 1) isrelated
to a decrease in the population of localized states by
nonequilibrium charge carriers, which can be thermally
excited above the percolation threshold and then
recombine. The behavior of these features with increas-
ing driving field (Figs. 2, 3) is explained by depopula-
tion of the localized states because of theincreased rate
of carrier tunneling across the Si/Ge heterointerface
with subsequent recombination.

Inthe Si/Ge/Si structures with QDs, the QD concen-
tration is approximately one order of magnitude
smaller than in the Si/Ge/SIO, structures. Therefore,
the characteristic extent of localized electron states is
greater. A fraction of holes in the Ge wetting layer are
localized between QDs and form excitons. The behav-
ior of the PC features for the Si/Ge/Si structures with
QDs is determined by the presence of excitons. An
increase in the temperature and driving field results in
an increase in the population of localized states due to
the destruction of excitons, and the electrons reach the
percolation level at lower illumination intensities.

4. CONCLUSIONS

Thus, in Si/Ge/Si and Si/Ge/SiO, structures with
self-organized QDs, we have observed a stepwise
increase or decrease in the PC signal, depending on the
intensity of interband light. As the driving field and
temperature increase, the observed features shift to
higher illumination intensities for the Si/Ge/SIO, struc-
tures and in the opposite direction for the Si/Ge/Si
structures. The results have been analyzed using perco-
lation theory for nonequilibrium carriers localized in
different regions of the structure.
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Abstract—Photodetectors based on Ge/Si multilayer heterostructures with germanium quantum dots are fab-
ricated for use in fiber-optic communication lines operating in the wavel ength range 1.30-1.55 pm. These pho-
todetectors can be embedded in an array of photonic circuit elements on asingle silicon chip. The sheet density
of germanium quantum dotsfallsin therangefrom 0.3 x 10*t0 1.0 x 10* cm2, and their |ateral sizeisapprox-
imately equal to 10 nm. The heterostructures are grown by molecular-beam epitaxy. For areverse biasof 1V,
the dark current density reaches 2 x 10° A/cm?. This value is the lowest in the data on dark current densities
availableintheliterature for Ge/Si photodetectors at room temperature. The quantum efficiency of photodiodes
and phototransistors subjected to illumination from the side of the plane of the p—n junctionsis found to be 3%
at awavelength of 1.3 um. It is demonstrated that the maximum quantum efficiency is achieved for edge-illu-
minated waveguide structures and can be as high as 21 and 16% at wavelengths of 1.3 and 1.5 pum, respectively.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The design of fiber-optic communication lines is
one of the most important directionsin the development
of highly efficient methods for transmitting information
in television and telephone networks, the Internet, and
optical computers. Fiber-optic communication lines
consist of a transmitter, a photoreceiver, cross points,
and optical fibers. The photoreceiver makes it possible
to detect optical radiation, to convert optical signals
into electric signals, and to provide subsequent amplifi-
cation of the electric signals. The optical fibers used in
fiber-optic communication lines are predominantly
produced from silica. High-purity silica is character-
ized by the absorption spectrum with three transpar-
ency windows at wavelengths of 0.85, 1.30, and
1.55 um. The near-atmospheric transparency window
lies in the same wavelength range. Currently, it is uni-
versally accepted that the near-IR wavelength range
1.30-1.55 pm is of the utmost importance in using
fiber-optic communication lines.

At present, the high cost of optical transmitters and
detectors operating in the near-IR spectral range has
hindered widespread use of fiber-optic communication
lines. It can be expected that the changeover to silicon-
compatible technology for fabricating photonic ele-
ments of fiber-optic communication lines will result in
aconsiderable decrease in the cost of these elements. In
turn, this should lead to a monolithic integration of all

components (including elements used in radio-ampli-
fier and bias electronics) into a simple, reliable, and
easily reproducible optoelectronic integrated circuit
[1]. However, silicon is transparent to photon radiation
at wavelengths longer than 1.1 pum. At the same time,
germanium photodetectors are characterized by a high
sensitivity in the range of wavelengths A ~ 1.5 um. In
this respect, there arises a problem associated with the
preparation of Ge/Si heterostructures that will be pho-
tosensitive in the telecommunication wavelength range
1.30-1.55 pm at room temperature. From the stand-
point of the incorporation of Ge/Si heterojunctions into
a silicon VLSl circuit, Ge/Si heterostructures with
coherently embedded germanium nanoclusters (quan-
tum dots) are of particular interest, because elastically
strained germanium layersin these heterostructures can
be overgrown with structurally perfect silicon layerson
which, subsequently, it is possible to produce other ele-
ments of the VLSI circuit. Moreover, it is this system
that has already been used to fabricate light-emitting
diodes operating in the wavelength range 1.3-1.5 um at
room temperature with a quantum efficiency of approx-
imately 0.015% [2].

In this work, we fabricated Ge/Si photodetectors
operating in the near-IR spectral range and containing
embedded layers of germanium nanoclusters as an
active element. These layers of germanium nanoclus-
ters were grown by molecular-beam epitaxy. The mean
lateral size of germanium nanoclusters was approxi-
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mately equal to 10 nm, their sheet density fell in the
range from 0.3 x 10™? to 1.0 x 102 cm depending on
the growth conditions, and the number of germanium
layersin heterostructures varied from 12 to 36. In some
cases, the density of germanium nanoislands was
increased. For this purpose, the germanium nanoclus-
terswere grown through the Vol mer—\Weber mechanism
on a preliminarily oxidized silicon surface [3]. The
image of an array of germanium nanoclustersformed at
atemperature of 650°C on an oxidized Si(001) surface
after the deposition of a germanium layer with athick-
ness of 3 ML is displayed in Fig. 1. According to
Raman spectroscopy, the germanium content in nanois-
lands was approximately equal to 100% in the case
when the germanium layers were grown at a low tem-
perature (300°C) and decreased to 65% when the
growth temperature increased to 650°C. The photolu-
minescence spectra of germanium nancislands at T =
4.2 K exhibited maxima in the wavelength range of
1.5 um. Photodetectors were fabricated in the form of
p—i—n photodiodes or n—p—n bipolar phototransistors
with a base containing an embedded Ge/Si multilayer
heterostructure  with  germanium  self-assembled
nanoislands [4]. The photodetectors were produced
either in the form of conventional vertical deviceswith
illumination from the side of the p—n junction (or the
Ge/Si heterojunction) or in the form of edge-illumi-
nated lateral waveguides on silicon-on-insulator sub-
strates [5].

2. PHOTODIODES FOR ILLUMINATION
FROM THE SIDE OF THE PLANE
OF THE p—n JUNCTION

Initially, n*—i—p* photodiodes based on Ge/Si multi-
layer heterostructures with 30 layers of germanium
guantum dots were grown on KEM-0.01 n-type sub-
strates and were then illuminated from the side of the
plane of the p—n junction. The dark current density in
this device is virtualy independent of the diode area
and, at areverse biasof 1V, isfound to be equal to 2 x
105 A/cm?. Thisvalueisthe lowest in the data on dark
current densities reported thus far in the literature for
Ge/Si photodetectors at room temperature. In the near-
IR spectral range, the photodiodes are photosensitive
up to wavelengths of 1.6—1.7 um. For normal incidence
of light on the photodiode, the quantum efficiency
increases with an increase in the reverse bias U and
reaches a maximum value of 3% for U > 2V at awave-
length of 1.3 um (Fig. 2). The observed increase in the
guantum efficiency of photodiodes in an electric field
can be explained as follows. It is known that the Ge/Si
heterojunction belongs to type-ll heterojunctions,
because the lowest lying energy states of electrons and
holes are localized in the conduction bands of silicon
and germanium, respectively [6]. The absorption of
photons whose energies are less than the band gap of
silicon leads to a transition of electrons from the
valence band of germanium to the conduction band of
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Fig. 1. STM image of an array of germanium nanoislands
onthe oxidized Si(001) surface. The deposition temperature
of germanium is 650°C. The mean germanium coverage is
3ML.
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Fig. 2. Dependence of the quantum efficiency of the p*—i—

n* photodiode on the reverse bias at awavelength of 1.3 um
for normal incidence of light.

silicon. As aresult, the conduction band of silicon con-
tains free electrons, whereas the germanium nanois-
landsinvolve holes. Sincethe holesarelocalized in ger-
manium guantum dots, the dominant contribution to the
photocurrent in weak electric fields is made only by
electrons. At high voltages, holes can easily tunnel
from the states localized in germanium quantum dotsto
the valence band of silicon and, thus, contribute to the
photocurrent. It is evident that the photoresponse
reaches saturation in sufficiently strong electric fields
when all the photoholes involved can leave the germa-
nium quantum dots.
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Fig. 4. Schematic drawing of the lateral photodetector fab-
ricated on a silicon-on-insulator substrate.

3. THE n*—p—n* BIPOLAR PHOTOTRANSISTOR
FOR ILLUMINATION FROM THE SIDE
OF THE PLANE OF THE p—n JUNCTION

As an aternative to the near-IR photodetector, we
designed and fabricated n*—p—n* bipolar phototransis-
tors based on Ge/Si multilayer heterostructures in
which 12 layers of germanium nanoclusters embedded
in the p-Si region play the role of afloating base. The
concentration of dopants (As, Sb) in the n*-Si silicon
regions was approximately equal to 10 cm=3, and the
boron concentration in the p layer was 5 x 10'® cm,
The operation of this deviceisbased on the decrease in
the potential barrier for electrons between the n*-Si
heavily doped regions upon photogeneration of holesin
germanium quantum dots due to interband optical tran-
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sitions and alocalized positive charge induced in these
regions. The decreasein the potential barrier under illu-
mination results in an increase in the injection current
flowing from the emitter to the collector, i.e., inthe gen-
eration of the photocurrent governed by the positive
charge of the base. The phototransistors were also illu-
minated from the side of the plane of the p— junction.

The spectral characteristic of the photoresponse and
the dependence of the quantum efficiency on the
reverse bias for one of these devices are shown in
Fig. 3. The asymmetry of the photocurrent with respect
to the applied bias is associated with the difference
between the concentrations of dopants in the emitter
and in the collector. In this case, the induced emission
of holes from germanium nanoclusters to the valence
band of silicon in an eectric field brings about a
decrease in the positive charge of the phototransistor
base and, consequently, a decrease in the quantum effi-
ciency of phototransformation at high voltages. It was
found that the maximum quantum efficiency of the pho-
totransistor at awavelength of 1.3 pum is approximately
equal to 3%, asisthe case with p*——" photodiodes.

4. THE n*—i—p* Ge/Si
WAV EGUIDE PHOTODIODE

A further increase in the quantum efficiency was
achieved for a waveguide photodetector whose opera-
tion isbased on the effect of multipleinternal reflection
of light from the waveguide walls. Since the light rays
should propagate along the plane of the integrated cir-
cuit on which all necessary elements of the fiber-optic
communication line are assembled, this design of the
device completely satisfies the requirement that the
photodetector must be illuminated from the edge side
[1]. The photosensitive layers were grown through
molecular-beam epitaxy on silicon-on-insulator sub-
strates in the form of lateral waveguides with illumina-
tion of the waveguide edge in the chip plane. The width
of the waveguides was equal to 50 um, and their length
varied from 100 um to 5 mm. The photodetectors were
fabricated in the form of n*——p* silicon photodiodes
with 36 layers of germanium nanoislands embedded in
the base region and separated by silicon interlayers
30 nm thick. This device combines a vertical photo-
diode and a lateral waveguide (Fig. 4). The silicon-on-
insulator wafers were manufactured using the SMART
CUT technique (Wafer World Inc.). The thickness of
the cutoff silicon layer of the silicon-on-insulator struc-
ture was equal to 280 nm, and the thickness of the bur-
ied oxidelayer was 380 nm. The upper silicon layer had
the (100) orientation. Before performing molecular-
beam epitaxy, the silicon layer was thinned down to
250 nm through thermal oxidation with subsegquent
removal of the oxide in a solution of hydrofluoric acid.

The dependences of the quantum efficiency n of the
waveguide on the reverse bias at wavelengths of 1.30
and 1.55 um for awaveguide length L = 4 mm are plot-
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Fig. 5. Dependences of the quantum efficiency of the
waveguide on the reverse bias at wavelengths of 1.30 and
1.55 um for awaveguide length L = 4 mm.

ted in Fig. 5. It turned out that the maximum guantum
efficiency is achieved for the structures with a
waveguide length L < 3 mm at areverse biasU > 3V
and can be as high as 21 and 16% at wavelengths of
1.30 and 1.55 pm, respectively. As can be seen from
Fig. 5, the quantum efficiency of long waveguides
reaches saturation. Most likely, this implies that the
light penetrating through the photodetector edge and
then passing along the germanium layersis completely
absorbed.

5. CONCLUSIONS

Thus, we devel oped atechnique for fabricating p—i—
n silicon photodiodes and n—p—n silicon phototransis-
tors with embedded arrays of germanium quantum dots
for use in fiber-optic communication lines operating in
the near-IR range (1.3-1.5 pm). In these devices, the
sheet density of germanium quantum dots is of the
order of 102 cm and their lateral size is less than
10 nm. For normal incidence of light on the photode-
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tectors, the quantum efficiency can be as high as 3%.
However, the use of waveguide photodetectors whose
operation is based on the effect of multiple internal
reflection and which were fabricated on silicon-on-
insulator substrates made it possible to increase the
quantum efficiency to 21 and 16% at wavelengths of
1.30 and 1.55 um, respectively.
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Abstract—The growth and photoluminescence of Ge(Si)/Si(001) self-assembled islands are investigated over
awide range of germanium deposition rates v, = 0.1-0.75 A/s at a constant growth temperature T,, = 600°C.
Examination of the surface of the grown structures with an atomic force microscope reveded that, for al the
germanium deposition rates used in the experiments, the dominant island species are dome islands. It is found
that an increase in the deposition rate v, leads to a decrease in the lateral size of the self-assembled islands
and an increase in their surface density. The decrease in the lateral size is associated both with the increase in
the germanium content in the self-assembled islands and with the increase in the fraction of the surface occu-
pied by these islands. The observed shift in the position of the photoluminescence peak toward the low-energy
rangeisalso explained by theincreasein the germanium content in theislandswith an increasein the deposition

rate vge. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The formation of three-dimensional self-assembled
islands due to the mismatch between the lattice param-
eters of germanium and silicon has been experimentally
observed over wide ranges of growth temperatures and
rates of deposition of germanium layers onto the
Si(001) surface [1-3]. Recent investigations have dem-
onstrated that the growth of Ge(Si)/Si(001) self-assem-
bled islands at deposition temperatures of germanium
Ty = 600°C begins with the formation of pyramidal
islands on the surface of the structure under observation
[1, 4]. An increase in the amount of deposited germa-
nium leads to an increase in the size of these islands
without changing their shape. After the pyramidal
islands during growth reach a critical volume, they
transform into dome islands [5], in which the angle
between the lateral faces and the base is greater than
that observed in the pyramidal islands. For the most
part, the growth of dome islands occurs at the expense
of anincreasein their height, whereastheidand sizein
the growth plane remains virtually unchanged. For
growth temperatures T, > 600°C and equivalent thick-
nesses of deposited germanium layers dg, > 7 ML
(1 ML = 0.14 nm), the dominant island species formed
on the surface of the structure are dome nanoislands. A
decrease in the deposition temperature of germanium
layers in the range below 600°C brings about the for-
mation of hut islands on the surface of the studied struc-
ture [6, 7], i.e., the formation of pyramidal quantum

dotswith arectangul ar base extended along the [100] or
[010] direction. At growth temperatures T, < 550°C,
the surface of the structure under investigation contains
only hut islands, whereas dome islands are absent. Such
adrastic change in the surface morphology in anarrow
range of growth temperatures can be explained by the
considerable increase in the surface density of islands
with adecrease in the deposition temperature of germa-
nium layers [8]. Since the surface density of islands is
relatively high and the deposition temperature of ger-
manium layers is rather low, the pyramidal islands can
fall short of the critical size required for their transfor-
mation into dome islands.

In this work, we investigated how the surface den-
sity of islands grown at a germanium deposition tem-
perature T, = 600°C affects the surface morphology.
The surface density of islands was controlled by vary-
ing the germanium deposition rate. Moreover, we ana-
lyzed the influence of the germanium deposition rate on
the optical properties of the structures containing
islands grown at a temperature of 600°C.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The structures to be studied were grown on Si(001)
substrates through molecular-beam epitaxy from solid
sources. The structures intended for examination of the
surface morphology consisted of a 150- to 200-nm-
thick silicon buffer layer and a germanium layer with
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— 14 nm

— 14 nm

Fig. 1. AFM images of the surface of the structures grown
at deposition rates v = (8) 0.1 and (b) 0.3 A/s. The

scanned areais1 x 1 um.

an equiva ent thickness dg, = 7-8 ML. The germanium
layer was grown at a temperature T, = 600°C and at a
germanium deposition rate v, ranging from 0.1 to
0.75 A/s. After the deposition of germanium, the struc-
tures used in optical observations were capped with a
silicon cladding layer. The surface morphology of the
structuresthus prepared was investigated using a Solver
P4 atomic force microscope (AFM) operating in anon-
contact mode. The photoluminescence spectra were
recorded on a BOMEM DA3.36 Fourier-transform
spectrometer equipped with a cooled InSb detector.
Optical pumping was performed using an Ar* laser (the
514.5-nm line).

3. RESULTS AND DISCUSSION

The AFM examination of the Ge(Si)/Si(001) self-
assembled islands grown at the deposition temperature
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era size of idands on the growth rate of germanium layers.

T, = 600°C revealed that, for all germanium deposition
ratesin the range v, = 0.1-0.75 A/s, the surface of the
structure under observation contains two types of
islands, namely, pyramidal and domeislands(Fig. 1). It
should be noted that the dome islands are dominant on
the surface. The AFM images of the surface of the
structures grown at germanium deposition rates vg, =
0.1and 0.3 A/saredisplayedin Fig. 1. Itisinthisrange
of deposition rates (0.1-0.3 A/s) that the changesin the
island parameters are most pronounced (Fig. 1). Asthe
deposition rate v, increases from 0.1 to 0.3 A/s, the
surface density of dome islands increases by afactor of
approximately 5 (from 4.4 x 10° to 2.2 x 10'° cm™),
whereas their lateral size decreases by approximately
30% (from 90 to 63 nm) (Fig. 2). With a further
increase in the germanium deposition rate (to 0.75 A/s),
the surface density and thelateral size of islands change
insignificantly and gradually reach their steady-state
values. the surface density becomes equal to 2.6 x
10% cmr?, and thelatera sizefdlsinthe range 6070 nm.

An analysis of the surface density of self-assembled
islands as a function of the germanium deposition rate
Vge demonstrated that the maximum surface density
obtained at T, = 600°C is approximately 1.3 times less
than the surface density of islands in the structures
grown at T, = 580°C (Fig. 2), i.e., at the temperature
corresponding to the formation of hut islands on the
surface of the structure. It is assumed that hut islands
are not formed on the surface of the structures grown at
T, = 600°C even at high rates of deposition of germa-
nium layers due to alower surface density of islandsin
these structures.

The observed decrease in the lateral size of dome
islands with an increase in the germanium deposition
rate can be explained as resulting from the fact that the
island composition depends on the germanium deposi-
tion rate. For a constant thickness of deposited germa-
nium layers, an increase in the growth rate leads to a
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Fig. 3. (8) Photoluminescence spectra of the structures with
islands formed at different growth rates of germanium lay-
ers. (b) Dependence of the position of the photolumines-
cence peak attributed to islands on the growth rate v . Pho-

toluminescence spectrawere recorded using an InSb detec-
toraa T=4K.

decrease in the time required for the complete forma-
tion of islands and, hence, to a decrease in the time it
takes for silicon to diffuse into growing islands. A
decreasein the deposition time of agermanium layer by
approximately one order of magnitude with an increase
in the deposition rate v, from 0.1 to 0.75 A/s can lead
to an increase in the mean germanium content in the
islands. According to the results of theoretical [5] and
experimental [9] studies of Ge(Si)/Si(001) islands, an
increase in the fraction of germanium in pyramidal and
domeislandsisaccompanied by adecreaseintheisland
size. Therefore, the increase in the germanium content
inislandswith an increase in the germanium deposition
rate can be one of the possible reasons for the experi-
mentally observed decrease in the lateral size of dome
islands.

Another reason for the change in the lateral size of
domeislands could be theincrease in the fraction of the
surface occupied by the islands as the deposition rate
Ve increases (Fig. 1). Floro et al. [10] showed that, in
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the case where the islands occupy a sufficiently large
fraction of the surface of the grown structures, elastic
interactions between these islands can also lead to a
decrease in the critical size of pyramidal islands and,
hence, to adecrease in the lateral size of dome islands.

An analysis of the photol uminescence spectraof the
grown structures reveal ed that the low-energy portions
of the spectra of al the samples under investigation
contain abroad photol uminescence peak (Fig. 3a). This
photoluminescence peak is associated with the indirect
optical transition between a hole located in an island
and an electron of silicon at the type-11 heteroboundary
with theisland [11] (seeinset to Fig. 3b).

A comparison of the photoluminescence spectra of
the structures grown at different deposition rates of ger-
manium layers shows that, with an increase in the
growth rate, the photoluminescence peak attributed to
the islands shifts toward the low-energy range. In the
case where the germanium deposition rate Vg,
increases from 0.1 to 0.75 A/s, the shift in the position
of the photoluminescence peak is approximately equal
to 35 meV (Fig. 3b). This shift of the photolumines-
cence peak associated with the formation of islandsis
explained by the increase in the germanium content in
the idands as the growth rate of germanium layers
increases. Aswas noted above, an increase in the depo-
sition rate v, can result in anincrease in the fraction of
germanium intheislands dueto the decreaseinthetime
required for silicon to diffuse from the buffer layer into
growing islands. An increase in the mean germanium
content in the islands is accompanied by an increase in
the gap between the valence bands of silicon and the
island. In turn, this leads to a decrease in the energy of
the indirect optical transition (see inset to Fig. 3b) [9]
and, consequently, to the experimentally observed shift
in the position of the photoluminescence peak associ-
ated with theislandstoward thelow-energy range asthe
deposition rate of germanium increases.

4. CONCLUSIONS

Thus, the growth and photoluminescence of
Ge(Si)/Si(001) self-assembled islands grown at a tem-
perature of 600°C wereinvestigated as afunction of the
germanium deposition rate. It was demonstrated that,
for al the germanium deposition rates used in the
experiments (0.1-0.75 A/s), the dominant island spe-
ciesare domeislands, even though their surface density
increases significantly with an increase in the growth
rate. The inference was drawn that the decrease in the
lateral size of self-assembled islandswith anincreasein
the deposition rate of germanium layers is caused by
both the increase in the germanium content in these
islands and by the increase in the fraction of the surface
occupied by them. The observed shift in the position of
the photoluminescence peak associated with the self-
assembl ed islands toward the low-energy range with an
increase in the germanium deposition rate was aso
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explained as resulting from the increase in the germa-
nium content in the islands.
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Abstract—Relaxed step-graded buffer layers of Si; _,Ge/Si(001) heterostructures with a low density of
threading disl ocations are grown through chemical vapor deposition at atmospheric pressure. The surface of the
Si; - ,Ge /Si(001) (x ~ 25%) buffer layersis subjected to chemical mechanical polishing. Asaresult, the surface
roughness of the layers is decreased to values comparable to the surface roughness of the Si(001) initial sub-
strates. It is demonstrated that Si; _,Ge, /Si(001) buffer layers with alow density of threading dislocations and
asmall surface roughness can be used as artificial substrates for growing SiGe/Si heterostructures of different
types through molecular-beam epitaxy. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The use of SiGe heterostructures in modern semi-
conductor technology provides a means for consider-
ably improving the characteristics of aready existing
silicon-based devices and opens up possibilities for the
design of new optoelectronic devices compatible with
silicon technology. The acute problem associated with
the design of the majority of devicesbased on SiGe het-
erostructures is to form a temperature-stable relaxed
buffer layer from a Si; _,Ge, heterostructure with alow

density of threading dislocations (less than 10° cm)
and asmall surface roughness [1]. One of the methods
currently employed is to grow SiGe buffer layers of
high quality through chemica vapor deposition [2].
Chemical vapor deposition provides growth of SiGe
heterostructures at high deposition rates (10 um/h or
higher). This is especially important for the growth of
SiGe step-graded buffer layers, in which the gradient of
the germanium content does not exceed 10% per
micrometer and whose total thickness reaches several
micrometers. However, since the growth rate substan-
tially decreases with a decrease in the temperature of
the substrate, the use of chemical vapor deposition
becomes efficient only at high growth temperatures.
The growth of buffer layers at high temperatures can
lead to a considerable increase in the surface roughness
due to the crossover from two-dimensiona growth to
three-dimensional growth of the SiGe layer [3] and the
development of a characteristic crosshatch pattern of
the irregularities associated with the presence of atwo-

dimensional network of misfit dislocationsin the struc-
ture [4]. The development of the surface roughness of
the buffer layer has an adverse effect on the transport
properties of the structures formed on this layer and
hampers the use of lithography. Recently, Sawano et al.
[5] proposed to use chemical mechanical polishing of
the surface of SiGe buffer layersto decrease the surface
roughness.

In this paper, we report experimental results obtained
for chemical vapor deposition of Si;_,Ge,/Si(001)
relaxed step-graded buffer layers with alow density of
threading dislocations. It is shown that chemical
mechanical polishing of the buffer layersleadsto a sub-
stantial decrease in the surface roughness. The
Si; .,Ge /Si(001) buffer layers thus prepared can be
used as artificial substrates for growing SiGe hetero-
structures of different types through molecular-beam

epitaxy.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Structures with Si; _,Ge, buffer layers were grown
on Si(001) substrates through hydride chemical vapor
deposition under atmospheric pressure with the use of
germane GeH, and silane SiH,. The growth of the
structures was carried out in a horizontal metalic
water-cooled reactor equipped with a straight-channel
graphite heater [6]. After preliminary chemical treat-
ment, the silicon substrates were anneal ed in the reactor
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in a flow of hydrogen at a temperature T ~ 1200°C.
Then, asilicon buffer layer ~2 um thick was deposited
onthesubstrate. The Si; _,Ge, step-graded buffer layers
were grown at temperatures of 1025-920°C. The gradi-
ent of the germanium content was varied from 5 to 10%
per micrometer. The germanium content in the growing
layer was increased by decreasing the growth tempera-
ture and varying the ratio between the GeH, and SiH,
fluxes. The growth rate was governed by the germa-
nium content in the buffer layer and varied from 2 to
4 nm/s. The maximum germanium content in the buffer
layers ranged from 5 to 45% for atotal layer thickness
varying from 2 to 7 um. In order to decrease the surface
roughness, the SiGe buffer layers were subjected to
chemical mechanical polishing with a special solution
consisting of hydrogen peroxide, glycerol, and Aerosil
[7]. The thickness of the removed layer could be
changed by varying the composition of the solution, the
pressure applied to the structure, and the polishing
time. This thickness was determined using x-ray dif-
fraction analysis with weighing of the samples prior to
and after polishing.

Then, SiGe/Si test structures were grown by
molecular-beam epitaxy from solid sources on the
relaxed buffer layers subjected to chemical mechani-
cal polishing. Germanium and silicon were evapo-
rated with the use of electron beam evaporators. The
growth rates of SiGe layers varied in the range
0.01-0.10 nm/s. The density of threading dislocations
in the buffer layers was determined by selective etch-
ing. X-ray diffraction analysis of the grown structures
was carried out on a DRON-4 double-crystal diffrac-
tometer. The surface morphology of the structureswas
examined with the use of a Solver P4 atomic force
microscope (AFM).

3. RESULTS AND DISCUSSION

The w20 x-ray diffraction patterns of the SiGe
step-graded buffer layers contain a peak attributed to
the silicon substrate and peaks assigned to Si; _,Ge,
layerswith different germanium contents. According to
the x-ray diffraction analysis, the relaxation of elastic
stresses in individual layers of the structures reached
90-100%. In Si; _,Ge, buffer layers with a maximum
germanium content x < 30%, the density of threading
dislocations, which was determined by selective etch-
ing, did not exceed 10° cm. As was shown by Schaf-
fler [1], the threading dislocations at these densities
have no noticeable effect on the mobility of charge car-
riersin SiIGe/Si heterostructures.

Examination of the SiGe buffer layers with atomic
force microscopy revealed a characteristic crosshatch
pattern of irregularities on the surface of the structure
(Fig. 1). This pattern is associated with the existence of
atwo-dimensional network of misfit dislocationsin the
structure [8]. An increase in the maximum germanium
content in the structure leads to an increase in the num-
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Fig. 1. AFM images of the surface of the Si; _,Ge, buffer

layers with a maximum germanium content x = (a) 20 and
(b) 45%. The largest difference between the heights of the
surface asperities: (a) 40 and (b) 200 nm.

ber density of misfit dislocations, which is necessary
for relaxation of elastic stressesin the SiGe layer. Asa
result, the increase in the germanium content in the
buffer layersisaccompanied by adecreasein the period
of the two-dimensional crosshatch network of irregu-
larities and an increase in their amplitude (Fig. 1). In
turn, this leads to an increase in the surface roughness
of the structure. The root-mean-sguare roughness of the
surface of the buffer layers, which was determined from
the AFM images, increases from ~3 nm for buffer lay-
ers with amaximum germanium content X < 10% to 6—
10 nm for structures with a maximum germanium con-
tent x ~ 25% (Fig. 2). It should be noted that these val -
ues are approximately one order of magnitude larger
than the surface roughnesses of the Si(001) initial sub-
strates and the silicon buffer layer grown on the
Si(001) substrate through molecular-beam epitaxy



44
10
n
o]
| a2
£ m3 "
= o4
wn
56- vS5 .l
g L
=
fn | |
=] [
2 2F L] g
8
0_
1 1 1 1 1 1
0 10 20 30

Maximum Ge content (x), %

Fig. 2. Surface roughness of the SiGe structures as a func-
tion of the maximum germanium content in the buffer layer:
(1) Si(001) substrate, (2) silicon buffer layer grown on a
Si(001) substrate through molecul ar-beam epitaxy, (3) SiGe
buffer layers grown by chemical vapor deposition, (4) SiGe
buffer layers after chemical mechanical polishing, and (5)
SiGe/Si structures grown by molecular-beam epitaxy on a
SiGebuffer layers subjected to chemical mechanical polish-
ing. The surface roughness was determined from AFM
images 10 x 10 ymin size.

Fig. 3. AFM image of the surface of the Si; _,Ge, buffer

layer with the maximum germanium content x ~ 25% after
chemical mechanical polishing. The largest difference
between the heights of the surface asperitiesis 10 nm.

(Fig. 2). The large surface roughnesses of the SiGe/Si
step-graded buffer layers can be explained by the high
growth temperatures (T > 900°C) used in chemical
vapor deposition.

In order to decrease the surface roughness, the struc-
tures were subjected to chemical mechanical polishing.
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We optimized the conditions of chemical mechanical
polishing, which alowed usto obtain Si; _,Ge, relaxed
buffer layers with a maximum germanium content x ~
25% and a small surface roughness. A comparison of
the AFM images of the surfaces of the buffer layers
prior to and after chemica mechanical polishing
showed that, under optimum conditions, the polishing
resultsin complete removal of the surfaceirregularities
associated with the network of misfit dislocations
(Figs. 1, 3). After chemical mechanical polishing, the
surface roughness of buffer layers with a maximum
germanium content x < 30% decreases by approxi-
mately one order of magnitude and becomes compara
ble to the surface roughness of the Si(001) initial sub-
strates (Fig. 2).

The structures thus prepared with Si; _,Ge, /Si(001)
relaxed step-graded buffer layers subjected to chemi-
cal mechanical polishing were used as artificial sub-
strates for growing SiGe/Si heterostructures through
molecul ar-beam epitaxy. In order to remove the con-
taminants introduced upon chemical mechanical pol-
ishing, the buffer layers were sequentially treated in
organic and inorganic reagents prior to the growth. The
final cleaning was achieved by annealing the structure
at atemperature of 800°C in the growth chamber of the
molecular-beam epitaxy apparatus. We grew test struc-
tures with an unstrained SiGe layer and a SiGe/Si lat-
tice in which the composition and thicknesses of the
layers were chosen in such a way as to ensure the
mutual compensation of elastic stresses in one period
of the structure. The growth temperature of the struc-
tures was equal to 600°C. The AFM investigations of
the surface of the grown structures demonstrated that
preliminary annealing of the buffer layers at a temper-
ature of 800°C does to lead to repeated formation of
the surface irregularities associated with the network
of misfit dislocations. The surface roughness of the
SiGe/Si heterostructures grown by molecular-beam
epitaxy on SiGe buffer layersis comparable to the sur-
face roughness of the Si(001) initial substrates (Fig. 2).
The x-ray diffraction investigations showed a high
degree of perfection of the structures grown by molec-
ular-beam epitaxy.
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Abstract—The spectra of lateral photoconductivity in selectively doped SiGe/Si : B heterostructures with a
two-dimensional hole gas are analyzed. It isrevea ed that the lateral photoconductivity spectra of these hetero-
structures exhibit two signals opposite in sign. The positive signal of the photoconductivity is associated with
the impurity photoconductivity in silicon layers of the heterostructures. The negative signal of the photocon-
ductivity is assigned to the transitions of holes from the SiGe quantum well to long-lived states in silicon bar-
riers. The position of the negative photoconductivity signal depends on the composition of the quantum well,
and the energy of the low-frequency edge of this signal is in close agreement with the calculated band offset
between the quantum-confinement level of holes in the quantum well and the valence band edge in the barrier.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In recent years, considerable interest has been
expressed by researchers in the optical properties of
SiGe nanostructures. Owing to the compatibility of
these nanostructures with silicon technol ogy, optoel ec-
tronic devices based on SiGe heterostructures with
guantum wells and quantum dots can be integrated with
signal processing circuits on a single chip. In this
respect, investigation into the physical phenomena
underlying the operation of SiGe photodetectorsin dif-
ferent spectral ranges is of particular importance. A
number of papers concerned with the study of absorp-
tion and photoconductivity in the middle-infrared range
are discussed in [1-3]. Single and multiple quantum-
well photodetectors operating in the middle-infrared
range are described in [4, 5]. However, for the most
part, these (and other) works have been reduced to an
investigation of vertical charge transfer under the con-
dition where the photoresponse is caused by the photo-
excitation of charge carriers from a quantum well into
barriers and the concentration of charge carriers con-
tributing to the electric current increases. In thiswork,
we studied the lateral photoconductivity spectra of
selectively doped SiGe/Si : B heterostructures with a
two-dimensional hole gas. The negative photoresponse
observed in the middle-infrared range can be used to
characterize SiGe heterostructures with quantum
wells.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The SiGe/S : B heterostructures to be studied were
grown through molecular-beam epitaxy on Si(100)
substrates that were lightly doped with boron. The het-
erostructures contained a Si; _,Ge, single quantum well
in which the germanium content was varied from 12 to
30 at. %. The quantum-well width dq,, decreased from
25 to 10 nm with an increase in the germanium content
and did not exceed the critical thickness of the epitaxi-
ally grown GeSi layer on the Si(001) substrate. Boron-
doped silicon layers were located on both sides of the
guantum well at a distance of 20 nm. The surface con-
centration of boron in the doped silicon layers was
approximately equal to 4 x 10'? cm2. Strip ohmic con-
tacts separated by a distance of 3 to 4 mm were depos-
ited on the surface of a square sample. The lateral pho-
toconductivity was measured on a BOMEM DA3.36
Fourier-transform spectrometer with a KBr beam split-
ter. A globar was used as a radiation source. The sam-
ples were placed in a light guide insert in a storage
helium Dewar vessel.

3. RESULTS AND DISCUSSION

The measured dependences of the electrical resis-
tance of the Si;_,Ge/Si : B heterostructures on the
reciprocal of the temperature are plotted in Fig. 1. At
temperatures T > 35 K, boron impuritiesin the substrate
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and in the doped silicon layers are ionized and the elec-
trical resistance of the heterostructure is determined by
free-carrier conduction. At low temperatures (T <
35K), holesinbulk Si : B arefrozen at acceptors. Since
the quantum-well depth in the heterostructures under
investigation is greater than the ionization energy of
boron impurities (46 meV), the holes from the doped
layers fill the quantum well and form a two-dimen-
siona holegas. Therefore, the electrical conductivity in
the quantum well at low temperaturesis virtually inde-
pendent of temperature (Fig. 1). At a temperature of
4.2 K, the two-dimensional hole concentration, which
was experimentally determined from the Hall effect,
increases with an increase in the germanium content in
the quantum well and ranges from 3 x 10 to 10* cm2.
The hole mobilities, which were aso obtained from
measurements of the Hall effect, depend on the germa-
nium content in the quantum well and are equal to
5500, 1500, and 300 cm?/(V s) for x = 0.12, 0.21, and
0.30 at 4.2 K, respectively.

The experimental photoconductivity spectra of the
heterostructures with quantum wells are depicted in
Fig. 2. For comparison, this figure also shows the pho-
toconductivity spectrum of aSi : B (x = 0) bulk sample.
As can be seen from the measured spectra, the photo-
conductivity spectrum of the heterostructures with
guantum wells exhibits two signals of different origins.
The first signa is represented by the impurity band
associated with the photoionization of boron acceptors
insilicon.

The characteristic features in the spectrum of the
impurity photoconductivity in the Si : B bulk sample
also clearly manifest themselvesin the spectraof all the
heterostructures with quantum wells and correspond to
the photoresponse of the silicon barriers and the sub-
strate. Apart from the band attributed to boron impuri-
ties, the photoconductivity spectra of the SiGe/Si : B
heterostructures contain a broad band whose position
depends on the germanium content in the quantum
well. Theintensity ratio of these two bands depends on
the bias voltage applied to the sample. At a relatively
low bias voltage (approximately 1 V), the intensity of
the band associated with the photoconductivity of the
guantum well is higher than that of the band assigned to
the ionization of boron impurities in the silicon layers.
However, with anincreasein the biasvoltage, theinten-
sity of the band corresponding to impurities increases
and, at high bias voltages, becomes higher than the
intensity of the band attributed to the quantum well.

The photoconductivity spectrum of the Si : B bulk
sample (Fig. 2) is characterized by clearly pronounced
oscillations. Similar oscillations (phonon replicas)
were observed earlier by Bannayaet al. [6]. The period
of these oscillations is determined by the energy of
optical phonons in silicon (~60 meV). Furthermore,
similar oscillations are also clearly seen in the photo-
conductivity spectrum of the heterostructure with
Si; _,Ge, quantum wells at a germanium content x =
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Fig. 2. Photoconductivity spectraof bulk Si : B (x = 0) and
SiGe/Si structures with different germanium contents in
quantum wells at atemperature of 4.2 K. Arrows and num-
bers near the curves indicate the calculated positions and
energies of the transition of holes from the valence band of
the SiGe quantum well to the valence band of silicon,
respectively.

0.12. The minimum observed in the photoconductivity
spectrum at a frequency of 1200 cm can be hypothet-
ically associated with the absorption of light by oxygen
insilicon.

As the germanium content increases, the band
assigned to the quantum well in the photoconductivity
spectrum shifts toward the high-energy range. InFig. 2,
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the arrowsindicate the cal culated positions of the quan-
tum-confinement level in the quantum well for each
sample. The calculations were performed using a6 x 6
Hamiltonian. This Hamiltonian describes the subbands
of heavy, light, and spin-split-off holes. It can be seen
that the calculated energies are in good agreement with
the energies of the low-frequency edge of the photocon-
ductivity band.

Moreover, it was found that the photoconductivity
signal associated with the quantum well (the character-
istic relaxation time T ~ 1 ms) is more inertial than the
photoconductivity signal of boron impuritiesin silicon
(t ~ 10 ps). It should aso be noted that the photocon-
ductivity attributed to the quantum well is negative in
sign; i.e, the electrical resistance of the sample
increases under exposureto light. The opposite effectis
observed for impurity photoconductivity; more pre-
cisely, the electrical resistance of the sample decreases
upon generation of excess charge carriers that contrib-
ute to the electric current. It is interesting that, in the
photoconductivity spectra of the heterostructure sam-
ples with quantum wells (Fig. 2), both of the photocon-
ductivity signals have the same sign. This can be
explained by the phase error introduced during data
processing by the Fourier-transform spectrometer.

In our opinion, the high-frequency band in the photo-
conductivity spectraof the selectively doped SGe/S : B
heterostructures with a two-dimensional hole gas
should be assigned to the transitions of holes from the
qguantum well to long-lived statesin the silicon barriers.
A similar negative photoconductivity was revealed by
Yakimov et al. [7] upon interband excitation of SiGe/Si
heterostructures with quantum dots. The capture of
holesin barrier states dominates over their return to the
guantum well, and the long lifetime of holesin the sili-
con barrier can be governed by the tunneling processes.
Therefore, the photoexcitation of holes leads to a
decrease in their concentration in the quantum well,
i.e., to adecrease in the electric current and the appear-
ance of the negative photoconductivity signal.

4. CONCLUSIONS

Thus, in this work, we investigated the lateral pho-
toconductivity in selectively doped SiGe/Si . B hetero-
structures with a two-dimensional hole gas. It was
found that the mobility of the two-dimensional hole gas
decreases as the hole concentration and the germanium
content in quantum wells increase. The hole mobility
determined from the measurements of the Hall effect at
atemperature of 4.2 K in the heterostructure with alow
germanium content (X = 0.12) in the quantum well is
higher than 5 x 10° cm?(V s). The measured spectra of
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lateral photoconductivity in the heterostructures under
investigation exhibit two signals of different origins.
The positive signal of the photoconductivity is associ-
ated with the impurity photoconductivity in silicon lay-
ers of the heterostructures. The position of this signa
does not depend on the parameters of the Si;_,Ge,
guantum well. The second signal of the photoconduc-
tivity isnegativein sign, and its position depends on the
composition of the quantum well. The energy of the
low-frequency edge of the negative photoconductivity
signal isin good agreement with the calculated energy
of the quantum-confinement level of holes in the quan-
tum well. The negative photoconductivity signal is
assigned to the transitions of holes from the quantum
well to long-lived states in silicon barriers. These tran-
sitions lead to a decrease in the concentration of charge
carriers in the two-dimensional conducting channel
and, consequently, to an increase in the electrical resis-
tance of the heterostructure.
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Abstract—The structure of the quantum-well valence band in a Ge(111) two-dimensional layer is calculated
by the self-consistent method. It is shown that the effective mass characterizing the motion of holes along the
germanium layer is almost one order of magnitude smaller than the mass for the motion of heavy holes along
the [111] direction in abulk material (this massis responsible for the formation of quantum-well levels). This
creates a unique situation in which alarge number of subbands appear to be populated at moderate values of
the layer thickness d,, and the hole concentration p.. The depopulation of two or more upper subbands in a
38-nm-thick germanium layer at ahole concentration ps= 5 x 10'® m~2 isrevea ed from the results of measuring
the magnetoresistance in a strong magnetic field aligned parallel to the germanium layers. The destruction of
the quantum Hall state at afilling factor v = 1 indicates that the two lower subbands merge together in a self-
formed potential profile of the double quantum well. It is demonstrated that, in a quasi-two-dimensional hole
gas, the latter effect should be sensitive to the layer strain. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Upon addition of one more degree of freedom to the
two-dimensional motion of charge carriers in a layer,
there arise favorable conditions for the occurrence of
new physical phenomena in semiconductor heterosys-
tems. For example, these conditions can either bring
about the formation of new electronic phasesin amul-
ticomponent system residing in the quantum Hall state
or extend the range of existence of the phasesformedin
atwo-dimensional layer [1].

Such a crossover can be most efficiently accom-
plished by the following two methods. Thefirst method
consists in providing the possibility of populating
upper quantum-well subbands. In particular, Sergio
et al. [2] demonstrated that the population of at least
eight subbands can be achieved in a wide parabolic
potential well filled with electrons in which two- and
three-dimensional states coexist. Gusev et al. [3]
revealed anew collective state. It was found that collec-
tive statesin a hole gas are more readily generated than
those in an electron gas due to the greater mass of the
holes[4].

The second method involvesthe fabrication of asys-
tem composed of interrelated two-dimensional layers
in which new phenomena of the physics of multicom-
ponent systems can manifest themselves owing to the

formation of interlayer correlated states[1, 5]. It should
be noted that the hole systems are more promising due
to the greater mass of the holes, because, in this case,
the interlayer tunneling that hinders the formation of
interlayer correlated states is suppressed [6].

In this work, we investigated the magnetotransport
phenomena in a quasi-two-dimensional hole gas in a
germanium layer under conditions where a large num-
ber of subbands are populated. The system under con-
sideration was doped selectively. This brought about a
bending of the potential well bottom and the formation
of a double-quantum-well profile. In turn, this resulted
in separation of the hole gas into two two-dimensional
sublayersin germanium layers of large thickness.

2. OBJECTS OF INVESTIGATION

The measurements were performed for a series of
Ge, _,S,/GelGe, _,Si, (x = 0.1) quantum wells grown
on a(111) substrate. The central region of the Ge, _,Si,,
barriers was doped with boron. The samples to be stud-
ied had different thicknesses d,, of the germanium layer
and different hole gas densities p, in this layer. The
parameters of the samples are given in the table.

The quantum Hall effect was observed when the
magnetic field was applied perpendicularly to the ger-

1063-7834/05/4701-0049$26.00 © 2005 Pleiades Publishing, Inc.
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Parameters of the studied samples

Sample no. d,, Nm ps, 10'° m2
578 8 14
1006 125 4.9
1123 23 34
1124, 1125 22 28
47582 38 5
476b4 38 58

manium layers (Fig. 1). Thiseffect was thoroughly ana-
lyzed in anumber of our previousworks (see, for exam-
ple, [7]). This paper reports on the results of investiga:
tions performed for thicker layers and data on the
magnetoresistance of the same samples in a magnetic
field aligned parallel to the layers.

3. RESULTS AND DISCUSSION

The specific features of the quantum Hall effect at
thefilling factorv =1 (i.e., the plateau at the Hall resis-
tance R, = 25.8 kQ and the corresponding minimum of
the longitudinal magnetoresistance p,,) are not
observed for germanium layers with a thickness of
greater than ~30 nm and are well pronounced for thin-
ner layers. This behavior is associated with the forma-
tion of adouble quantum well (see below).

The results of the measurements in a parallel mag-
netic field are presented in Fig. 2. For convenience of
comparative analysis, the results obtained for different
samples are normalized to the resistance p, in a zero
magnetic field.

The parallel magnetic field hasvirtually no effect on
the magnetoresistance of germanium layers with the

70

0 05 1.0 15 2.0
v1=B/B,_,

Fig. 1. Quantum Hall effect in germanium layerswith thick-
nesses d,, < 30 nm (samples 1006, 1124) and d,, > 30 nm

(sample 476b4).
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smallest thickness (seethe datain Fig. 2 for sample 578
with alayer thicknessd,, = 8 nm). Theresults of the cal-
culations (Fig. 3) clearly demonstrate that only one
hole quantum-well subband is populated in thissample.
Samples with thicker germanium layers possess a
strong negative magnetoresistance (up to 40% of the
zero-field resistance py). It isworth noting that the neg-
ative magnetoresistance of germanium layers with a
moderate thickness (d,, = 20 nm) is described by a
smooth curve, whereas the negative magnetoresistance
of layers with the largest thickness (~40 nm; samples
47582, 476b4) is characterized by a monotonic curve
with local features [8]. These features are clearly seen
after subtracting the monotonic background, which was
simulated by a fourth-degree polynomial (see inset to
Fig. 2). The experiments performed in tilted magnetic
fields showed that the above features manifest them-
selvesin anarrow range of tilt anglesin the vicinity of
the magnetic field aligned parallel to the germanium
layers when Shubnikov—de Haas oscillations have
already disappeared.

The quantum-well structure of the valence band in
the Ge(111) layer was calculated by self-consistently
solving asystem of Schrédinger equations (on the basis
of the Luttinger Hamiltonian with due regard for the
exchange—correlation energy [9]) and Poisson equa-
tions. The main features of the calculated valence band
structure can be summarized as follows (Figs. 3, 4).

(1) The subbands in the Ge(111) layer have arela
tively simple structure. Although the shape of the sub-
bands differs significantly from parabolic, they do not
contain additional extrema. This is inconsistent both
with the predictions made for an infinitely deep poten-

0 10 20 30 40
B T

Fig. 2. Magnetoresistances of different samplesin aparallel
magnetic field at T = 1.6 K. The asterisk indicates the local
features in the magnetoresistance of samples 475a2 and
476b4. The inset shows the magnetoresistances of samples
47582 and 476b4 after subtracting the monotonic compo-
nent.
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—-100 '
0

Fig. 3. Structure of the valence band in an 8-nm-thick ger-
manium layer.

tial well [10] and with the results of the valence band
calculations performed for a GaAs(100) layer (see, for
example, [11]) but agrees with the results of the calcu-
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lations performed by Winkler et al. [12] for Ge(100)
layers.

(2) The energy dispersion E; (ky(115)) for the extreme
hole subband is characterized by a rather small effec-
tive mass m/m, = 0.053-0.062, which is close to the
light-hole mass my y711/My = 0.040 in bulk germanium
[13]. The small effective mass is due to a considerable
mixing of heavy- and light-hole bulk statesin the wave
function of the subband at k” # 0, whereas the states in
the extreme subband at k; = O correspond to heavy
holes. Herein lies a radica difference between the
valence and conduction bands. Actually, in the conduc-
tion band, the character of the wave functions in the
subband remains almost unchanged even though k; is
varied, whereas the mass of electronsin the subbandsis
equal to the bulk mass and increaseswith anincreasein
kj, thus reflecting only an insignificant nonparabolicity
due to the influence of the nearest bands. A combina-
tion of small masses of the holes for motion along the
layer with large bulk masses of the heavy germanium
holes, my,ym11/My = 0.50 [13] (this massis responsible
for the formation of quantum-well levels), creates a
unique situation where alarge number of subbands are
populated at moderate values of the hole concentration
and the layer thickness.

—40L

-60

7
’

T
Lay HH3

E, meV

-60

—-80

—-100

1 1
-30 -10 O

k, 103 m™!

Fig. 4. Calculated valence band structure for sample 475a2. The energy increases deep into the valence band. The potential profiles
and energy levels are calculated (a) without regard for the strain and (c) at the strain parameter ¢ = 10 meV. The structures of the
corresponding subbands and the Fermi levels are calculated (b) without regard for the strain and (d) at the strain parameter { =

10 meV.
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According to the performed calculations, the fact
that the specific features revealed in the quantum Hall
effect disappear at the filling factor v = 1 in thick ger-
manium layers can be explained by merging the two
extreme subbands HH1 and HH2 in the self-formed
double-quantum-well potential (Fig. 4a), but only inthe
case where the layer strain is taken into account. It can
be seen from Figs. 4b and 4d that the two extreme sub-
bands merge together only at small values of k; and
diverge from each other with an increase in k. Thisis
yet another specific feature in the quantum-well spec-
trum of the degenerate valence band. If two levelsof the
electron gas in the double quantum well were to coin-
cide with each other at k; = 0, their subbands would
remain virtually merged with an increase in k; over the
entire range of energies. In an unstrained germanium
layer at energiesin the vicinity of the Fermi level, these
subbands are rather widely separated (Fig. 4b) and the
gap at the Fermi level should bring about the formation
of aquantum Hall state at thefilling factor v = 1. How-
ever, the layer strain extendsthe range in which the sub-
bands merge together and the subbands at a strain
parameter { = 10 meV remain merged at the Fermi level
(Fig. 4d). Since the gap at the Fermi level is absent, the
Landau levels of both subbands (i.e., in two sublayers)
coincidein pairs and only even features of the quantum
Hall effect should manifest themselves for the germa:
nium layer as awhole (this is actually observed in the
experiment).

The above splitting of the hole subbands stems from
the fact that the fractions of the states of light holes,
which are admixed to level s of symmetric and antisym-
metric states, are different at energies close to and
above the barrier in the double quantum well. The ger-
manium layers in the Ge,_,Si, adloy are uniaxialy
stretched along the growth direction due to the smaller
lattice spacing. This leads to a shift of the light-hole
subbands deep into the valence band. As a conse-
guence, the nonparabalicity range of heavy-hole sub-
bandsis shifted to high energies and the range in which
the HH1 and HH2 subbands merge together increases
and reaches the Fermi level at k= k= Therefore, inthe
absence of strains in samples 475a2 and 476b4, there
should exist agap of ~2 meV at the Fermi level. At lig-
uid-helium temperatures, this would reliably provide
the formation of a quantum Hall state at the filling fac-
tor v = 1. However, for a strain parameter (half the
strained gap) { > ~6 meV, the range in which the sub-
bands merge together reaches k. In this case, the state
at the Fermi level appears to be either doubly degener-
ate or quadruply degenerate with allowance made for
the spin. Inthe magnetic field, the levels remain doubly
degenerate after spin splitting and only even quantum
Hall states manifest themselves in the experiment. The
interlayer correlation effects additionally contribute to
the destruction of quantum Hall states at thefilling fac-
torv=1[1,5, 14].

PHYSICS OF THE SOLID STATE Vol. 47

The results of the calculations demonstrate that,
apart from the two extreme merged subbands, one or
two higher lying subbands are populated in a 38-nm-
wide potential well at a hole concentration p, = 5 x

10% m2 (Fig. 4). We believe that the population of
these upper subbands is responsible for the local fea-
tures observed in the magnetoresistance p(B) of sam-
ples 475a2 and 476b4. Owing to the upward diamag-
netic shift of the subbands, the Fermi level intersects
them sequentially and each intersection manifestsitself
as afeature in the magnetoresi stance due to the change
in the density of states at the Fermi level and the sup-
pression of intersubband scattering. The observed local
features of the magnetoresistance (two, at the mini-
mum) suggest that at least two upper subbands are pop-
ulated in a zero magnetic field.

It should be noted that samples 1123 and 1124 with
germanium layers of moderate thickness (~20 nm) aso
have a negative magnetoresi stance of the sametype and
magnitude but without local features. This indicates
that only one subband is depopulated in the parallel
magnetic field. A decrease in the resistance p(B;) of
sample 1123 is observed in magnetic fields stronger
than those for sample 1125 (Fig. 1). Since the former
sample is characterized by a higher hole concentration
and awider potential well, the above difference can be
explained by the fact that, for sasmple 1123 in a zero
magnetic field, the Fermi level is located deeper in this
upper subband.

In conclusion, we note that the possibility of popu-
lating many subbands in the studied samples suggests
that this hole heterosystem is promising for the search
for correlated states at ultralow temperatures.
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Abstract—Prospects for using the long-wavelength dislocation luminescence line D1 in silicon-based light-
emitting diodes are considered. The standard spectral position of thisline at 807 meV, rather than being canonic,
depends on the morphology of the dislocation structure and the impurity environment of an individual disloca-
tion. Data on the spectral distribution of luminescence intensity in the region of the D1 line have been analyzed
in terms of the concentration of interstitial oxygen in a sample, plastic deformation parameters, and thermal
treatment. The results obtained suggest that oxygen exerts a dominant effect on the spectral position of line D1
and luminescence intensity in its vicinity. It is shown that the probable structure of recombination centers can
be described in terms of the donor—acceptor pair model, in which oxygen complexes serve as donors and the
acceptors are structural defects in the dislocation core. © 2005 Pleiades Publishing, Inc.

The increasing interest in light-emitting diodes
(LEDSs) has stimulated studies of the optical properties
of silicon-based materials [1]. The most intriguing
among the various approaches to the problem of silicon
application for LED production isthe use of deep states
associated with impurities and structural defects. Even
the very first attempt to fabricate a silicon LED with
radiative recombination occurring at dislocation states
resulted in the production of room-temperature lumi-
nescence [2].

It is customarily believed that dislocation photolu-
minescence (DPL) in silicon can beidentified with four
main lines, D1-D4 [3], peaking at 807, 873, 935, and
997 meV, respectively. Of particular interest from the
standpoint of LED applicationsisthe D1 line, because
its energy coincides with the window of the highest
transparency in fiber-optic communications and liesin
the region of silicon transparency. In addition, line D1
features the best temperature stability. Note also that
dislocation luminescence centers are extremely stable
with respect to thermal treatment of a sample and,
therefore, suffer practically no degradation. Despite the
fairly lengthy investigation of the centers accounting
for DPL, the microscopic nature of the long-wave-
length lines remains largely unclear. Possible candi-
dates for the sources of lines D1 and D2 have been pro-
posed to be geometric features in the dislocation lines
(kinks or steps) [4], the deformation potentia [5],
impurity—dislocation complexes [6], and dislocation
crossing points [7, 8]. None of these models, however,
provides an exhaustive description of the experimental
behavior of the long-wavelength DPL lines. The
present communication analyzes the available data and
reports on additional studies performed to refine the
role played by oxygen in the formation of DPL centers.

A gradual increase in dislocation density through an
increase in the degree of plastic strain brings about a
redistribution of the DPL spectral intensity into the
region of theD1line[9]. Therdatively narrow D1line,
with ahalf-width on the order of 5-10 meV, transforms
into a broad band (with a half-width of about 80 meV)
consisting of several unresolved lines. Here and in what
follows, the D1 band is taken to mean the spectral
region of 750-850 meV. In Fz-Si, the spectral intensity
is largely concentrated in the long-wavelength wing of
D1. By contrast, in Cz-Si with didlocations, the short-
wavelength D1 wing is more strongly pronounced and
high-temperature annealing shifts the maximum of the
broad band away from D1 toward higher energies[10].
Figure 1 presents typical DPL spectra obtained in dif-
ferent conditions. We readily see that, at comparatively
low dislocation densities (N ~ 10° cm2), the spectrum
isdominated by the narrow D1 and D2 lineswith ahalf-
width of the order of 5 meV. As N in crystals with a
low interstitial oxygen content ([O,] ~ 10'® cm™) is
increased to 10 cm™ or more, the long-wavelength
wing of the D1 band becomes stronger, whereas in
crystals with a high oxygen content [O,] ~ 10*® cm®)
the maximum of the DPL band is shifted shortward. It
was shown in [11] that subjecting a Fz-Si sample pre-
liminarily strained at 900°C to annealing at 450°C
increases the long-wavelength wing of the D1 line
peaking at about 780 meV in intensity. Because anneal -
ing at 450°C stimulates the formation of oxygen com-
plexes exhibiting donor action, so-called thermal
donors(TDs), the new DPL linewas assigned to recom-
bination at centersincluding TDs and acceptor disloca-
tion states. A study of the temperature quenching of D1
and of theline at 780 meV, as well as of passivation by

1063-7834/05/4701-0005$26.00 © 2005 Pleiades Publishing, Inc.
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Aexe =920 nm, 10 mW

— Fz-Si, Ny =107 cm™
-o- Cz-Si, Np = 10° cm™2
= Fz-Si, Ny =10° cm™

PL intensity, arb. units

0.8 09 1.0
Energy, eV

Fig. 1. DPL spectraobtained on Fz-Si sampleswith two dif-
ferent dislocation densities and on Cz-Si with a high dislo-
cation density. Dashed lines identify the standard positions
of theD1 and D2 lines.

Fz-Si, [0,] < 10% cm™3
T=2K
Aexe = 920 nm, 10 mW

- Def. 900°C
— Quench. 1050°C
-0- 700°C/20 min

PL intensity, arb. units

1 L 1
0.80 0.85
Energy, eV

Fig. 2. DPL spectrum of asilicon samplewith alow oxygen
concentration obtained after deformation at 900°C, and its
variation after quenching from 1050°C and subsequent
annealing at 700°C. Dashed linesindicate the standard posi-
tions of the D1 and D2 lines. The spectra are normalized
against integrated intensity.

atomic hydrogen, provided evidence supporting this
assumption. Although the concentration [O,] in Fz-Si is
not high enough for effective TD formation, it appears
reasonable to assume that, near a dislocation, this con-
centration is substantially higher because of the pickup
of oxygen by amoving dislocation [12].

Additional annealing of Cz-Si sampleswith disloca-
tions was found to cause a more pronounced effect on
the DPL lines[13]. In this case, the part played by oxy-
gen diffusion to dislocations obviously increases.
Indeed, it isknown that extended defects are capabl e of
accumulating impurity atoms because of the energy in
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the impurity—dislocation system being lower. In partic-
ular, silicon with dislocations typically exhibits an
exponential decrease in the interstitial-oxygen concen-
tration [O;] after thermal treatment at elevated temper-
atures[14]; this decrease occurs several orders of mag-
nitude faster than it does in dislocation-free crystals.
Precipitation of oxygen on dislocationsis corroborated
by the increase in the starting stress required to break
away adislocation [15]. One may conceive of atemper-
ature at which inverse dissolution of precipitatesis pos-
sible. This is indeed supported by the increase in the
concentration [O]] in the course of annealing at a high
temperature[16]. Hence, “evaporation” of oxygen from
dislocations should bring about a decrease in the start-
ing stress. It was shown in [17] that the temperature
dependence of the starting dislocation stress in silicon
has a break near 1100°C, which was interpreted as
resulting from the dislocations breaking away from the
oxygen atmosphere. A study of the variation of the PL
spectra of plastically deformed silicon samples with
annealing temperature and subsequent quenching also
revealed that, starting from the quenching temperature
of 1000°C, the D1 and D2 lines narrow [18] and the
structureless background decreases simultaneously in
intensity. Thus, one observes a correlation between the
mechanical and optical studies of the properties of oxy-
gen-decorated dislocations.

The reversible change of the PL intensity distribu-
tion near the D1 line observed to occur under annealing
and quenching suggests the formation of impurity—dis-
location complexes acting as recombination centers, in
which oxygen plays the role of a dominant impurity.
Thus, by introducing dislocations through plastic
deformation of asample, we obtain a set of dislocations
decorated by oxygen to various degrees; so the PL
spectrum of such a sample should represent a superpo-
sition of several PL bands. Conversely, annealing at a
high temperature followed by quenching should bring
about a partial freeing of dislocations from oxygen.
Figure 2 illustrates the effect of quenching from
1050°C and subsequent annealing at 700°C on the DPL
spectrum of a Fz-Si sample with aconcentration [O] ~

10% cm3 that was previously deformed at 900°C.
Quenching is seen to reduce the relative contribution of
the long-wavelength wing. Subsequent annealing at
700°C gives rise to a sharp redistribution of the inten-
sity to enhance the long-wavel ength wing, which sug-
gests reverse diffusion of oxygen atoms to the disloca-
tions and the formation of oxygen—dislocation com-
plexes. In addition to the redistribution of spectral
intensity, quenching noticeably reduces the total PL
intensity. A possible cause of this could be an increase
in the defect concentration and, as a consequence, a
decrease in the lifetime. Therefore, the spectrain Fig. 2
are normalized to the integrated PL intensity. Figure 3
shows the effect of post-quenching isochronous anneal -
ing on DPL in Fz-Si, which consists in a reverse
increase in PL intensity. We see accelerated growth of
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the long-wavelength wing of the D1 line, which indi-
cates an enhancement of recombination via the oxy-
gen—dislocation complexes.

Unlike Fz-Si, plastic deformation of sampleswith a
high concentration [O;] effected at a high temperature
and alow rate! immediately producesaDPL band with
a maximum shifted toward shorter wavelengths
(Fig. 4). In this case, quenching also favors the appear-
ance of the standard D1 line with a long-wavelength
wing in the DPL spectrum. Here, we actually witness
reconstruction of the local oxygen concentration in the
vicinity of adislocation, which can be attained only by
annealing in samples with alow oxygen concentration
(Fz-Si). Subseguent annealing restores, however, the
original band with a shortward-shifted maximum
(Fig. 4). We may assume that the short time of the pre-
guenching annealing does not allow the restoration of a
spatialy uniform distribution of interstitial oxygen,
with the result that reverse diffusion of oxygento adis-
location takes place faster than in the original sample.
The process of oxygen gettering by dislocations is, on
the whole, not monotonic. It was shownin [19] that the
rate of oxygen pickup near adislocation is governed by
parameters such as the local and volume-averaged con-
centration [Q], the diffusion coefficient, and the rate of
oxygen precipitation on the dislocation itself.

Figure 5 plots the dependence of this shifted band
on pump power [20]. We see that increasing the pump
power by afactor of 40 shifts the DPL band maximum
to higher frequencies by more than 10 meV, with afur-
ther increase in the excitation power no longer being
efficient. Thisindicatesthat the DPL band in Cz-Si may
also derive from donor—acceptor-type recombination.
The 100-mW pump power is apparently high enough to
excite the nearest neighbor donor—acceptor pairs, so
that a further increase in power up to 190 mW can nei-
ther boost the PL intensity nor shift the maximum.

Thus, our results show that oxygen playsadominant
role in DPL center formation. The recombination
model proposed in [11] for the 778-meV band does not
contradict the results obtained on Cz-Si samples, in
which the main DPL peak is shifted shortward of D1. It
isknown that among TDsthere are anumber of oxygen
clusters that contain two to ten oxygen atoms and have
similar donor-level ground state energies of around
70 meV [21]. Taking all thisinto account, the fitting of
the calculated curve to an experimental spectrum per-
formed in [11] yielded an energy of ~360 meV for the
acceptor state. The energy of the photon emitted in
recombination at a donor—acceptor pair (considered
without inclusion of the van der Waal sterm and phonon
participation) is[22]

E(r) = Ey—(En+ Ep) +€%/er,

1A low deformation rate is understood to be the relative change of
sample dimensionsin atime of the order of 10~ min.
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Fig. 3. DPL spectraof Fz-Si obtained after quenching from
1200°C and subsequent isochronous annealing.
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Fig. 4. DPL spectra of Cz-Si obtained after deformation,
quenching, and subsequent annealing.
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Fig. 5. Shift of the DPL band maximum with increasing
pump power.
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where Eg is the width of the indirect band gap in Si;
E, and Ej are the donor and acceptor ionization ener-
gies, respectively; r is the distance between the donor
and acceptor; and € isthe low-frequency dielectric con-
stant. Therefore, the Coulomb term for a photon energy
of 830 meV (the maximum of the DPL band in Cz-Si)
should be 95 meV, which corresponds to a donor—
acceptor distance of ~1.5 nm [22]. This figure appears
reasonable. Thus, the model of donor—acceptor recom-
bination permits adequate description of the spectral
distribution of intensity in the long-wavelength DPL
wing.

To sum up, we have analyzed experimental data on
the dependence of the DPL band position on oxygen
concentration near a dislocation and shown that the
experimental data can be consistently described by
assuming donor—acceptor-type recombination in which
oxygen clusters act as donors and the part of the accep-
tor is played by the dislocation defect responsible for
the D1 line.
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Abstract—SiGe nanoislands grown in a silicon matrix at temperatures of 300 to 600°C are studied using
Raman spectroscopy and electroreflectance. For islands grown at relatively low temperatures (300-500°C),
phonon bands are observed to have a doublet structure. It is shown that changesin the percentage composition,
size, and shape of nanoislands and, hence, in the elastic stresses (depending on the growth temperature of the
structures) have a significant effect on the energies of optical electronic interband transitions in the islands. As
a consequence, the resonance conditions for Raman scattering also change. It is found that interdiffusion from
the silicon substrate and the cover layer (determining the mixed composition of SiGeislands) is of importance
even at low growth temperatures of nanostructures (300400°C). © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Semiconductor structures several nanometersin size
typically exhibit quantum confinement effects. By
varying the geometrical dimensions and configuration
of nanometer-sized objects, one can control the proper-
tiesof the crystal structure, primarily the energy spectra
of carriers and phonons. Nanostructures can form in
different ways, for example, through self-assembly of
growing nanoislands via the Stranski—Krastanow
mechanism [1]. Among semiconductor nanostructures,
arrays of Ge and SiGe quantum dots (QDs) are of spe-
cia interest [2], because they are employed in near-
infrared optoelectronics and are compatible with sili-
con technology. In order to devel op perfect devices, one
needs information on the optical and electronic proper-
ties of QDs, which depend on various factors, such as
their size, shape, density, homogeneity of spatial distri-
bution, stresses, and percentage composition. These
characteristics of QDs are significantly affected by
interdiffusion during their growth, which is of impor-
tance not only for Si/Ge systems but al so for QDs based
on I11-V and [1-VI compound semiconductors.

As shown in [3], the percentage composition and
stresses in QDs can be determined using Raman scat-
tering. In most relevant studies, Raman scattering was
used to investigate SiGe QDs produced at high temper-
atures (600-750°C) [2, 4, 5]. In this work, we studied
SiGe QDs grown at lower temperatures (300-600°C).

2. EXPERIMENTAL TECHNIQUE

The structures under study were grown, using
mol ecul ar-beam epitaxy (MBE), on a Si(001) substrate
covered with a preliminarily grown buffer Si layer.
After 8-ML-thick germanium was deposited on the
buffer layer, the formed islands were covered with a
50-nm-thick Si layer. MBE was performed at substrate
temperatures varied in the range 300-600°C from sam-
ple to sample. Raman spectra were taken with a DFS-
24 spectrometer at room temperature using various
lines of an Ar* laser for laser excitation. Electroreflec-
tance spectrawere measured in therange 1.8-3.7 eV at
room temperature using the conventional electrolytic
method. The modulating-voltage amplitude was 1V,
which corresponds to weak-field conditions. Therefore,
the Aspnes formulas can be used to cal culate the direct-
transition energies [6].

3. RESULTS AND DISCUSSION

Figure 1 shows Raman spectra of SiGe nanoislands
grown at temperatures of 300 to 600°C. These spectra
exhibit specific featuresthat differentiate them from the
spectra taken by us from islands grown at higher tem-
peratures (650—750°C) [5]. First, the bands correspond-
ing to Ge-Ge and Si—Ge vibrations have a doublet
structure. Second, resonance enhancement of the scat-
tering intensity is observed. Third, there is a low-fre-
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guency band (inset to Fig. 1) associated with interaction
between acoustic phonons and electronic states local-
ized withinislands[7].

The high-frequency component of the Ge-Ge dou-
blet for islands grown at a temperature of 300°C is
located at 315 cm™. For an almost pure germanium
island, such ahigh frequency indicates significant elas-
tic compression caused by a 4% lattice mismatch
between the island and the silicon substrate. As the
island growth temperature increases to 400°C (let alone
to 500°C), the high-frequency component of the Ge-Ge
doublet in the Raman spectrum shiftsto lower frequen-
cies (see table). This shift can be due to a decreased
stressinislands or an increased Si content in them. The
changein stress can be associated with adecreasein the
lattice mismatch between Si; _,Ge, islands and the Si
substrate and (or) relaxation through an increase in the
ratio of theisland height to itslateral dimensions (h/L).
Our atomic-force microscopy (AFM) studies showed
that, in the case where 8-ML-thick germanium was
deposited at temperatures of 450 to 580°C and then not
covered with silicon, the islands were hut clusters
(Fig. 248). Scanning tunneling microscopy studies have
shown that, at lower temperatures of epitaxial growth
(300450°C), idands are adso hut clusters[8, 9]. Since
the ratio h/L cannot significantly change with increas-
ing the temperature of epitaxial growth (and, in addi-
tion, the relaxation in silicon-covered islands is hin-
dered by the cover layer), we arrive at the conclusion
that the decrease in elastic stresses in islands is most
likely caused by theincreased Si content in them due to
interdiffusion. This conclusion is aso in agreement
with el ectroreflectance measurements.

It is known [10Q] that, in unstressed Si; _,Ge, solid
solutions, the energies of direct transitions Ey(Si—Ge)
and E;(Si—Ge) increase as x decreases, with Ey(x) vary-
ing most significantly. The transition energy E, (Si—
Ge) varies with x only very dightly [10]. As follows
from our experimental data, the direct-transition energy
Ey(S—Ge) increases monotonically with growth tem-
perature despite the decreased stresses in islands (see
table), which suggests that the Si content in the islands
increases. The fact that interdiffusion in islands is
noticeable at such low temperatures is also supported
by photoluminescence data[9].

Ge-Ge

Intensity, arb. units
(
==
S
an

Intensity, arb. units

350
Raman shift, cm™

400
1

450

Fig. 1. Raman spectra of SiGe nanoislands grown at tem-
peratures of (1) 300, (2) 400, (3) 500, and (4) 600°C. The
inset shows the low-frequency region of the Raman spectra.
Laser excitation was provided by the 514.5-nm line of an

Art laser.

Fig. 2. AFM images of SiGe nanoislands grown at temper-
atures of (a) 500 and (b) 600°C.

We estimated the composition of islands forming at
temperatures of 300 to 500°C under the assumption that
the decreased stressinislandsisdueto Si diffusioninto
them. The x dependence of the frequency position of
the Ge-Ge vibration band in the Raman spectrum is
given by [11]

Wgece = 280.8 +19.37x. (1)
Including the dependence on eastic strain [12], we obtain
Wgece = 280.8 + 19.37x —400¢(x), 2

Experimental values of the frequencies of Ge-Ge and Si—-Ge Raman bands, composition x, elastic strain €, and direct-transi-
tion energies Ey(Si-Ge), E;(Si—-Ge), and E, (Si-Ge)

T,°C | Vgege CM| Vgige CM™E XGe g Eo(S—Ge), eV | E(Si-Ge), eV | E,(S—Ge), eV
300 315.0 418.6 0.98 -0.041 197 2.46 3.07

400 314.3 419.0 0.96 0.039 211 242 3.10

500 3119 420.4 0.87 0.035 2.16 2.34 3.14

600 300.5 419.9 0.56 0.021 - - -
PHYSICS OF THE SOLID STATE Vol. 47 No.1 2005
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Fig. 3. Electroreflectance spectra of SiGe nanoislands
grown at various temperatures.

where €(X) = (agg(X) —ag)/ag, with agg. and ag being
the lattice parameters of the idands and substrate,
respectively. The results obtained (see table) suggest
that Si diffusioninto islands occurs even at low temper-
atures of epitaxial growth (300-500°C).

AFM studies of idands grown at 600°C and not cov-
ered with silicon showed that such islands have theform
of pyramids and domes (Fig. 2b). Stress relaxation in
them occurs through increasing both the Si content and
the h/L ratio. Therefore, we used the wgg(X, €) and
Wgce(X, €) dependences to determine the content x and
elagtic strain € in islands. Since the island density at a
growth temperature of 600°C is an order of magnitude
lower than that at 500°C (Fig. 2) and the Si content in
islands is significantly higher, we can neglect the con-
tribution from the interface between a SiGe island and
the Si cover layer to Raman scattering. The frequency
of the Si—-Ge band for the solid solutions at hand in the
range 0.25 < x < 0.9 isclosdly fitted by

Wgee = 387 +81(1-X)—78(1—X)°—575¢. (3)

By solving the set of equations (2) and (3), we obtain
X =0.56 and € = -0.021. For these values of x and €, the
direct-transition energy E;(Si—Ge) for idands is much
higher than the exciting photon energy (2.41 eV); there-
fore, the resonance condition for Raman scattering
ceases to be satisfied. As a consequence, the Ge-Ge
band intensity in the Raman spectrum decreases by
approximately one order of magnitude in comparison
with that for islands grown at 300°C.

The doublet structure of the Ge-Ge and Si-Ge
bands can be caused by a difference in the shape of the
islands, TO-L O phonon splitting at k = 0 due to inter-
nal stresses in islands, or a change in the phonon fre-
guency w(k) at k # 0 due to confinement effects. Let us
discuss these causes further.

PHYSICS OF THE SOLID STATE Vol. 47

The difference in elastic stress between variously
shaped islands even with the same composition can
indeed result in different positions of a Raman band.
However, for samples with nanoislands grown at rela-
tively high temperatures (600-750°C), the doublet
structure of Raman bands was not spectrally resolved
even in the case where there were definitely two differ-
ent shapes of idands [5]. For this reason, we deter-
mined the ensemble averages of the composition and
stressfor nanoislands. The doublet structure of the Ge—
Ge and S—Ge Raman bands is observed for structures
grown at lower temperatures (300-500°C). If germa-
nium is deposited to a nominal thickness of less than
8 ML at these temperatures, only hut clusters with rect-
angular rather than square bases form. In this case, the
ratio of height to lateral dimension is direction-depen-
dent, which resultsin an asymmetric stress distribution
in islands and may manifest itself in Raman spectra as
a doublet structure. However, the spacing between the
frequency positions of the Raman doublet components
isso large (7 to 10 cm™) that the elastic strain in differ-
ent directions must differ by a factor of 2, which is
unlikely.

Another cause of the doublet structure of Raman
bands might be the breakdown of the selection rulesfor
Raman scattering and the appearance of both the LO-
and TO-phonon modes because of splitting of the F
phonon at k = 0 under internal stressesin islands. How-
ever, our measurements of polarized Raman spectra
showed that the intensities of both components of
Ge—-Gevibrationsvary in proportion to the polarization
vectors of theincident and scattered light. Thisfact also
contradicts the assumption that the doublet structure
of Raman bands is due to LO-TO phonon splitting at
k #0.

Finally, the low-frequency shoulder in the Ge-Ge
Raman band can be due to size effects; the phonon fre-
guency changes because nonzero phonon wave vectors
other than k = 0 become involved in Raman scattering.
Asshownin[13], in structures afew lattice parameters
in size, achange of one or two monolayersin height can
have a significant effect on the phonon frequency
involved in Raman scattering because of the changed
phonon wave vector. Calculations within alinear-chain
model [13] showed that achange of 4 ML in height pro-
duces a frequency spacing of ~7 cmr between the cor-
responding Raman bands, which agrees with our exper-
imental results. Furthermore, this assumption allows
oneto explain the shift of the Ge-Ge band to lower fre-
guencies observed by us as the exciting photon energy
was increased.

By measuring electroreflectance spectra, we deter-
mined the electronic transition energies for the samples
under study. In the energy region up to 3.0 eV, the elec-
troreflectance spectra for nanoislands grown at 300°C
reveal two direct transitions, E, and E; [10, 14], with
energies of 1.97 and 2.46 eV, respectively (Fig. 3). As
the island growth temperature increases, the transition
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energy E, increases dightly, which is due to the pre-
dominant effect of the increased Si content in nanois-
lands (see table). However, the transition energy E;
decreases despite the increase in the Si content in the
nanoislands. Thisbehavior of thetransition energy E; is
associated with the competing effects of the stresses
and composition. For islands grown at 400 and 500°C,
the low-frequency shift due to adecreasein stress dom-
inates over the high-frequency shift dueto adecreasein
X. Since the electroreflectance spectrum intensity was
very low for islands grown at 600°C, we could not reli-
ably estimate the transition energies and did not present
them in the table.

As mentioned above, the observed changes in the
direct-transition energy E;(Si—Ge) manifest themselves
in the Raman spectra. Indeed, the high intensity of the
Ge-Ge and S—Ge vibration bands for islands grown at
temperatures of 300 to 500°C is due to a resonance
enhancement of Raman scattering, because the exciting
photon energy (2.41 eV) iscloseto the direct-transition
energy E,(S-Ge).
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Abstract—The morphological features of the quantum-dot formation in the (Ge,Sb)/Si system during molec-
ular-beam epitaxy are studied using reflection high-energy electron diffraction and atomic-force microscopy. It
is found that islands obtained by simultaneous sputtering of Ge and Sb have a higher density and are more
homogeneous than in the case of sputtering of pure Ge. The regularities in the island formation are discussed
interms of the theory of island formation in systems with lattice mismatch. The field-emission properties of the
grown structures are studied using a scanning el ectron microscope. The reduced brightness of (Ge,Sb)/Si nano-
structures is estimated to be B ~ 10° A/(cm? sr V), which is an order of magnitude higher than the brightness of

Schottky cathodes. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Silicon is a basic material for use in the modern
semiconductor industry; microelectronic devices are
made primarily by using planar silicon technology.
However, other applications of silicon-based structures
are now also being intensively developed. Various
Ge/Si materials hold promise for the development of
light-emitting devices based on S substrates. Germa:
nium can be embedded in a Si matrix in the form of
nanoislands, which form during molecular-beam epit-
axy (MBE). It is commonly believed that, in this case,
holes are localized in the germanium and electrons are
located in the adjacent Si layer due to Coulomb attrac-
tion. Such structures are sources of recombination radi-
ation, which is observed in photoluminescence spectra
in the range 1.5-1.9 pm [1]. In multilayer structures
with Ge quantum dots (QDs) embedded in a Si matrix,
an array of nanoislands connected due to tunneling can
be produced with the formation of aminiband for elec-
trons[2]. Inthis case, the radiative recombination times
can be significantly shorter than those in bulk silicon.
Arrays of Ge nanoislandson Si substrates are also used
in multiprobe field emitters [3]. For applications in
instruments, arrays of nanoislands should be asuniform
as possible, which calls for further investigation into
this area. It is known that, in general, MBE-grown Ge
islands form two phases on the (100) silicon surface.
The phases differ in shape and size and are called hut
and dome phases [4]. When grown through MBE on a
substrate at temperatures of 550 to 600°C, both phases

commonly coexist, with the consequence that the
islands range widely in size. In this paper, we propose
atechnique that allows oneto suppress the formation of
dome clusters at temperatures of 550 to 600°C and to
produce Ge islands that are more uniform in size and
have a higher density.

2. EXPERIMENT

Growth experiments were conducted on a Riber
Siva-45 and a Riber Supra MBE setup. Electron-beam
evaporators were used as sources of Si and Ge atomic
beams. The atomic beams were controlled by two qua-
drupole mass spectrometers tuned to masses of 28 and
74, respectively, and by quartz gauges. Prior to growth,
a silicon surface was chemically treated by the RCA
method. We used p- and n-Si(100) substrateswith resis-
tivities of 2—20 and 0.001-0.01 Q cm, respectively. The
surface oxide layer was removed from a Si substrate
directly in the growth chamber, and then a 100-nm-
thick buffer silicon layer was deposited, followed by
deposition of a Gelayer with an equivalent thickness of
0.75t0 1.0 nm. The substrate temperature T, was varied
from 500 to 600°C. For a number of samples, the sub-
strates were exposed to a Sb beam during the deposition
of germanium, and for the other samples, only Ge was
deposited on the Si substrates. The Ge growth rate was
varied from 0.002 to 0.02 nm/s. The temperature of the
Sh, sourcewas kept fixed (450°C), which corresponded
to an effective deposition rate of 0.2 ML/s (1 ML =
6.8 x 10'* cm) on a cold substrate. Reflection high-

1063-7834/05/4701-0058$26.00 © 2005 Pleiades Publishing, Inc.
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energy €electron diffraction (RHEED) patterns showed
that Ge islands formed in all samples. The as-grown
samples were cooled rapidly to room temperature and
removed from the vacuum chamber. The morphology
of the structures was studied by atomic-force micros-
copy (AFM) in the noncontacting operation mode
using an atmospheric microscope (Digital Instruments
Inc.). Thefield-emission properties of Ge/Si nanostruc-
tures were studied using an LS SPM Omicron high-
vacuum scanning tunneling microscope (STM).

3. RESULTS AND DISCUSSION

3.1. Morphological Characteristics of an Array
of Ge/S Quantum Dots

In order to investigate the dependence of the mor-
phology of aGe/Si QD array on the growth parameters,
several series of samples, differing in Ge growth rate
and substrate temperature, were grown in the presence
and in the absence of antimony. Figure 1 shows a typi-
ca RHEED pattern taken from the Si(100) surface
along the [011] direction at the instant of time at which
the effective thickness of a deposited Ge layer was
0.7 nm. The substrate temperature was 550°C in this
case. The observed bright sharp spots indicate the for-
mation of three-dimensional islands on the substrate
surface. In order to precisely determine the time the
transition from two-dimensiona to three-dimensional
island growth occurs, we investigated the dynamics of
the (01) reflection intensity in the A—Al cross section
(Fig. 1) using atechnique described in [5]. It should be
noted that, for all samples obtained in the presence of
both Sb and Ge beams, the formation of three-dimen-
siona islands started earlier than in the case of the dep-
osition of pure germanium (all other growth conditions
being equal), whereas the opposite situation was
observed in [6], where Si(100) substrates were heavily
misoriented and where a0.5- to 1.0-M L -thick antimony
layer was preliminarily deposited. The samples pre-
pared in the presence and in the absence of a Sb beam
differ significantly in morphology. As an example,
Fig. 2a shows an AFM image of a Si(100) surface with
Ge idands grown at a rate V, = 0.02 nm/s with T =
550°C. The idlands are seen to have rectangular or
square bases; they aretypical hut clusters[3]. Figure 2b
shows an AFM image of a Si(100) surface with Ge
isands grown under the same growth conditions,
except that the substrate surface was exposed to an anti-
mony beam during the deposition of germanium. We
see that there are evident distinctions. First, the hut
phase of Ge islands disappears altogether in the pres-
ence of antimony. Second, the mean island dimensions
increase: the base of the pyramidisD* = 40 nm, and the
height is H = 3 nm. The pyramid faces are {106}
planes. Such islands do not belong to the dome phase,
because RHEED patterns do not reveal a multifaceted
structure of their faces. This conclusion is aso con-
firmed by AFM data. The Fourier transform of an AFM
image (Fig. 2b) indicatesthat pyramids (Geislands) are

PHYSICS OF THE SOLID STATE Vol. 47 No.1 2005

Fig. 1. RHEED pattern from a Si surface covered with ger-
manium 0.7-nm thick.

Fig. 2. AFM image of 0.85-nm-thick germanium (a) ona Si
surface (Ge was deposited at a substrate temperature of
550°C at arate of 0.02 nm/s) and (b) on a Si(100) surface
(Ge was deposited in combination with Sb at a substrate
temperature of 550°C at arate of 0.02 nm/s).
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Morphological characteristics of Ge/Si QD arrays obtained under various growth conditions

Germanium Hut clusters Dome clusters Pyramidal clusters N

o rectangular 2 2 2 v LE)

S 3] base, nm %N % %N %%
: 6| ¢ |8 JEISE e | L Bele | . |5
= > |6 S |33 | O T |34 | O I |39 |FoS
1|500| 085 |0.002| - 970 | 170 | 232 | 8 53 15 6 - - - 8
2 | 500 | 085 |0004| - 738 | 172 | 220 | 11 47 16 4 - - - 11
3 | 500|085 [0008| - 525 | 140 | 180 | 15 - - - - - - 15
4 | 500 | 085 |0015| - 422 | 137 | 195 | 18 - - - - - - 18
5 |550| 08 |0002| - 755|223 (270 21 {645 | 93| 20 - - - 2.3
6 | 550 | 0.85 | 0.005| - 570 | 250 | 237 | 41 (572 | 74 | 32 - - - 4.4
7 | 550 | 0.85 | 0.01 - 63.0 | 22.7 | 34.0 - - - - - - - 2.8
8 | 550 | 0.85 | 0.02 - 64.0 | 26.3 | 35.7 - - - - - - - 33
9 | 600 | 0.75 | 0.02 - - - - - | 735 |10 50 - - - 05
10 | 500 | 0.7 |0.02 + - - — - - - - 173 | 12 | 22 22
11 | 550 | 0.85 | 0.002 | + - - — - - - - 240 | 26 | 14 14
12 | 550 | 0.85 | 0.02 + - - - - - - - 400 | 3.1 52 | 52
13 | 550 | 1 0.02 + - - — - - - - 453 | 4.0 56 | 5.6
14 | 600 | 0.75 | 0.02 + - - — - - - - 406 | 15 13| 13

ordered in real space along the [M100crystallographic
directions[7].

The dataon the grown samples arelisted in the table
and suggest the following conclusions:

(1) In al cases where the substrate surface was
exposed to a Sb beam during the deposition of germa-
nium, the density of the Geisland array was higher than
in the samples grown without Sh. This result correlates
with the RHEED data, according to which the effective
thickness of the wetting layer is smaller in the case of
simultaneous deposition of Ge and Sb.

(2) By increasing the Ge deposition rate and by
deposing Sh and Ge simultaneously, one can suppress
the formation of dome clusters on the Si surface and
obtain afairly dense array of clusters that are uniform
insize.

(3) When pure germanium is deposited, the forma-
tion of either hut clusters with {105} faces or hut and
dome clustersis observed. In the presence of Sb, clus-
terswith { 106} faces are formed. In the latter case, the
typical lateral cluster sizeislessthan one-half the char-
acteristic size of dome clusters forming at the same
effective thickness and surface temperature in the
absence of Sh.

The results obtained can be interpreted in terms of a
kinetic model developed in [8] for the formation of
stressed islands in a heteroepitaxial system with lattice
mismatch. According to theory, the quasi-steady-state

PHYSICS OF THE SOLID STATE  Vol. 47

lateral island dimension Ly (at afixed ratio of theisland
height to the lateral dimension) can be written as[8]

- (AEq)*D™(T)

(AEgw) 2TV

where D is the diffusion coefficient; T is the surface
temperature; V is the beam velocity relative to the sur-
face; and AE, s and AE, ,« arethe changesin the surface
and elastic energies per unit area, respectively, due to
the formation of islands.

The kinetic model predicts an increase in the isand
surface density and adecreasein theisland size with an
increase in the deposition rate at a constant surface tem-
perature and afixed effective thickness of the deposited
layer. In the system under study, an increase in the
growth rate causes an increase in the number of centers
of fluctuating cluster nucleation. However, the charac-
teristic size up to which clusters can grow beforethe Ge
source is switched off isfairly small and dome clusters
do not form. The Sh impurity causes both the energetic
and kinetic properties of the system to change[9]. First,
the atomic surface diffusion length decreases; there-
fore, the cluster growth rate al so decreases as compared
with its value in the case of deposition of pure Ge. Sec-
ond, the activation barrier for cluster nucleation
decreases; therefore, with al other factors being equal,
this effect causes an increase in the number of clusters,
adecreasein their mean size, and a decrease in the crit-
ical thickness for island formation.

Lr )

No.1 2005



INFLUENCE OF ANTIMONY ON THE MORPHOLOGY AND PROPERTIES 61

Current, nA
—- = -
o i %

<
o

e
[\

0

1 1
3.5 4.0 4.5 5.0 5.5 6.0
Voltage, V

Fig. 3. Current—voltage characteristics of Ge/Si nanostruc-
tures. Scanned areas: (1) Ge wetting layer, (2) Ge wetting
layer plus Ge QDs, and (3) asingle Ge QD.

3.2. Field-Emission Properties

In order to develop field emitters based on nano-
structures, anumber of conditions must be satisfied, the
main one of which is the presence of an array of uni-
formly distributed equal-sized nanoislands [10]. We
studied the field-emission properties of an array of
Ge/Si QDs using a sample whose morphological char-
acteristicswere similar to those of sample 14 (seetable)
and which was grown on an n*Si(100) substrate. The
surface density of crystaline Ge nanostructures was
~1 x 10% cm. For this density, in studying the field-
emission properties of a chosen microscopic region,
two characteristic directions of spatial scanning with
the STM probe can be distinguished: (i) the direction
along which the probe moves over the “smooth” sub-
strate surface and (ii) the direction along which the
probe moves predominantly over the tops of Ge nanoc-
rystals.

By properly limiting the size of a scanned area, we
can measure the field-emitted current from the top of a
single QD.

To measure the current—voltage relation, a sawtooth
voltage was applied between the probe and the sub-
strate varying from a certain initial value V, (close to
zero) to amaximum value V,,,. The probe was moved in
steps within the chosen microscopic area, and the emis-
sion current |, was measured as afunction of voltage V,
for each fixed position of the probe. Note that, in mea-
suring the |-V relation, the probe could be either at a
positive or a negative potential, whereas the surface
under study was always kept at a zero potential
(because of the specific design features of the STM of
the LS SPM setup). Therefore, when the probe is at a
positive potential, the surface spot under study is an
electron emitter. Conversely, the STM probe becomes
an electron emitter when the potential V, is negative.
The measured |-V relations are shown in Figs. 3 and 4.
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Fig. 4. Current-voltage characteristics of Ge/Si nanostruc-
tures drawn in Fowler—Nordheim coordinates. The curve
notation isthe same asin Fig. 3.

In our experimental conditions, the only mechanism
for electron emission from the surface of Ge/Si nano-
structures is el ectron tunneling through a potential bar-
rier at the interface between the surface spot under
study and the probe tip. However, the dimensionality
and the shape of the potentia barrier, as well as the
thickness of the vacuum gap, are unknown variables.
Therefore, in order to interpret the experimental dataon
the I (V,) relation, we must first investigate the validity
of the one-dimensional potential barrier approximation,
which is one of the basic approximations of the
Fowler—Nordheim (F—N) phenomenological theory of
field emission [11]. According to the F-N theory, for a
one-dimensional potential barrier (with inclusion of the
effect of image force), the 1(V,) function is exponential

and takes the form of a linear function in V;l versus

In(Ie/VS) coordinates. Note that the F-N theory has

been supported by numerous experiments performed
on metallic emitting tips, with the emission current
varying by over morethan six orders of magnitude[11].
For semiconductor emitters, the F-N theory agrees
with experiment on the initial portion of the I-V curve
for emission currents varying by over two to three
orders of magnitude [12].

It is seen from Figs. 3 and 4 that the experimental
data can be closely fitted by either an exponential or a
straight line (in the corresponding coordinates). There-
fore, we can use the F-N relation

1.537 x 10 °p*V2
ot(y) @

1 6.83x 10 9%
S VAR

1JS,=

XeXp

where S, isthe areaof the emitting surface (incm?); ¢ is
the work function (in €V); B isageometrical factor or a
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field factor (incm™); V,isin volts; and t(y) and v(y) are
tabulated functions of the argument y = 3.79 x

104BY2V Y% ¢-1, which are used to interpret the data
obtained and, in particular, to estimate the emission
current density and the reduced brightness B of the
electron emitter. With Eq. (2) and the data presented in
Fig. 4, we obtain the following estimates for electron
emission from the surface of asingle Ge island:

[1.537 x 10°°B?
Ings : B S% 0-15.3,
0 ot (y) 0

6.83x10'¢*”
O B

Putting ¢g. = 4.8 €V [13], t(y) = 1(0.5) = 1.044, and
v(y) = v(0.5) = 0.7 and using the above estimates, we
find that the field-emission current density and the
brightness of the Ge emitter vary within the following
limitsas V, isvaried from V, to V,;;

v(yg 022

10*<1./S, < 2.5 % 10° Alem’,

3x10"<B<5x10° Al(cm® st V).

The above numerical estimates for the field-emis-
sion current density agree well with field-emission data
on emitting semiconductor tips (including Ge emitters)
[12]. As for the estimates of the reduced brightness,
they far exceed the maximum values (~10*A/(cm? sr V)
[14]) currently reached for so-called Schottky cathodes,
which are widely used in scanning electron micro-
scopes and electron lithography devices. The result
obtained can be explained by the fact that, in our exper-
iments, the factor 3 is significantly higher (by approxi-
mately two orders of magnitude) than the factor 3 for
Schottky cathodes used in the instruments mentioned
above.

4. CONCLUSIONS

An array of Ge(Sb) islandson aSi surfaceisanovel
phase of the Ge/Si heteroepitaxia system, which exhib-
itsimportant properties, such asislandsthat are uniform
in shape (there are only pyramidal islands with square
bases on the Si surface, and their faces are not multifac-
eted) and a significantly increased surface density of
islands. In certain cases, islands are ordered along the
(0100 crystallographic directions and form a two-
dimensiona network on a Ge wetting layer. The tech-
nigques proposed for producing an array of islands that
are uniform in shape can be employed to develop sili-
con-based devices. For example, the nanostructures in
guestion can be used to develop electron emitters with
an extremely high brightness [up to ~10° A/(cm? sr V)].
We also notethat, by optimizing the growth parameters,
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a light-emitting diode has been fabricated on the basis
of multilayer structures with Ge/Si quantum dots oper-
ating at room temperature [15].
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Abstract—Synthesis from molecular beamsin an ultrahigh vacuum is a promising method for producing mul-
tilayer semiconducting thin-film structures for high-efficiency conversion of heat and solar energies into elec-
tricity, where cascade converters with complex optimized chemical compositions and alloying profiles are nec-
essary. Until recently, nanotechnol ogies of heterostructures, such as quantum wells, superlattices, and quantum
dots, were not applied for photovoltaic conversion. The state of the art of technologiesin thisfield is analyzed.
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1. INTRODUCTION

Increasing the physical and economic efficiencies of
power installations based on semiconductor photovol-
taic cells (PCs) is a chalenge in condensed-matter
physics, transfer phenomena, power engineering, com-
putational mathematics, and physical chemistry from
not only a fundamental but also an applied standpoint.
This problem can be solved by making PCs from cas-
cade multilayer heterostructures with InAs—-GaAs—
AlAsfilms, as well as from phosphorus- and nitrogen-
containing compounds and nanoheterostructures with
superlattices and quantum dots (QDs) [1-3]. The first
GaAlAs/GaAs-based solar cells were fabricated at the
loffe Physicotechnical Institute by using liquid-phase
epitaxy [4]. Molecular-beam epitaxy (MBE) in an
ultrahigh vacuum is also a promising method for pro-
ducing multilayer semiconductor thin-film composi-
tions for high-efficiency conversion of therma and
solar energiesinto electricity. High-precision technolo-
gies, such as MBE, are especially important for the cre-
ation of cascade thin-film PCs that have complex opti-
mized chemical compositions and aloy profiles of het-
erostructures. Until recently, nanotechnologies related
to the formation of heterostructures containing quan-
tum dots, superlattices, and QDs were not applied for
photovoltaic conversion. In this work, we analyze the
state of the art of technologiesin thisfield.

2. HETEROSTRUCTURES BASED
ON Il11-v COMPOUNDS

Group I11-V semiconductor compounds with phos-
phorus or nitrogen have a unique combination of phys-
ical and chemical properties, which makes them prom-
ising for high-efficiency opto- and microelectronic
devices. At present, semiconductor heterostructures
based on compounds of Group I11 andV elements (Al,

Ga, In; N, P, As) are used as cascade solar-energy con-
vertersin systems with and without light concentrators.
The efficiency of multilayer InGaAsP/GaAsN/GaAs
solar-energy converters is expected to be as high as
40%, which is twice the efficiency of modern silicon
solar batteries.

The idea of a multistage SC was proposed in 1955
[4]; however, it could only be realized in the 1980s
owing to the appearance of MOCVD and molecular
epitaxy, which made it possible to produce thin
AlGaAsg/GaAs layers connected by tunnel heterojunc-
tions. However, the predicted conversion efficiency,
which is close to 30%, could not be achieved because
of the difficulties encountered in the production of per-
fect tunnel diodes and problemsrelated to the oxidation
of AlGaAs layers [5]. Perfect and stable tunnel diodes
were fabricated later in the form of double heterostruc-
tures (DHs), where a p™—n* tunneling junction was
placed between thin broad-band p* and n* layers. Fur-
ther progress came from the substitution of InGaP for
AlGaAsin thetop p—n junction, which madeit possible
to create a monolithic double-junction SC having an
areaof 4 cm? and an efficiency of 30.3% [6]. InysGaysP
was found to be the best material for thetop junctionin
the SC, since it has a band gap E; = 1.9 eV (which is
closeto the optimum value for apair with GaAs, where
E, = 1.42 V) and does not undergo oxidation. The dou-
ble structure of the top p—n junction made from
INysGaysP and GaAs has a theoretical limit of 34%.
The lattice parameters of these materials and the gener-
ated photoel ectric currentsin them can be matched, and
the top and bottom p—n junctions can be connected by
a tunnel diode. Based on experimental and theoretical
studies, researchers optimized the layer thicknesses
(for matching the photocurrents) and doping levels,
thus designing cascade SCs[7]. The main problemsin
reaching a high efficiency were caused by poor electro-
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physical properties of the heteroepitaxial layers; there-
fore, there is a need to improve these properties and the
quality of thetunnel diodes. A critical parameter for the
tunnel diodes is the peak current required to decrease
the SC seriesresistance. Let us enumerate the main fac-
torsrestricting SC efficiency:

(1) ohmic losses induced by contact and spreading
resistances;

(2) carrier recombination at the outer surface and
layer interfaces;

(3) carrier recombination in the bulk of a SC;

(4) lattice-parameter mismatch in layers,

(5) lattice defectsin layers and at interfaces;

(6) incomplete accumul ation of photoexcited carriers;

(7) insufficient using of the operating region of the
solar spectrum.

3. HETEROSTRUCTURES FOR PHOTOELECTRIC
CONVERTERS ON GERMANIUM
AND SILICON SUBSTRATES

At present, InGaP/GaAs heterostructures for SCs are
grown on GaAs and Ge substrates and are applied in the
power supply systems of spacecrafts. However, their
wide application is hindered by the high cost of single-
crystal GaAs and Ge substrates and by the fact that the
density of these materiasistwicethat of silicon. Despite
these disadvantages, such converters are successfully
applied as power supplies in spacecrafts and mobile
ground-based systems. Thetransition to germanium sub-
strates has resulted from the lower cost and higher
strength of Ge as compared to GaAs. However, to further
decrease the cost of SCsbased on Group |11 andV mate-
rials, it is necessary to use cheaper large-area Si sub-
strates. This problem is one of the current challengesin
photovoltaic conversion. Inthis case, the basic materials-
science problem is to match the lattice parameters of a
film and a substrate, whose mismatch is a few percent.
New approaches to solving this problem have been
devel oped and redized at the Institute of Semiconductor
Physics (ISP, Siberian Division of the RAS). These
methods are based on suppressing the formation of
antiphase domains in GaAs and Ge layers [8] and on
using so-called artificial substrates with buffers made of
GeSi solid solutions and low-temperature silicon [9, 10].

The dislocation structure of Ge, Si; _,/Si(001) solid-
solution films has been studied for 15 years. The char-
acteristic density of threading dislocations (TDs) in
Ge, 59, ; layersistoo high for application (10°-10° cmr?).
The typical growth temperature of such heterostruc-
tures is 550°C. A high density of TDs in such hetero-
structuresis caused by ahigh density of short misfit dis-
locations, each of which is connected with the layer
surface by a couple of segments (threading disloca-
tions). Even at the very beginning of plastic relaxation
(less than 1%), the TD density in such a sample is
10" cm, which is equal to the density of nucleating
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misfit dislocations. By the end of plastic relaxation, the
TD density increasesto 108 cm.

To overcome the disadvantages of conventional
methods, we studied the growth of GeSi solid-solution
films on Si substrates with buffers deposited by low-
temperature (300-350°C) molecular-beam epitaxy. In
this case, a low-temperature sublayer, which is satu-
rated with point defects and serves as a source of vacan-
cies and interstices, activates nonconservative pro-
cesses of dislocation motion and annihilation upon sub-
sequent growth of a solid-solution layer [9, 10Q]. It has
been shown that, at compositions of up to x ~ 0.3, the
density of threading dislocations in Ge Si; _,/Si(001)
heterostructures can be reduced to 10° cm=. Hetero-
structures with a two-step composition have been
grown that have record thin relaxed filmswith agerma-
nium content of 0.38-0.61 on the surface and a total
thickness of 600750 nm.

4. NANOTECHNOLOGIES
IN PHOTOVOLTAIC CONVERSION

A new important trend in increasing the efficiency
of SCs and heat photogenerators is the application of
nanoheterostructures, such as quantum-well superlat-
ticesand QD systems[3, 11-13]. Such structures based
on Ge-Si and I11-V compounds have been devel oped at
the ISP [13-18]. To date, the electronic properties of
semiconducting QDs have been extensively studied;
QDs represent the limiting case of low-dimensional
systems, namely, zero-dimensional systems consisting
of a set of atomic nanoclusters in a semiconducting
matrix [19, 20]. Due to the discreteness of the energy
spectrum of such clusters, they can be considered to be
artificial analogs of atoms, although the clusters contain
a large number of particles. The properties of such
“atoms’ can be changed by varying the guantum-dot
size, shape, and composition using various technolo-
gies. Therefore, periodic structures consisting of many
layers with ordered ensembles of artificial atoms can
have properties of artificial crystals.

Since the atomic clusters are nanometer-sized, pos-
sible applications of the traditional lithography-related
methods for producing structures are substantially lim-
ited and new approaches are required. Theideaof using
morphological surface changes during the growth of
unmatched heteroepitaxial systems proved successful
for forming an array of atomic nanoclusters when a
transition takes place from two-dimensional to three-
dimensional growth viathe Stranski—K rastanow mech-
anism. For the Ge/Si system, thisideawasfirst realized
in 1992; as a result, one-electron effects were revealed
inthe new class of nanostructures[21, 22]. This process
of creation of artificial atoms, which was called self-
organization, has been shown to explain the formation
of an array of nanoclusters with a rather uniform size
distribution [19, 20]. Self-assembling arrays of nano-
clusters, nanoislands, or QDs have only recently been
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applied in light converters and photodetectors; never-
theless, this approach is believed to be promising.

5. OPTICAL PROPERTIES OF STRUCTURES
WITH QUANTUM DOTS

The specific features of structures with QDs are,
first, the possibility of controlling the spectral photore-
sponse band by preliminarily filling the discrete states
with the required transition energy and, second, the
presence of lateral quantization in zero-dimensional
systems, which lifts the forbiddenness of optical transi-
tions polarized in the plane of a photodetector and,
hence, enables light absorption under normal photon
incidence. Moreover, the photoexcited-carrier lifetime
in QDs is expected to increase strongly because of the
so-called phonon bottleneck effect [23].

5.1. IR Absorption

Photon absorption in the IR spectral region in Ge/Si
multilayer heterostructures with sdlf-assembling QDs
was studied in [24, 25]. In both cases, idands had abase
of ~40-50 nm and aheight of 2—4 nm. Theidland density
was 108 cm?. In [24], the Ge idlands were doped with
boron in order to fill the ground state of QDs by holes.
The absorption spectra contained a broad (~100-meV-
wide) linein thewavelength range 5-6 um. Theintensity
of thisline decreased strongly in going to light polarized
normal to the layer plane, and this line was explained as
being due to transitions between the two lowest trans-
verse-guantization levels of heavy holesin QDs.

To activate optical transitions inside undoped QDs,
the authors of [25] applied additional illumination. The
photoinduced absorption polarized parallel to the layer
plane had an asymmetrical maximum near 4.2 um and
was related to hole transitions from the ground state of
QDs to the extended states of the valence band. The
absorption cross section determined in [25] is unusu-
aly high (2 x 102 cm?): it is at least an order of mag-
nitude higher than the well-known photoionization
cross sections for local centers in Si [26] and three
orders of magnitude higher than this quantity for
INAS/GaAs QDs [27]. These data indicate that the
Ge/Si system is promising for application in IR detec-
tors and photoel ectric converters.

5.2. Photoconductivity

The authors of [28, 29] werethefirst to detect a pho-
toelectric current in Ge/Si heterostructures with self-
assembling QDs generated by photons with energies
smaller than the silicon band gap. The possibility of
designing a QD-based photodetector that can be
adjusted to the near and middle infrared regions was
demonstrated in [30]. The photodetector consisted of a
silicon pin diode whose base contained a two-dimen-
siona array of Ge nanoclusters. The mean lateral QD
sizewas 15 nm, and the QD height was 1.5 nm. No pho-
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Photocurrent spectra for a silicon pin diode with Ge quan-
tum dots recorded at different reverse biases. The dashed
line corresponds to the absence of photocurrent in the struc-
ture with a continuous Ge layer.

toresponse was detected in a sample with a continuous
6-ML-thick Ge film.

Photocurrent spectra recorded at different reverse
biases are shown in the figure. At energies lower than
the fundamental absorption edgein silicon (~1.12 eV),
two maxima are observed at wavelengths of 1.7 and
2.9 um (arrows T, and T, respectively) for a structure
with QDs. The intensities of both maxima depend
strongly on the reverse bias, and both dependences cor-
relate with each other.

The authors of [13] reported on the creation of SCs
with germanium QDs located in the region of a space
charge near a p—n junction in silicon. The quantum
yield and the conversion efficiency of a SC were
observed to increase. Those authors were the first to
conclude that nanotechnology can also be used effec-
tively for the creation of SCs in other photovoltaic
devices. In [31], examples of the creation of SCsin the
form of a pin diode with self-assembled germanium
QDsin silicon are described. It was shown in [31] that
the addition of QDs in p-silicon increases the quantum
efficiency of a SC near 1.45 um and that the effect
increases with the number of germanium QD layers. A
high efficiency of separation of electron-hole pairs
using a built-in el ectric field was demonstrated, and the
collection of carriers was shown to be possible without
noticeable recombination at QDs and interfaces.

6. CONCLUSIONS

Silicon-based nanostructures with germanium QDs
are a new class of materials for photovoltaic conver-
sion. In various scientific centers, researchers have
started to study such structures to apply them in solar
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batteries and heat photogenerators. Reported studies on
the electric and optical properties of arrays of Ge
islandsin S allow oneto conclude that arrays of artifi-
cial atomsform with adiscrete energy spectrum, which
manifests itself up to room temperature. The main fac-
tors determining the spectrum of states are the quantum
confinement and Coulomb interaction of carriers. A
new factor that appearsin a QD array and distinguishes
it from a single QD is Coulomb interaction between
islands. The photoexcitation rate and capture cross sec-
tion of holes have been determined as functions of the
energy-level depth. The cross sections have been found
to be afew orders of magnitude greater than their well-
known valuesin Si. The possibility of designing a pho-
todetector with germanium QDsthat can be adjusted to
the near and middle infrared regions has been experi-
mentally demonstrated. Self-assembling arrays of nan-
oclusters, nanoislands, or QDs have been only recently
applied in light converters and photodetectors; never-
theless, the first experimental results allow one to con-
clude that nanotechnology can be used to advantage in
this important field of photoelectronics.
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Abstract—The experimental results of an investigation into the initial stages of growth of a germanium film
on an atomically clean oxidized silicon surface are reported. It is shown that the growth of the germanium film
in this system occurs through the Volmer—Weber mechanism. Elastically strained nanoislandswith alateral size
of less than 10 nm and a density of 2 x 10'? cm are formed on the oxidized silicon surface. In germanium
films with athickness greater than 5 monolayers (ML), there also arise completely relaxed germanium nanois-
lands with alateral size of up to 200 nm and a density of 1.5 x 10° cm2. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In recent years, investigating the phenomenon of
self-assembling of nanoislands has attracted particular
research attention primarily for finding practical appli-
cationsfor this process. In this respect, the Si(100) sur-
face with 10- to 100-nm dislocation-free germanium
nanoislands that arise after the formation of a continu-
ous germanium film is of considerable interest [1].
Researchers have succeeded in decreasing the size of
these nanoislands to values at which quantum confine-
ment effects manifest themselves up to room tempera-
ture [2]. Silicon-based structures with germanium
guantum dots are extensively used in optoelectronics
over a wide spectral range, namely, from the IR range
[3] to the wavelengths used in fiber-optic communica-
tion lines[4]. In our previous work [4], we managed to
decrease the sizes of germanium nanoislands and to
increase their density by using a preliminarily oxidized
silicon surface for growing the nanoislands.

The size of the germanium nanoislands decreases
with a decrease in the temperature of germanium depo-
sition. The minimum size (15 nm) was achieved for
germanium nanoislands grown on a clean silicon sur-
face. In order to decrease the size of germanium nanois-
lands and increase their density, the nanoislands were
grown on an atomically clean oxidized silicon surface,
which was prepared directly in a molecul ar-beam epit-
axy apparatus. It has long been known that an oxide
layer can be grown on asilicon surface under ultrahigh
vacuum. Lander and Morrison [5] were thefirst to dem-
onstrate that the appropriate conditions for etching and
growing an oxide film can be determined by varying the
oxygen pressure and temperature. This technique was

further advanced quite recently, when the formation of
an ultrathin oxide layer was combined with the growth
of asilicon epitaxial film [6]. The growth of germanium
nanoislands on a preliminarily oxidized silicon surface
makes it possible to decrease the size and increase the
density of germanium nanoislands significantly. Shk-
lyaev et al. [7] and Barski et al. [8] showed that, when
the nanoislands are grown on an oxidized Si(111) sur-
face, their lateral sizes are lessthan 10 nm and the den-
sity is higher than 102 cm. The oxidation conditions
have asubstantial effect on the formation of germanium
nanoislands and, moreover, play a critical role in fur-
ther overgrowth of the nanoislands with a silicon layer.
Since the oxide layer is sufficiently thick, it isimpossi-
ble to grow a silicon epitaxial film with a permissible
degree of imperfection. In this connection, the oxida-
tion conditions must be controlled carefully. In a
molecular-beam epitaxy apparatus, careful control can
be most conveniently exercised by using reflection
high-energy electron diffraction (RHEED), which pro-
vides layer-by-layer monitoring of both oxidation [9]
and subsequent growth of germanium and silicon layers.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The synthesiswas carried out in a Katun’-S appara-
tus for molecular-beam epitaxy. Silicon was evaporated
from an electron beam evaporator. The germanium flux
was produced by either the electron beam evaporator or
an effusion cell equipped with a boron nitride crucible.
Dopants (Sh, B) were evaporated from effusion cells.
The analytical section of the chamber consisted of a
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Fig. 1. Relative changes in the intensity of the (1) specular
and (2) superstructure reflections during oxidation of the
Si(100) surface at a temperature of 400°C and an oxygen

pressure of 2 x 107° Pa.
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Fig. 2. Relative changesin the intensity of the (1-3) specu-
lar and (4-6) 3D reflections during the growth of a germa-
nium film on the oxidized Si(100) surface at different sub-
strate temperatures Tg = (1, 4) 550, (2, 5) 500, and (3, 6)
450°C.

quadrupol e mass spectrometer, aquartz crystal monitor,
and a reflection high-energy electron diffractometer
(electron energy, 20 kV). The diffraction patterns were
recorded with a CCD camera during the growth of ger-
manium films. The diffraction image was entered into a
personal computer. Software was used to observe and
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record the diffraction pattern at arate of 10 images per
second. The growth rate of germanium films was
10 monolayers (ML) per minute. The temperature of
the substrate was varied from room temperature to
700°C. The substrates were prepared in the form of a
Si(100) platein which the misorientation anglewasless
than 0.5°. Oxidation was performed in the molecular-
beam epitaxy apparatus under an oxygen pressure up to
10 Pain the chamber and at a substrate temperature
ranging from 400 to 600°C. After the oxygen was
pumped out of the chamber, germanium was deposited
on the oxidized silicon surface.

3. RESULTS AND DISCUSSION

The intensities of reflections of the RHEED pattern
were measured in the course of oxidation. The changes
in the intensity of the specular reflection proved highly
informative. Figure 1 shows the relative changesin the
intensity of the specular and (2 x 1) superstructure
reflections during oxidation of the Si(100) surface at a
substrate temperature of 400°C and an oxygen pressure
of 2 x 10° Pa. The minimum in the intensity of the
specular reflection corresponds to the maximum rough-
ness of the surface, i.e., to a surface covered with an
oxide layer 0.5 ML thick. Then, the intensity of the
specular reflection increases and tends to a stationary
value. The formation of the second and subsequent
oxide layers does not lead to variations in the intensity
of the specular reflection, because the surface morphol-
ogy remains unchanged. The superstructure reflection
disappears almost entirely for a film thickness of
0.5 ML with no further variation.

The growth of the germanium film was controlled
using the RHEED pattern, i.e., by recording both qual-
itative variations in the structure and surface morphol-
ogy of the growing film and quantitative information on
the elastic strain of the surface unit cell [10]. Theinitial
stage of growth of the germanium film on the oxidized
silicon surface was analyzed using the measured
changesin the intensities of the specular reflection and
three-dimensional diffraction reflection (3D reflection).
These gquantities are very sensitive to variations in the
surface roughness. The appearance of the 3D reflection
indicates the presence of three-dimensional objects on
the surface under investigation. Figure 2 shows the
characteristic changes in the intensities of the reflec-
tions during the growth of the germanium film on the
oxidized Si(100) surface. The intensities of these
reflections change even after the deposition of one
monolayer, and no oscillations of the intensity of the
specular reflection are observed. Thisimpliesthat there
is no stage of formation of a wetting layer during the
growth of the germanium film. Upon deposition of the
first monolayer, an adsorption germanium layer is
formed on the SO, surface. After deposition of the sec-
ond monolayer, the adsorption germanium layer trans-
forms into three-dimensional nanoislands. Therefore,
in contrast to the growth of films through the Stranski—
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Fig. 3. STM image of the array of germanium nanoislands on the silicon oxide surface. dge = (8) 0.3 and (b) 0.7 nm.

Krastanov mechanism, which is observed on a clean
silicon surface, the growth of a germanium film on an
oxidized silicon surface occurs through the Volmer—
Weber mechanism.

The size and density of the germanium nanoislands
depend on the thickness of the deposited germanium
layer. Figure 3 displays ex situ scanning tunnel micro-
scope (STM) images of an array of germanium nanois-
lands on the surface of silicon oxide after the deposition
of germanium layerswith thicknesses of 0.3and 0.7 nm
at a substrate temperature of 650°C. In germanium
filmswith athicknessof upto 5 ML, there arise nanois-
lands with a base of less than 10 nm and a density of
higher than 1 x 10'> cm. An increase in the effective
thickness of the deposited germanium layer leadsto the
formation of small-sized nanoislands and nanoislands
with alarger size and asubstantially lower density. The
lateral size of the latter nanoislands reaches 200 nm,
and their density is 1.5 x 10° cm2. Taking into account
the changein the size of the surface unit cell, whichwas
established in our recent work [11], we can draw the
conclusion that the large-sized germanium nanoislands
arerelaxed and have alattice parameter equal to the lat-
tice parameter of bulk germanium. This can aso be
judged from the moiré fringes in the electron micro-
scope image.

It should be noted that the shape of the germanium
nanoislands is close to spherical with no faceting. A
similar shape was observed by Shklyaev et al. [7], who
performed in situ STM investigations of germanium
nanoislands on the Si(111) surface. It seems likely that
the shape of the germanium nanoislands depends pri-
marily on the presence or absence of an oxide layer on
the silicon surface rather than on the substrate orienta-
tion and the thickness of the oxide layer. The size and
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density of small nanoislands vary insignificantly when
the germanium film has a thickness corresponding to
the formation of large-sized nanoislands (Fig. 3b). Con-
sequently, the germanium nanoislands on the oxidized
Si(100) surface are characterized by abimodal distribu-
tion over the sizes and density for a germanium film
with a thickness greater than 1 nm. This is aso con-
firmed by electron microscopy.

4. CONCLUSIONS

Thus, the results obtained in this work demonstrate
that, in contrast to the growth of films through the
Stranski—Krastanov mechanism, which is observed in
the Ge/Si(100) system, the growth of germanium films
on an oxidized silicon surface occurs through the
Volmer—Weber mechanism. This manifestsitself in the
absence of a wetting layer prior to the formation of
three-dimensiona nanoislands. For a germanium film
with a thickness of less than 5 ML, the nanoislands
have a latera size of less than 10 nm and a density of
2 x 102 cm™. For greater thicknesses of the germa-
nium film, there also arise nanoislands with a lateral
size of up to 200 nm and a density of 1.5 x 10° cm™.
The latter nanoislands are completely relaxed.
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Abstract—Multilayer Si/Ge nanostructures with germanium layers of different thicknesses are grown by
mol ecul ar-beam epitaxy at low temperatures (<350°C) and studied using photoluminescence and atomic force
microscopy. It isfound that the germanium layer undergoes amorphological transformation when its thickness
becomes equal to approximately five monolayers: an island relief transforms into a smooth undulating relief.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

It is known that Si/Ge structures with three-dimen-
sional quantum dots grown through the Stranski—K rast-
anov mechanism at temperatures of molecular-beam
epitaxy T, = 600-700°C, as a rule, belong to type-ll
heterostructures [1-4]. The probability of exciton
recombination occurring in these structuresisrel atively
low, because this process is indirect in both real and
reciprocal k spaces [5]. It seems likely that the pros-
pects for using these structures as emitters (in particu-
lar, in the spectral range 1.3-1.6 um, which is of prac-
tical importance) are not favorable. However, in anum-
ber of recent works, it has been shown that there exist
Si/Ge structuresgrown at high (T, =600°C) [6] and low
(Tq = 250-300°C) [7-9] temperatures in which two-
dimensional quantum dots are formed through a
mechanism different from the Stranski—Krastanov
mechanism. According to transmission electron
microscopy, these quantum dots are two-dimensional
disk-shaped islands with a lateral size of approxi-
mately 10 nm [6, 9]. The small size of these dots
removes the forbiddenness from the indirect recombi-
nation in the k space due to the uncertainty relation.
Moreover, as was shown by Makarov et al. [6], these
objects can be type-l structures and hold promise for
use in fabricating emitters.

In thiswork, we studied Si/Ge nanostructures with
two-dimensional and three-dimensional nanoislands
grown at low temperatures (T, < 350°C). At low tem-

peratures T, germanium and silicon in adjacent layers
are mixed only slightly. Owing to the high germanium
content in quantum dots in these nanostructures, their
emission spectra are shifted toward the low-energy
range with respect to the spectra of the nanostructures
grown at high temperatures. This shift can often be
necessary for applications. Note aso that these
objects have been investigated to a lesser extent. In
order to reveal the specific featuresin the formation of
a germanium wetting layer and germanium islands on
a silicon surface at low temperatures of molecular-
beam epitaxy, Si/Ge nanostructures were studied
using atomic force microscopy (AFM), photolumines-
cence (PL), and reflection high-energy electron dif-
fraction (RHEED).

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The Si/Ge nanostructures used in our experiments
were grown on Si(001) substrates through molecular-
beam epitaxy on Riber SIVA-45 and Katun’ appara
tuses. As arule, the nanostructures consisted of four or
five germanium layers separated by silicon barriers.
The thickness of silicon layerswas equal to 25 nm, and
the thickness of germanium layerswas varied from 2 to
12 monolayers (ML). For observations with an atomic
force microscope, the upper germanium layer in anum-
ber of samples was not covered with silicon. The
growth temperatures of germanium and silicon layers

1063-7834/05/4701-0071$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Evolution of the photoluminescence spectra of the
Si/Ge multilayer nanostructures with an increase in the
thickness of germanium layers (the thickness is given in
monolayers). T=2K, A =0.66 um. Designations: QW-TO
and QW-NP arethe phonon (silicon) and zero-phonon lines
of the quantum-well emission, respectively; QD isthe line
of the quantum-dot emission; and BE-TO isthe phonon line
of emission of bound excitons.

were equal to 250-300 and 300-450°C, respectively.
The deposition rate of germanium layers fell in the
range 0.005-0.01 nm/s. Several nanostructures were
grown on the Katun’ apparatus at temperatures ranging
from 300 to 350°C. The number of germanium layers
and the thicknesses of germanium and silicon layers
were different in these nanostructures.

The morphology of germanium layers was exam-
ined using a SOLVER P-47 atomic force microscope.
The photoluminescence spectrawere measured at tem-
peratures of 2 and 5 K and at wavelengths of exciting
radiation A = 0.66 and 0.488 um. The emission was
recorded with a germanium p—i—n photodiode cooled
with liquid nitrogen.

3. RESULTS AND DISCUSSION

Figure 1 shows the photoluminescence spectra of
multilayer nanostructures of two series (T, = 250 and
300°C) with different thicknesses of the germanium
layers.

The photoluminescence spectra contain two emis-
sion lines (namely, the phonon line and the zero-
phonon line) associated with the formation of awetting

BURBAEYV et al.

Fig. 2. AFM images of the surfaces of the structures grown
at temperatures (a) Ty = 250-300°C with agermanium layer

thickness of 3 ML and (b) Ty = 250°C with a germanium
layer thickness of 5 ML.

layer and the emission line attributed to quantum dots.
The spectraare cut inthe low-energy range (at ~0.7 eV)
because of the spectral limitations of the germanium
photodetector.

A comparison of the photoluminescence spectra
obtained in this work with the corresponding spectra of
nanostructures grown at higher temperatures [2—4]
revealed that, in our case, the emission of quantum dots
exhibits unusual behavior. This emission is clearly
observed even at a germanium layer thickness of
2.8 ML. The emission intensity reaches a maximum at
a germanium layer thickness of 3 ML and sharply
decreases (as compared to the intensity of emission of
the wetting layer) with afurther increase in the germa-
nium coverage. In the case of nanostructures grown at
high temperatures of molecular-beam epitaxy, the
emission of two-dimensional layers vanishes against
the background of an increasing intensity of the island
emission with an increase in the layer thickness. It
should also be noted that, in our spectra, the phonon
replicas of the emission line associated with the quan-
tum dots are either weakly pronounced or not observed
altogether. This suggests that the studied nanostruc-
tures can undergo quasi-direct transitions. An analysis
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Fig. 3. Dependence of the energy position of the zero-
phonon emission line assigned to the germanium quantum
wells in silicon on the thickness of germanium layers (the
thickness is given in monolayers). The dashed line corre-
sponds to the results of the cal culation according to the data
taken from [11].

of the RHEED patterns measured during the growth of
nanostructures demonstrated that the three-dimen-
siona structures manifest themselves only when the
thickness of the germanium layer becomes greater than
7ML.

The characteristic AFM image of the surface of the
structures grown at T, = 250-300°C with a germanium
layer thickness of 3 ML isdisplayed in Fig. 2a. It can
be seen that the surface morphology of the structures
with a germanium coverage of lessthan 5 ML is char-
acterized by a small-sized island relief. An increase in
the layer thickness to 5 ML leads to a substantial
smoothing of the surface (Fig. 2b). The smoothing of
the surface relief is accompanied by a drastic decrease
in the intensity of the emission associated with the
nanoislands (Fig. 1). In the case where the thickness of
the germanium layer reaches 10-12 ML, islands some-
what larger in size than those formed at the initial
growth stage are again observed in the AFM images. A
similar morphological transformation of the germa-
nium layers grown at T, = 300°C on the silicon surface
was reveaded in our previous work [10]. Note that the
smoothing of the surface of these structures is more
pronounced.

The energy positions of the zero-phonon emission
lines assigned to the quantum wells and the results of
the theoretical calculation carried out by Vescan et al.
[11] are compared in Fig. 3. It can be seen from the
experimental datathat, beginning with alayer thickness
of 3 ML, the germanium coverage exceeds the mean
thickness of germanium layers. This indicates that the
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Fig. 4. Evolution of the photoluminescence spectra of the
nanostructures grown at temperatures Ty = (a) 250 and
(b) 300°C upon annealing (a) at 500°C for 2 min and (b) at
400°C for 2 min. The solid and dashed lines indicate the
spectra measured before and after annealing, respectively.

two-dimensional germanium layer on the silicon sur-
face is not a continuous layer (the two-dimensionality
of the germanium layer is confirmed by the photolumi-
nescence spectra and the RHEED patterns).

Short-term annealing (120 s) of the nanostructures
at temperatures of 400-500°C results in the formation
of a continuous layer and its smoothing (Figs. 3, 4).

The photoluminescence spectra of the nanostruc-
tures grown at temperature T, = 300°C (Fig. 5a) exhibit
an unusual feature, namely, a narrow line at an energy
of 1080 meV, whose position remains unchanged even
though the technological thickness of the germanium
layer isvaried. Figure 5b shows the photoluminescence
spectrum measured under optimum conditions of
observation (the temperature is somewhat higher than
the liquid-helium temperature, the spectrum is excited
by radiation of an argon laser, and the thickness of ger-
manium layers in the nanostructure is equal to 5 ML).
A similar line was observed earlier in [8, 10]. Thisline
arises at a germanium layer thickness of 3.2 ML when
the intensity of the emission associated with the islands
beginsto decrease, reaches amaximum at alayer thick-
ness of 5 ML, and disappears with afurther increase in
the thickness of germanium layers. For nanostructures
grown at T, = 250°C, this line is not observed in the
spectra. In order to investigate the behavior of thisline
under changes in the growth temperature, we prepared
several nanostructures (on the Katun' apparatus) at
temperatures T, = 300-350°C. Examination of these
nanostructures revealed that the number of germanium
layers and the thickness of the silicon barriers between
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Fig. 5. (a) Dependence of theintensity of the photolumines-
cenceline at an energy of 1080 meV on the thickness of the
germanium layer. (b) Photoluminescence spectrum with the
line at 1080 meV under optimum conditions of observation
(5ML, T=5K, A =0.488 um).

the germanium layers do not affect the characteristics
of the line of interest. Elucidation of the origin of the
photoluminescence line at an energy of 1080 meV calls
for further investigation. Despite the clear correlation
with the morphological transformation of the germa-
nium layer, the extremely narrow spectral width
(~1 meV) of thisline complicatesitsinterpretation asa
line of the emission associated with the quantum well,
especially as the line is observed simultaneously with
the emission of the wetting layer under conditions
wherethislayer is not continuous. Note that, according
to Thonke et al. [12], the narrow lines in this spectral
range can be attributed to radiation-induced defects in
silicon doped with boron.

4. CONCLUSIONS

Thus, the results of the above investigation into the
properties of nanostructures grown through molecular-
beam epitaxy at temperatures ranging from 250 to
300°C can be summarized as follows. At the initial
growth stage, the two-dimensional germanium layer
(35 ML) isnot continuous. Thisis confirmed by com-
paring the photoluminescence spectra measured before
and after annealing with the results of theoretical calcu-
lations. When the thickness of germanium layers does
not exceed 3 ML, there arise small-sized amorphous
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islands. These islands manifest themselves in the pho-
toluminescence spectra and are observed in the AFM
images but cannot be identified as three-dimensional
species according to the RHEED patterns. As follows
from the RHEED data, three-dimensional nanostruc-
tures are formed beginning with a layer thickness
exceeding 7 ML. In the range 3-5 ML, the surface
undergoes a structural transformation; i.e., the small-
sized (50 nm) island relief transforms into a smooth
undulating relief. Thisleads to adrastic decrease in the
intensity of the quantum-dot emission. Moreover, the
morphologica transformation of the surface into an
undulating relief is accompanied by the appearance of
a photoluminescence line at an energy of 1080 meV.
Thisline disappears after annealing or with an increase
in the thickness of the germanium layer when the sur-
face is overgrown with islands according to the Stran-
ski—Krastanov mechanism.
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Abstract—Shallow acceptors in Ge/GeSi heterostructures with quantum wells are studied theoretically and
experimentally in the presence of amagnetic field. It is shown that, in addition to the cyclotron resonance lines,
magnetoabsorption spectrareveal transitions from the acceptor ground state to excited states related to Landau
levels from the first and second confinement subbands, as well as the resonances caused by ionization of A*

centers. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In recent years, there have been numerous studieson
shallow acceptors in Ge/GeSi heterostructures with
guantum wells (QWSs) [1-5]. In these structures, due to
the built-in strain and quantum confinement, the sub-
bands of light and heavy holes are split; therefore, the
hole effective masses decrease. Accordingly, the bind-
ing energies of shallow acceptors become appreciably
smaller than those in bulk Ge, in contrast to donors,
whose binding energy increases as compared to the
bulk case because of additional confinement of the
wave function by the QW potential. Previously, we
described anew experimental method of studying shal-
low impuritiesin semiconductors by measuring the dif-
ferential impurity magnetoabsorption in the terahertz
range for modulated interband photoexcitation of
charge carriers [6-8]. In the present study, this method
is used to determine the types of shallow acceptor cen-
ters that contribute to the observed magnetoabsorption
in the terahertz range in Ge/GeSi heterostructures. It is
known that, in the energy spectrum of a shallow impu-
rity center in a QW, there are states related to different
confinement subbands[9]. If amagnetic field isapplied
normal to the layer plane of the heterostructure, the
electron and hole confinement subbands are split into
series of Landau levels. In the case of donors, the levels
belonging to different confinement subbands do not
interact with one another. For acceptors, the situationis
more complicated: a “mixing” of motion along the
growth direction of the structure with transverse motion
in the Luttinger Hamiltonian resultsin an interaction of
hole states belonging to different confinement sub-
bands. We note that, if the Hamiltonian that describes
the carrier motion in a quantum well in the presence of

amagnetic field is axially symmetric, the carrier states
are degenerate with respect to the projection of the
angular momentum onto the symmetry axis (see, for
example, [10]). If an impurity ion is introduced, this
degeneracy islifted and a set of discrete impurity states
appears. Inthis case, avery complicated pattern of lines
related to transitions between such states can be
observed in the impurity magnetoabsorption spectrum.
In order to provide a detailed description of impurity
transitions in Ge/GeSi heterostructures with QWsin a
magnetic field and to interpret the experimental results,
we developed a numerical method based on expanding
the acceptor wave function in terms of the wave func-
tions of holes in a QW in the absence of a magnetic
field.

2. EXPERIMENTAL

In what follows, we present the results of a study of
magnetoabsorption spectra in the submillimeter region
for two Ge/Ge, _,Si, heterostructures grown on lightly
doped Ge(111) substrates by gas-transport epitaxy.
Both structures consisted of 162 Ge QWs separated by
GeSi barriers. The structures had the following param-
eters: X = 0.12, dge = 200 A, dgeg = 260 A, and &, =
2.2 x 1073 (structure 306) and x = 0.09, dg, = 350 A,
Oges = 150 A, and €, = 4.4 x 10 (structure 308). For
both structures, the total thickness exceeded the critical
thickness, so the elastic stress relaxed at the substrate—
heterostructure interface. As a result, the Ge layers
were biaxially stretched (g, is a biaxia elastic strain
measured by x-ray diffraction) and the GeSi layers
were biaxially compressed. The structures were not
intentionally doped; the concentration of residual

1063-7834/05/4701-0076$26.00 © 2005 Pleiades Publishing, Inc.
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acceptors was about 10 cm=3 [1]. In order to prevent
interference from microwave radiation in the samples,
the substrates were polished to form a wedge with an
angle of 2°. The samples were placed at the center of a
superconducting solenoid in a cryomagnetic cell intro-
duced into a helium transport STG-40 dewar vessel.
Absorption spectra were measured at T = 4.2 K at a
constant radiation frequency with magnetic field scan-
ning. Backward-wave tubes were used as radiation
sources covering the frequency range from 300 to
1250 GHz. Free carriersin asample were generated by
radiation from a gallium arsenide light-emitting diode
(A = 0.9 um). The radiation transmitted through the
structure was detected by an n-InSb crystal. Most mea-
surements were performed using radiation modulation
with a 1-kHz meander and a standard locked-in detec-
tion circuit. Measurements with time resolution of the
signal were also performed using pulsed optical excita-
tion. In this case, the pulse signal was recorded as a
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Hamiltonian written as a sum of the kinetic energy (the
magnetic field—dependent Luttinger Hamiltonian), the
potential energy of a hole in the QW, and a term
describing the strain and the energy of Coulomb inter-
action with the charged acceptor. The magnetic field
was assumed to be directed along the z axis, which was
chosen to coincide with the growth axis of the structure.

The effective-mass equation was written in the two-
dimensional-momentum representation. The acceptor
wave function in the momentum representation is

WOk, 2) = IqJ(S)(p z)exp(-ikp)d’p, 1)

wheres=1, ..., 4 isthe number of the hole wave func-
tion component. In thisrepresentation, the Hamiltonian
describing the motion of a hole in the QW in the pres-
ence of amagnetic field takes the form

function of the magnetic field using aTDS3034B “Tek- EF H | 0%
tronix” multichannel digital oscillograph. H =OH*G 0 1O @
" B0 6 -HE
1l 1l
3. METHOD OF CALCULATION 00 |*—-H* F O
To calculate the spectrum of a shallow acceptor, we
have to solve the effective-mass equation with the where
e = ;200@ V@) k) ki@ ~2y5@)ke , d@) )+3heBK+V( ) o
2m0 /\/é zz XX 4 1
6 = 42@ VK + ) + kv + 2y, _d(d) ), heBK o 0
2m0 ,\/é zz XX 4m
1 -~ =~ .= .2 T T2
_Ij—é{(zy2+y3)kz} (ky—iky) + |/\/::3)(V2_y3)(kx+ iky)
H - ﬁz 2mo 1 (5)
Wt 20) ik B ramvlkd (6, + K,
| = 23 = . ©®)
0
_ eB 0 R . eB d = _ .
Here, k, =k, +|2ﬁcak =k,—i STe ak ,and k, = In the momentum representation, the Coulomb

az’ Y1, Y2 Vs, @nd K are the Luttinger parameters,

which depend on the materia; d is the deformation
potential constant for the valence band; g; are thestrain
tensor components; m, is the free electron mass; B is
the magnetic field; and V is the QW potential. The vec-

tor potential was chosen asA = % [B xr], and the braces

denote the anticommutator {ysk,} = ysK, + KV
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potential operator, which is a diagonal matrix, has an
integral form,

VoI(k, 2) = ——jdkjdsw‘s)(k', B.2)
™

 e&Xp(= _Z(k —K)? + 2K’k (L1 — cosp))
J(k —K)? + 2K'k(1 - cos)
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Fig. 1. (I) Summarized data on the positions of the observed
magnetoabsorption spectral lines for the Ge/Gey ggSip 12

structure 306 (dge = 200 A) and the calculated energies of

optical transitions between the states of an acceptor placed
at the center of the GeSi barrier (solid lines 1-3) and Landau
levels of holes in a quantum well (dashed CH; and Chy

lines). (11) Datafrom photoconductivity measurements. The
inset shows the hole Landau levels, transitions between
which correspond to the CH, and Ch, lines; solid lines rep-

resent the lowest Landau level corresponding to the projec-
tion of the angular momentum onto the zaxis J = -3/2 (0s;,

following the classification developed in [5]) and the lowest
level with J=-1/2 (1s; [5]); dashed lines represent the low-

est Landau level for holes with J = +3/2 (334, following the

classification developed in [5]) and the lowest Landau level
of holeswith J = +5/2 (4a, [4]).

where (3 is the angle between the vectors k and k', x is
the permittivity of the semiconductor, and e is the ele-
mentary charge.

Asin [3], we use the axial approximation, i.e., we
disregard the anisotropy of the hole dispersion law in
the QW plane. To thisaim, in the off-diagonal elements
of the Luttinger Hamiltonian given by Egs. (5) and (6),
we omit the terms proportional to (y,—ys). In the axial
approximation, the projection of the total angular
momentum J onto the normal to the QW plane is con-
served. Therefore, the dependence of the acceptor wave

function LIJ,ES) (k, 2) on the direction of the wave vector

k specified by the angle 3 has asimple form,

WOk B,2) = WOk, z)exp[mgl +s—%}. )

We search for the acceptor wave function in the
form of an expansion in terms of the wave functions of
holes in the QW in the absence of a magnetic field and
an impurity ion. Substituting this expansion into the
effective-mass equation with the Hamiltonian (2) and
Coulomb potentia (7), we obtain an integrodifferential
equation for the expansion coefficients. Following [3],
we solved this equation by replacing the derivatives by
finite differences and the integral over k' in Eq. (7) by a
discrete sum that was truncated at values of k' much
greater than the inverse Bohr radius.

PHYSICS OF THE SOLID STATE Vol. 47

4. RESULTS AND DISCUSSION

In Fig. 1, we summarize the data on the positions of
the observed magnetoabsorption spectral linesin struc-
ture 306. The CH, and Ch;, lines were observed for the
first timein[11-13]; they arerelated to the Os; — 1s;
and 3a;, — 4a; cyclotron transitions between the
lower Landau levelsfor holes (seeinset to Fig. 1). Var-
ious Ge/GeSi samples exhibit up to three magnetoab-
sorption lines to the left of the main cyclotron reso-
nance (CR) line CH, (i.e., onthe side of lower magnetic
fields). These lines are related to transitions involving
shallow impurities (acceptors), which is also confirmed
by polarization measurements [6-8]. Itisseenin Fig. 1
that the positions of the Cl, and Cl, lines are not extrap-
olated to the origin, in contrast to the CR lines. Obser-
vation of the magnetoabsorption of shallow acceptors
using modulated interband illumination becomes possi-
ble due to carriers captured by ionized impurities,
which are always present in the sample due to partial
compensation of the majority impurities (acceptors) by
donors (see, e.g., [1]). The Cl, line in sample 306awas
observed for thefirst timein [11-13]; however, because
of the strong overlap with the CH; line, its spectral
position was not determined with sufficient accuracy.
We succeeded in narrowing the lines and improving the
spectral resolution by decreasing the interband illumi-
nation intensity [14]. In Fig. 1, in addition to the mag-
netoabsorption data, we show the positions of the CI,
line, which were determined from the spectral measure-
ments of the submillimeter photoconductivity using a
backward-wave tube [4] and Fourier spectroscopy [1].
Earlier, we attributed thisline either to the photoioniza-
tion of A* centers or to the 1s — 2p, transition for

neutral acceptors (A° centers) located in the barrier. Itis
known that the binding energy of a neutral impurity is
maximum and minimum at the center of the QW and at
the center of the barrier, respectively. In the case of a
homogeneously doped structure, the absorption (or
photoconductivity) spectra exhibit two peaks corre-
sponding to impurities located at the QW center (high-
frequency peak) and at the center of the barrier (low-
frequency peak) (for donors in GaAs/AlGaAs, this
structure was discussed, for example, in [15]). We note
that, when the impurity ion is moved into the barrier,
the localized states of holes with energies below the
bottom of the confinement subband are conserved.
Such acceptor states are formed from the QW free-hole
states. Typical acceptor binding energies in Ge/GeSi
heterostructures are 7-8 meV at the QW center and
2meV at the center of the barrier [8]; i.e., the transi-
tions involving the acceptors located at the QW center
lie outside the photon energy range that can be studied
using a backward-wave tube (such transitions were
observed when measuring the photoconductivity using
a Fourier spectrometer [1]). For sample 306a, we
observed for the first time two impurity magnetoab-
sorption lines, Cl, and Cl,, in the “low-frequency”
range; therefore, we were able to distinguish between
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Fig. 2. (1) Typicad magnetoabsorption spectrum in
Ge/Gey 91Sip 09 heterostructure 308 (dge = 350 A). Dots

correspond to the relaxation times obtained from oscillo-
grams of the magnetoabsorption signal under pulsed illumi-
nation.

the absorption by A* centers and A° centers located in
the barrier.

To interpret the observed magnetoabsorption lines
in Ge/GeSi heterostructures, we calculated the energies
of acceptor states corresponding to definite values of
the projection of thetotal angular momentum J onto the
growth axis of the structure. The acceptor ground-state
level in amagnetic field splits into two states with pro-
jections +£3/2, of which the lower (ground) state has
projection J=-3/2. It was shown in [5] (where adiffer-
ent expansion of the acceptor wave functions was used,
namely, in terms of the eigenfunctions of holes in a
magnetic field, i.e., the functions corresponding to Lan-
dau levels) that the spectra of impurity absorption are
dominated by the transitions from the ground state
(related to the lowest Landau level Os;) to states with
projection J = —1/2 and that only one of them (that to
the state related to thefirst Landau level 1s;) survivesin
high magnetic fields; i.e.,, the 1s — 2p, transition
occurs. Therefore, in what follows, we restrict our-
selves to detailed analysis of the transitions from the
ground state to the states with J = -1/2.

Figure 1 shows the calculated energies of the
Os; — 1s; and 3a; — 4a, cyclotron transitions (CH;
and Ch, resonances) (dashed lines) and impurity transi-
tions from the ground-state level of an acceptor placed
at the center of the quantum barrier (J =-3/2) to excited
states corresponding to J = —1/2 (solid lines) in hetero-
structure 306. Lines 1 and 2 correspond to the transi-
tions to the acceptor states related to the first Landau
levels in the first and second confinement subbands
(1s,, 1ay), i.e, to transitions of the 1s — 2p, type.
Line 3 correspondsto the transition to the acceptor state
corresponding to the second Landau level in the first
confinement subband 2s,, i.e., to atransition of the type
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Fig. 3. Summarized data on the positions of the observed
magnetoabsorption spectral lines for Ge/GeSi heterostruc-
ture 308. CH; and Ch, are the cyclotron resonance lines,

and Cl; and Cl 5 are the impurity magnetoabsorption lines.

1s — 3p,. We see that the calculated energies of
cyclotron transitions agree well with the positions of
the CH; and Ch; lines obtained experimentally. The
position of the impurity magnetoabsorption line Cl, is
in reasonable agreement with curve 1 calculated for
transitions of the 1s — 2p, type within the first con-
finement subband for an impurity located at the center
of the GeSi barrier. It is possible that the observed dif-
ferences (experimental pointslie somewhat higher than
curve 1) are due to the dispersion of transition energies
because of a uniform distribution of the residual impu-
rities over the structure. Thus, it seemsthat the Cl, line
corresponds to the excitation of A° centers located in
the barrier. At the same time, our cal cul ations show that
the Cl, line cannot be associated with transitions
between thelevelsin the spectrum of aneutral acceptor.
Thefirst estimates of the binding energies of A* centers
(i.e., neutral acceptors with an additional hole, located
in the QW) obtained by the variational method give
E, =2meV [16]. Thisvalueissomewhat lower than the
extrapolated spectral position of the Cl, lineasH —
0 (Fig. 1). We may assumethat A" centers, aswell asD~
centers, have no excited bound states [17]; hence, the
observed optical transitions must occur for 4w = E,.
Thus, the Cl,, line is, apparently, related to the excita-
tion of A* centers.

A typical magnetoabsorption spectrum for structure
308 with awider QW isshown in Fig. 2. We succeeded
in observing three lines of impurity magnetoabsorp-
tion, C1,—Cl; [6-8] (the CE,, lineisrelated to electron
CRin the 1L valley [18]); the data on the positions of
the observed lines are summarized in Fig. 3. By anal-
ogy with sample 306, two impurity lines may be asso-
ciated with the 1s —» 2p, transition for A° centersin
the barriers (Cl, or Cl,) and with the photoionization of
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Fig. 4. Transitions from the ground-state acceptor level (J =
-3/2) in Ge/Gey g3 Sig o9 heterostructure 308 (dge = 350 A)

to the excited states corresponding to J = —1/2. Solid lines
represent the transitions involving an impurity placed at the
center of the quantum barrier. The asterisk line represents
the 1s — 2p, transition in the spectrum of a hole bound

to an impurity ion in the neighboring well. The dashed line
represents the cyclotron resonance of holes. The inset
shows two Landau levels corresponding to projection J =
-1/2; the solid lineis for the lowest level related to the first
confinement subband (1s;, following the classification

developed in [5]); and the dashed lineisfor the lowest level
related to the second confinement subband (1a, [5]).

A" centers(Cl,). In[6-8], we assumed that thethird line
may be due to transitions between acceptor excited
states, which can be populated under nonequilibrium
conditions in the presence of interband illumination.
For this to occur, it is necessary that the carrier inter-
band recombination lifetime be comparable to the char-
acteristic times of relaxation from the excited states,
which are approximately equal to 108107 s [19].
However, our measurements of magnetoabsorption
with time resolution have shown that the typical relax-
ation times for all impurity lines are about 10#* s
(Fig. 2). Hence, al observable impurity lines are
related to transitions from the ground states of shallow
acceptor centers.

Figure 4 shows the calculated energies of the
0s; — 1s; cyclotron transition corresponding to the
CH, linein Fig. 3 (dashed line) and impurity transitions
from the ground state to states with J = —1/2 for an
acceptor placed at the center of the quantum barrier in
heterostructure 308 (solid lines). Lines 1 and 2 corre-
spond to trangitions to the states of the first Landau
level (atransition of the 1s —= 2p, type) of different
(first and second) confinement subbands. Thus, a small
confinement energy (as compared to that in sample 306
with anarrower QW) resultsin the appearance of adou-
blet 1s — 2p, transition. Although we did not calcu-
late the transition matrix elementsin this study, we may
assume that the intensities of these transitions are com-
parable because of the strong hybridization of the
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dtates. It isseen intheinset to Fig. 4 that, in amagnetic
field of about 16 kOe, there is a crossing of the first
Landau levels 1s, and 1a, corresponding to thefirst and
second confinement subbands (the crossing is a conse-
guence of the strong nonparabolicity of the dispersion
law for holesin a quantum well). In Fig. 4, we see that
thisresultsin the anticrossing of impurity levelsrelated
to these Landau levels with J = =1/2. Thus, for H <
16 kOe, line 1 corresponds to a transition to a state of
the 2p, type that virtually belongs to the first confine-
ment subband and, for H > 16 kOe, to a state that
belongs to the second subband. Lines 3 and 4 corre-
spond to transitions to the states related to the second
Landau level in the first and second confinement sub-
bands, respectively. Finally, the asterisk line corre-
sponds to the 1s — 2p, transition for an exotic shal-
low neutral center (which was not discussed earlier)
consisting of an acceptor located at the QW center that
has captured a hole from a neighboring QW.

From comparing our experimental data with the
results of the calculations for sample 308, it follows
that the positions of the observed Cl, and CI, lines
(Fig. 3) qualitatively agree with calculated curves 1 and
2inFig. 4. Dueto arather strong overlap of the Cl; and
Cl, lines(Fig. 2, [8, Fig. 1]), calculations of the absorp-
tion spectra are needed for a more detailed comparison
between theory and experiment. As to the Cl; ling, its
position is extrapolated to a quantum energy of about
2meV asH — 0, which isin good agreement with
theionization energy of A* centersinthe QW (asisthe
case in sample 306) [16]. On the other hand, the posi-
tion of the Cl; line in sample 308 agrees fairly well
with curves 3 and 4 calculated for transitions of the
type 1s —» 3p,. Obvioudly, in order to determine the
origin of the Cl; line in this sample, it is necessary to
calculate the matrix elements for the corresponding
trangitions.

In this study, we observed for the first time a new
magnetoabsorption line, Cl, (Fig. 3), which appears on
the right-hand wing of the hole CR line CH; asthe fre-
guency isincreased. The performed calculations show
that this new line can berelated to the 1s — 2p, tran-
sition in avery shallow neutral acceptor at the QW cen-
ter with ahole bound to it in aneighboring QW. In prin-
ciple, such bound states can appear under nonequilib-
rium conditions of optical excitation of free carriers,
with subsequent capture by ionized impurities in het-
erostructureswith QWSs. Itisseenin Fig. 4 that initialy
(at low magnetic fields) the energy of such atransition
only dlightly exceedsthe energy of the cyclotron transi-
tion Os; —= 1s,; and, possibly, it cannot be resolved in
the absorption spectrum against the background of the
neighboring lines Cl, and CH; (the distances from the
transition energy to the CR energies are smaller than
the spectral linewidths). However, asthe magnetic field
isincreased further, the energy of this transition varies
sublinearly with magnetic field (cf. curve 1 in Fig. 4),
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due to the above-mentioned crossing of the 1s; and 1a,
Landau levels belonging to the first and second con-
finement subbands, and becomes smaller than the
energy of the cyclotrontransition (Fig. 4). The Cl, line,
which lies only 0.15 meV above the hole CR line CH,
and is observed in sample 307 (having a somewhat
wider QW, with dg, = 300 A, and narrower CR and
impurity magnetoabsorption linesthan thosein sample
306), is probably related to the excitation of such very
shallow acceptors [8].
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Abstract—The photoluminescence of quantum dotsin Si/Ge/SiO,/Si and Si/Ge/Si structuresisinvestigated as
afunction of temperature. The low activation energies for the temperature quenching of photoluminescence of
germanium quantum dots in both structures are explained in terms of the thermally stimulated capture of holes
from quantum dots to the energy levels of defects localized in their vicinity. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Structures with Si/Ge-based quantum dots have
attracted the attention of researchers owing to their pos-
sible integration into modern silicon technology [1, 2].
It is known that the formation of quantum dotsin semi-
conductors with different lattice parameters occurs
through the Stranski—Krastanov mechanism. In the
case when germanium layers are grown on silicon, a
germanium wetting layer with a thickness of approxi-
mately 4 ML isinitialy formed on the silicon surface
and then germanium islands grow on the wetting layer
[3]. Recent investigations have revea ed that the growth
of germanium quantum dots on an oxidized surface
proceeds according to the Volmer—Weber mechanism
without the formation of awetting layer [4]. At present,
it has been established that the quantum dots in the
Si/Ge/SIO,/Si system are characterized by a smaller
size and aconsiderably higher density than thosein the
Si/Ge/Si system [4, 5]. The structural properties of
these objects were investigated by Milekhin et al. [6].
However, the el ectronic structure and recombination of
charge carriers in these quantum dots have not been
studied yet.

The purpose of this work was to perform a compar-
ative study of the charge carrier recombination in quan-
tum dots in SI/Ge/Si and SI/Ge/SIO,/Si systems. The
results obtained are in agreement with the conclusions
drawn earlier by Nikiforov et al. [4], according to
which the presence of aSiO, layer inthe structure stim-
ulates the growth of germanium quantum dots without
the formation of a wetting layer. The low activation
energies for quenching of photoluminescence (PL)
observed with an increase in the temperature indicate a
transfer of holes from the quantum-well levels not to
the valence band of silicon but to the energy levels of a
defect localized in the vicinity of the quantum dots.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The structure to be studied was grown on a Si(100)
substrate through molecular-beam epitaxy at a sub-
strate temperature of 550°C. Immediately before the
formation of a layer of germanium quantum dots, the
surface of the silicon substrate was oxidized in an oxy-
gen atmosphere in the growth chamber at a pressure
P = 10 Paand atemperature of 500°C for 10 min. The
thickness of the SO, layer thus formed on the silicon
surface was equal to 1-2 ML. Then, agermanium layer
with a thickness of 3 ML was deposited on the SO,
layer. The germanium layers were grown at a substrate
temperature of 550°C. Moreover, astructure with athin
SiO, layer that was not covered with agermanium layer
and astructure with germanium quantum dotsin thesil-
icon matrix without preliminary oxidation of thesilicon
surface were grown for comparison. Thelatter structure
was grown on the Si(100) substrate at a temperature of
700°C and contained five pairs of germanium and sili-
con layers, with a germanium layer thickness of 8 ML.
The photoluminescence was excited by radiation from
an argon laser at wavelength A = 488 nm with a power
density of 10 W/cm?, was analyzed using adouble grat-
ing monochromator, and was recorded by a cooled ger-
manium p—i—n diode in a synchronous detection mode.
The measurements were carried out in the temperature
range T = 5-125K.

3. RESULTS AND DISCUSSION

Figures 1 and 2 show the photol uminescence spectra
of the structures with germanium quantum dots formed
on the unoxidized and oxidized silicon surfaces and
also the spectrum of the structure with athin SiO, layer
not covered with a germanium layer. All the spectra

1063-7834/05/4701-0082$26.00 © 2005 Pleiades Publishing, Inc.
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shown in these figures were measured at a temperature
of 5 K. It can be seen that the photoluminescence spec-
tra of al the structures with germanium quantum dots
contain aline with the maximum at an energy hv = 1.1
€V dueto the recombination of excitonsin bulk silicon.
Moreover, the spectra of the structureswith germanium
guantum dots exhibit a line with the maximum at an
energy hv = 0.8 eV (thislineisdenoted by theletter T).
The absence of line T in the photoluminescence spec-
trum of the SI/SIO,/Si structure indicates that this line
can be attributed to the recombination in germanium
guantum dots. In the high-energy range, the photolumi-
nescence spectrum of the Si/Ge/SiO,/Si structure con-
tains two lines with maxima at energies hv = 1.08 and
1.06 eV. These lines are denoted by numerals 1 and 2,
respectively, and can be associated either with the two-
phonon replicas of the exciton lines or with the band—
impurity transitions in the silicon matrix [7]. The
refinement of the nature of these lineswould require an
additional investigation, which is beyond the scope of
our present work. Furthermore, the photoluminescence
spectrum of the structure with germanium quantum
dots grown without preliminary oxidation of the silicon
surface is characterized by two lines with maxima at
energies hv = 0.94 and 1.02 eV due to the recombina-
tion of excitonsin the wetting layer. These lines are not
observed in the photol uminescence spectra of the struc-
ture with germanium gquantum dots formed on the oxi-
dized silicon surface. These findings arein good agree-
ment with the data obtained earlier by high-energy
electron diffraction during the growth of the structurein
[4], according to which the wetting layer is absent. As
the temperature of the measurement increases, line Tin
the photoluminescence spectra of the structure with
guantum dots formed on the unoxidized silicon surface
is split into two lines with maxima at energies hv, =
0.779 eV (line A) and hvg = 0.829 eV (line B), as is
shown in Fig. 3. These spectra were approximated by
two Gaussian curves, and the results obtained were
used to construct the temperature dependences of the
integrated intensity of lines A and B (Fig. 4). The acti-
vation energies for temperature quenching of photolu-
minescence were determined to be E, = 126 meV for
line A and Ez = 66 meV for line B. It should be noted
that our data are close to the activation energies for
guenching of photoluminescence in quantum dots
observed by Wan et al. [§].

Since the shape of line T in the photoluminescence
spectra of the structure with guantum dots formed on
the oxidized silicon surface changeswith anincreasein
the temperature, this line can aso be represented asthe
sum of two lines. However, wefailed to decomposeline
T into components, because the photoluminescence
spectra measured at elevated temperatures exhibit
intense lines with maxima at energies hv = 0.76 and
0.74 eV, which are attributed to the recombination at
the levels of defects in silicon with the participation of
oxygen [7, 9, 10]. The activation energy of temperature
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quenching for line T (E;) of the structure with quantum
dots on the oxidized silicon surface is equal to
160 meV.

The differences between the energies at the maxima
of linesA and B (50 meV) and the activation energies of
their temperature quenching (60 meV) are closeto each
other. This allows us to assume that the origin of these
linesisassociated with the recombination of excitonsin
quantum dots of different sizes, consequently, the
quantum dots in the structure under investigation are
characterized by a bimodal size distribution.

It isbelieved that the temperature quenching of pho-
toluminescence in Si/Ge/Si quantum dots is caused by
the gection of charge carriers from the quantum-well
levels of holes into the silicon matrix [8]. In this case,
the activation energy for temperature quenching of pho-
toluminescence in quantum dots should be equal to the
energy of localization of a hole in a quantum dot.
According to the energy conservation law, the sum of
the energy of hole localization and the energy at the
maximum of the photoluminescence in quantum dots
must be equal to the band gap of the silicon matrix
(2.17 eV) minusthe energy of electron localization and
the binding energy of the exciton in the quantum dot.
However, it is easy to see that this condition is not sat-
isfied for any of the observed lines. Furthermore, the
characteristic energies of hole localization, which are
calculated for Ge/Si guantum dots, liein the range 300—
400 meV [11]. This is in agreement with the energy
position of line T in the photoluminescence spectra of
both structures (namely, Si/Ge/Si and Si/Ge/SiOZISi)1
but disagrees greatly with our data on the activation

1 Since the exciton binding energy and the energy of electron local-
ization in quantum dots are considerably less than the energy of
hole localization, the main contribution to the difference between
the band gap and the energy position of the line attributed to the
recombination in quantum dots (1170 — 800 = 370 meV) is made
by the energy of hole localization in the quantum dots.
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energy for temperature quenching of photolumines-
cence in quantum dots. In our opinion, the difference
between the activation energy for temperature quench-
ing of photoluminescence in quantum dots and the cal-
culated energies of hole localization is associated with
the fact that an increase in the temperature leads to a
transfer of holes from the quantum-well levels not to
the valence band of silicon but to the energy levels of a
defects localized in the vicinity of the quantum dots. In
this case, the difference between the activation energy
for temperature quenching of photoluminescence and
the energy of localization of holes at the quantum-well
levelsis equal to the energy at the level of the defect,
which amounts to approximately 200 meV. The small
difference in the activation energies for temperature
guenching of photoluminescence in Si/Ge/Si and
Si/Ge/SIO,/Si quantum dots can be explained by the
fact that the introduction of oxygen into silicon brings
about a change in the energy level of the defect.
According to thismodel, the use of asilicon matrix free
of defects should sharply increase the activation energy
for temperature quenching of photoluminescence in
guantum dots. This effect was actually observed by Cir-
lin et al. [12], who revealed photoluminescence of
guantum dots at room temperature. In this case, the
activation energy is of the order of 300-400 meV.

4. CONCLUSIONS

Thus, we investigated the photoluminescence of
guantum dotsin Si/Ge/Si and Si/Ge/SiO,/Si structures.
It was demonstrated that the photoluminescence spec-
tra of Si/Ge/SIO,/Si quantum dots do not exhibit lines
of exciton recombination in the wetting layer. It was
revealed that the activation energy for temperature
guenching of photoluminescence in quantum dots is
several hundreds of millielectron-volts lower than the
energy of holelocalization in quantum dots. The results
obtained were explained in terms of the thermally stim-
ulated capture of holesfrom quantum dotsto the energy
levelsof defectslocalized in thevicinity of the quantum
dots.
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Abstract—Excitation spectra of erbium photoluminescencein Si : Er epitaxial structures are studied within a
broad pump wavelength range (A, = 780-1500 nm). All the structures studied reveal afairly strong erbium pho-
toluminescence signal at photon energies substantially smaller than the silicon band-gap width (A = 1060 nm)
with no exciton generation. A possible mechanism of erbium ion excitation in silicon without exciton involve-

ment is discussed. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Erbium-doped silicon is presently attracting consid-
erable attention because the wavelength of the
4130 — 415, radiating transition in the Er®* ion 4f
shell falls into the spectral region of maximum trans-
parency of quartz fiber-optic communication lines (A =
154 pm). Sublimation molecular beam epitaxy
(SMBE) [1] offers the possibility of producing uni-
formly and selectively doped Si : Er structures with a
high lattice quality, which exhibit intense erbium
photo- and electroluminescence at a wavelength of
1.54 um[2].

It is known that the mechanism of erbium ion exci-
tation in silicon involving the electron subsystem of the
semiconductor is substantially more efficient than
direct optical excitation of Er ions in insulating matri-
ces [3, 4]. However, it is customarily assumed that
energy transfer through the electron subsystem of sili-
con isacomplex multistage process involving impurity
levels in the silicon band gap and is not fully under-
stood. This stimulated our study of the excitation spec-
tra of the erbium photoluminescence (PL) in SMBE-
grown S : Er structures with different types of optically
active erbium centers.

2. EXPERIMENTAL

Homogeneoudly and selectively erbium-doped sili-
con structures were SMBE grown on [100]-oriented p-
type silicon substrates with aresistivity p ~10-20 Q cm.
A Si : Er crystalline source was used to obtain erbium-
doped silicon layers. Undoped silicon layers in multi-

layer structures were produced with a second source,
silicon with a low impurity concentration (down to
10% cm3). The thickness of the epitaxial structures
studied ranged from 0.8 to 5.5 um. The structure
growth temperature was varied from 500 to 600°C.
SIMS measurements showed the structures grown to
contain up to 5 x 10'® cm3 Er atoms, 5 x 10 cm= O
atoms, and 4 x 10* to 1 x 10%*° cm~ C atoms.

An optical parametric oscillator (OPO) pumped by
aNd: YAG pulsed laser was employed to study the PL
excitation spectra of the Si : Er/Si structuresin the near
IR range (780-1500 nm). The pump power pulses were
5-nslong at a pulse repetition frequency of 20 Hz, and
the maximum pul se energy was 7 mJ at awavel ength of
780 nm. Thus, the maximum pulse power was as high
as 10° W. PL signals were measured with a grating
spectrometer, a nitrogen-cooled germanium detector
(Edinburgh Instruments), and a digital oscillograph
(TDS 3032, Tektronix). The samples under study were
cooled to 10 K in a closed-cycle cryostat (Oxford
Instruments).

3. RESULTS AND DISCUSSION

We studied excitation spectraof the erbium PL for a
series of SMBE-grown Si : Er structures within abroad
pump wavelength range (Ao = 780-1500 nm). All of
the structures studied showed a fairly high erbium PL
signal at pump photon energies substantially smaller
than the silicon band-gap width (A = 1060 nm) (Fig. 1).
Furthermore, at high pump power levels, asharprisein
the erbium PL intensity was observed at pump wave-

1063-7834/05/4701-0086$26.00 © 2005 Pleiades Publishing, Inc.
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lengthsin the range 1000—1050 nm, which corresponds
to the interband absorption edge in bulk silicon.

According to the universally accepted model, exci-
tation of erbium PL in Si : Er structures requires inter-
band pumping (absorption of a photon with energy in
excess of the silicon band-gap width). This stimulates
the generation of electron—hole pairs, their binding into
excitons, exciton binding to erbium impurity com-
plexes, and subsequent nonradiative recombination of
the bound excitons followed by energy transfer to the
erbium ions [5]. To establish the mechanism of erbium
ion excitation at photon energies less than the silicon
band-gap width, we also studied excitation spectra of
the excitonic PL. This PL signal derives from radiative
recombination of the excitons bound to shallow impu-
rity centers, primarily in the substrate of the Si : Er/Si
structures, and permits determination of the efficiency
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of generation of electron—hole pairs (excitons) in the
structure as a function of pump wavelength. Asis evi-
dent from Fig. 2, within the range 1000-1050 nm, the
exciton PL intensity drops sharply with increasing
pump wavelength. There is no exciton PL signa at
pump power levels below Ey (Ao > 1060 nm). The
decay of the exciton PL intensity indicatesadecreasein
exciton generation efficiency in the Si : Er structures
within the given spectral region and suggests that the
excitation of erbiumionsfor hv,, < E, apparently does
not involve excitons.

It should be noted that for A, > 1060 nm the struc-
tures become practically transparent for the pump radi-
ation. In part, this implies a very high efficiency of
erbium PL excitation in this spectral region, becausein
these conditions only a small fraction of the pump
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power is absorbed in the sample and contributes to PL
excitation.

Note al so that the excitation of erbium PL for hv,, <
E, manifests itself more strongly at high pump power
levels. This is convincingly seen when one compares
the graphs relating erbium PL intensity to pump power
obtained at pump energies above (Ao = 940 nm) and
below (A, = 1100 nm) the silicon band-gap width
(Fig. 3). As follows from these graphs, the erbium PL
intensity produced by interband excitation (940 nm)
growsfaster at low pump powers and saturates partially
at a high power level, whereas at A, = 1100 nm this
relation remains linear throughout the interval studied.

4. CONCLUSIONS

The above experimental data suggest that for hv,, <
E, the pump radiation is apparently absorbed in the
Si : Er epitaxial layer. The excitation of the erbium PL
in these conditions may be due to the presence of impu-
rity (defect) levelsin the silicon band gap that are asso-
ciated with erbium ions and form in the course of
growth of the Si : Er epitaxial layer. Inthiscase, absorp-
tion of a photon with an energy less than the band-gap
width may give rise to electron excitation from the
valence band directly to these impurity levels and their
subsequent nonradiative recombination with valence
band holes, with a transfer of energy to the internal
shell of the erbium ions. The proposed model of excita-
tion of the erbium PL is shown schematically in Fig. 4.
The high efficiency of this mechanism can be assigned
to the absence of electron—hole pair generation in the
structures for hv,, < E,, because interaction with free
carriers is a major cause of nonradiative de-excitation
of erbium ions in silicon. The decrease in Auger de-

PHYSICS OF THE SOLID STATE Vol. 47

excitation may also account for the increase in erbium
PL intensity with pump wavelength in the range 1000—
1030 nm with a simultaneous decrease in the exciton
PL intensity.

ACKNOWLEDGMENTS

This study was supported by the Russian Founda-
tion for Basic Research (project no. 02-02-16773),
INTAS (project nos. 01-0468, 01-0194), and NWO
(project no. 047-009-013).

REFERENCES

1. B. A. Andreev, A. Yu. Andreev, H. Ellmer, H. Hutter,
Z. F. Krasilnik, V. P. Kuznetsov, S. Lanzerstorfer, L. Pal-
metshofer, K. Piplits, R. A. Rubtsova, N. S. Sokolov,
V. B. Shmagin, M. V. Stepikhova, and E. A. Uskova,
J. Cryst. Growth 201202, 534 (1999).

2. Z. F Krasilnik, V. Ya Aleshkin, B. A. Andreev,
O. B. Gusev, W. Jantsch, L. V. Krasilnikova, D. I. Kryzh-
kov, V. P. Kuznetsov, V. G. Shengurov, V. B. Shmagin,
N.A. Soholev, M. V. Stepikhova, and A. N. Yablonsky,
in Towards the First Slicon Laser, Ed. by L. Paves,
S. Gaponenko, and L. Da Negro (Kluwer Academic,
Dordercht, 2003), pp. 445-454.

3. F. Priolo, G. Franzo, S. Coffa, andA. Carnera, Phys. Rev.
B 57 (8), 4443 (1998).

4. O. B. Gusev, M. S. Bredler, P. E. Pak, |. N. Yassievich,
M. Forcales, N. Q. Vinh, and T. Gregorkiewicz, Phys.
Rev. B 64, 075302 (2001).

5. M. S. Breder, O. B. Gusev, B. P. Zakharchenya, and
I. N. Yassievich, Fiz. Tverd. Tela (St. Petersburg) 38 (5),
1474 (1996) [Phys. Solid State 38, 813 (1996)].

Trangdlated by G. Skrebtsov

No.1 2005



Physics of the Solid State, Vol. 47, No. 1, 2005, pp. 89-92. Translated from Fizika Tverdogo Tela, Vol. 47, No. 1, 2005, pp. 86-89.
Original Russian Text Copyright © 2005 by Shengurov, Paviov, Svetlov, Chalkov, Shilyaev, Sepikhova, Krasil’ nikova, Drozdov, Krasil’ nik.

PROCEEDINGS OF THE CONFERENCE

“NANOPHOTONICS 2004”

(Nizhni Novgorod, Russia, May 2-6, 2004)

Heter oepitaxy of Erbium-Doped Silicon Layers
on Sapphire Substrates

V. G. Shengurov*, D. A. Pavlov*, S. P. Svetlov*, V. Yu. Chalkov*, P. A. Shilyaev*,
M. V. Stepikhova**, L. V. Krasil’nikova**, Yu. N. Drozdov**, and Z. F. Krasil’ nik**

* Research Physicotechnical Institute, Nizhni Novgorod Sate University,
pr. Gagarina 23/5, Nizhni Novgorod, 603600 Russia

e-mail: svetlov@phys.unn.ru

** |ngtitute for Physics of Microstructures, Russian Academy of Sciences,
Nizhni Novgorod, 603950 Russia

Abstract—The possibility of using sublimation molecular-beam epitaxy as an efficient method for growing
erbium-doped silicon layers on sapphire substrates for optoel ectronic applications is analyzed. The advantage
of this method is that the erbium-doped silicon layers can be grown at relatively low temperatures. The use of
sublimation molecular-beam epitaxy makesit possible to grow silicon layers of good crystal quality. It is dem-
onstrated that the growth temperature affects not only the structure of silicon-on-sapphire layers but also the
crystallographic orientation of theselayers. The el ectrical and luminescence properties of the erbium-doped sil-
icon layers are discussed. It isrevealed that structures of this type exhibit intense erbium photol uminescence at
awavelength of 1.54 pm. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The design of silicon-on-insulator devices and
structures, including heteroepitaxial silicon films on
sapphire, isapromising direction in modern micro- and
nanoel ectronics. The advantages of such structures are
their high radiation and thermal resistances and a low
power consumption of integrated circuits [1]. The pos-
sibility of fabricating multifunctional microprocessor
circuits on sapphire substrates and the general tendency
toward an increase in the level of integration call for
designing of optoel ectronic circuits. In this respect, sil-
icon-based structures doped with rare-earth elements
are of considerable interest [2].

The purpose of thiswork was to investigate the pos-
sibility of using sublimation molecular-beam epitaxy as
an efficient method for growing erbium-doped silicon-
on-sapphirelayersemitting at awavelength of 1.54 um.

In contrast to the vapor-phase crystallization
method, which has been extensively employed in recent
years for growing silicon-on-sapphire structures [3],
the sublimation molecul ar-beam epitaxy method being
developed in this work makes it possible to use low-
temperature growth conditions. Thisallows oneto min-
imize the adverse effect associated with the difference
between the coefficients of thermal expansion of silicon
and sapphire [4] and, consequently, to reduce compres-
sive stresses in heteroepitaxial layers. In this work, we
demonstrated the possibility of using sublimation
molecular-beam epitaxy for growing Si : Er layers on
sapphire substrates with a high degree of structural per-

fection, analyzed the influence of the growth conditions
on the structure and electrica parameters of the
erbium-doped silicon-on-sapphire layers, and investi-
gated their luminescence properties.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Epitaxial silicon layers were grown through subli-
mation molecular-beam epitaxy according to a proce-
dure similar to that described in our earlier work [5].
Sapphire plates 35 x 35 mm in size and 0.5 mm in

thickness with the (1102) orientation were used as
substrates. Prior to deposition of silicon layers, the sap-
phire plates were annealed immediately in the growth
chamber at a temperature of 1400°C for 30 min. The
fluxes of silicon and erbium atoms were produced by
heating a sublimation source, which was cut in theform
of a rectangular bar from a silicon ingot doped with
erbium during the course of growth. The source was
heated to atemperature of ~1330°C upon passage of an
electric current. In a number of experiments, a thin
undoped silicon buffer layer on a sapphire substrate
was grown from a KEF-15 silicon source. The thick-
ness of thislayer fell in therange 0.1-0.7 um. The dep-
osition rate of silicon layers was equal to 0.08—
0.10 nm/s. The substrate temperature T, varied from
550 to 730°C and was measured accurate to within
+20°C with the use of a VIMP-015 optical pyrometer.
The pressure of residual gases during the growth of sil-

1063-7834/05/4701-0089$26.00 © 2005 Pleiades Publishing, Inc.
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Growth conditions and structural analysis datafor heteroepi-
taxial silicon layers on sapphire substrates

Growth conditions Layer

Sample : Dwy)o,
o [ Tee o | OEM | oo Soe
12-42 730 20 0.30 (100) 0.44
12-52 730 20 0.30 (100) 0.36
12-54 730 15 0.25 (100) 0.38
12-59 730 30 0.40 (100) 0.32
12-62 730 30 0.4 (100) 0.33
12-39 600 120 0.75 (100) 0.62
12-35 600 20 0.50 (100) 0.58
12-27 600 20 0.27 (100) 0.49
730 15 0.70
12-60 &0 =5 0.5 (100) 0.33
730 5
12-64 &0 EE 0.3 (100) 05
730 10
12-66 600 25 0.55 (110) 0.39
550 25

icon layers did not exceed 1 x 107 Torr. The thickness
of thesilicon layersgrown varied in therangefrom 0.25
to 0.75 pm. This thickness was measured on an MI1-4
interferometer from the step formed on the substrate
after part of the silicon layer was etched.

The structure of silicon-on-sapphire layers was ana-
lyzed using reflection high-energy electron diffraction
(RHEED) and x-ray diffraction. The RHEED patterns
were recorded on an EMR-102 electron diffractometer
at a glancing angle of incidence (accelerating voltage,
100 kV). The x-ray diffraction patterns were measured
on a DRON-4 diffractometer [CuK, radiation,

il

Fig. 1. RHEED pattern of the silicon-on-sapphire structure.
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Ge(400) monochromator]. The surface morphology
was examined by atomic force microscopy (AFM) with
an Accurex TMX-2100 instrument. The concentration
distributions of charge carriers were measured using
electrochemical capacitance-voltage profiling.

The photoluminescence (PL) spectrawere recorded
on a BOMEM DA3 Fourier spectrometer with a spec-
tral resolution reaching 1 cm. The photoluminescence
was excited with an argon laser at a wavelength of
514.5 nm and a power of ~270 mW. The spectra were
measured with a cooled North-Coast EO-817A germa:
nium detector at temperatures of 77 and 300 K.

3. RESULTS AND DISCUSSION
3.1. Structure of the Grown Layers

Let us consider the structural features of silicon-on-
sapphire layers and the influence of the growth temper-
ature on their structure. The growth conditions and
structural analysis data are listed in the table. As was
noted in our previouswork [6], the RHEED patterns of
the silicon layers grown on substrates annealed at a
high temperature (1400°C) contain Kikuchi lines and
Kikuchi bands (Fig. 1). This suggests that the surface
region of the silicon layer is characterized by a high
degree of structural perfection. An increase in the
growth temperature leadsto an increase in the sharpness
of the observed Kikuchi patterns. Thisdirectly indicates
improvement of the silicon-on-sapphire structure.

It is found that the silicon layers grown at a high
temperature (730°C) are characterized by ahigh degree
of structural perfection. According to the x-ray diffrac-
tion data, the full width at half-maximum of therocking
curve is determined to be Aw,, = 0.32°-0.44°. A
decrease in the growth temperature resultsin deteriora-
tion of the silicon-on-sapphire structure. As can be seen
from the table, the values of Aw,, for the silicon layers
grown at a temperature of 600°C lie in the range 0.5°—
0.7°. In this case, it is of interest to analyze the data on
the crystallographic orientation of the silicon-on-sap-
phire layers. The silicon layers with the (100) orienta-
tion are formed at a substrate temperature T, = 600°C
and above. However, a decrease in the substrate tem-
perature to 550°C leads to the formation of silicon lay-
ers containing crystal blocks with both the (100) and
(110) orientations. It is worth noting that the silicon
layers thus formed have a single-crystal structure: the
RHEED patterns of the surfaces of these layersand also
the silicon layers grown at higher temperatures involve
only Kikuchi lines. According to the AFM data, the sil-
icon layers have a sufficiently smooth surface (Fig. 2).

In some cases, the epitaxial silicon layers were
grown at two growth temperatures: the first portion of
the silicon layer (approximately one-fourth of the layer
thickness) was grown at a high temperature (730°C),
and the second portion was obtained at alower temper-
ature (600°C). It should be noted that these layers (sam-
ples 12-60, 12-64) retain a rather high degree of struc-
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tural perfection. However, a further decrease in the
growth temperature of the second portion of the silicon
layer, for example, to 550°C (sample 12-66), resulted in
achange in the crystallographic orientation from (100)
to (110), asin the case considered above.

3.2. Distribution of Impurities
in Slicon-on-Sapphire Sructure

The concentration distribution of charge carriers
over the thickness of the erbium-doped silicon layer
(sample 12-60) is depicted in Fig 3a. It can be seen
from thisfigurethat the silicon layer predominantly has
p-type conductivity, which is not characteristic of S : Er
homoepitaxial layers grown under similar conditions
[7]. In order to elucidate the origin of this discrepancy,
we studied a phosphorus-doped silicon layer grown on
asapphire substrate. Figure 3b shows the concentration
distribution of charge carriers over the thickness of the
phosphorus-doped silicon layer. As can be seen from
Fig. 3b, the concentration distribution of charge carriers
isnonuniform over the layer thickness: the silicon layer
possesses p-type conductivity at the boundary with the
substrate and in the surface region and n-type conduc-
tivity in the central region. In our opinion, such adistri-
bution can be explained as follows. Aluminum atoms
are accumulated on the sapphire surface upon preepi-
taxial high-temperature annealing of the substrate. Dur-
ing the growth of the silicon layers, one part of these
atoms is incorporated into the growing layer and
another part of the atomsis rejected by the growth sur-
face. These processes lead to the formation of the
regionswith p-type conductivity. It can be assumed that
this mechanism is also responsible for the type of con-
duction in erbium-doped silicon-on-sapphire layers.

3.3. Photoluminescence Properties
of Slicon-on-Sapphire Sructures

The results obtained in the study of the photolumi-
nescence in the erbium-doped silicon-on-sapphire
structures are presented in Fig. 4. It can be seen that the
photoluminescence spectra measured at a temperature
of 77 K are characterized by arather intense signal at a
wavelength of 1.54 um. Judging from the positions and
widths of the spectral lines, thissignal istypical of radi-
ative transitions in the rare-earth ion (*l,3p — “l155
transitionsin the 4f shell of the Er®* ion). The strongest
photoluminescence signal in this range is observed for
sample 12-60, whose spectrum has a fine structure of
lines with a half-width of ~10 cm. The spectrum of
this sampleis similar to the photol uminescence spectra
of Si : Er layerswith ahigh oxygen content. In particu-
lar, it is possible to distinguish a group of lines associ-
ated with the Er®* oxygen-containing centers (Er—01,2
centers), which were originaly revealed in the materi-
als prepared by ion implantation [8].
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Fig. 2. AFM image of the surface of a silicon layer grown
on the sapphire substrate at a substrate temperature Tg =

600°C.
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Fig. 3. Concentration distributions of charge carriers over
the thickness of (&) erbium-doped silicon layers and
(b) phosphorus-doped silicon layers on sapphire substrates.
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Aexe = 514.5 nm §+6505.2 cm™!
T=77K
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Fig. 4. Photoluminescence spectra of the silicon-on-sap-
phire structures. Arrows indicate the positions of the lumi-
nescence lines attributed to the dominant opticaly active

centersinvolving Er3* ions.

The deterioration of the structural perfection of the
silicon-on-sapphire layers (see table) results in a con-
siderable broadening of the photoluminescence band
observed at awavelength of 1.54 um. It is evident that
this broadening is caused by the stresses arising in the
layers. Moreover, apart from the photoluminescence
signal assigned to the rare-earth impurities, the spec-
trum contains a second luminescence band with the
maximum at awavelength of 1.59 um. With due regard
for its width and shape, this band can be attributed to
either the defect complexes formed in the silicon layer
or the complexes of impurity centers, for example, cen-
tersinvolving carbon and oxygen atoms [9]. Note that
the photoluminescence band with the maximum at a
wavelength of 1.59 um is also observed in the spectra
of silicon-on-sapphire structures containing alayer that
was not doped with erbium. Theintensity of photolumi-
nescence in the silicon-on-sapphire layers decreases
significantly with an increase in the temperature. As a
result, it becomes almost impossible to record the pho-
toluminescence at 300 K.

4. CONCLUSIONS

Thus, we demonstrated that structurally perfect
erbium-doped silicon-on-sapphire layers, which
exhibit arather intense luminescence at awavel ength of
1.54 um, can be grown through sublimation molecular-
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beam epitaxy at relatively low temperatures (600—
700°C). It was shown that the growth temperature
affectsthe degree of structural perfection of silicon-on-
sapphire layers. In turn, the structure of silicon-on-sap-
phire layers has an effect on the photoluminescence
response.
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Abstract—The excitation and de-excitation cross sections of light-emitting nanoclusters in rare earth—doped
silicon are calculated. Two processes of de-excitation are considered: emission of a photon by the center and
transfer of the cluster energy to a scattered electron. The cross sections of these two processes are shown to be
large. Therefore, de-excitation has a significant effect on the concentration of excited rare-earth centersin sili-

con. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Silicon-based light-emitting structures can be pro-
duced by doping silicon with rare-earth (RE) elements
[1-4]. In these structures, luminescence is due to elec-
tron transitions between spin—orbit split 4f states of the
RE atom entering an optically active center. The emit-
ted light with such wavelengths is absorbed only
weakly by silicon. Therefore, these structures can be
used in systemswith optical coupling between the com-
ponents of an integrated circuit.

In RE-doped silicon, the el ectroluminescence inten-
Sity is the highest for reverse-biased p—n junctions. In
this case, optically active centers are excited through
the impact mechanism during hot-carrier scattering.
However, scattering can also cause de-excitation of
already excited centers. Therefore, we need to know the
dependences of the cross sections of these processes on
applied electric field. The excitation cross section of
these centers was calculated in [5-7]. The main objec-
tive of this paper is to calculate the de-excitation cross
sections in the structures under study.

2. CALCULATION OF THE EXCITATION
AND DE-EXCITATION CROSS SECTIONS

Let us consider the process of de-excitation of cen-
ters. This process can occur through photon emission
by the RE atom or energy transfer to a scattered elec-
tron. In both cases, the process has no threshold. There-
fore, de-excitation can be caused by electrons with any
energy and we should cal culate the cross sections of the
corresponding processes using the general scattering
theory. In the case of nonradiative de-excitation, we

invoke the principle of detailed balance as applied to
scattering processes [8]:

dog, _ dog
K2dQ  KdQ'

(D)

where k and k' are the wave vectors of the incident and
scattered electrons, respectively; doy, /dQ isthe differ-
ential cross section of nonradiative de-excitation; and
do. /dQ is the differentia cross section of the process
that is reversed in time with respect to the former pro-
cess. It can be easily seen that this process is impact
excitation in which the wave vectors of theincident and
scattered electrons are interchanged.

In order to calculate the differential cross section of
excitation, we should estimate the average electron
energy [E[in the space-charge region of the reverse-
biased p—n junction. For this purpose, we need to solve
the balance equation for this energy, which hastheform

d [E]

_ PED ES 2ED
e a(E) m*l )\ — +tevq4E. (2

In the right-hand side of Eqg. (2), the first term is the
energy loss due to ionization of the host atoms (m* is
the effective electron mass; a(E) is the impact ioniza-
tion coefficient, depending on the electric field strength
E; | is the ionization energy). The second term is the
energy loss due to electron scattering by longitudinal
optical phonons ([E,[is the average optical-phonon
energy, A isthe electron mean free path associated with
optical-phonon scattering). Finally, the third term takes
into account the electron gas heating by an electric field
(v4isthe electron drift velocity).

1063-7834/05/4701-0009$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Dependence of the cross sections of excitation
(dashed curve) and nonradiative de-excitation (solid curve)
of an erbium atom on electron wave vector.

The steady-state solution to Eq. (2) describes the
dependence of the average energy on the electric field
strength:

m* v}
(B0 = ——2e’E*(a(E)| + (E4IN) ™. )
On the other hand, the average energy can be found
using the distribution function

2T TT oo
(EO = J’IIE(k)f(k, 0, o, E)kzsin(e)dkded(p. ()]
000
Here, f(k, 8, @, E) is the nonequilibrium distribution
function of electrons. To a first approximation, this
function for a semiconductor in an electric field can be
found to be

f = fo+—=(v, eE)r. ©)

Kg T
Here, v isthe electron velocity, T isthe relaxation time,
kg isthe Boltzmann constant, T, isthe el ectron gastem-
perature, and f, isthe Maxwell distribution function

2 3/2
g O
O Prmtkg T

The dependence of the electronic temperature on
applied electric field can be found by equating expres-
sions (3) and (4). Estimates show that the average elec-
tron energy for a reverse-biased p—n junction is high
enough for the Born approximation to be used in calcu-
lating the differential cross section for excitation [8].
We substitute do,, /dQ thus calculated into Eqg. (1) and
find day, to be

7K 0
Pt kgt O

e mr?
omh’ (ksso)

dO'dW = Z(H) iop- (7)

PHYSICS OF THE SOLID STATE  Vol. 47

Here, q is the magnitude of the difference between the
wave vectors of the scattered and incident electrons
(wave-vector transfer); Mqg is the square of the modu-
lus of the atomic multipole moment matrix element;
and the subscripts 8 and a label the excited and ground
states of the atom, respectively.

Since the wave-vector transfer is comparatively
small, we can keep only the first two terms in EqQ. (7)
and write
__em?® - dg

o (keey)? O ©

2 2

e'm*
+ ——M,,Q9dq.
8nﬁ4(ksso)2 2P

Integrating over all possible values of g gives
e’mr?

K= M
Tan(k) 2T[ﬁ4(kseo)

In
B Ehmm (9)
2 2
e m* 2 2
+ ———M2a5(Amax — Amin)
16T[ﬁ4(k££0)2 2af \ Mmax min

where g and g, are the maximum and minimum
values of g, respectively; from the conservation energy
for the atom plus incident electron system, they can be
found to be

2m* Eqg

Onex = (K otk (10)
*x
G = kﬂ%—k. (1)

Here, Eyg is the difference between the energies of the
first excited and ground states of the RE atom. The
wave-vector dependences of the cross sections of exci-
tation and nonradiative de-excitation are shown in
Fig. 1.

Experimentally, the value of oy, averaged over kis
measured. This quantity is defined as

2T T

— 2
Oy = JO’ Jo’{om,v(k)f(k, 8, p)k’sin(8)dkdady. (12)

The field dependences of o, and oy, found using
Eq. (12) areshownin Figs. 2 and 3. (The integration of
the excitation cross section over k was performed not
from zero but rather from the threshold value dictated
by the excitation energy of the center.)

Now, let us consider radiative de-excitation of the
optically active center. In this case, the energy trans-
ferred by an electron to the atom goes solely into an
increase in kinetic energy of the latter and can be
neglected. Therefore, we can treat the process as atran-
sition stimulated in the two-level system by the perturb-
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Fig. 2. Dependence of the excitation cross section of an
erbium atom on electric field strength.
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Fig. 4. Dependence of the radiative de-excitation cross sec-
tion of an erbium atom on electron wave vector.

ing field produced by the incident electron. The proba-
bility of a stimulated transition in the atom is given by
(see eg., [9])

2
Pap = FE0 |E(0p) Mgl (13)

Eus . - .
where w,g = TGB isthe transition frequency in the sys-

tem and E(wg) is the Fourier transform of the electric
field produced by the electron:

1 - e
E(waB) = E[J’

4T1EE,

exp (=i Wypt)
(14
2
X J’ % cosOdVdt.
A

Here, W is the wave function of the scattered electron
and 6 is the angle between the directions of the dipole
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Fig. 3. Field dependence of the nonradiative de-excitation
cross section of an erbium atom.
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Fig. 5. Field dependence of the radiative de-excitation cross
section of an erbium atom.

moment and the electric field. Integration in the second
integral is performed over all space.

In calculating the radiative de-excitation cross sec-
tion, we take into account that the electron scattering is
elastic and that there are many fairly hot electronsinthe
structure under study. Therefore, we can employ a
quasi-classical expression for the elastic-scattering
cross section [9] and the probability multiplication the-
orem. Thus, the total cross section is equal to the prod-
uct of the el asti c-scattering cross section and the transi-
tion probability and has the form

_7+98+3¢”

*a’zeld 11
= =7 P. (15

0 g h® 03T

where & = (2ka)? and a is the radius of the center.

The field dependence of this cross section can be
found in much the same way as in the preceding case.
Theresults are presented in Figs. 4 and 5.
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3. CONCLUSIONS

De-excitation has been shown to have a significant

effect on the concentration of excited centers, because
its cross section is comparatively large. Therefore, one
might expect that the proportion of such centerswill be
small in reverse-biased structures. This demonstrates
the need to seek ways to decrease the de-excitation
effect.

1

2.
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Abstract—Si/Si; _,Ge, : Er/Si structures grown by sublimation molecular-beam epitaxy (SMBE) in a gas
phase are studied. These structures are considered possible structures for realizing a Si/Er-based laser. It is
shown that SMBE in a gas phase can be applied to create effective light-emitting structures that generate an
intense luminescence signal at a wavelength of 1.54 um. The structures and chemical compositions of the
Si/Si; _,Ge, : Er/Si structures, whose parameters are close to those calculated for creating laser-type structures,
are examined, and their photoluminescence (PL) spectra and kinetics are studied at 4.2 and 77 K. It is shown
that the fraction of Er®* optically active centersin the Si; _,Ge, : Er layers thus grown reaches ~10% of the total
erbium-impurity concentration. The optical gainsin the active Si; _,Ge, : Er layersat x = 0.1 and 0.02 are esti-
mated to be ~0.03 and ~0.2 cm%, respectively. The gain in structures of this type can be significantly increased
viatheintentional formation of isolated Er3* optically active centerswhose PL spectra have acharacteristic fine

structure. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The significant interest expressed in structures
based on erbium-doped silicon mostly stems from the
possible creation of optoel ectronic devices operating in
an optical range near 1.54 um [1]. The radiative transi-
tion of Er®* ion at this wavelength coincides with the
spectral window of aquartz fiber, which opens up wide
prospectsfor theuseof Si : Er structuresin modern sys-
tems of fiber-optic communications. Searching for con-
ditions for the production of laser-type structures and
the development of a technology for their production
are of particular importance in thisfield.

Earlier [2, 3], we demonstrated the advantages of
sublimation molecular-beam epitaxy (SMBE) for
growing high-efficiency light-emitting structures based
on erbium-doped silicon. Si/Si : Er structures produced
by this method exhibit record narrow luminescence
spectral lines, which implies a high optical gain. It was
shown in [2] that the optical gain should reach 30 cm™
in Si : Er layers whose photoluminescence (PL)
response spectrum mainly contains a spectral line of
isolated centers of the rare-earth ion with a line half-
width of 0.1 cm™ (10 peV [4]).

A necessary condition for the operation of aSi : Er
laser is the development of effective waveguide struc-
turesthat can provide radiation localization in an active
layer. One possible variant of such structures is a
Si/Si;_,Ge,: Er/Si heterostructure with an active
Si, _,Ge, : Er waveguide layer. To estimate the opti-
mum parameters of the Si; _,Ge, : Er layers, we calcu-
late the total gains in Si/Si;_,Ge, : Er/Si structures
depending on the thickness dg _ g . and the germa-
nium content x in the Si; _,Ge, : Er layer (Fig. 1). For
the calculations, we assumed that the gain g in the
active Si; _,Ge, : Er layersisthesameasin S : Er lay-
ersand is equa to ~30 cm™. The coefficient of optical

limitation of an electromagnetic wave was calculated
from the formula

(n: —n)d’ko
r = 2 2 2\ 42,27
+(ny —nz)d kg
Here, n; and n, are the refractive indices of the active
Si;_,Ge, : Er layer and the limiting Si layers, respec-
tively; d is the thickness of the active Si;_,Ge, : Er

layer; ky = 217A; and A is the radiation wavelength. As
is seen from the calculation results (Fig. 1), the total

)
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Fig. 1. Dependence of the total gain gI" in the Si/Si| _,Gey
: Er/Si structures on the thickness dg e g ) Of the
Si1 - Ge, : Er activelayer for various values of the Ge con-
tent x: (1) 0.6, (2) 0.4, (3) 0.2, and (4) 0.08. In the calcula-
tion, theoptical gainginthe Si; _,Ge, : Er active layer was
taken to be 30 cm™.

gains in such structures are maximum for sufficiently
thick Si;_,Ge,: Er layers (thicker than 0.5 um) and
high germanium contents in them; these factors can
obviously hinder the growth of perfect structures. At
large thicknesses and high Ge contents, the grown
Si; _,Ge, heteroepitaxia layers are, as a rule, metasta-
ble and elastic stresses relax in the Si; _,Ge, layers on
silicon because of their different lattice parameters
(compared to silicon). However, the problem of the
effect of these processes on the luminescence proper-
ties of erbium rare-earth ions remains unsolved.

The goal of this work is to study the PL properties
of Si/Si;_,Ge, : Er/Si structures developed for a sili-
con-based laser. The structures were grown by SMBE
in agas phase; this method (which isan SMBE modifi-
cation) was designed especially for growing SiGe : Er
solid-solution layers. We estimate the concentrations of
optically active erbium-ion centers and the gains of
these structures.

2. EXPERIMENTAL

The Si/Si;_,Ge, : Er/Si structures were grown by
SMBE in agermane (GeH,) atmosphere. A distinguish-
ing feature of this technique is germanium supply to a
growing layer due to the pyrolysis of GeH, on the sur-
face of a silicon substrate heated with an electric cur-
rent (this technique is described in detail in [5]). Asin
the case of the standard SMBE method, layers were
doped with a rare-earth impurity using two types of
source: erbium-doped polycrystalline silicon and Er
metallic plates. The growth conditions and the parame-
ters of characteristic Si/Si; _,Ge, : Er/Si structures are
given in the table. The structural parameters and the
elemental compositions of the grown Si; _,Ge, : Er epi-
taxial layers were examined with x-ray diffraction and
secondary-ion mass spectrometry. The PL properties of
the structures were measured at 4.2 K on a BOMEM
DA3 Fourier spectrometer with a spectral resolution of
~0.5cm™. A PL signal wasexcited by radiation from an
Ar* laser with a wavelength of 514.5 nm and was
recorded with a cooled North-Coast EO-817A germa-
nium photodetector. The exciting radiation power was
varied from 2 to 380 mW. The PL time dependences
were measured with a pul se semiconductor laser radiat-
ing at a wavelength of 659 nm and with a germanium
photodetector used for signal recording. The PL kinet-
icswas measured at T = 77 K at the wavelength corre-
sponding to the maximum erbium-photol uminescence
signal, and the time resolution of the recording circuit
was5 s

3. RESULTS AND DISCUSSION

When optically excited, theepitaxial Si/Si; _,Ge, : Er/S
structures generate an effective PL signa at 1.54 um,
which isrelated to intracenter transitions in the 4f shell
of the rare-earth ion Er®* (*l,3, — %5, transitions).
The PL response of the structures under study at 4.2 K
isshownin Fig. 2. The PL intensities of the most effec-
tive Si/Si; _,Ge, : Er/Si structuresturn out to be compa-
rableto the PL intensity of uniformly doped Si : Er lay-
ers. For comparison, Fig. 2 aso showsthe PL spectrum
of aSi/Si : Er structure (sample 37) recorded under the

Growth conditions and the parameters of Si/Si; _,Ge, : Er/Si structures

Sampleno.|  Substrate Ty °C X, % |dgge:g» M| RES, % Er source [Er],cm™3 | dg, nm
10-110 |KDB-02(100) | 500 9.74 500 57 | Poly-Si:Er 2 x 10'8 210
10-90 |KDB-02(100) | 500 8.73 500 100 " 3 x 108 520

. +
1071 |KES0.01(111)| 500 1.9 150 — | MedlicEr/O; | 52 x 107 350
implant.
37 KDB-10 (100) 500 0 0 - Poly-Si : Er 5x 108 1800

Note: Ty isthe growth temperature; dgge . g isthe thickness of the Si; _,Ge, : Er layers; RESistheresidual elastic stress determined by
X- ray diffraction; and dg; isthe thickness of the outer Si layer. For sample 37, the thickness dg; correspondsto that of the Si : Er layer
(Si/Si: Er structure) Sample 10-71 was additionally implanted by oxygen ions.
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same conditions; the estimated internal quantum effi-
ciency of this structure is ~20% [2]. Asis seen, the PL
signal of the Si;_,Ge,: Er layers mainly contains a
peak with a maximum at a wavelength of 6507 cm
and aline width of ~30 cm. The line shape and width
indicate that this peak can be caused by erbium-ion
optically active centersin SiO,-like precipitates, whose
formation has also been observed in Si : Er layersunder
certain growth conditions [2]. Note that we did not
detect any influence from elastic-stress relaxation on
the PL properties despite the large thicknesses of the
Si;_,Ge, : Er layers and the high Ge concentration in
them (Fig. 2). Moreover, the PL intensity in partly
relaxed Si;_,Ge, : Er layers was higher than that in a
highly stressed structure (the residua elastic stresses
are given in the table).

Let us estimate the concentration of Er®* ion opti-
cally active centers in the heterostructures under study.
To this end, we analyze the dependence of the erbium
PL intensity on the exciting radiation power. Asarule,
the PL intensity inthe Si : Er structuresis saturated at a
high pumping power. Figure 3 shows the dependences
of the PL intensities of the Si/Si;_,Ge, : Er/S struc-
tures on the exciting radiation power. The I (P) depen-
dences obtained are described well by the well-known
expression [6]

lp. 0 abP/(1+bP), 2

where P isthe exciting radiation power. The parameter
a determines the PL saturation level at high pumping
powers (I [0 aat bP > 1) and depends directly on the

concentration of Er3* opticaly active centers. The
parameter b characterizes the increase in the PL inten-
sity for weak pumping (I, 0 abP at bP < 1). The solid
linesin Fig. 3 show the fitting dependences calculated
by Eqg. (2) with the following parameters: a = 32.2 x
104, 21.2 x 10%, 20.9 x 104, and 1.22 x 10* arb. unitsfor
curves 14, respectively, and b = 0.036, 0.006, 0.004,
and 0.011 mW-1 for curves 1-4, respectively. The coef-
ficients b obtained as a result of fitting are an order of
magnitude smaller than those determined for Si : Er
layers[7]. Indeed, as seen from Fig. 3, the PL intensity
in the structures under study is weakly saturated with
increasing excitation power. |f the Er®* ions are excited
through the exciton mechanism, then the weak increase
inlp (P) inthe Si/Si; _,Ge, : Er/Si structures can obvi-
ously be explained by asignificant contribution of alter-
native recombination channels to the processes of exci-
tation and de-excitation of the Er ions. These channels
can be nonradiative recombination channels (which
decrease the tota lifetime of the erbium ions in the
excited state) or can serve as competing channels dur-
ing the excitation of rare-earth ions. In the case where
the PL signal increases slowly with pumping power and
does not level off, which is observed in the
Si/Si; _,Ge, : Er/Si structures under study, the coeffi-
cient bin Eqg. (2) isindependent of the concentration of
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Fig. 3. Dependences of the PL intensities of the Si : Er/Si
and Si/Si; _,Ge, : Er/Si structures on the exciting radiation
power: samples (1) 37, (2) 10-110, (3) 10-90, and (4) 10-71.

erbium-ion optically active centers NE and is specified
by the concentration of the alternative channels. There-
fore, using the model described in [7], we can deter-
mine the concentration of the alternative recombination
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Fig. 5. PL spectra of epitaxia Si/Si;_,Ge, : Er/Si struc-
tures: samples (1) 10-71 and (2) 10-90. The arrows show the

PL lines of basic Er®* optically active centers identified in
the fine structure of the PL spectrum of sample 10-71.

channels Ng\ involved in the excitation of the Er®* ions
in the Si/Si; _,Ge, : Er/S structures. For the structure
exhibiting the highest PL intensity (sample 10-110),
this concentration is 3 x 10'8 cm3. Therefore, under the

condition Né > Ng , the concentration of optically

active Er3* ions in these structures is estimated to be
~3 x 10 cm3, which is ~10% of the total erbium-
impurity concentration.

The processes of nonradiative recombination in the
Si/Si;_,Ge, : Er/Si structures give rise to specific fea-
tures in the PL time dependences (Fig. 4). The solid
linesin Fig. 4 show the fitting functions I = 15 (0) +
A exp(—(t —tg)/ty) + A,exp(—t —ty)/1,). Oscillograms of
erbium PL signals from each structure studied contain
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a fast component with a time constant 1, = 0.06 ms,
whose contribution depends on the lattice perfection
and is obvioudly related to the participation of nonradi-
ative channels in the de-excitation of the Er ions. The
time constants T, of the Si/Si;_,Ge, : Er/Si structures
are close to the characteristic values of the radiative
lifetime of an Er3* ion in the excited state, which are
1 msfor most semiconductors [8]. The total lifetime of
an erbium ion in the excited state is specified by the
contributions of the exponential components (coeffi-
cients Ay, A)) to the PL decay kinetics. For a relaxed
structure (sample 10-110), the total lifetime of the
erbium ion is determined by the time constant 1, and is
equal to 0.06 ms. The PL kinetics of a structure with a
stressed Si;_,Ge, : Er layer (sample 10-90) is domi-
nated by the slow component T,, and, in this case, the
total lifetime of the erbiumionis~0.7 ms.

L et usestimate the optical gainin the structures under
study in the same way aswas donein [9] for S : Er lay-
ers. The gain can be calculated from the formula

E A

° 4Tl'n20'[rA)\ ’
where A = 1.54 um, T, is the radiative lifetime of the
erbium ion in the excited state, n is the refractive index

of the medium, c is the velocity of light in vacuum,
A isthefull width at half-maximum of the PL line, and

Ng is the concentration of opticaly active Er®* ions.
Using the values obtained for the concentration of opti-
cally active Er®* ions (Ng ~ 3 x 1017 cn3), the lifetime
(T, ~ 1 ms), and the linewidth, ~30 cm™ (AA ~ 7.5 nm),

wefind that the gainisegual to 0.03 cm for the sample
exhibiting the maximum PL intensity (sample 10-110).

Asis seen from Eq. (3), the gain in the laser struc-
tures to be developed can be increased by decreasing
the PL linewidth. It is known that, in SMBE-grown
Si : Er layers, erbium centers generating narrow lumi-
nescence lines form at high growth temperatures
(~560-580°C) or as a result of postgrowth annealing
[2]. For Si; _,Ge, : Er layers, however, these processes
can have a different character. Additional codoping
(e.g., by oxygen ions) can also be applied. Figure 5
shows the PL spectrum of a Si/Si; _,Ge, : Er/Si struc-
ture grown from a metallic erbium source (sample
10-71). The sample was additionally implanted by
150-keV oxygen ions to a dose of 5 x 10* cm and
then vacuum-annealed at 800°C for 30 min. The study
of the PL spectrum of this sample revealed Er3* opti-
cally active centers that had a characteristic fine struc-
ture of the spectrum, for example, the well-known oxy-
gen-containing center Er—01[10]. The most intense PL
lines of the erbium centersin this sample are at 6515.7
and 6549.9 cm. The width of the lines dominating in
the PL spectrumisAA ~2 cm. Inthis case, the substan-
tial decrease in the linewidth results in an increase in

g=N ©)
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the gain g by an order of magnitude; the gain is esti-
mated to be ~0.2 cm™.

4. CONCLUSIONS

We have shown that SMBE in a germane atmo-
sphere can be used to produce effective light-emitting
epitaxial Si/Si;_,Ge, : Er/Si structures. The PL inten-
sity of such structuresis comparableto the PL intensity
of uniformly doped Si : Er layers, whose internal quan-
tum efficiency is known to reach ~20%. The concentra-
tion of optically active Er®* centersinthe Si; _,Ge, : Er
layers under study has been estimated to be ~10% of
the total erbium-impurity concentration. The optical
gain in the structures produced is 0.03-0.20 cm™, and
the gain ismaximum in the Si/Si, _,Ge, : Er/Si samples
whose PL spectrum has a fine structure.
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Abstract—A seriesof Si : Er electroluminescent diode structuresis fabricated by sublimation molecular-beam
epitaxy. The diode structures efficiently emit at awavelength of 1.5 um under conditions of p—n junction break-
down at room temperature. The effective cross section of excitation of Er* ionswith hot carriers heated by the
electric field of a reverse-biased p—n junction and the lifetime of Er3* ions in the first excited state %I, are
determined for structuresthat emit in amixed breakdown mode and are characterized by the maximum intensity
and excitation efficiency of the Er®* electroluminescence. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In recent years, sublimation molecular-beam epitaxy,
which successfully combines the high growth rate with
good crystal quality of grown layers[1], has proved itself
to bean original and very promising method for fabricat-
ing light-emitting structures based on silicon doped with
erbium. This method has made it possible to prepare var-
ious S : Er materias, such as uniformly doped light-
emitting structureswith aSi : Er layer thickness of up to
4 um, multilayer periodic structures(... Si/Si : Er/S ...)
that are characterized by a high quantum efficiency and
intense photoluminescence at awavelength A ~ 1.5 um,
and electroluminescent diode structures that efficiently
emit at 1.5 um under conditions of p—n junction break-
down at room temperature [2-5].

Earlier [5], we investigated how the mechanism of
breakdown of a space-charge region affects the elec-
troluminescent properties of Si : Er/Si light-emitting
diodes fabricated through sublimation molecular-beam
epitaxy. It was demonstrated that, at room temperature,
the intensity and excitation efficiency of the Er** elec-

troluminescence in diodes operating in a nearly mixed

breakdown mode (U Z,Z = Uff ° where U;Z and Usﬁ)o are

the breakdown voltages at temperatures of 77 and 300K,
respectively) are higher than those of diodes operating
in tunneling (U;r7 > UE?O) or avalanche (UZ,Z < Uf,?
breakdown modes. In the present work, diodes operating
in a mixed breakdown mode with an insignificant pre-
dominance of the tunnel component in the breakdown
current were fabricated by sublimation molecular-beam
epitaxy. We studied the kinetics of rise in the Er3* elec-
troluminescence in these diodes for the first time and
determined the effective excitation cross section and the
lifetime of Er®* ionsin thefirst excited state 4l 5,

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

For our experiments, light-emitting diode structures
were grown through sublimation molecul ar-beam epit-
axy on p-Si : B substrateswith the (100) orientation and
a resistivity of 15 Q cm. The structures contained a
0.1-um-thick p*-Si buffer layer with a carrier concen-
tration of 5 x 10% cm3, The characteristics of n-Si : Er
layers were as follows: the thickness was approxi-
mately equal to 1 um, the carrier concentration varied
from ~4 x 10* to 7 x 10% cm3, the growth temperature
was ~520°C, and the Er concentration ranged from
~1 x 108 to 2 x 10*® cm3. The light-emitting diodes
were fabricated according to the standard mesatechnol-
ogy (mesa area, 2.5 mm?; 70% of the area was free for
€mission escape).

The electroluminescence spectra were recorded in
the wavelength range 1.0-1.6 um at a resolution of
6 nm with an MDR-23 grating monochromator and an
InGaAs IR photodetector cooled to liquid-nitrogen
temperature. The electroluminescence spectra were
excited and measured using a pulse modulation of the
pump current (pulse duration, 4 ms; pulse frequency,
~40 Hz; amplitude, up to 500 mA) and a synchronous
accumulation of signals. The time measurements were
performed on a BORDO 110 digital oscilloscope with
a bandwidth of 0200 MHz and a faster InGaAs IR
photodetector (time response, ~15 Us) operating at
room temperature. The broadband of the optical chan-
nel used in the time measurements was determined by
the broadband (1.5-2.5 um) of the optical interference
filter in the short-wavelength range and the broadband
of the InGaAs photodetector in the long-wavelength
range. The current—voltage characteristics of the diodes
were measured in a pulsed mode. The breakdown volt-
age U,, was determined by extrapolating a straight-line

1063-7834/05/4701-0098$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Current—voltage characteristics of the Si : Er/Si
diode fabricated by sublimation molecular-beam epitaxy.
Measurement temperature: T = 77 and 300 K. Dotted lines
show the extrapolation of the straight-line portions of the
reverse branches in the current—voltage characteristics to
the intersection with the voltage axis. Arrows indicate the
breakdown voltages.

portion of the reverse branch of the current—voltage
characteristic to the intersection with the voltage axis.

3. RESULTS AND DISCUSSION

The current—voltage characteristics and the elec-
troluminescence spectra of one of the diodes fabricated
through sublimation molecular-beam epitaxy are
shown in Figs. 1 and 2, respectively. The breakdown

voltages are determined to be US?O =50V and UZ,Z =

6.6 V. These values suggest a mixed mechanism of
breakdown with an insignificant predominance of the
tunnel component in the breakdown current. The differ-
ent slopes of the reverse branches in the current—volt-
age characteristics of the diode at temperatures T = 77
and 300 K are associated with the temperature depen-
dence of the carrier mobility in the substrate. The elec-
troluminescence spectrum is typical of diodes with a
mixed breakdown and contains a rather narrow line of
the erbium electroluminescence (415, — 15, transi-
tion in the 4f shell of the Er®* ion) and a broad band of
the so-called “hot” electroluminescence due to the
intraband radiative relaxation of carriers heated in the
electric field of the space-charge region [6]. A compar-
ison of the electroluminescence spectra measured with
and without the optical filter shows that the filter effec-
tively cuts off the hot electroluminescence band. The
use of the filter allowed us to perform time measure-
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Fig. 2. Electroluminescence spectra of the Si : Er/Si diode
(fabricated by sublimation molecular-beam epitaxy) under
conditions of p—njunction breakdown (1) with and (2) with-
out an optical filter. T = 300 K. The pump current density is
equal to 8 F/cm?. The transition in the 4f shell of the Er3*
ion isidentified.

ments without a monochromator and, thus, to increase
considerably the signal-to-noise ratio of the recorded
signal.

The effective excitation cross section and the life-
time of Er®* ionsin the excited state were determined
by measuring the kinetics of rise in the Eré* electrolu-
minescence upon pulse modulation of the pump cur-
rent. In the framework of the two-level model, the bal-
ance equation determining the excitation and de-excita-
tion of Er¥* ions and its solution, which describes the
rise in the electroluminescenceintensity (EL) (after the
pump current is switched on, can be written in the fol-
lowing form [7]:

dN* _ 0 ey - N

G = g (NN M
« = n2OU/a [, D_tD}
N N1+0rj/q[l eXpDronD' ()]

Here, N and N* are the total concentration of Er3* ions
and their concentration in the?l 5, excited state, respec-
tively; o is the effective excitation cross section of Er®*
ions; T is the lifetime of Er3* ions in the excited state;
jis the pump current density; q is the elementary
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Fig. 3. Curves of the electroluminescence intensity rise
after switching on the pump current. The curves are normal-
ized to the steady-state value of the electroluminescence
intensity. The temperature is 300 K. Numbers near curves
indicate the pump current densities (in A/cm®).

charge; and 1, isthe time of rise in the electrolumines-
cence intensity. The time 1, is given by the expression

1 _4d,1

TOI’] q T

Since the intensity of the Er3* electroluminescence
satisfies the relationship EL ~N* /1,4 (Where T, iS the
radiative lifetime of Er®* ions in the excited state),
expression (2) can be rewritten in a form more conve-
nient for describing the results of kinetic measure-
ments:

©)

= _oulg_4_ D__t_D}
EL ELmaX1+GTJ./q[1 e @

where EL,, iS the maximum electroluminescence

intensity corresponding to the transition of all Er* ions
to the excited state. The dependence of the steady-state
value of the erbium electroluminescence intensity (at
t — o) on the pump current density is described by
the relationship

oTj/q
"1 + otjlq’ ©)

The rise curves EL (t) normalized to the steady-state
value of the electroluminescence intensity EL (t — o)
at different pump current densities are plotted in Fig. 3.
It can be seen from Fig. 3 that, in accordance with
expression (3), the rise time 1,, decreases with an

EL = EL
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Fig. 4. Dependence of the reciprocal rise time of the Ers*
electroluminescence intensity on the pump current density.
Points are the experimental data. The straight line corre-
sponds to the approximation of the experimental data by
relationship (3).

increase in the pump current density. The rise curves
EL (t) can be theoretically described by the expression

EL(t) = A, + Al[l - exp%LTLE}
(6)

Here, thefirst term is a constant determined by the sig-
nal-forming circuit; and the second and third terms
describe the rise in the hot and erbium electrolumines-
cenceintensities, respectively. Sincetherisetime of the
hot electroluminescence is approximately equa to
200 ns [8], the constant T, in our experiments is deter-
mined by the response time of the detector and is
approximately equal to 15 ps. Removing thefilter from
the optical scheme of the experiment does not affect the
rise times 1, and 1, but leads to a change in the ratio
between the amplitudes A, and A,, so that the amplitude
A, of the fast component increases. This confirms our
assumption that the fast component of the rise curve
EL (1) is associated with the rise in the hot electrolumi-
nescence intensity.

Figure 4 showsthe dependence of thereciprocal rise
time of the Er®* electroluminescence intensity on the
pump current density. The approximation of the exper-
imental results by relationship (3) leads to the follow-
ing effective excitation cross section and lifetime of
Er¥*ions: 0 = 1.4 x 10 cm? and T = 540 ps.

No.1 2005



EFFECTIVE EXCITATION CROSS SECTION AND LIFETIME

EL, arb. units

Fig. 5. Dependence of the Er3* electroluminescence inten-
sity on the pump current density. Points are the experimen-
tal data. The straight line corresponds to the approximation
of the experimental data by relationship (5).

The product ot of dividing the effective excitation
cross section by the lifetime of Er®* ionsin the excited
state can be independently obtained from the experi-
mental dependence of the steady-state value of the
erbium electroluminescence intensity on the pump cur-
rent density. Figure 5 depicts the dependence of the
erbium el ectroluminescence intensity on the pump cur-
rent density and its approximation by relationship (5)
for the same diode. As can be seen from Fig. 5, the
experimental dataare adequately described by relation-
ship (5). The aforementioned product is estimated as
0T =6.9 x 102 cm? s. This result isin good agreement
with the data of kinetic measurements. Actually, direct
multiplication of the quantities o and T determined from
the kinetic data gives the product ot = 7.6 x 102° cm? s.

4. CONCLUSIONS

Thus, Si : Er light-emitting diodes with the mixed or
nearly mixed mechanism of breakdown of a space-
charge region and the impact mechanism of Er3* ion
excitation were fabricated by sublimation molecular-
beam epitaxy. The excitation efficiency of the erbium
electroluminescence in these diodes is only insignifi-
cantly lower than that in implantation light-emitting
diodes with the avalanche mechanism of breakdown
(0=23x10%cn?, 1 =380 us[9]). Thisisin agree-
ment with the inference made previously that the exci-
tation efficiency of the erbium e ectroluminescence
increases with an increase in the avalanche component
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in the breakdown current in diodes [5]. Moreover, the
fabricated diodes substantially surpass light-emitting
diodes with the tunneling mechanism of breakdown in
terms of both the excitation cross section and the life-
time of the excited state (0 = 6 x 10°% cm?, 1 = 100 s
[7]). The shorter lifetime of Er®* ionsin tunnel diodes
is most likely associated with the higher doping level
(as compared to avalanche and mixed diodes) and,
hence, with the higher concentration of defects.
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