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Abstract—2zZnSe:Cr single crystalswere obtained using diffusion-related doping with chromium. The diffusion
of chromium was performed in an atmosphere of saturated zinc vapors, and the metallic Cr layer deposited on
the crystal surface was used as the source. Lines corresponding to chromium absorption at 2.766, 2.717, and
2.406 eV were observed in the optical-density spectrum at 77 K. The highest chromium concentration in the
crystals was determined from infrared absorptance in the region of 0.72 eV and was found to be equal to 8 x
10'% cm3. It is shown that the diffusion profile of the chromium impurity can be determined by measuring the
optical density of the crystalsin the visible region of the spectrum. The diffusion coefficients D of chromium
in ZnSe crystals at temperatures of 1073-1273 K are calculated. An analysis of the temperature dependence D(T)
made it possible to determine the coefficientsin the Arrhenius equation: Dy = 4.7 x 10° cm?sand E = 4.45 eV.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Zinc chalcogenide crystals doped with transition
metals are of interest due to the fact that they can be
employed as the active media of lasers that emit in the
middle infrared (IR) spectral region (1-3 um). These
lasers are used in medicine, biology, and other applica
tion-oriented fields.

Itiswell known [1] that the Cr?* ionsin zinc chal co-
genides exhibit intracenter radiative transitions of an
SE — 5T, type between the lower excited state (°E)
and the ground state (°T,). These transitions give rise to
IR luminescence with a quantum yield close to unity.
Among I1-V1 semiconductors, zinc selenide is a prom-
ising materia for the fabrication of a frequency-tuned
laser that can lase in a wavelength ranging from 2 to
3 um at room temperature. Ivanov et al. [2] discussed
the mechanism for the excitation of laser radiation in
ZnSe:Cr in the region of 2.4 um. At the same time, in
order to obtain efficient laser structures based on zinc
selenide, the chromium concentration should be no
lower than 10'° cm3. The growth of crystals by a
method involving the physical transport of vaporsin ver-
tical and horizontal configurations was reported in [3].
However, the mechanism of chromium transport in the
vapor phase is not yet known. As a result, a reliable
technology for the growth of ZnSe:Cr crystals has not
yet been developed. Another method for obtaining
ZnSe:Cr crystals involves diffusion-related doping of
nominaly undoped ZnSe crystals with chromium [4].
An appreciable obstacle to this method of doping isthe
lack of data on both the mechanism of chromium diffu-

sion and the value of the diffusion coefficient. This
problem has been successfully solved for GaAs:Cr [5].
It was shown that, as a result of chromium diffusion
into GaAs, high-resistivity layers are formed. Thus, the
thickness of the diffusion layers was determined by
measuring the breakdown voltage of a pressed probe at
the angle lap of the crystal.

We suggest a contactless method for determining
the chromium diffusion coefficient that is based on an
analysis of the optical-absorption spectra of ZnSe:Cr in
the visibleregion of the spectrum. We show that the dif-
fusion profile of theimpurity can be determined and the
chromium diffusion coefficient calculated by measur-
ing the relative optical density of ZnSe:Cr crystals. The
objective of this study is to determine both the temper-
ature dependence of the chromium diffusion coefficient
and the activation energy of the diffusion process in
ZnSe crystals.

2. EXPERIMENTAL

The ZnSe:Cr crystals under study were obtained by
doping nominaly undoped ZnSe single crystals with
chromium by diffusion. The undoped crystals were
obtained by free growth on the substrates of ZnSe sin-
gle crystals with the orientation (111) or (100). This
method was described in detail, along with a report of
the main characteristics of the obtained crystals, in
[6,7]. The choice of the temperature profiles and
design of the growth chamber precluded any contact
between the crystal and chamber’s walls. The disloca
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Fig. 1. The optical-density spectraof ZnSe:Cr crystals mea-
sured at (1) 77 and (2) 293 K.

tion density in the crystals under study was no higher
than 10* cm.

The crystals were doped by the diffusion of chro-
mium from the metallic Cr layer deposited onto the sur-
face. The diffusion was performed in an atmosphere of
saturated zinc vapors. The crystals were annealed in
evacuated quartz cellsfor 2-30 h at temperatures rang-
ing from 1073 to 1273 K. As aresult of the annealing,
the crystals acquired a characteristic dark red coloring.
This circumstance made it possible to observe the dif-
fusion profile of the impurity using an optical micro-
scope.

The chromium diffusion was carried out under condi-
tions in which the impurity concentration in the source
(the metallic chromium layer) remained nearly constant.
In this case, a solution to the Fick diffusion equation for
one-dimensional diffusion can be written as

X 0 1)

Jabt”

where C, isthe activator concentration at the surface and
erf denotes the error function (the Gaussian function).

The optical-density spectra in the visible region of
wavelengths were measured using an SF-46 grating
spectrophotometer. The transmission spectra in the
mid-IR region were recorded using an MDR-6 grating
monochromator. The optical-density spectrawere mea-

C(x 1) = Col —erf
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sured at the temperatures 77 and 293 K, whereas the
transmission spectra were measured at 293 K.

In order to measure the impurity diffusion profile,
we cleaved athin (0.2-0.4 mm) platelet from aZnSe:Cr
crystal in the plane longitudinal to the diffusion-flux
direction. The optical-density profile in the ZnSe:Cr
crystals was measured using an MF-2 microphotome-
ter. Thismethod made it possible to measure the optical
density with astep of 10 umin the direction of the dif-
fusion flux. The integrated optical density was mea-
sured in the spectral range from 440 to 550 nm.

3. OPTICAL ABSORPTION IN ZnSe:Cr
IN THE VISIBLE REGION OF THE SPECTRUM

We used the undoped ZnSe crystals as standards
when measuring the optical-absorption spectra of
ZnSeCr. In Fig. 1, we show the optical-density D*
spectra of a crystal doped with chromium at 1073 K.
The absorption spectrum of chromium in the ZnSe:Cr
crystals is located in the blue—green region of wave-
lengths. In the spectrum measured at 77 K, the main
absorption line located at 2.766 €V and two additional
lineslocated at 2.717 and 2.406 eV are observed. A sin-
gle line peaked at 2.614 eV is observed in the absorp-
tion spectrum measured at room temperature. Thus, the
main absorption line shifts from 2.766 to 2.614 eV as
the temperature at which the measurementsaretakenis
increased from 77 to 293 K. The magnitude of this shift
(8 x 10 eV/K) corresponds to a temperature-induced
variation in the ZnSe band gap [8]. The result obtained
indicates that the processes of absorption in the blue—
green region of the spectrum occur with the involve-
ment of transitions between the valence band and chro-
mium levels. Thisinferenceis supported by the absence
of electron photoconductivity for the case where the
ZnSe:Cr crystal is exposed to blue—green light.

4. TRANSMISSION SPECTRA IN THE IR REGION

It is established that the ZnSe:Cr crystals under
study exhibit a characteristic transmission minimum at
0.72 eV (Fig. 2). A smilar result wasreported in [1, 3].
Absorption in the IR region of the spectrum is caused
by the 5T, —= 5E intracenter transitions between the
ground (°T,) and the lower excited (°E) levels of the
Cr?* ion states. In [1], It was established that the rela-
tion between the absorption coefficient a of ZnSe:Cr
crystals in the spectral region 0.72 eV and the chro-
mium-impurity concentration is given by

a = 11.34x107°[Cr], 2

where the absorption coefficient is expressed in cm™
and the chromium concentration [Cr] is expressed in
cm3. We used relation (2) to estimate the highest con-
centration of the chromium impurity in the crystals
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Fig. 2. The transmission spectra of ZnSe crystals doped
with chromium at temperatures of (1) 1073, (2) 1123, and
(3) 1273 K.

under study. The absorption coefficient was calculated
using the following expression:

T = (1-R%™. )
Here, T is the transmission coefficient of light, R =

(n-1)°
(n+1)°
index (equal to 2.45 at aphoton energy of 0.72 eV), and
| isthe thickness of the absorbing layer.

If the diffusion temperature is 1173 K and diffusion
duration is 10 h, the thickness of the absorbing chro-
mium layer is| = 200 um. Using expressions (2) and
(3), we estimated the highest chromium impurity con-
centration as being equal to 8 x 10 cm=3inthe crystals
under study.

is the reflection coefficient, n is the refractive

5. DIFFUSION PROFILE OF THE IMPURITY

The presence of characteristic chromium-absorp-
tion linesin the visible region of the spectrum indicates
that it is possible to determine the impurity-diffusion
profile by measuring the relative optical density A. This
guantity isafunction of the coordinate x in thedirection
of the diffusion flux and is defined by the expression

_ D*(x) —D* ()
~ D*(0)—D* (=)’ “)

where D* (X) isthe crystal’soptical density asafunction
of the coordinate x, D*(0) is the optical density of the

A
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Fig. 3. The profiles of the relative optical density (circles
and squares) and the chromium diffusion profiles (solid
lines) in ZnSe crystals doped with chromium at tempera-
tures of (1) 1073 and (2) 1173 K.
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Fig. 4. The temperature dependence of the chromium diffu-
sion coefficient in ZnSe crystals.

crystal in the surface layer with the coordinate x = 0,
and D*() is the optical density of the crystal in the
region where the chromium concentration is negligible
(the crystal is not doped). The chosen definition of rel-
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ative optical density makes it possible to compare the
dependence A(X) with the impurity concentration pro-
file C(x)/C, calculated using formula (1). By choosing
the value of the diffusion coefficient in Eg. (1), we man-
aged to obtain good agreement between the relative-
optical-density and chromium-concentration profilesin
the crystals (Fig. 3). Using this approach, we calculated
the coefficients of the chromium diffusion in ZnSe
crystalsat temperatures of 1073, 1123, 1173, 1223, and
1273 K. The temperature dependence of the diffusion
coefficient (see Fig. 4) is described by the Arrhenius
equation

_ 0 En

D(T) = Do&XP iy ()
wherethefactor D, = 4.7 x 10'° cm?/s and the diffusion
activation energy E = 4.45 eV. The obtained value of the
guantity E suggests that chromium diffuses in ZnSe
crystals according to a dissociative mechanism. This
mechanism is characteristic of the magjority of 11-VI
semiconductor compounds.

6. CONCLUSIONS

We can draw the following conclusions on the basis
of the results reported above:

(i) Diffusion-based doping can be used to obtain
ZnSe:Cr single crystal swith a chromium concentration
as high as 8 x 10%° cm3,

(i) It is established that the main absorption line of
ZnSe:Cr in the blue-green region of the spectrum is
caused by optical transitions of electrons from the
valence band to the levels of chromium ions.

VAKSMAN et al.

(iii) It is shown that the diffusion profile of a chro-
mium impurity can be determined by measuring therel-
ative optical density of ZnSe:Cr crystals.

(iv) The diffusion coefficient D of chromium in
ZnSe crystals at temperatures of 1073-1273 K is deter-
mined for the first time. An analysis of the temperature
dependence D(T) made it possible to determine the
parameters in the Arrhenius equation: D, = 4.7 x
10 cm?#sand E = 4.45 eV.
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Abstract—The specific features of the crystal structure of the lamellar GaSe crystals of various polytypes are
analyzed. The possibility of identifying the phase transitions, which occur as aresult of variations in tempera-
ture, pressure, and composition, is considered from the standpoint of resonance Raman scattering. The effects
of high-temperature thermal annealing and pulsed laser irradiation on Raman spectraisinvestigated. It isfound
that pulsed laser radiation gives rise to regions with different polytype composition and regions with residual

stress. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Single crystals of gallium selenide, similarly to the
entire class of lamellar crystals, exhibit a strongly pro-
nounced structural anisotropy, which leads to a quasi-
two-dimensional character of vibrationa states. This
anisotropy most clearly manifestsitself in all properties
determined by the phonon subsystem of the crystal. The
main and most interesting property of the structure of
these crystal's, which givesrise to a strong anisotropy of
physical properties, is alternation of the packets of
atomic planes (layers). These planes are bound together
by weak van der Waals forces, while the bonding forces
inside the layers are ion—covalent. These specific fea
tures of the structure spur interest among researchers
concerning the manner and measurement of the effect of
weak bonding between the layers on the energy spectra
of lamellar crystals, specifically their vibrational spectra.

The main structural unit of GaSe is the elementary
layer with two molecules (four atoms) in the unit cell.
Theatomsarelocated in the planes normal to the C axis
in the sequence Se-Ga-Ga-Se. Each GaSe layer
thereby consists of two planes of Ga atoms, which are
surrounded on two sides by the unit planes of the Se
atoms. The location of atoms inside the layer corre-

sponds to the Déh group of point symmetry. In this

case, three anions form a tetrahedron along with the
metal atom.

Depending on the package type of separatelayersand
their amount in the unit cell, GaSe crystals can have a
structure that corresponds to various polytype modifica-
tions. Four polytypes are known for GaSe (¢, 3, y, and )
[1-4]. The formation of a particular polytype or amix-
ture of several polytypes depends substantially on the
growth method of single crystals[5, 6].

For exampl e, the Czochral ski and Bridgman—Stock-
barger methods yield mainly the € polytype [7]. Gas-
transport reactions also yield the € polytypewith alarge
number of stacking faults [6]. Needle crystals of €, v,

and & polytypes are formed by vacuum sublimation
[8, 9]. Single crystals of the 3 polytype are formed only
occasionally. They can be found in the mass of needle
crystals grown by vacuum sublimation or by gas-trans-
port reactions with alow concentration J [10].

Thus, a particular pure GaSe polytype is a rare
thing. As arule, the crystals include a mixture of € and
y polytypes. In addition, the crystals of all polytypesare
formed of identical layers and differ only in the weak
forces of interlayer interaction. Therefore, the distinc-
tions in the intensities of polytype lines in the Raman
spectra manifest themselves insignificantly, while most
modes, which become allowed upon passing from the

B polytype to the € polytype and the y polytype, are
active only dlightly.

In certain crystals, the phase transitions are
observed at increased hydrostatic pressure. These tran-
sitions lead to reconstruction of the phonon and elec-
tron subsystems of the crystal. For example, for the
absorption spectra of GaSe at a pressure of 5.2 kbar, a
drastic change in the shape of the absorption edge is
observed with a subsequent change in the sign and
magnitude of dEy/dp [11]. This phenomenon is inter-
preted as the transformation of one GaSe polytype into
another. Analysis of the absorption spectraand interfer-
ence patternsin the transmission spectraof GaSein the
pressure range of 1-5.53 kbar provides additional proof
of the occurrence of polytype transformations. These
are the intrapolytype transformation under an increase
in pressurefrom 2.79 to 3.35 kbar and theinterpolytype
transformation under an increase in pressure from 4.34
to 4.71 kbar [12]. Thisinterpretation is also confirmed
by analysis of the energy location of the exciton line as
afunction of pressure [13]. The study of the resonance
Raman scattering in GaSe with the bandgap varied by
the effect of the hydrostatic pressure showed that an
anomalous behavior of intensities of the resonance
Raman bands of nonpolar vibrations, which consistsin
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Fig. 1. Raman spectra for annealed GaSe crystals (1) prior
to and (2) after irradiation with pulses of the ruby laser. The
variation in intensity of the bands at 20 and 60 cm versus
the laser irradiation dose is shown in insets.

anincreaseinintensities of separate bands, is caused by
phase transitions that occur asthe pressureincreases[14].

The concentration phase transition in the GaS.Se; _,
mixed crystals, which is caused by the variation in their
composition, is noteworthy. These compounds have a
polymorphic crystal structure that depends on the con-
centration x. The GaS,Se, _, crystals only form the
B modification at x = 0.6, while the mixture of various
modifications, preferentialy € and y, isformed at x < 0.4.
In the concentration range 0.2 < x < 0.3, the drastic
change in the Raman spectra of the mixed crystals is
observed. This changeis caused by the structural phase
transitions € ~—— [3, which are accompanied by the
change in the crystal symmetry [15]. The measure-
ments of the Raman spectra and the infrared reflection
of light [16] as well as the study of X-ray diffraction
[17] indicate that two concentration-related phase tran-
sitionsexist inthe GaS,Se, _, aloys, namely p — yat
x=0.6andy — cat x=0.97.

BAIDULLAEVA et al.

Thus, the complete identification of polytypes is
very complicated and requires the use of acombination
of methods. However, taking into account that both the
phonon and electron subsystems of the crysta are
reconstructed during the phase transition, the method of
the resonance Raman scattering can be successfully
used to identify various polytypes.

Under resonance Raman scattering, when the
energy of excitation light attains the energy of the elec-
tron transition of the crystal under investigation, the
intensities of the bands of the Raman scattering
increase. The cross section of the resonant Raman scat-
tering is determined by two factors, namely, by the
electron—exciton)—photon and electron—phonon inter-
actions. The relative intensities of various bands in the
spectrum of the resonance Raman scattering of any
substance depend on the constants of the electron—
phonon interaction.

Currently, several methods are used to attain the res-
onance-excitation conditions for the Raman spectra. In
all methods, the function of the electron—phonon inter-
action is varied as a result of the change in the differ-
ence between energies of the electron transition and the
excitation photon. Such variations are attained either by
freguency tuning of the excitation light or by the energy
shift of the electron transition due to variationsin tem-
perature, the substance composition, or the hydrostatic
pressure.

2. RESULTS AND DISCUSSION

In experiments, we used the e-GaSe single crystals
grown by the Bridgman—Stockbarger method. The
Raman spectra were excited by the 6470.2 A line of a
Kr laser and detected using a DFS-24 double mono-
chromator. The scattered light was collected under the
right angle to the excitation radiation incident onto a
facet of anatural cleavage of thesingle crystal normally
to the C axis. All measurements were carried out at
room temperature.

The samples were irradiated at room temperature
using a multimode ruby laser (hw = 1.78 €V) with
nanosecond pulses below the sample destruction
threshold. Thelaser emission was homogenized using a
quartz diffuser.

Figure 1 shows the resonance Raman spectra of
(1) the starting e-GaSe single crystal and (2) the crystal
subjected to the highest dose of radiation of the multi-
mode ruby laser, which causes no destruction of the
crystal surface. As the irradiation dose increases, the
intensities of the Raman bands are redistributed. Insets
in Fig. 1 show the dynamics of variations in the inten-
sities of the bands at 20 and 60 cm~* with anincreasein
the radiation dose. We observed a considerable
decrease in intensities of the bands at 20 (E') and
60 (E") cmY; the latter decreases much more rapidly.
For example, at the excitation energy density 0.1 Jcn?,
theintensity of theband at 60 (E') cm decreased by afac-
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RAMAN SPECTRA OF THE LASER-IRRADIATED GaSe SINGLE CRYSTALS
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Fig. 2. Raman spectrafor unannealed crystals (a) GaSe, (b) Gag g55€; g5, and (€) Gay g5Sey g5 (curve 1) prior to and (curves 2, 3) after
irradiation with the pulses of the ruby laser at a dose of 0.04 and 0.08 Jem?, respectively.

tor of 7, while the intensity of the band a 20 (E") cnm?
decreased only by afactor of 4. Theintensities of other
bands in the resonance Raman spectrum are virtually
independent of the laser-radiation intensity. A similar
pattern was observed in [13], where the resonance
Raman spectrawere studied in the case where the band-
gap was varied by a hydrostatic pressure. As the pres-
sure increased, the intensity of the band at 60 cm™
decreased drastically, while the band at 20 cm weak-
ened to a considerably less extent. At a pressure of
4.35 kbar, the band at 20 cm decreased by a factor
of 3, whilethe band at 60 cm vanished completely. As
a rule, as the energy of an excitation laser line
approaches the bottom of the conduction band, either the
intensity of the lines in the Stokes region increases with
aningignificant variation in the relative intensities, or the
cross section of scattering by the longitudinal polar
vibrations increases strongly. The classification of all
vibrations by symmetry types is well known for GaSe
[16, 17]; therefore, it isimpossible to explain the varia-
tion in band intensities observed in the spectra(Fig. 1) by
the conventional behavior of the Raman bands.

The effect of laser radiation issimilar to the effect of
the hydrostatic pressure; however, the former is irre-
versible. The character of variation in the intensities of
the resonance Raman bands with varying pressure is
completely reproducible as the pressure increases and
decreases, while the laser radiation forms the residual
stressregions in the crystal bulk.

Figure 2 shows the Raman spectra (a) of (1) the
starting and (2, 3) the irradiated and unannealed GaSe
single crystals, as well as the Raman spectra of the sin-
gle crystals grown with the excess (c) (Gay g55€y,5) OF
deficit (b) Se (Gayg55€e, o5) of Ga. The starting samples
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have identical spectra that somewhat differ in the
regions 210-215 and 247-254 cm.

The Raman bands at 247 and 254 cm areidentified
with the modes A, (LO) and E'(LO), respectively,
whose frequencies can be measured only for phonon
propagation along the corresponding symmetry axes.
For an arbitrary direction of phonon propagation under
an angle © tothe axis C of thecrystal, the observed nor-

ma mode is a superposition of modes A, (LO) and
E'(LO) with an intermediate frequency.

Modes A,(TO) at 235 cm™ and E'(TO) at 215 cm™
can aso mix and form anew mode with an intermediate
frequency [18]. The bands with frequencies of 211 and
215 cm™ are attributed to modes E" and E'(TO). Their
resonance behavior in the ZZ configuration, where both
these vibrations are forbidden, exhibits a number of
specific features. For example, the band at 211 cm™
prevailsin the Raman spectrum far from the resonance,
while the band at 215 cm isunobservable at al. In the
XX, YX configuration, where the band at 211 cm is
forbidden by the selection rules, the intensities of these
bands are approximately equal to each other [18]. As
resonance is approached, the intensity of the band at
211 cmrtin the ZZ polarization decreases, and the band
at 215 cmr! starts to manifest itself. In the resonance
state, the Raman spectrum includes only the band at
215 cm 1 [17].

Violation of selection rulesis caused by the fact that
scattering, which depends on the direction of phonon
propagation, starts to prevail when the resonance state
is attained. The presence of alarge number of stacking
faults along the C axis in GaSe single crystals causes
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violation of both the structural periodicity in thisdirec-
tion and the momentum conservation law, which leads
to violation of the selection rules. The bands at 247 and
254 cmt exhibit a similar resonant behavior.

The Raman spectra of the annealed GaSe crystals
(Fig. 1, curve 1) are not characteristic of most of the
samples studied. As a rule, these spectra have a shape
identical to that shownin Fig. 1 (curve 2). In this case,
the band at 135 cmr is more intense than that at 60 cn™.
It was previously shown that the intensity of the band at
60 cm isinversely proportional to the external hydro-
static pressure or to the local stresses in the crystal.
High-temperature thermal treatment reduces the local
stresses, which leads to a considerable increase in the
intensity of this band (Fig. 1, curve 1).

Both after irradiation of the GaSe crystals by the
radiation pulses of the multimode ruby laser (iw =
1.78 eV) with the power density below the destruction
threshold of the sample surface for the stoichiometric
composition and as aresult of a deviation from the sto-
ichiometry, the intensity of the band at 60 cm™ varies
as for the annealed samples.

Irradiation causes an increase in the intensity of the
band at 215 cm in the Raman spectra of GaSe and
Gay g53€; os- INn this case, no noticeable variationsin the
intensity of the band at 211 cm™ are observed. The
intensity of the band at 249 cm increases. After irradi-
ation, it is more intense that the band at 254 cm™
(Fig. 2a, 2b; curves 1-3).

The intensity of the band at 215 cm™ in the Raman
spectra of the Ga, (556, o5 Single crystals is unchanged
after irradiation. However, the intensity of the band at
211 cm considerably decreases, while no noticeable
variations are observed in the spectral region of 247—
254 cm™ (Fig. 2c, curves 1-3).

It was shown previously that the band at 249 cmis
the mixed mode of A(LO) at 247 cm™* and E(LO) at
254 cm, while the band at 228 cm™ is formed by the
superposition of modes A,(TO) at 235 cm™ and
E(TO) at 215 cm™. An increase in the intensity of
mixed vibrations in the regions at 249 and 228 cm™,
which are associated with polar A-E phonons, is caused
by variation in the spectral activity of modes A(TO) at
235 cm™ and E(LO) at 254 cm™ on passing from the
€ polytype to the y polytype [4].

3. CONCLUSIONS

Thus, irradiation of e-GaSe crystals with pulses of
the multimode ruby laser with a power density below
the destruction threshold of the sample surface causes
the following effects. (i) Regions with different poly-

BAIDULLAEVA et al.

type composition (y polytype) are formed in the crys-
tals. This is evidenced by the fact that the intensity of
the band at 20 cm™ (the interlayer vibration) decreases,
while the intensity of mixed vibrations at 249 and
228 cm™ increases, which is accompanied by a
decrease in the intensity of the band at 235 cm™.
(ii) Residual-stress regions are formed in the samples,
which is confirmed by adecreasein the intensity of the
band at 60 cm™.
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Abstract—The results of experimental studies of the electrical and optical properties of n- and p-InAscrys-
tals irradiated with electrons at an energy of ~2 MeV and doses as high as D = 1 x 10%° cm are reported.
Specific features of the annealing (at temperatures as high as 800°C) of radiation defects are also reported.
The electronic structure of nonrelaxed Vaq, Vi, AS, INag defectsis calculated. A relation between the elec-
trical properties and the Fermi level position in irradiated InAs on the one hand and the electronic structure
of theintrinsic defects and special features of the energy-band spectrum of InAs on the other hand is discussed.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Indium arsenide (INAS) occupies a particular place
among Group IV semiconductors and I11-V binary
compounds, owing to special features of the variations
in the electrical properties of InAs resulting from irra-
diation with high-energy particles (electrons, ions, and
neutrons). Compensation of initial conductivity and
pinning of the Fermi level within a crystal’s band gap
as aresult of irradiation with high-energy particles are
characteristic of the majority of semiconductors[1]. In
contrast to this behavior, as radiation defects are intro-
duced into InAs at an initial electron concentration of
lower than 108 cm3, an increase in the free-electron
concentration and ashift of the Fermi level to theregion
of alowed energies in the conduction band are invari-
ably observed. For many years, the behavior of InAs
has been related to specia features of radiation-defect
formation in this compound, specifically, to a preferen-
tial buildup of hydrogen-like donor defects [2]. Only
studies of heavily doped n*-InAs (with an el ectron con-
centration of 2 x 10%° cm3) [3] have shown that accep-
tor-type defectsare also introduced into InAsas aresult
irradiation. Thisfinding madeit possibleto suggest that
the effect of the donor (or acceptor) defects introduced
during irradiation on the electrical properties of InAs
and, possibly, on the efficiency of the formation of
these defects depends, to a great extent, on the doping
level and conductivity type of theinitial material.

In this paper, we report the results of studying the
electrical and optical properties of bulk InAs samples
irradiated with electrons; in addition, the annealing of
radiation defects in this material is studied. These

results complement those of previous studies con-
cerned with InAsirradiated with fast neutrons and pro-
tons[3, 4]. We conducted thefirst study of the effect of
irradiation with electrons on the electrical parameters
of InAs doped using neutron-induced nuclear transmu-
tations and InAs doped with an isovalent Sb impurity.
We also report the results of theoretical calculations of
the electronic structure of the Vi, Vi, ASp, and In,g
defects that are presumably responsible for the
observed variations in the properties of InAs subjected
to irradiation with electrons.

2. EXPERIMENTAL

In our studies, we used Czochralski grown n- and
p-InAs crystals that were nominally undoped; InAs
doped with Te, Sn, or Zn during growth; and also InAs
doped simultaneously with Sn and Sh. As is well
known, isovalent impurities are used to enhance the
electrical homogeneity and structural quality of semi-
conductors [5]. It is therefore important to study the
effect of these impurities on the production of radiation
defects. As the base material for obtaining transmuta-
tion-doped InAs crystals, we used nominally undoped
n-InAs (grown by the Czochral ski method) with theini-
tial electron concentration n, = (1-2) x 10% cm3. The
neutron-transmutation doping of InAs was carried out
by irradiation of this material with neutronsin awater-
cooled and water-moderated reactor at the Research
Center of the Karpov Physicochemical Institute (Obn-
insk Branch) and subsequent annealing for 20 min at
Tn = 800900°C. It is well known that Sn atoms are
efficiently introduced into In-containing semiconduc-

1063-7826/05/3904-0385$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Variations in the Hall coefficient |Ry| in INAsresult-
ing from irradiation with electrons. The electron energy is
equa to ~2 MeV, and the temperature of the measurements
T =77 K. Numbers at the curves correspond to the numbers
of the samplesin Table 1. The conductivity typeisindicated.

tors as a result of irradiation with integrated-spectrum
reactor neutrons (the main reaction is *°In(n, ),
116|n —~ 116Sn). The concentration of these atoms can
be estimated from the expression Ng, = 2.9D,,,, where
D, istheintegrated flux of thermal neutrons|[6, 7]. Irra-
diation with electrons was performed using an ELU-4
accelerator at temperatures in the vicinity of 295 K
under the following conditions: the electron energy
E. = 2 MeV, the electron-current density [j (= (5-9) x
106 A/cm?, the electron-pulse width was 4.5 x 106 s,
and the pulse-repetition frequency was 250 Hz. The
highest integrated radiation flux was D = 1 x 10'° cm,
which exceeded all the corresponding values obtained
so far in experiments with InAs by more than an order
of magnitude. Thethickness of the InAs samplesirradi-
ated with electrons was ~(0.6-0.8) mm. In order to pre-
clude heating of the samples during irradiation, they
were cooled by aflow of gaseous nitrogen. Before any
measurements were taken, the samples were aged for a
period lasting from one to several weeks. |sochronous
annealing (for 10 min) was performed in vacuum for
temperatures as high as T,,, = 400°C, while, at T, >
450°C, the annealing was carried out at the equilibrium
pressure of As vapors.

The electrical parameters were calculated in the
three-band approximation, taking into account the fact
that the conduction band is not parabolic. We used the
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Fig. 2. Temperature dependences of the Hall coefficient |Ry|
inthelnAssamples: (1, 2) correspond to sample 1; (3, 4), to
sample 12; and (5-7), to sample 11. Curves 1, 3, and 5 were
obtained before irradiation and curves 2, 4, 6, and 7 were
obtained after irradiation with electrons at an energy of

~2MeV and the dose D = (6) 9 x 10 and (2, 4, 7) 1 x
10'® cm2. The conductivity type is indicated.

following values for the parameters in numerical esti-
mations. the temperature dependence of the band gap
E4(T) = [0.426 — yT?/(93 + T)] €V, wherey = 3.158 x
10 eV/K and the temperature T is expressed in K;
effective masses in the vicinity of the band edges are
given by m,/m, = 0.0245 for electrons and my/m, = 0.6
for holes; the spin—orbit splitting A, = 0.38 €V [8]; and
the ratio between the electron and hole mobilities
Hr/Hp = 80.

3. ELECTRICAL MEASUREMENTS

In Fig. 1, we show the variation in the Hall coeffi-
cient R, (at the temperature T = 77 K) resulting from
irradiation with electrons (E. = 2 MeV) for the InAs
samples whose parameters are listed in Table 1. The
results of corresponding studies show that bombard-
ment with electronsinevitably givesriseto n*-InAsand
to ashift of the Fermi level F to the allowed energiesin
the conduction band (Fig. 1, Table 1). The specific fea-
tures of the variation in the temperature dependences of
Ry in the samples with n- and p-type conductivity pro-
duced as aresult of irradiation are also indicative of the
transition of InAs to the degenerate state of n*-type
conductivity (Fig. 2). It is worth noting that the extent
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Table 1. The electrical parameters of InAs samples before (0) and after (D) irradiation with electrons
Sample Doping R4(0), cm¥C | Ry(D), cm®/C | 6(0), Q" cm™ | a(D), QL cm™| F(0),eV | F(D), eV
1 | Undoped —284 25 88.8 1560 0.31 0.51
2 |Sn =312 2.7 705 1425 0.31 0.51
3 | Sn+Sb(~10%¥cm™) —78 —2.6 241 1311 0.34 0.51
4 | Te -56 2.0 314 1350 0.36 0.52
5 |Sn -89 —2.6 1541 1307 0.46 0.51
6 |Te 6.1 2.3 2017 1435 0.45 0.52
7 | TD (800°C, 20°C) —6.2 2.0 1938 1525 0.45 0.53
8 | TD (900°C, 20°C) 5.2 24 2283 1208 0.46 0.52
9 |Te 2.2 24 4227 1237 0.53 0.52
10 |Zn +1.9 -39 63.2 718 0.03 0.49
11 | Zn +6.2 25 22.6 1040 0.06 0.51
12 | Zn +80 21 2.56 1050 0.12 0.53
13 |Zn +300 2.3 0.83 1348 0.16 0.52

Note: Theelectron energy E,=2 MeV, theintegrated flux D = 1 x 10'% cm, the annealing temperature T,,, = 200°C, and the temperature
of the measurements T = 295 K. The Fermi energy level is measured from the valence-band top (the level I'gy/), 0 designates the

electrical conductivity, and TD stands for transmutation-doped.

of the effect of the donor radiation defects on the elec-
trical properties of InAs is reduced as both the free-
electron concentration in the initial materia and the
radiation dose increase. Under the conditions of ahigh-
dose irradiation of InAs, where the concentration of
radiation defects exceeds that of the initial chemical
doping impurities, limiting values of the free-electron
concentration n;;,, = (2-3) x 108 cm2 are attained and,
inthevicinity of thelimiting position F;,,= E, + (0.52—
0.55) eV, Fermi level pinning takes place in the temper-
aturerange T =77-295K for al the samples considered
in this study. These experiments show that the effi-
ciency of the donorsand acceptorsintroduced into InAs
asaresult of irradiation is controlled by the Fermi level
position in the band gap in relation to its limiting posi-
tion Fy;,, inirradiated InAs. In general, the variationsin
the InAs electrical characteristics resulting from irradi-
ation with electrons are qualitatively similar to the cor-
responding data obtained for InAs irradiated with fast
neutrons or protons [3, 4]. This observation indicates
that the electrical properties of irradiated InAsareinde-
pendent of the type of crystal-lattice radiation damage;
moreover, these properties are aimost the same in the
case of both the point defects produced as aresult irra-
diation with electrons and the cluster-type defects pro-
duced by fast neutrons.

As aresult of the irradiation of InAs crystals with
high doses D of electrons, the Hall electron mobility
My = |Ry|o becomes lower than the mobility in InAs
doped with hydrogen-like impurities in a melt and has
the same free-electron concentration. In Fig. 3, we
show the dependences of W, measured at 77 and 295 K
in the nominally undoped material (n-InAs, sample 1)
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with the compensation factor K = 0.10-0.15 on thefree-
electron concentration n specified by irradiation of the
crystal with high-energy electrons (here, n 0 D). The
calculated values of py(n) (dashed lines) at 295 and
77 K in the case of free-electron scattering by impuri-
ties in the absence of compensation are also shown in
Fig. 3, with the nonparabolicity of the InAs conduction
band taken into account [9]. It follows from the data
shown in Fig. 3 that, in the region of high doses (when
n(D) > 10® cm™), a drastic decrease in py(n) is
observed while the free-electron concentration varies
only dightly. It is noteworthy that the most pronounced
effect is observed in the region of n = ny;,,, in which the
free-electron concentration remains nearly constant as
the irradiation dose increases, while the radiation
defects continue to be introduced into the crystal lat-
tice. The dependences py(n) for n-InAs (sample 1) irra-
diated with 10-MeV protons at the highest dose used,
Dex = 2 % 10% cm?, are also shown in Fig. 3. These
dependences indicate that the variationsin p(n) in the
case of irradiation with protons at doses as high as
Dpax = 2 x 10% cm are similar to those induced by
irradiation with electrons, although these variations are
larger in the case of protons. For the highest doses of
electrons (D = 10" cm?) and protons (D = 2 x 106 cm?),
the experimental values of Y, are smaller than the
results of the calculations by factors of ~1.5 and ~3 for
the electron and proton irradiation, respectively; the
values of py, are close to those for InAs doped during
growth with hydrogen-like impurities at a concentra-
tion as high as ~(2-3) x 10%° cm2[6].



388

lRﬂlo-» sz/(v S)
1050

104

1016

10'8 n, cm™

1017 3

Fig. 3. Dependences of the Hall mobility of the electrons,
My = [Ryol, on their concentration n (n O D) for as-grown
n-InAs (sample 1) irradiated with (1, 3) electrons at an
energy of ~2 MeV and with (2, 4) 10-MeV protonsat T =
295 and 77 K. The dashed lines represent the result of the
calculation of p(n) inthe case of the scattering of free elec-
trons by impurity ions in the absence of compensation [9].

4. THE OPTICAL-ABSORPTION SPECTRA

Figure 4 illustrates the variations in the spectra of
the optical-absorption coefficient a(hv) of nominally
undoped n-InAs (sample 1) resulting from irradiation
with electrons. The main features of the observed varia-
tionsin the optical spectrum are the appearance of long-
wavelength extrinsic absorption in the curves a(hv), a
shift of the short-wavelength region of the spectrum to
higher photon energies hv, and a variation in the slope
of thea(hv) curvesin thisregion asthe dose of incident
electrons increases. The trends of the variations in the
absorption spectra for the short- and long-wavelength
regions resulting from irradiation with electrons are
indicated by arrows. The observed effects are caused by
the transition, resulting from irradiation with electrons,
of the initial undoped InAs to a degenerate n* state,
which is in general agreement with the results of the
electrical measurements. Estimation of the cross sec-
tion S, of the optical absorption by free charge carriers
at the photon energy hv = 0.14 eV for the sampleirra-
diated with the electron dose D = 1 x 10'° cm yields
S, =4 x 107Y cm?, which is close to the corresponding
values for InAs doped with shallow-level donor impu-
rities (the free-electron concentration is ~(2-3) x
10* cm®). No features related to deep radiation-defect
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Fig. 4. Spectra of the optical-absorption coefficient of
n-InAs (sample 1) irradiated with electrons at an energy of
~2 MeV and with the integrated fluxes D = (1) 0, (2) 1 x

107, (3) 1 x 108, and (4) 1 x 10%° cm™. The temperature
of the measurements was 295 K.

states were observed in the curves a(hv) in the optical
spectra of the irradiated samples.

5. DISCUSSION

In contrast to other I1I-V semiconductor com-
pounds in which the Fermi level shifts to the band gap
as aresult of irradiation, the Fermi level in irradiated
InAsisaways pinned in the region of allowed energies
in the conduction band. Therefore, InAs can be used as
atest material in order to verify the corresponding the-
oretical models describing the pinning of the Fermi
level in semiconductors with a high defect concentra-
tion. According to these models, the limiting position of
the Fermi level F;;,, in an irradiated semiconductor can
be identified with the position of the “neutral” point in
a semiconductor (the branching point of a complex
energy-band structure). A changein the donor—acceptor
properties of the defect-related (gap) states in a semi-
conductor occursin the vicinity of this point. The point
is calculated either as the position of the charge (local)
neutrality for the defect-related states in the crystal
[10, 11] or as the energy position of the most localized
(deepest) defect-related state in the semiconductor
under consideration in the energy range near the band
gap [12]. Estimations of the aforementioned energy
position in INAs using these models [4] yield E, +
(0.50-0.55) eV, whichisin satisfactory agreement with
both the results of this study (Table 1) and the data of
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previous studies concerned with the irradiation of InAs
with neutrons and protons|[3, 4].

If the Fermi level is pinned, an irradiated semicon-
ductor is considered as a material in which the concen-
tration of the charge bound to the radiation defects is
much higher than that of the free charge carriers, i.e., as
a semiconductor with alow concentration of free elec-
trons (holes). This assumption is apparently justified
for materials where, after irradiation, the Fermi level is
pinned deep within the band gap, particularly for the
case of semiconductors with a wide band gap (S,
GaAs, GaP, SiC, and so on), since the limiting charge-
carrier concentrations n;(p;i) in this case are close
(within an order of magnitude) to the intrinsic concen-
trations of free electrons (holes) n,. At the same time,
thelimiting concentration of free electronsin InAs after
irradiation is as high as ~(2-3) x 10'® cm3, which cor-
responds to the pronounced degeneracy of the material.
However, the results of the corresponding calculations
of the quantity F;,, in the context of theoretical models
[10-12] are in good agreement with the experimental
data for both InAs and other semiconductors. This cir-
cumstance suggests that the concentration of radiation
defectsin irradiated InAs (as in other semiconductors)
exceeds n;;,, when the Fermi level is pinned at the lim-
iting position. As a result, irradiated InAs can also be
considered as a material with a low concentration of
free electrons. These conclusions are supported by the
corresponding numerical estimates. For example,
assuming that the hole removal rate ~5 cm under the
irradiation of p*-InAs (samples 12 and 13) with elec-
trons (E, = 2 MeV) is equal to the production rate for
radiation-induced donors and extrapolating this value
to the dose 1 x 10 cm?, we obtain the concentration
Nrp = 5 x 10*° cm~3 for these donors. The correspond-
ing estimation for the radiation-induced acceptors in
InAs with n* = 2 x 10'° cm3 irradiated with fast neu-
tronsyields Nz, = 1.7 x 10'° cm2 when the Fermi level
is pinned [3]. It then follows that, in heavily irradiated
InAs, the concentrations of radiation-induced donors

Nnp and acceptors N, exceed the value of ny,,, and

are closeto each other; asaresult, thismaterial exhibits
a compensation factor amost equal to unity. In this
case, the electroneutrality equation

2 2 _
(Niim =)y = N-I;D_NRA

can be replaced by the following condition for the
charge neutrality of radiation defects:

Nra = N;D’

asit canintheirradiated wide-gap semiconductors. The
above estimates show that irradiated InAs exhibits the
properties of a degenerate semiconductor with n*-type
conductivity and, at the same time, is a material for
which the condition (Ngp — Ngra)/Ngrp = Nji/Nrp < 1S
satisfied.
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Since the enthalpy of the formation of intrinsic
defects in a semiconductor depends on their charge
state and decreases asthevalue of the difference |F —F4
increases [13-16], the donor-type defects should be
predominantly produced in the case of irradiation of
p*-InAs, whereas the acceptor-type defects should be
predominantly formed when n*-InAs is irradiated.
Here, F isthe Fermi level position in the initia crystal
and Fgisacertain characteristic position of thislevel in
the semiconductor (Fgis identical to F;,, [17]). When
the Fermi level is pinned in the vicinity of Fj;,, the effi-
ciencies of the production of the radiation-induced
donors and acceptors should be close to each other,
whichis, in general, confirmed by the experimental data.

6. ELECTRONIC STRUCTURE
OF THE INTRINSIC LATTICE DEFECTS
IN INDIUM ARSENIDE

The high concentration of free electrons in InAs
after irradiation makes experimental studies of the radi-
ation-defect spectrum difficult. As a result, there is a
lack of reliable data in this field and only generd
assumptions concerning the nature of the radiation
defects can be forwarded.

Itisevident that defects of a dangling-bond type are
responsible for the pinning of the Fermi level in irradi-
ated semiconductors. The simplest defects of this type
in InAs are the antisite defectsAs,, and In,; the vacan-
cies Vs and V,,; and the complexes As,—Nas, AS—Vas
and In,&V,,,. Taking into account the high mobility of
interstitial atoms, these defects are typically disre-
garded. The most likely defects in binary semiconduc-
torsat room temperature are antisite defects that exhibit
alow enthalpy of formation and a high thermal stabil-
ity. Vacancies can also exist in binary semiconductors,
since the complex structure of the compoundsis condu-
cive to the thermal stability of these defects. The data
reported so far and obtained from measurements of the
electron spin resonancein certainirradiated (at T= 295 K)
[11-V semiconductors confirm the presence of both
antisite defects and (tentatively) vacancies [18-20]. As
these studies show, the production efficiency for radia-
tion defects in InAs a 295 K is only a factor of
1.8 lower than that at 20 K [21]. This circumstance
means that the majority of radiation defectsin InAsare
immobile at 295 K.

Taking into account the above reasoning, we con-
sider that the nonrelaxed vacancies (V,s and V,,,) and
antisite defects (In,s and As,,) are the most important
defects in InAs irradiated with electrons. The levels of
the vacancies and antisite defects were calculated by
the pseudopotential and expanded unit-cell (8 x 8 x 8)
methods in accordance with Brudnyi et al. [22]. Since
the energies of the deep levelsin narrow-gap semicon-
ductors are especialy sensitive to fine features of the
energy-band structure, we calculated these energies
using amore accurate model of nonlocal pseudopoten-
tialsthat takesinto account the spin—orhbit interaction [23].
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Table 2. Energy levels of neutral intrinsic defects

Vin (3) Vas (1) INps (4) As (2
Ty ()R | 057(T)R | 0.20(T,) 0.82 (AR
<Tgy (B, 056 (E)R, | -0.08 (E)R, | 0.69 (E)R
G)R 057 (G)R | 0.15(G)

284 (A)R | =654 (A) | —2.83(A)R | 050 (A)
297 (E)R | -667(E) | —296(E)R | 037(E)
—6.90(A) | —9.39(A)

—7.03(E) | -952(E)

~1355(A,)

~13.68 (E))

Note: The energies are measured from the level 15, (gy) inthe
ideal InAs crystal and are expressed in eV. The number of
electrons at the levels is indicated in the brackets near the
designation of the defect type, the results of the calculations
with the spin—orbit interaction disregarded are listed in the
upper row, and the results obtai ned taking into consideration
the spin—orbit interaction are given in the lower row. Reso-
nance states are designated by R.

The Bloch functions of an ideal InAs crystal were
determined using the basis of ~70 plane waves. Due to
the fact that the model pseudopotentials are “soft,” an
increase in the number of plane waves only dlightly
affects the spectra of the ideal and defect-containing
crystals. In order to reduce the volume of computations
involved in calculating the deep levels of the defects,
we disregarded (in contrast to [23]) the additional waves
consistent with Levdin’s perturbation theory; however,
we changed the parameters of the pseudopotentials
somewhat in order to ensure better agreement with the
experimental optical spectra. The obtained values of the
ion pseudopotentialsfor thelocal portion (V,, R,y of cor-
rections related to the d-caused nonlocality (Ay), the
energy dependence (3), and the spin—orbit coupling (A)
were found to be equal to (in atomic units, where h =
m=e = 1) Vy(In) = -0.6, R(In) = 3.5, B(In) = 40,
A4(In) =0.5,A(In) =3.0, Vy(As) =-3.15, R,(As) =3.34,
B(As) = 12, Ay(As) = 4, and A(As) = 3.2. The lowest
interband-transition energies calculated using these
parameters are in satisfactory agreement with the exper-
imental values at low temperatures (given in brackets):
Ey(Fec — Mgy) = 0.42 (0.42) eV, Ay(Tgy — M) = 0.38
(0.38) eV, Erx(Xgc — MNgy) = 1.86 (1.87) eV, and
Eri(Lec —gy) = 1.55 V.

The wave functions of a defect-containing crystal
were represented as a superposition of symmetrized
combinations composed of 30-50 lower Bloch states of
theideal crystal in order to ensure a satisfactory conver-
gence (~0.1 eV) of the deep-level energies. The poten-
tials of the neutral point defects were composed of the
local parts of the pseudopotentials, in asimilar manner
to [24, 25]. For the antisite defects, these potentias
were chosen as the difference between the local
pseudopotentials of substituted ions screened by the
valence electrons in the Thomas—Fermi model, with

correctionsfor the exchange and an electron concentra-
tion equal to that in the ideal crystal. The potentials of
the defects with deeper level s (vacancies) were taken as
being equal (with the opposite sign) to the pseudopo-
tential of the removed atoms screened by el ectronswith
the local density (Z, — Z)/Q,, where Z, = 8, Z, is the
number of the valence electrons in an atom residing in
the vacancy, and Q, is the volume of the unit cell inthe
ideal crystal. The above choice of potential for the
defects yields results that are close to those of the self-
consistent calculations. Furthermore, the spin—orbit
interaction with the core p-state atoms and defects in
the expanded unit cell wastaken into account using per-
turbation theory with the involvement of the ~30 states
closest to the deep levels(see, also, [24, 25]). Following
from an analysis of the electron density, the localized
and resonance states of the defects were identified with
the energy-band states of the superlattice for the wave
vector k = 0. The wave functions of the deep levels are
localized near the defects, mainly within a sphere with
its radius equal to the spacing between the nearest

neighbors R = (A/I_-.’~/4)a0 (a, is the lattice constant).
Therefore, in order to describe the charge states of the
deep-level centers, we added an additional potential
produced by a homogeneously charged sphere with the
radius R and screened by electron gas according to the
Thomas—ermi model to the Hamiltonian operator of
theideal crystal.

The calculated energies of the deep levels of the neu-
tral defects Vg, Vin, 1Nae, @d As,, are listed in Table 2.
Since the mgjority of theoretical calculations of the
defect levelsin I11-V compounds have so far been per-
formed disregarding the spin—orbit interaction, we list
the values of defect levels abtained by both taking into
account and disregarding the spin—orbit interaction.
The states E' and G' are transformed according to the
two-valued representations of the tetrahedron point
group; here, E' is a doubly degenerate state and G' isa
fourfold degenerate state. We first consider the results
of the calculations for the neutral states of the afore-
mentioned defects. It follows from the calculation that
the repulsive potential for the most important intrinsic
defect V,, gives rise to the donor resonance state T, in
the conduction band if the spin—orbit interaction is dis-
regarded. The wave function of this state is highly
localized in the vicinity of the defect. The potential of
the spin—orbit interaction Vg, is localized in the region
of atomic cores. Since this potential isequal to zero for
a vacancy, the level T, experiences only a dlight split
(~0.006 eV) into the levels E' and G', owing to a slight
overlap of the defect’s wave function with the poten-
tials Vg, of the neighboring atoms, if the spin-orbit
interaction is taken into account. A single electron
resides at the lower level E', while the upper level G'is
unoccupied. In addition, a vacancy V, introduces a
localized state E' into the valence-band gap. An indium
vacancy exhibits a weaker repulsive potential, which
gives rise to resonance states in the vicinity of the
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valence-band top. The antisite defect 1n, introduces
the deep level T, into the band gap. Thislevel ismainly
formed from I ;5 States. Asaconsequence, the splitting
of this level (0.23 eV) is close to that of the valence-
band top A, if the spin—orbit interaction is taken into
account. As aresult of the splitting, the lower state with
the E' symmetry becomes a resonance-type state and is
located within the valence-band continuum, whereas
the upper state with the G' symmetry is located in the
band gap and is half-occupied by two electrons. There-
fore, the defect In, acts as a doubly charged acceptor.
In addition, this defect introduces the resonance and
localized states with the E' symmetry into the valence
band. Thedefect As, givesriseto an attractive potential
that splits off asingle deep level E' from the conduction
band. This level is completely occupied by electrons
and hasan energy of 0.37 eV (withrespecttoal g, leve).
The defect As,, acts as adoubly charged donor. In addi-
tion, it gives rise to two localized states in the valence
band and a single resonance level E' unoccupied by
electrons in the conduction band. The calculated level
energies of the neutral intrinsic defects in InAs are in
satisfactory agreement with the results obtained using
the tight-binding approximation [26, 27].

The results of the numerical evaluation of the deep
levels related to neutral intrinsic defects in InAs and
located within the conduction band and the band gap
are shown in Fig. 5. The data indicate that the neutral
vacancies do not introduce localized states into the
band gap of InAs; however, the antisite defectsform the
donor (As,,) and acceptor (In,g) states. In addition, a
specific feature of InAs is the fact that point defects
form resonance-type states in the region of allowed
energies in the conduction and valence bands. States of
this type are observed fairly often in narrow-gap semi-
conductors, for example, in ['V-V1 semiconductor com-
pounds [28].

Since the charge state of the defects depends on the
mutual location of their levelsin relation to the Fermi
level and can vary in the course of irradiation, we also
calculated the levels of the charged states of the vacan-
cies and antisite defects for the energy interval in the
vicinity of the InAs band gap (Fig. 5). The energies of
these states have previoudy been assessed only
semiempirically for InAs[27, 29]; it is noteworthy that
the results obtained in [27] and [29] differ from each
other considerably. The shifts of the deep levelsfor the
negatively charged states of the In, defects [29] are
close to the results obtained in this study.

Only the triply charged state (G')~—~ occupied by
four electrons (the state compl etely occupied by eectrons)
for V,, is split off from the vaence band and becomes a
locdized state with the energy E = E,, + 0.02 eV, whereas
the neutral, singly charged, and doubly charged states
form resonances in the valence band. In contrast, the
neutral resonance state of V,, becomes alocalized state
located in the band gap and has the energy E = E, +
0.34 eV dfter ionization.
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Fig. 5. The energy spectrum of the nonrelaxed defects Vj,
Vin, Asip, and Inagin INAs, which was cal culated taking into
account the spin—orbit splitting. Positions of the levels of
the neutral and charged defects in the band gap and in its
vicinity are shown. The energy is measured from the level
Igv; the values of the energy are measured at T = 0 K and
areexpressed in eV.

The mgjority of the charged states of the As,, defect
are located within the band gap, whereas, for the In,g
defect, the state (G')~~ is doubly negatively charged,
completely occupied by electrons, pushed into the con-
duction band (E = E,, + 0.65 V), and becomes a reso-
nance state. Using the single-electron energies of the
point-defect states, we can particularly identify the
level F;, withtheenergy E(—/——) =0.51 eV for theln,g
antisite defect and the energy E(—/—-) = 0.46 eV for the
arsenic vacancy V,. In genera, this identification is
consistent with the conclusions forwarded in [29, 30],
which were concerned with the particular role of deep
levels of defectsin the anionic sublattices of I11-V com-
pounds in the phenomenon of the pinning of the Fermi
level. This relation is not accidental since the defects
under consideration give rise to strong perturbation
potentials and highly localized wave functions. Thus,
the states of these defects are at their deepest in a semi-
conductor and, as was shown in [12, 22], their energy
levels are highly resistant to disordering of the crystal
lattice. In terms of the parameters in the tight-binding
approximation, the special feature of the defects under
consideration is related to the fact that the positions of
the In,g and V, ¢ levels only differ due to ainteratomic
matrix element that exhibitslittle variation for different
[11-V semiconductors. Defects of this type accumulate
in the course of irradiation and can become dominant
among the defects responsible for the Fermi level pin-
ning in irradiated semiconductors. Thus, we further
devel oped the defect model [31] to show that the Fermi
level position in an electron-irradiated InAs crystal
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Fig. 6. Dependences of the Hall coefficient |Ry| on the tem-

perature of isochronous annealing (for 10 min) for n-InAs
(sample 1) irradiated with electrons at an energy of ~2 MeV
and with the integrated fluxes D = (1) 0, (2) 4 x 107, (3) 5 x
10'8, and (4) 1 x 10'° cm™. Curve5illustratesthe variation
in the count rate of annihilation y-ray photonsin the region
of small angles N(B = 0) as a result of the isochronous
annealing (for 10 min) of sample 1 after irradiation with

electrons at the dose D = 5 x 1018 cm™. The temperature of
the measurements T = 295 K.

within the allowed energiesin the conduction band evi-
dently correlates with the states of separate intrinsic
defects in the anionic sublattice V,, and the antisite
defectsIn, g Almost the same assumptionswere used in
previous publications [32, 33] where the formation of
n*-type conductivity channels at a cleaved or thermally
treated InAs surface was related to the presence of Vyg
resonance states.

To conclude this section, we can note that an InAs
crystal irradiated with electrons is a material with
n*-type conductivity in which the Fermi level is pinned
above the conduction-band top. This pinning of the
Fermi level is a result of the mutual compensation of
the entire ensemble of the donor and acceptor states of
radiation defects; as a consequence, the Fy;,, level is
located between the levels of the radiation defects with
the highest concentrations.

7. ANNEALING OF RADIATION DEFECTS

In Figs. 6 and 7, we show the results of studying the
isochronous annealing of InAs crystals irradiated with
electrons. Heating of theinitial samplesto temperatures
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Fig. 7. Dependences of the Hall coefficient |[Ry| on the tem-

perature of isochronous annealing (for 10 min) for p-InAs
(sample 11) irradiated with electrons at an energy of
~2 MeV and with the integrated fluxes D = (1) 0, (2) 2 x
10%, (3) 3 x 10%8, and (4) 1 x 10'° cm2. The temperature
of the measurementswas T = 295 K. The conductivity type
isindicated.

higher than 450°C leads to the formation of quenched-
in donors, which is especialy noticeable for lightly
doped InAs. This phenomenon iswell known for InAs
[4, 34]; therefore, the annealing of radiation defectsin
this study was performed at temperatures no higher
than 800°C. Intheinitia n-type samplesirradiated with
electrons, the radiation defects are annealed off in a
wide temperature range, from 80 to 800°C, which indi-
cates that the concentration of donor-type radiation
defects decreases (Fig. 6). Furthermore, it followsfrom
studies of the positron annihilation that clusterization
of the radiation defects (in addition to annealing)
occurs as the annealing temperature is increased. For
example, if the samples are annealed in the temperature
range 150-300°C, an increase in the capture rate of
positrons is observed in the region of small angles
N(0 = 0), which indicates that clusters of vacancy-type
defects are formed (Fig. 6). Such phenomena are char-
acteristic of the annealing of 111-V semiconductors
with ahigh concentration of radiation defects (see, e.g.,
[35]). Subsequent decomposition of these defect-con-
taining clusters in InAs occurs at annealing tempera-
tures T, higher than 300°C; however, residual defects
are still observed in irradiated InAs annealed at T,,, =
800°C.
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Therecovery of R, intheinitial sampleswith p-type
conductivity is illustrated in Fig. 7, using an initia
heavily doped sample (sample 11) as an example. The
presence of a reverse-annealing stage is observed in
lightly doped InAs at temperatures of ~(100-150)°C,
which indicatesthat either the radiation-induced accep-
tors are annealed out or donor-type defects are formed.
For the heavily irradiated samples, an “ overannealing”
of the value of R, is observed, which indicates that
residual acceptors are present in this material and are
not annealed out, even after heat treatment at tempera-
tures close to 600°C. As in the initial samples with
n-type conductivity, the efficiency of the annealing of
radiation defects in p-InAsis reduced both as the elec-
tron dose increases and as the initial level of doping of
INnAs decreases.

8. CONCLUSIONS

Irrespective of the type of radiation (electrons, pro-
tons, or fast neutrons) and also the parameters and his-
tory of theinitial INnAsmaterial, the curves F(D) always
exhibit atendency towards leveling off in the region of
E, + (0.51-0.55) eV a T = 77-295 K, which corre-
spondsto the limiting free-electron concentration ny;,,, =
(2-3) x 10" cm=. These unusua properties of are
caused by the character of the energy spectrum of an
ideal crystal rather than by special features of the for-
mation of radiation defects in this compound. The low
position of thelevel I 4 in the InAs dielectric gap com-
pared to in Group IV semiconductors and I11-V com-
pounds causes a fraction of the radiation defects
(Vasand In,g to form resonance-type states in the
region of allowed energies in the conduction band, and
it is these states that control the electrical properties of
irradiated InAs.

In InAs, asin other Group IV semiconductors and
[11-V compounds, radiation defects of both the donor
and acceptor types are produced as a result of irradia-
tion; the extent of the effect of these defects on the el ec-
trical properties of InAs depends on the level of doping
and the conductivity type of the initial material. At n >
Nim = (2-3) x 10 cm™3, the radiation-induced accep-
tors are more effective, whereas radiation-produced
donors play the most important role if n < ny,, = (2-3) x
10 cm 3. In general, the response of InAs (and other
semiconductors) to irradiation with high-energy parti-
cles can be described as the phenomenon of radiation-
induced self-compensation (compensation of the elec-
trical activity of the initial material) and the transition
of a semiconductor to a state corresponding to K = 1.
We did not observe any specia features relating to
changes of the electrical properties of transmutation-
doped InAs and InAs:Sb subjected to irradiation with
electrons compared to the InAs crystals doped with
hydrogen-like impurities in the course of growth.

In irradiated InAs, the position of the Fermi level
Fim is close to that at the metal—semiconductor bound-
SEMICONDUCTORS  Vol. 39
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ary and inthe surface n*-typelayer inevitably formed at
the cleaved surface when InAs is kept under atmo-
spheric conditions. This position of the Fermi level is
characteristic of InAsand is independent of the type of
intrinsic lattice defect; consequently, it is also indepen-
dent of the irradiation conditions. These data, asin the
case of other Group 1V semiconductorsand 111-V com-
pounds, once again verify the fundamental character of
the parameter F;,, and indicate that there is a unified
mechanism of the Fermi level pinning observed both in
bulk defect-containing InAs after irradiation and at the
InAs surface and metal- nAs boundary.
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Abstract—The transport and thermoelectric properties of semiconducting rhenium silicide ReSi; ;5 are com-
prehensively studied both experimentally and theoretically. Single-crystal samples of undoped and aluminum-
doped ReSi; 45 are grown by floating-zone melting using optical heating. The temperature dependences of theress-
tivity, Hall coefficient, and Seebeck coefficient (thermoelectric power) are measured in the range 77-800 K. At
room temperature, the charge-carrier concentration for the undoped rhenium silicideis 10*° cm3 and the carrier
mobility is 30 cm?/(V s). The theoretical study of the transport and thermoel ectric properties includes ab initio
calculation of the band structure; estimation of the carrier effective masses; simulation of the electron and hole
mobility, taking into account classical scattering mechanisms; and calculation of the Seebeck coefficient. The
results of the simulation and the experimental data are in good agreement. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Recently, a great deal of attention has been paid to
the study of the transport properties of various modifi-
cations of silicide systems with the purpose of increas-
ing their thermoelectric efficiency Z = S/px, where Sis
the Seebeck coefficient, p istheresistivity, and x isthe
thermal conductivity. The major problem regarding this
line of research isto produce a material with the largest
possible ratio $/p. A potential candidate for thermo-
electric application is semiconducting rhenium silicide
ReSi; 75 [1-3].

The decisive role in the estimation of $/p, and,
hence, the thermoelectric efficiency of a material as a
whole, isplayed by carrier mobility. A report indicating
ahigh carrier mobility in ReSi; 5 single crystals (up to
370 cnm?/(V s) at 300 K [4]) initiated active studies of
the transport properties of this material. At the same
time, it was shown that the room-temperature hole
mobility does not exceed 150 cm?/(V s) for epitaxial
films[5] and 30 cm?/(V s) for single crystals [6].

The main objective of this paper isacomprehensive
experimental and theoretical study of the transport
properties of semiconducting rhenium silicide for the
purpose of estimating the thermoelectric efficiency of
this compound and the prospects for its application to
thermoelectricity.

2. EXPERIMENTAL

Perfect single-crystal samples of undoped and alu-
minum-doped semiconducting rhenium silicide were
grown by floating-zone melting using optical heating.
The setup is described in detail in [7]. The polycrystal-
line feed rods were made of high-purity materials:
99.99%-pure rhenium (Goodfellow), 99.9999%-pure
silicon (Alfa), and 99.9998%-pure aluminum (Good-
fellow). The auminum concentration in the feed rods
was 1.5 at %. The grown single crystals were cylinder-
shaped and had alength and diameter of 70 and 6 mm,
respectively. The composition, microstructure, and
structural quality of the crystals were determined using
X-ray diffraction, optical metallography, and electron
probe microanalysis. The crystal orientation was deter-
mined using Laue backscattering. Samples 10 mm in
diameter and 1 mm thick were cut from the grown crys-
tals for transport measurements. The sample resistivity
was measured using a four-probe method and was per-
formed simultaneously with the Seebeck coefficient
measurement in the temperature range 77-800 K. The
carrier concentration and mobility were determined
from the Hall coefficient measurements.

An X-ray diffraction analysis showed that the as-
grown samples represent a triclinic phase of rhenium
dlicide ReSi; 45 with thelattice parametersa = 0.3138 nm,
b=0.3120nm, c=0.7670 nm, and a = 89.9°. The Laue
method confirmed the single-crystal perfection of sam-
ples and the absence of twin crystals.

1063-7826/05/3904-0395$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Temperature dependences of the resistivity of the
undoped and Al-doped ReSi; 75 single crystals.

According to the temperature dependence of the
resigtivity (Fig. 1), the ReSi; 5 band gap is 0.14 eV,
which isin good agreement with the experimental data
of [4, 6] and the results of our previous calculations[8].
Doping with aluminum, when compared to the undoped
sample, decreased the resistivity by a factor of 3. The
room-temperature carrier concentration in the undoped
silicide was relatively high, 10'° cm, and the carrier
mobility was 30 cm?/(V s).

The experimental data obtained when measuring the
Seebeck coefficient suggest that the as-grown undoped
crystals of semiconducting rhenium silicide contain
carriers of both types (Fig. 2a8). We can see that rhenium
silicide exhibits n- and p-type conductivity at tempera-
tures below and above 270 K, respectively.

The temperature dependence of the Seebeck coeffi-
cient can be conventionally subdivided into three
regions.

(i) 77 K < T < 150 K: the Seebeck coefficient mag-
nitude increases with temperature and peaks at 150 K,
which isobviously caused by the effect of the low-tem-
perature donor levels.

(if) 150 K < T < 400 K: beginning from 150 K, the
effect of the donor levels decreases and ionized accep-
tor centers begin to have an increasing effect. These
centers rapidly compensate the electron conductivity.
As aresult, the hole conductivity becomes more domi-
nant than the electron conductivity above 270 K, due to
the higher concentration of acceptor centers, and the
Seebeck coefficient increases with temperature.

(iii) T > 400 K: the acceptor levels are saturated,
which results in an insignificant linear increase in the
Seebeck coefficient as the temperature rises.

FILONOV et al.
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Fig. 2. Temperature dependences of the Seebeck coefficient
for the undoped and Al-doped ReSi; 75 single crystals:
(a) experimental and (b) calculated data.

The highest Seebeck coefficient for the undoped
ReSi; 5 crystalsis 130 pV/K. For the aluminum-doped
ReSi; 5 crystals (Fig. 2a), the Seebeck coefficient is
positive in the entire temperature range under consider-
ation and peaks (100 pV/K) at ~800 K. This observa-
tion suggests that the hole conductivity is dominant in
the entire temperature range under study.

3. SIMULATION

The rhenium silicide ReSi, ;5 lattice belongs to the
space group P1 and has atriclinic structure with the l at-
tice parametersa = 0.3138, b = 0.3120, ¢ = 0.7670 nm,
and o = 89.9°. Dueto adlight deviation from atetrago-
nal structure (Cl1b), two of the Si atom sites are not
completely occupied (the occupation probability is
0.75) [4]. However, since the c-axis tilt angle a to the
No. 4
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ab plane deviates very little from aright angle and can-
not significantly affect the calculated results, we con-
sider thislattice as a simple orthorhombic one (without
any modification of the atomic sites). In order for the
periodic structure under study to contain an integer
number of atoms of every type, the primitive cell was
increased twofold along directions a and b. To promote
convergence of the calculated results, empty spheres
were introduced in place of the two atomic sites free of
silicon.

The ReSi; 45 band structure was simulated using the
WIEN97 software package [9], which is based on a
method of linear augmented plane waves. Expansion of
the wave functions in lattice harmonics for the partial
waves used inside atomic spheres was carried out up to
| = 10. Integration over the Brillouin zone was obtained
using the tetrahedron method. Self-consistency cycles
were completed when the determination error of the
system total energy was 0.0001 Ry/atom.

Figure 3 shows a fragment of the obtained band
structure along the high-symmetry direction of the Bril-
louin zone. The band gap is 0.16 eV, and rhenium sili-
cide exhibits an indirect transition between the points I
(the valence-band top) and S (the conduction-band bot-
tom).

Then, based on the data on the band structure, the
carrier (electron and hole) effective masses were esti-
mated. The determined components of the effective
mass tensor are listed in the table. We noted a signifi-
cant difference between the hole effective masses for
directions a, b, and c, which is caused by an almost
plane valence band in the N'-Z direction (Fig. 3). This
difference, in turn, can cause significant anisotropy of
the ReSi; ;5 transport properties. Such anisotropy was,
in part, experimentally observed in [4].

Let us consider the carrier mobility using therelation

K™ = Mac+ Haro *+ Hro + (1)
where Uac, Unpos Mpo, @nd W, are the mobilities for scat-
tering by acoustic phonons (AC), polar (PO) and non-
polar (NPO) optical phonons, and ionized impurity
atoms (1), respectively. In the case of a hondegenerate

semiconductor with parabolic bands for every individ-
ual scattering mechanism, we have (see[10])

4e - 312
W= —————(E
3m* (kT)S/ZJﬁ-!

where m* and E are the averaged carrier effective mass
and energy, T isthetemperature, and 1; isthe relaxation
time for the ith scattering mechanism.

In the case of scattering by acoustic phonons, the
relaxation time iswritten as (see [11])

T,exp D_ﬁEdE ()]

e pv
Tac = 3 (€©)
Al 2m* E_AckT
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Fig. 3. Theband structure of semiconducting rhenium silicide.

where p isthe materia density (10.66 g/cm?), v, isthe
longitudinal velocity of sound in the materia (3.7 x
10° cm/s), and =,¢ is a constant defined by the compo-
nents of the deformation potential tensor. Typically, for
semiconductors, this constant varies from 5to 15 eV. In
the case under consideration, we assumethat =, =5¢€V.
In addition, the formula suggested in [11] for the
relaxation time for scattering by nonpolar optical
phonons can be rewritten as
Tawro = Tac[C(1+kB/E)Y? @
+exp(8/T)(1—kB/E)] ™,

where 0 is the Debye temperature (580 K), C =

n/2(8/T)[exp(6/T) — 1], and N = (=npo/ =ac)> Thelat-
ter quantity is the parameter of the suggested model.

Let us consider the relaxation time associated with
scattering by polar optical phonons in the following
form (see[11]):

/2 ETiE,0 huy,
Tpo = 7 (wp) 1"'?‘*'”(000"'1)

€ Wy

hw, hwy O/ E
X ll—?+?[n(wo+1)arcsnh 1D 5

-1
_ innD |E_ _ D}D
n(wy) arcsinh Fro, 1D E

Components of the tensor of carrier effective masses

my M, me
Electrons 0.35 0.32 0.37
Holes 0.27 0.27 11.82
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Fig. 4. Experimental (open circles) and calculated (closed
circles) temperature dependences of the hole mobility in

ReSiy 75.

Here, /e, = 1/e,, — 1/, €, and €, are the static and
high-frequency permittivities (30.0 and 3.0, respec-
tively [12]); wy isthe optical phonon frequency defined
by the Debye temperature 6 (wy, = kB/%); and the number
of phononsis defined as n(wy) = [exp(hwykT) — 1]

Currently, there are many model s describing scattering
by ionized impurities. The Brooks-Herring model [11] is
most appropriate for the objective of this study,

_ 2m*E
= 4—80,
e 'N;$(X)

where N; is the concentration of ionized impurities or
defects (10%° cm3),

(6)

_ X _ 8m*El,
d(x) = In(1+x)+(1+x), X = T
. 3/T/3neh’

and n isthe charge-carrier concentration.

Furthermore, for doped rhenium silicide, we took
into consideration the additional mechanism of scatter-
ing by aneutral impurity (see[11]),

To = €6m*2(20g,h%Ny) ™, (7)

where N, is the neutral-impurity concentration (the
model parameter in the case under consideration).

To illustrate the efficiency of the suggested model
for calculating the carrier mobility in semiconducting
rhenium silicide, Fig. 4 showsthe calculated and exper-
imental temperature dependences of the hole mobility

FILONOV et al.

in ReSi; 4. It should be noted that we succeeded in
reproducing the distinctive features of the experimental
dependencein acertain temperature range both qualita-
tively and quantitatively.

Since both carrier types should be taken into account
for semiconducting rhenium silicide in a wide tempera-
ture range, the formulafor the Seebeck coefficient in the
case under consideration iswritten as (see [13])

. 3/2
T = K0 A+mz<2nm; KT)
on h°n

(8)

" 3/2
—pup[A+ n 22T KT) } Ex

h3p 0
where o is the electrical conductivity; n, p, W, , and

m;, , are the electron and hole concentrations, mobili-

ties, and effective masses, respectively; and A is a con-
stant that depends on the scattering mechanism.

The calculated dependences of the Seebeck coeffi-
cient (Fig. 2b) for both the doped and undoped rhenium
silicide are consistent with the experimental data not
only qualitatively but also quantitatively, which once
again confirms the high accuracy of the developed
mobility model and the chosen approach for simulating
the thermoelectric properties of semiconducting rhe-
nium silicide.

4. CONCLUSION

Floating-zone melting was used to grow single-
crystal samples of rhenium silicide ReSi; ;5 and silicide
doped with aluminum. The temperature dependences,
resistivity, and Seebeck coefficient were studied in a
wide temperature range. The room-temperature con-
centration of majority carriers (holes) for the undoped
silicide was found to be high, 10*° cm™. An analysis
including calculation of the band structure and the See-
beck coefficient, estimation of the carrier effective
masses, and simulation of the electron and hole mobil-
ity was carried out, taking into account classical scatter-
ing mechanisms. The results obtained were in good
agreement with the experimental data.

Thelargest Seebeck coefficient for the ReSi; 45 crys-
tals was 130 uV/K. Thisfigure provides good stimula-
tion for the further study of this material in relation to
the aim of its application to thermoel ectricity.
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Abstract—Theaim of thisstudy isto gaininsight into the effect of the charge state of nonequilibrium vacancies
on the processes that occur during irradiation and annealing in silicon crystals. n-Si floating-zone crystals with
an electron concentration of N = 6 x 1013 cm™ are irradiated with 25-MeV protons at 300 K. The irradiated
crystals are then studied by the Hall method at temperatures ranging from 77 to 300 K. It is shown that the
nature and energy spectrum of radiation defectsin n-Si crystalsare mainly controlled by the charge state of non-

equilibrium vacancies. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

A method combining local irradiation with subse-
guent measurements of the bulk photovoltage over the
irradiated area was previously used in [1-3] to show
that primary radiation defectsin p-Si crystals are posi-
tively charged at 300 K. In n-Si crystals, self-intersti-
tials are positively charged, whereas vacancies are neg-
atively charged.

In the course of irradiation, nonequilibrium vacan-
cies enter into quasi-chemical reactions with doping
impurities (phosphorus or boron), with background
impurities (oxygen or carbon), and with each other. As
aresult, secondary radiation defects are formed. These
defects feature a high thermal stability and control the
physical properties of anirradiated crystal up to 600°C
(secondary radiation defects are completely annealed
out at this temperature) [4].

The objective of this study was to gain insight into
the effect of the charge state of the primary radiation
defects (in particular, vacancies) on the nature and
energy spectrum of the secondary radiation defects.

2. EXPERIMENTAL

n-Si floating-zone crystals with an electron concen-
tration of N = 6 x 10** cm3 were studied. The concen-
trations of background impurities (oxygen Ny and car-
bon N.) were determined from the spectra of infrared
absorption and were found to be equal to Np = Ne = 2 x
10% cm3. The growth-dislocation density was deter-
mined from the etch-pit density and did not exceed 10°—
10* cm. The samples under study had an area of 1 x
3 x 10 mm3 and thickness of 1 mm and were irradiated
with 25-MeV protons. The proton-flux density was ¢ =
10 cm s, The electron concentration N was mea-
sured by a compensation method in a magnetic field of
10 kOe in the temperature range T = 77-300 K. The

defect-level energies AE were determined from the
slope of the curves N = f(10%T) in the highly compen-
sated samples. The error in the determination of the
concentration and energy did not exceed 10%.

3. RESULTS

In the initial samples, the dependence N = f(1/T) in
the range T = 77-300 K corresponded to a complete
ionization of the shallow donors (the phosphorus P
atoms): N = const = 6 x 10'3 cm™3 (see figure, curve 1).
After irradiation with protons at a dose of @ = 2.7 x
10%2 cm?, the temperature dependence of the electron
concentration corresponded to a depletion of the acceptor
centerswith E.—(0.17 + 0.01) eV (seefigure, curve6). As
aresult of irradiation of the crystals at a dose of @ =
8.1 x 10 cm™, a linear portion was observed in the
curve N =f(1/T); thisportion correspondsto adepletion
of the acceptor centers with E. — (0.41 + 0.02) eV (see
figure, curve 3). Otherwise, a portion related to the
existence of acceptor centerswith thelevel E.—(0.54 +
0.02) eV was observed (seefigure, curve 2). Asiswell
known [5, 6], the acceptor level E. —0.17 eV isrelated
to A centers, the level E. —0.41 eV isrelated to E cen-
ters or divacancies V,, and the level E. — 0.54 eV is
related to an unknown center. It isworth noting that the
relation of thelast level to V, wasdisputed in [7]. Inthe
figure, curves 4 and 5 correspond to a depletion of the
A centers. These curves were obtained for the samples
irradiated with the proton dose ® = 8.1 x 10*? cm and
subjected to a subsequent annealing at the temperatures
T,.n = 150 and 300°C.

4. DISCUSSION

Inthen-Si crystalsirradiated with 2-MeV electrons,
the formation efficiency of the E centers ng is higher
than that of the A centers n, by afactor of 1.3, in spite

1063-7826/05/3904-0400$26.00 © 2005 Pleiades Publishing, Inc.
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1 1 1
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10%/T, K™

Temperature dependences of the electron concentration
inn-Si crystals (1) before irradiation and (2—6) after irra-
diation with 25-MeV protons. The radiation dose ® was
(2-5) 8.1 x 1012 and (6) 2.7 x 1012 cm2. The samples were
subjected to postirradiation annealing at T, = (4) 150 and
(5) 300°C.

of the fact that Ny is about three orders of magnitude
larger than the phosphorus concentration Np. It is
believed [8] that the high efficiency of E-center produc-
tion at 300 K is caused by the effect of the charge state
of the vacancies on their migration rate and also by the
Coulomb interaction between an el ectron captured by a
vacancy and a positively charged donor P*.

We may conclude, on the basis of the above reason-
ing, that the charge state of the primary radiation
defects controls the processes that occur in the n-Si
crystals in the course of irradiation or subsequent iso-
chronous annealing.

As is well known, the A centers are produced

according to thefollowing reaction in the course of irra-
diation at 300 K:

V-+O0—A%+e

Thelevel at E, = E.—0.17 eV correspondsto the A cen-
ters. At 300 K, these centers are in an electroneutral
state and can enter into the following quasi-chemical
reaction with V-1 A% + V- —— (V, + O)~. Thelatter cen-
ter exhibitstheenergy level E,, , o =E;—0.5€V. These

centers are negatively charged at 300 K; as a result,
their involvement in the reaction with V- is unlikely,
owing to the ensuing el ectrostatic repul sion.

Since the E centers are negatively charged at room
temperature (the level energy E¢ = E. — 0.41 V), the
SEMICONDUCTORS  Vol. 39
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formation of a divacancy complex with an attachment
of V-isinfeasible.

The attachment of V- to V, is aso hindered by the
factthat E,, =E.—0.39€V. Furthermore, the V, centers

are negatively charged at 300 K. It is worth noting that
the formation of divacancies V, from negative monova-
canciesviaadiffusion-related mechanismisunlikely in
the course of irradiation at 300 K. Apparently, divacan-
cies are produced as primary defects.

Indeed, as can be seen from the figure, the A and
E centers, divacancies, and V, + O complexes are
formed in the floating-zone n-Si crystals in the course
of irradiation with protons at 300 K. We failed to detect
the level at E;, — 0.5 eV that corresponds to the V, + O
complex, although the existence of this defect can be
deduced from the increase in the el ectron concentration
at 250 K occurring as a result of postirradiation isoch-
ronous anneaing in the temperature region T,,, 2
500°C [8].

5. CONCLUSIONS

Thus, the nature and energy spectrum of secondary
radiation defects in n-Si crystals depend on the charge
state of nonequilibrium vacancies; in turn, this state
depends on the radiation dose and temperature of the
irradiated samples under study.
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Abstract—n-ZnO:Al/PdPc/p-CulnsSes photosensitive structures have been proposed and fabricated for the
first time by vacuum sublimation of palladium phthal ocyanine on the surface of wafers of the ternary semicon-
ductor compound CulngSes; and by magnetron sputtering of n-ZnO:Al films on the surface of palladium
phthalocyanine films. The current—voltage characteristics and spectra of the photoconversion quantum effi-
ciency of the obtained structures are investigated. It is shown that these structures can be used as multiband

white-light converters. © 2005 Pleiades Publishing, Inc.

Thin-film photoconversion structures have been fab-
ricated using I-111-V1, ternary compounds, chosen due
to the fact that they are the closest analogs of 11-VI
binary semiconductors. These structures have unprece-
dently high quantum efficiency (=19%) and radiation
resistance as compared with the thin-film solar cells
known at present [1, 2]. It has also recently been dem-
onstrated that light converters can be developed in
which the active region isformed as aresult of bringing
diamond-like semiconductors into contact with organic
semiconductors [3]. Synthetic phthalocyanines from
various metals were used as the organic semiconduc-
torsin these structures [4, 5].

In this study, we analyzed the photosensitive proper-
ties of the structure formed when palladium phthal ocy-
anine (PdPc) film comes into contact with the ternary
semiconductor compound Culn;Se;. The latter is
formed in the quasi-binary section Cu;Se-In,Se; and
provides new opportunities to control the fundamental
properties of complex phases without the introduction
of impurities [6].

1. The photosensitive structures were fabricated
based on p-Culn;Se; crystals grown by planar crystalli-
zation from a stoichiometric melt. The boat was in a
horizontal position and the selenium vapor pressure
was controlled. The composition of the grown crystals
was determined by X-ray microprobe analysis on a
Cameca-SX 100 system. The content of copper,
indium, and selenium corresponded to the chemical
formula of this compound. The diffraction patterns of
samples cut from different portions of the ingot corre-
sponded to adefect chal copyrite structure. The unit-cell
parameters cal cul ated by the | east-squares method from
reflections measured at angles of 20 > 60° were a =

5.766 + 0.001 A and ¢ = 11.499 + 0.005 A, which are
consistent with the known data for this compound.
According to the thermopower sign, the grown crystals
had p-type conductivity and the resistivity p = 10—
108 Q cmat T = 300 K. In the temperature range 280—
380 K, their resistivity obeyed the Arrhenius law

p = poexp(EL/KT), (D)

where k is the Boltzmann constant. The activation
energy E, =0.51 £ 0.03 eV, on the assumption of strong
compensation of deep acceptor levels, can be related to
the presence of acceptor centers in these crystals. The
nature of these centers has still to be ascertained. How-
ever, the dependence of p on the crystalization condi-
tions suggests that the ternary compound Culn;Se; isa
typical representative of phases possessing a variable
composition, whose properties are determined by their
deviations from stoichiometry.

Wafers of p-Culn;Se;, with an average size of about
0.1 x5x 10 mm3, werefirst ground and then underwent
mechanical and chemical polishing. Thin (~1 um)
PdPc films were deposited onto the wafers by vacuum
sublimation of PdPc powder. The deposited phthal ocy-
anine films had a uniform interference color in white
light, mirror-smooth surface, and good adhesion to the
Culn;Se; surface. Then, thin (d = 0.5-1 pm) n-ZnO:Al
filmswere deposited on the PdPc surface by magnetron
sputtering in an argon atmosphere. The deposited
n-ZnO:Al films had the electron concentration n =
10 cm® at T = 300 K, a mirror-smooth surface, and
good adhesion to the PdPc films.

2. One specific feature of the steady-state current—
voltage (1-V) characteristics of al the n-ZnO:Al/PdPc/p-

1063-7826/05/3904-0402$26.00 © 2005 Pleiades Publishing, Inc.
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CulnsSe; structures fabricated in this study isrelatively
poor rectification. The rectification factor (the ratio of
currents at different polarities of a bias of fixed ampli-
tude) was generally about 1.5 for the best structures.
The fabrication of other types of structures
(In/CulngSe; and ZnO/Culn;Se;) on such crystals did
not lead to an increase in the rectification. The forward
direction of the current in n-ZnO:Al/PdPc/p-Culn;Ses
structures always corresponds to a positive bias on

Culn;Se;.

Theinitial portion of theforward |-V characteristics
of the structures under consideration (Fig. 1) isdescribed
by the equation [7]

| = I[exp(eU/nkT)-1], 2

where the saturation current | = (5-8) x 108 A and the
diode factor n = 10, which suggests the possibility of a
tunneling recombination mechanism for the current
transport in ZnO/PdPc/Culn;Se; structures. Similar
values of n were also observed for the forward portion
of the I-V characteristics of the structures formed on
crystalline Si substrates[3].

Ascan beseenin Fig. 1, in awide range of forward
(U =0.5-100 V) and reverse (U = 0.1- 100 V) biases,
the current through the structures under study follows
the power dependence | 0 U™. Note that the exponent m
for reverse and forward currents at biases of U < 35V
iscloseto unity (Fig. 1b), whichis generally attributed
to the tunneling of charge carriers or the limitation of
the current by the space charge in the velocity satura-
tion mode [8]. In the range of forward and reverse
biases 35V < U <100V (Fig. 1b, curves 1 and 2), the
exponent m = 1.6, which corresponds to the Lide—
Langmuir law. Thisfact isattributed to the limitation of
currents by the space chargein the ballistic mode[8, 9].

3. Hlumination of the n-ZnO:Al/PdPc/p-Culn;Se;
structures induces a photovoltage, whose sign is posi-
tive for the p-Culn;Se; substrate. This photovoltage
polarity is consistent with the rectification direction.
Under theillumination of the structures by an incandes-
cent lamp with anintensity of ~10 mW/cn?? fromtheside
of the ZnO film, the photovoltaic effect reaches a max-
imum. Inthe best structures, the open-circuit photovolt-
age and short-circuit current are as high as~30 mV and
~0.1 pA, respectively, at T = 300 K. The highest photo-
voltaic sensitivity for the n-ZnO:Al/PdPc/p-Culn;Se;
structures is ~30 V/W, which is comparable with the
data for structures formed on KDB-0.01 (p-Si:B, p =
0.01 Q cm) substrates [3].

Figure 2 shows atypical spectral dependence of the
relative photoconversion quantum efficiency n(#w) for
an n-ZnO:Al PdPc/p-CulngSe; structure in unpolarized
light at 300 K and a schematic representation of the
photodetection. It can be seen that, under the illumina-
tion of these structures from the ZnO side, photosensi-
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Fig. 1. The steady-state |-V characteristic of an
n-ZnO:Al/PdPc/p-CulngSes structure at T = 300 K: (a) the
forward portion at the semilogarithmic coordinates Inl =
f(U) and (b) the forward (1) and reverse (2) portions in the
double logarithmic scale. A positive bias is applied to the
p-CulngSes substrate.

tivity is observed in a wide spectral range: 1.1-3.4 eV.
The long-wavelength increase in the photosensitivity at
photon energies of >1 eV is linear a the (N - Aw)>-hw
coordinates (Fig. 3) and the extrapolation (1 - Aw)?> — 0
yields the value of the cutoff energy ~1.12 eV. Accord-
ing to the theory of interband optical absorption in
semiconductors [10], the validity of the quadratic law
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Fig. 2. The spectrum of the relative photoconversion quan-
tum efficiency of an n-ZnO:Al/PdPc/p-CulngSey structure
at T =300 K. Illumination is by unpolarized light from the
n-ZnO:Al film. The inset shows a schematic representation
of the photodetection.

indicates that the interband transitions in Culn;Se; are

direct and the band gap Ej" = 1.12 eV a T = 300 K.
The long-wavelength photosensitivity limit for the
obtained structures is observed at Aw > 3.2 €V. This
value is close to the band gap width of ZnO [11]; there-
fore, the long-wavelength limit can be related to an
increasein thelight absorption in thewide-gap component
of the structures. A distinctive feature of the photosensitiv-
ity gspectra n(fiw) of the n-ZnO:Al/PdPc/p-Culn,Ses
structures is the presence of three bands in the high-
photosensitivity range from 1.0 to 3.4 eV (Fig. 2).
These bands manifest themselves as three pronounced

peaks: arather narrow long-wavelength pesk at 10, =
1.13 eV with the full width at haf-maximum &, =

0.1eV, awide intermediate pesk at 7w, in the range
from1.85t02.25¢eV (8, =0.65€V), and the shortest wave-

length pesk at Aw; - = 3 eV (8; = 0.58 eV). The photo-
sengtivity spectra of the n-ZnO:Al/PdPc/p-Culn;Se;
structures also show characteristic dips with the mini-

mum energies A" in the range 1.3-1.6 eV and
min

hw, =265 eV. The occurrence of these features can

be related to the discreteness of the optical absorption
spectra of phthalocyanines [5], which leads to the dif-
ference between the n(Aw) spectra of structures fabri-
cated on the basis of organic semiconductors and the
spectra of conventional heterojunctions between inor-
ganic semiconductors, with a pronounced window
effect in the interval between the band gap widths of
the semiconductors in contact [10, 12]. The presence
of the bands in the photosensitivity spectra of the
n-ZnO:Al/PdPc/p-Culn;Se; structures can be used in

BODNAR’ et al.
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Fig. 3. The dependence of (n - #w)? on f(fiw) for an
n-ZnO:Al/PdPc/p-CulngSes structure.

the development of multiband photodetectors, which
would then be photosensitive only in certain ranges of
broadband background radiation.

Thus, due to the use of organic semiconductors (with
the example of palladium phthalocyanine) and ternary
semiconductor compounds (Culn;Ses), we obtained the
first photosensitive n-ZnO:Al/PdPc/p-Culn;Se; struc-
tures with multiband photosensitivity spectra in the
range 1.0-3.5 eV. These structures are suitable for
application in the development of a new generation of
light converters.

This study was supported by INTAS, grant no. 03-
6314, and the program “New Principles of Energy Con-
version in Semiconductor Structures’ of the Division of
Physical Sciences of the Russian Academy of Sciences.
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Abstract—The edge photoluminescence of single-crystal silicon (c-Si) with apeak at ~1.09 eV at room tem-
perature is observed for structures that consist of nanocrystalline silicon (nc-Si) and c-Si. The structures are
obtained by pulsed-laser deposition of an nc-Si film onto a c-Si substrate. The photoluminescence signa
increases as both the density of surface states at the nc-Si/c-Si boundary and the scattering of the edge emission
from c-Si in the nc-Si film decreases. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

One line of research directed at the development of
emitters based on silicon involves areturn to the intrin-
sic luminescence of single-crystal silicon (c-Si) [1-12].
The fabrication of silicon light-emitting diodes (LEDS)
emitting in the region of band-to-band recombination
with an energy-conversion efficiency of 1% at temper-
atures close to 295 K was reported in 2001. These
results were attributed to optimization of the emission
yield and the suppression of nonradiative recombina-
tion due to the confinement of charge carriers in the
activeregion [1, 2]. These data on el ectroluminescence
(EL) in Si-based LEDs produced a renewed interest in
the edge photoluminescence (PL) of ¢-Si [7-9]. At
room temperature, the external quantum yield of PL
was as high as 6.1% on a textured and SiO,-passivated
c-Si surface. An increase in the probability of radiative
recombination (disregarding a decrease in the surface-
recombination velocity of charge carriers) was stimu-
lated by the formation of didocation structuresintroduced
by various methods, e.g., plastic deformation, implanta-
tion of heavy ions with subsequent annealing, melting of
the surface layer by laser radiation, and so on [2]. Local
fields limiting the charge-carrier diffusion to nonradia-
tive recombination centers are related to dislocations.
Emel’yanov et al. [8] established a correlation between
the density of surface states (N) at the c-Si/SiO, inter-
face and theintensity of PL with apeak at 1.15 um. The
structures were annealed in a hydrogen atmosphere in
order to decrease the values of N and were irradiated
with y photons to increase N.

It was shown, in our previouspublications[13, 14] on
the spectraof the electronic statesin structures consisting
of nanocrystalline Si (nc-Si) and c-Si (nc-Si/c-S), that
the densities of the interface electronic states at the nc-
Si/c-Si boundary and those of the traps of nonequilib-
rium charge carriers at this boundary can be reduced by
choosing appropriate conditions for both the deposition

of the nc-Si film on the c-Si substrate and the doping of
this film with metallic impurities. It was hypothesized
that the fundamental edge PL of ¢-Si could be observed
in the structures under study. It is also worth noting that
Belyaev et al. [15] observed aband of edge ¢c-Si EL (in
addition to other bands) with a pesk at 1.05 eV
(1.28 pm) at room temperature in studies of EL in
structures with porous silicon (por-Si/c-Si) in contact
with an electrolyte. The aforementioned results pro-
vided the impetus for us to initiate a study whose aim
was to clarify the conditions needed to observe inter-
band PL in c-Si at room temperaturein nc-Si/c-Si struc-
tures formed by a deposition induced by pulsed laser
radiation.

2. EXPERIMENTAL

We used p-Si:B wafers with orientation (100) and a
resistivity of 10 Q cm as substrates. Films of nanocrys-
talline silicon (nc-Si) were formed on these substrates
using a deposition induced by pulsed laser radiation.
These films were nanocomposites that consisted of sil-
icon nanocrystals with dimensions of 1-5 nm in the
SO, matrix (1 < x < 2). The p-Si target was subjected
to radiation pulsesfrom aYAG:Nd®** laser that operated
in the Q-switched mode (a wavelength of 1.06 um,
pulse energy of 0.2 J, pulseduration of 10 ns, and pulse-
repetition frequency of 25 Hz). Type | films were
deposited onto the substrate using adirect flux of high-
energy particles from an erosion plume; the substrate
was spaced 30 mm apart from the source by the normal.
The deposition was performed in aresidua gas atmo-
sphere in a vacuum chamber with the addition of oxy-
gen at apressure of 6.5 Pa. Typell filmswere deposited
onto the substrate using a reverse flux of low-energy
particles from the erosion plume in an argon atmo-
sphere at a pressure of ~13 Pa; the substrate was posi-
tioned in the target plane. Some of the filmswere doped
with Au, In, Al, Fe, Er, and other metalsin the course of
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their formation [13, 14]. For comparison, the nc-Si
films were also deposited onto other substrates, for
example, mica. The por-Si/c-Si structures were also
formed using the selective chemical etching of c-Si.

In this paper, we use the results from our previous
studies of the structural, optical, photoluminescent, and
electronic properties of nc-Si films. These studies were
initiated in order to clarify the nature of PL in nc-S
films in the visible region of the spectrum in the pho-
ton-energy range 1.4-3.0 eV (see [13, 14] and the ref-
erences therein).

The PL spectrawere measured at room temperature
in the photon-energy range 0.9-1.3 eV. The PL was
excited by radiation from an L GN-402 argon laser with
awavelength of 514.5 nm and power of ~100 mW. We
used an MDR-23 monochromator, and the spectral
width of the dlit was ~40 A. A cooled FD-315 germa-
nium diode was used as a photodetector. The signal
from the photodetector was fed to a selective amplifier
and was recorded using synchronous detection.

3. RESULTS AND DISCUSSION

The PL of ¢-Si in the photon-energy range 0.95—
1.25 eV (the wavelength range 1.3-1 um) is caused by
radiative band-to-band transitions of charge carriers
and the annihilation of free excitons with the involve-
ment of phonons. The involvement of phononsis dem-
onstrated by the peaks in the spectral curves (these
peaksaretypically distinct at temperatures below 295 K)
and on the logarithmic scale of the PL intensity [7-9].
In addition to the PL bands in the visible region of the
spectrum at 1.4-3.2 eV, we observed a PL band with a
peak at 1.09 eV for the nc-Si/p-Si structures under
study. The measured PL spectrainthismid-IR region of
the spectrum were similar to those typically reported in
the case of the linear intensity scale for c-Si edge PL at
atemperature of 300 K [7] (seefigure). This PL signal
was only observed for some of the samples.

Edge c-Si PL with apeak at 1.09 eV was typically
observed for the structures with the type 1 films depos-
ited from a low-energy flux of particles from the ero-
sion plume. This signal exhibited a lower energy den-
sity of the surface states N at the nc-Si/c-Si interface
[13, 14]. The doping of these films with metallic impu-
rities brought about an increase in the PL-signal inten-
sity; however, we failed to ascertain what the effect of
theimpurity type on thisintensity was. The shape of the
spectrum was almost independent of the impurity type.

The edge PL of ¢-Si was not observed for the struc-
tures with the type | films deposited using a flux of
high-energy particlesfrom the erosion plume. Thissig-
nal had a high density of surface states at the nc-Si/c-Si
interface [13, 14]. The ¢c-Si PL signal was not observed
if theinitial c-Si substrates had a natural surface oxide
SiO,, which led to highly efficient nonradiative recom-
bination. Hence, it follows that, in order to observe
edge PL in ¢c-Si structures obtained using pulsed laser
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Photoluminescence spectra of the nc-Si/c-Si structureswith
nc-Si films of type II: (1) undoped film and (2-6) the films
doped with (2) In, (3) Er, (4) Fe, (5) Au, and (6) Al.

deposition, it is necessary to (i) deposit the nc-Si films
from a reverse particle flux of the erosion plume and
(it) dope the films with metallic impurities.

The c-Si edge PL can be related not only to the ¢c-Si
substrate but also to the presence of large silicon nanoc-
rystalsin the film. These large nanocrystals are present
in nc-Si (in addition to small-sized nanocrystals in
which quantum-mechanical effects exist) due to the
large spread of nanocrystal sizes. However, test experi-
ments show that the c-Si edge PL signal is not observed
for al the nc-Si films deposited on mica substrates.
This circumstance indicatesthat the PL signal isindeed
related to the c-Si substrate.

The por-Si/c-Si structures exhibited a low-intensity
edge-PL signal. This behavior is evidently caused by the
scattering of radiation at the highly developed por-Si sur-
face. It is worth noting that the type | films deposited
from adirect flux of particles exhibit a large spread of
nanocrystal sizes. The surface of these films includes
clusters with sizes that amount to hundreds of nanome-
ters, with alarge spread of heights. At the same time,
the type |1 films exhibit a much higher homogeneity, a
smaller spread of nanocrystal sizes, and a much larger
uniformity of their surface profile. The lower magni-
tude of radiation scattering in these films also givesrise
to the increased intensity of the c-Si PL signal.

4. CONCLUSION

Thus, in this study, we observed the c-Si edge pho-
toluminescence signal in structures composed of
nanocrystaline Si (nc-Si) and single-crystal Si (c-S) at
room temperature for the first time. It is shown that, if
the nc-Si film is deposited onto the ¢c-Si substrate using
pulsed laser sputtering, one can satisfy the conditions
for suppression of the nonradiative recombination at
thenc-Si/c-Si interface and reduce the | osses of the c-Si
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edge emission by choosing an appropriate deposition
mode and by doping the nc-Si filmswith metallic impu-
ritiesin the course of the film formation.
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Abstract—Photosensitive n-ZnO:Al/PdPc/p-Si structures were fabricated by vacuum sublimation of palla-
dium phthal ocyanine with subsequent magnetron sputtering of ZnO:Al films on p-Si substrates. The current
transport mechanisms and the photosensitivity of the structures obtained were investigated. It is shown that
structures based on PdPc films are promising for photosensitive devices based on contacts between organic and
inorganic semiconductors. © 2005 Pleiades Publishing, Inc.

Semiconducting properties of a wide class of syn-
thetic phthalocyanines of various metals have been
known for a long time [1]. However, only in recent
years hasthe potential of these materialsfound applica-
tion in the development of new generation optoelec-
tronic devices [2—4]. Recently, we ascertained the pos-
sibility of using a heterocontact of copper phthalocya
nine (CuPc) with an inorganic semiconductor (by the
example of Si) in broadband light converters[5]. Inthis
study, which continues this promising line of develop-
ment, we report the results of the first study of the pho-
toelectric properties of heterocontacts of Si with thin
films of another representative of organic semiconduc-
tors of this class: palladium phthal ocyanine (PdPc).

The structures were prepared by vacuum sublima-
tion of PdPcpowder. Palladium phthalocyanine films
were deposited on the polished (111) surface of KDB-
0.03 wafers (p-Si:B, p = 0.03 Q cm) kept during subli-
mation at atemperature of about 50°C. Due to the opti-
mi zation of the sublimation conditions, the filmsgrown
had uniform dark blue color when passed under the
light of an incandescent lamp. The films had a mirror-
smooth surface. The adhesion of the obtained PdPc
films to the silicon surface was sufficiently good and
stable in time. The thickness of the PdPc filmswas d =
0.5 pum and could be easily controlled by varying the
sublimation time.

After sublimation, high-resistivity transparent
n-ZnO:Al films were deposited on the postgrowth sur-
face of the PdPc films by magnetron sputtering of an
undoped ZnO target in an argon atmospherein the pres-
ence of pure aluminum. The deposited films had afree
electron concentration of n = 10%° cm= at T = 300 K.
The deposition time of n-ZnO:Al films with thick-
nesses up to ~1 um was 4 h at a temperature of the
PdPc/Si substrate of about 50°C and an argon pressure
of 0.5 Pa. The quality of the surface of the n-ZnO:Al

films grown under such conditions was similar to that
of PdPc films, which served as substrates for ZnO films
in this case. The adhesion of the ZnO films to the sur-
face of PdPc was also rather good.

Measurement of the steady-state current—voltage
(I-V) characteristics of the n-ZnO:Al/PdPc/p-Si struc-
tures obtained here clearly demonstrated the presence
of the rectification effect in them, like in the
n-ZnO:Al/CuPc/p-Si structures studied in [5]. Figure 1
shows atypical steady-state |-V characteristic of one of

IL10°° A
10+
5_
1 1 0 / 1 1
-2 1 2
U,V
_5—

Fig. 1. Steady-state |-V characterigtic of an n-ZnO:Al/PdPc/p-S
structure at T = 300 K. The forward direction corresponds
to apositive bias applied to the p-Si substrate (KDB-0.03).
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Fig. 2. Spectraof relative photoconversion quantum efficiency
for (1) n-ZnO:Al/PdPc/p-S and (2) n-ZnO:Al/CuPc/p-S
structures at T = 300 K. The structures are exposed to white
light from the side of the n-ZnO:Al layer. The spectra are
shifted along the ordinate. Arrows indicate the positions of
specific spectral features.

the structures, in which the forward direction corre-
sponds to a hegative bias on the n-ZnO:Al film. The
rectification factor K of the first n-ZnO:Al/PdPc/p-Si
structures, determined as the ratio of the forward to the
reverse current at a bias of U =2V, generaly does not
exceed ~5-8, which is much smaller than the rectifica-
tion factor of the n-ZnO:Al/CuPc/p-Si structures
obtained in a similar way [5]. This difference may be
related to the differences in the chemical structure of
molecules of phthalocyanines of different metals[1, 6].

Investigation of the 1-V characteristics showed that
at forward biases of U < 0.2V, the dark current through
the n-ZnO:Al/PdPc/p-Si structures is described by the
diode equation [7]

| = IsexpEﬁTUT—lg, (1)

where the saturation current | J10° A and the diode
factor n 03.7 at T = 300 K. Large values of n suggest
that the tunnel recombination mechanism of current
transport manifests itself in the structures obtained
here, asin the n-ZnO:Al/CuPc/p-Si structures based on
CuPcfilms[5].

IL’CHUK et al.

Figure 1 shows that in the forward-bias region at
U > 1V thedark current linearly depends on U:

_U-y,
= @

where the cutoff voltage U, [10.7-0.8 V and the resid-
ual resistance R, 12 x 10° Q.

With increasing voltage in the range U = 0.1-2.5V,
the reverse current through the n-ZnO:Al/PdPc/p-Si
structures under consideration follows a power depen-
dence: | O U™ The exponent mincreases with increas-
ingU:m=08aU<05Vandm=2324aU>
1.5V. Taking into account the results of [8, 9], we can
suggest that at voltages U < 0.5V thereverse current is
determined by the tunneling of carriersor thelimitation
by the space charge in the velocity saturation mode,
whereas the increase in the exponent m to 2.3-2.4
requires taking into consideration the continuous expo-
nential energy distribution of traps [9]. The forward
current in structuresat U > 0.3V is also described by a
power dependence with values of m= 1.5 in the range
U =0.2-25V, whereasin therange U = 2.5-10V, the
exponent increasesto 2.8. Hence, with dueregard to the
data of [8, 9], the observed power dependence | O U™
and the values of the exponent mindicate that the for-
ward current at U < 2.5V islimited by the space charge
in the mobility mode and theincreaseinmat U > 2.5V
may indicate the dominant effect of continuous energy
distribution of traps.

[llumination of the n-ZnO:Al/PdPc/p-Si structures
is accompanied by the generation of a photovoltage,
whose sigh (minus on the n-ZnO:Al layer) is indepen-
dent of the light intensity, the photon energy, and the
location of the excitation probe (~0.4 mm in diameter)
on the surface of the structures studied. A negative bias
on the n-ZnO:Al layer corresponds to the forward cur-
rent direction through the structures. The highest pho-

tovoltaic sensitivity for the best structures was S =

2V/W. Figure 2 shows atypical spectrum of the rel-
ative photoconversion quantum efficiency n for one
of the n-ZnO:Al/PdPc/p-Si structures obtained in
this study (curve 1) in comparison with an
n-ZnO:Al/CuPc/p-Si structure (curve 2).

The main features of the n spectra of the structures
based on films of two different phthal ocyanines consist
in the following. Under illumination from the side of
the thin-film wide-gap ZnO:Al component (the same
for these structures), the photosensitivity spectra are
broadband. The long-wavelength increaseinn for these
structures begins at Aw = 1.1 eV and is adequately
approximated by the law characteristic of indirect inter-
band transitions [10, 11]:

nkiw = A(hw—Eg)®. ©)

Here, A' isthe proportionality factor and Eg isthe band-
gap of the semiconductor. In this case, the extrapolation
(nAw)Y? — 0 for the structures under comparison
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yieldsamost the samevalue, E;=1.1eV at T=300K,
which correspondsto crystalline Si [10, 12]. Therefore,
the long-wavelength edge of the n spectrum of the
structures based on films of phthalocyanines of differ-
ent metals (Cu and Pd) is determined by the bandgap of
their common narrow-gap component (p-Si). Ascan be
seen in Fig. 2 (curves 1 and 2), the short-wavelength
decay of the photosensitivity in the structures under
comparison aso begins at almost the same photon
energy (Aw=3.3eV), which, inturn, correspondsto the
bandgap of ZnO [12]. Therefore, there are grounds to
assign the short-wavelength edge to direct interband
trangitions in the ZnO film. Finally, the maximum pho-
tosensitivity of the structures under comparison is
implemented in the interval between the bandgap
widths of the“input window” material (ZnO) andthe Si
substrate, which, in general, is characteristic of ideal
heterojunctions[13].

It can aso be seen in Fig. 2 that the shape of the
N(fw) spectrum in the interval between the bandgap
widths of ZnO and Si is significantly different for the
structures based on Pd and Cu phthalocyanines. This
may be primarily related to the differences in the fun-
damental properties of CuPc and PdPc. The photosen-
sitivity spectrum of the structure with a PdPc film
(curve 1) containstwo pronounced bands: along-wave-
length band with maximum photosensitivity in the
range A, = 1.8-2.2 eV and a short-wavel ength band with
high photosensitivity in the range A, = 2.88-3.35 eV,
which a separated by a pronounced minimum at zw =
2.6 eV. The n spectrum of the structure with a CuPc
film (curve 2) contains only one absolute maximum
hw, = 2.6 eV. Most likely, these differences in the
n(hw) spectra can be attributed to the discreteness of
the optical absorption spectra, which istypical of such
organic semiconductors [1]. For conventional hetero-
structures based on inorganic semiconductors, the
dipsin the photosensitivity spectrain the fundamental
absorption region (far from the edge) of their wide-
gap component, similar to those found for the
n-ZnO:Al/PdPc/p-Si structures (Fig. 2, curve 1), have
not yet been observed. This circumstance is due to the
continuous character of their fundamental absorption
spectrum.

In our opinion, then spectraof photosensitive struc-
tures based on films of phthalocyanines of different
metals[1] can be characterized by the full width at half
maximum (FWHM) of n bands. In this case, we have
0, = 0.64 eV for the long-wavelength band and &, =
0.9 eV for the short-wavel ength band in the n spectrum
of the n-ZnO:Al/PdPc/p-Si structures (Fig. 2, curve 1).
Obvioudly, control of the PdPc film thickness would
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make it possible to control the shape of the n spectrum
of such structures. Ascan beseeninFig. 2 (curve 2), in
going to the n-ZnO:Al/CuPc/p-Si structures, the
FWHM of the photosensitivity band significantly
increases: & = 1.63 eV. The reason for this effect is that
the discreteness of the absorption spectrum of CuPc
manifestsitself in the absorption spectrum on the struc-
tures based on CuPc films, whereas the photosensitivity
peak at Aw™ = 2.6 eV may be due to the presence of an
optical transparency band in the transmission spectrum
of CuPc.

Thus, we obtained for the first time photosensitive
structures n-ZnO:Al/PdPc/p-Si, which can find appli-
cation in the development of photoelectron devices
with a controlled profile of maximum photosensitivity.
It isalso obviousthat the use of phthal ocyanines of var-
ious metals opens new opportunities for controlling the
parameters of light converters.
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Abstract—Effects of spatial nonuniformity for the probability flux density j,(x, 2) (or for the density of the
guantum-mechanical current g,(X, z), where e isthe elementary charge) are studied. These effects arise in two-
dimensiona semiconductor nanostructures that consist of thin rectangular and wide parabolic quantum wells
that are consecutively arranged in the direction of the electron-wave propagation (the x axis) and are oriented
along the dimensional -quantization axis z. A nonuniform distribution of j,(x, Z) arises as aresult of interference
of electron waves that propagate simultaneously in a wide quantum well over different quantum-dimensional
subbands. Particular attention is paid to the effects of the spatial reproduction of electron waves in the nano-
structures under consideration. It isshown that the transverse distribution j, (0, Z) existing at the entry to thewide
quantum well is reproduced to a certain accuracy at a distance of X; from the entry. In addition, the initial dis-
tribution (0, 2) is reproduced periodicaly in the sections X, = X, (coefficients g are integers). The results of
numerical calculations of magnitudes of these effects in the structures that are symmetric with respect to the
z axis are reported; a modification of the effects under consideration in asymmetric nanostructures is consid-

ered. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

At present, advances in nanotechnology have made
it possible to fabricate semiconductor nanostructuresin
which linear dimensions of one-dimensional (1D) or
two-dimensional (2D) conducting channels in the
direction of the electron-wave propagation are smaller
than the mean free path of an electron. In such a chan-
nel, particles move ballistically, which makes it possi-
bleto study the effects of ballistic transport inthe afore-
mentioned structures; in particular, various electron-
interference effects can be studied. The theoretical
foundations of these effects, as well as an analysis of
the most important experimental datain thisfield, were
reported in anumber of monographs|[1-3]. At the same
time, the majority of theoretical results in this field
were represented by original publications in which the
effects under consideration were studied for various
types of nanostructures. In particular, agreat number of
theoretical publications are concerned with studies of
the ballistic transport of electrons in the 1D and 2D
nanostructures whose common specific feature is the
presence (in quantum-mechanical channels) of regions
with adrastic (nonadiabatic) change in either the chan-
nel configuration or the potential profilein the channel.
Scattering of electron waves within these regions of
inhomogeneity results in mixing of electron modes in
the channel and appearance of electron-interference
effects. The quantum-mechanical transport in the struc-
tures under consideration was studied theoreticaly in
the 1D channels with rectangular [4] and parabolic [5]

profiles that connect the 2D electron reservoirs, and
also in quantum-mechanical point contacts of various
types connecting the aforementioned reservoirs [6], in
tee-shaped channels [7, 8], channels with sharp kinks
and channels with curved shape [9-11], channels with
a d-shaped scattering center inside [12], crossed chan-
nels[13], separate geometrically inhomogeneous chan-
nels with portions of different width [14-17], and in
geometrically homogeneous 1D and 2D nanostructures
with portionswith asharp variation in the potential pro-
filethat is controlled by the transverse constant electric
field [18]. The role of damped modes in quantum-
mechanical point contacts was considered previously
[12, 19, 20].

Scattering within aregion with asharp inhomogene-
ity of the electron wave propagating over a single (for
example, the lowest) dimensional subband givesriseto
reflected and transmitted waves with both the real
(undamped waves) and imaginary (damped waves)
guasi-momentain other subbands. It isimportant that a
specific wave function of transverse quantization corre-
sponds to each subband. It can be shown that, in the
case of the scattering under consideration, the compo-
nent of quantum-mechanical current density in the
direction of the wave propagation (for example, €,
where eistheelementary chargeand j, isthe probability-
flux density) exhibits the coordinate dependence on the
longitudinal coordinate x and on a single (in 2D struc-
tures) or two (in 1D structures) transverse coordinates;
the above component is obtained as a result of summa-
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tion over al dimensional subbands. We are reminded
that j, is independent of coordinates for a free particle
[21]. In theoretical publications concerned with the
effects of balistic transport of electronsin the channels
with sharp inhomogeneities, the dependences of the
guantum-mechanical coefficient T of transmission
through the structure on the energy of propagating par-
ticle, the configuration and parameters of the structure,
and external fields have been studied as a rule. The
structure’s conductance G [22] and its temperature
dependence are calculated when needed. It is worth
noting that, in order to determine the above quantities,
it is necessary to calculate the total current of particles
in the quantum-mechanical channel, which can be
accomplished by integrating the coordinate-dependent
density of the quantum-mechanical current over the
channel cross section. We show in what follows that the
spatially inhomogeneous effects for the density of the
guantum-mechanical current disappear as a result of
the above-described procedure.

The main objective of this study wasto theoretically
analyze the effects of spatial inhomogeneity for the
probability-flux density j, (or the density of the quan-
tum-mechanical current g,). These effects arise in 2D
semiconductor nanostructures that consist of two quan-
tum wells (QWSs) arranged sequentially in the direction
of the electron-wave propagation (the x axis); the first
QW is narrow and rectangular, and the second QW is
wide and parabolic along the z axis (the latter corre-
sponds to the axis of dimensional quantization). We
will show that a nonuniform distribution j,(x, 2) arises
owing to the interference of electron waves that propa-
gate in awide QW aong several quantum-mechanical
channels simultaneously. It will be shown that the
transversedistribution j,(0, 2) existing at the entry to the
wide QW is reproduced to within a certain accuracy at
adistance X, from the entry and is reproduced periodi-
cally in the sections X, = gX; (the values of g are inte-
gers). We will also show that the multiplication effects
that are clearly pronounced in the structures with rect-
angular QWs of various widths are much less pro-
nounced in the QWs with a parabolic profile. We will
report the results of numerical evaluation of the effects
under consideration in symmetric structures and the
modification of these effects in nanostructures asym-
metric with respect to the z axis. In particular, we will
show that an inverse and nonmonotonic dependence of
the probability that a particle is found in a quantum-
dimensional subband in the wide QW on the subband
number is possible in asymmetric structures.

It is worth noting that the effect of spatial reproduc-
tion was predicted earlier and was partialy confirmed
experimentally for electromagnetic wavesin waveguides
[23]. In this study, we use an analysis of simple phase
relations between electromagnetic waves propagating
in a waveguide with different phase velocities to show
that, for waveguides of a specific type (in particular, for a
planar or a rectangular waveguide with the thickness A),
the situation where the monochromatic wave beam that

SEMICONDUCTORS  Vol. 39

No. 4 2005

413

has a characteristic size a < A (for example, a beam
coming from the narrow waveguide) and isincident on
the waveguide entry reproduces to within a certain
accuracy the structure of the electromagnetic field at
the waveguide entry at some distance from the entry.
The physical cause of this effect is the fulfillment of
certain phase relations between the waves that include
various eigenmodes and propagate along the
waveguide. However, it is evident that complete gener-
alization of the results obtained for electromagnetic
waves in waveguides to electron waves in semiconduc-
tor nanostructures is incorrect to a great extent. The
causes of possible distinctions are related to the pres-
ence of charge and mass at an electron, limitations
existing in practice that are imposed on the geometrical
parameters of nanostructures asaresult of the necessity
for simultaneous fulfillment of the conditions for
dimensional quantization and ballistic transport of
charge carriers in the nanostructure, the temperature
limitationsin electron-transport problems, specific fea
tures of the charge-carrier scattering in solids, and so
on. Thus, a comprehensive study is necessary of the
possibility of nanostructures existing in electronic ana
logues to the waveguide effects that are observed for
€l ectromagnetic waves.

The possibility of existence of areproduction effect
for the electron wave in the potential channel was dis-
cussed briefly in [24]. It was shown previoudly that the
effects of reproduction and multiplication for the den-
sity flux of probability j, (or €,) can exist in semicon-
ductor nanostructures [25]. In continuation and devel-
opment of the study reported in [25], we performed a
detailed numerical analysis of the above effects for 2D
semiconductor nanostructures formed of the sequence
of aharrow rectangular QW and a wide parabolic QW
with specific geometric parameters based on the GaAs-
GaAlAs system. Asfar aswe know, no such analysis of
the effects of the spatia distribution of g, and possible
accompanying effectsin the 1D and 2D semiconductor
nanostructures has been carried out previously.

2. MODEL AND CALCULATION METHOD

We describe first the model and the calculation
method. Let us consider a symmetric (Fig. 1a) (or
asymmetric, Fig. 1b) 2D nanostructure composed of
two QWs arranged sequentially along the x axis; QW,
with the potential U,(2) (region 1, x < 0) and QW, with
the potential U,(2) (region 2, x > 0); these QWslocalize
aparticlein reference to the z axis that is normal to the
QW planes. We also assume that the motion along the
y axisis separate and free and that the potential energy
within each of the regions is independent of x and
changes abruptly at the point of the QW’sjoint (x = 0).
The particles effective masses m* are assumed to be
isotropic and the samein both regions. The Schrodinger
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(b)

Fig. 1. Schematic representation of (a) symmetric and
(b) asymmetric 2D nanostructures based on the sequence of
a narrow rectangular (QW;) and a wide parabolic (QW,)

quantum wells; the panel (c) showsthe energy-band scheme

of these nanostructures. The designations E(ll) and E(zl)
represent the bottoms of the first and second quantum-

dimensiona subbands in QWy; E(lz), E(ZZ) Eﬁz), and
Egzz 4 correspond to the bottoms of the subbandsin QWo;

Esnl) (k;() and EE]Z) (ky) represent the dispersion relations of
electronsin the QW, and QW,, respectively; E. isthe posi-
tion of the bottom of the conduction band in the bulk semi-
conductor; and E, isthe energy of an injected electron with

the wave vector k7, inthe QW;.

equationsthat describe the motion of particlesalong the
z axis can be then written as

2 H2y.
_d jlzﬁz)wl(z)xj(z) - Ex@. @

2m*
2 d2
D 00,0 = B0 @

Here, E; and E, are the eigenvalues and x;(2) and ¢,(2)
are the eigenfunctions of Egs. (1) and (2) in regions 1
and 2, respectively. The total energy of a particle E =

E.y* E,, Where E, = £2 kf, /2m* isthe energy that corre-
sponds to the free motion along the y axis. Let us now
consider the situation where, from left to right (from

region 1 to region 2) a monochromatic electron wave
with the unit amplitude propagates over the quantum-

PETROV, NIKITIN

mechanical subband min region 1. We assume that the
QWs localizing the particle along the z axis have infi-
nitely high potential barriers; i.e., the energy spectrafor
both QWs are completely discrete along this direction.
The particle’s wave functions ¢(x, 2) and @d(x, 2) in
regions 1 and 2 can be then represented as

0% 2) = Xm(2) exp(ikipX)

L (©)
+ Z BX;(2) exp(-ik;x),
j

99(x2) = 5 Cidu(@exp(ikX). (4)

Here, B; and C, are constant coefficients defining the
amplitudes of the waves that are reflected in region 1
over the subbands E; and passed to region 2 through the

subbands E,; and k; and k, are the wave numbers that
correspond to the motion of the particle along the x axis
in these regions: ki = [2m*(E — E — E,)]Y%4 and k, =
[2m*(E — E, — E,)]Y?/#. The reflection and transforma-
tion of electron waves in such structure occurs at the
potential step Uy = EY — E? , where E{" and E® are
the bottoms of the low quantum-dimensional subbands
inthe QW, and QW,, respectively. It isnoteworthy that,
if E—E, > E; (and E,)), the quantities k; and k,, are real
so that the corresponding waves are propagating; in
contrast, if the inequality is opposite, the quantities k;

and k, areimaginary and the waves are damped with the
characteristic attenuation lengths|; = |k; [ and |, = |k,[™
For the structures under consideration with an abrupt
transition between the first and second regions, the
coefficients B; and C, are determined from the follow-
ing system of equations that is based on the boundary

conditions for the wave functions and their derivatives
at the point x = 0:
¢ (x=02) = ¢?x=0,2),
0,07(x=0,2) = 0,6%(x=0, 2), (5)

Xm(z) + Z Bij(Z) = Z qu)n(Z),
j n
Kikn(@ =3 KiBX(@) = $ k(2. (6)
j n

Multiplying from the left Eq. (5) by ¢7 (2) and Eq. (6)
by X} (2) and integrating the obtained expressions with
respect to z, we derive the following system of linear

SEMICONDUCTORS  Vol. 39

No. 4 2005



EFFECTS OF SPATIAL REPRODUCTION AS A RESULT OF THE INTERFERENCE

algebraic equations for determining the coefficients B;
and C,;:

tom* sztp,J =G, ()
j

KiBom—KpBy = 3 kiCaf p )

Here, t, = [0} (DXn(@dz and f, , = I X (99n(2)dz
are the nonorthogonality coefficients for the eigenfunc-
tionsinregions1and2; itisnoteworthy that f, ., = t7, ;.
For structures that are symmetric along the z axis, in
which case the potentials U;(2) and U,(2) localizing a
particle within regions 1 and 2 satisfy the conditions
U,(2) = Uy(—2) and Ux(2) = U,(—2) (the point z= 0 is
located on the symmetry axis of the structure), the
eigenfunctions x;(2) and ¢,(2) inregions 1 and 2 can be
classified according to the parity of these functions. In
this case, the nonorthogonality coefficients are equal to
zero for the functions with differing parities. It is note-
worthy that system of Egs. (7) and (8) is then separated
into two independent subsystems:. a subsystem of inho-
mogeneous linear equations containing only the coeffi-
cients B; and C,, with the indices of the same parity as
the number of subband (m) over which the wave prop-
agates from region 1 to region 2 and a subsystem of
homogeneous linear equations for the coefficients B
and C,, with the indices that are opposite in parity to the
parity of m. Itiseasy to show that the determinant of the
second subsystem is always nonzero, which ensures
that all the coefficients B; and C,, with indices j and n
that have the parity opposite to the parity of mare equal
to zero.

In what follows, we will be interested in the coordi-
nate dependence of the probability-density flux j.(X, 2)
along the x axisin region 2 (or in the component of the
quantum-mechanical current density along the x axis);
asiswell known [21],

(6 2) = 5107 (x 20,16, 2)]* o

~162(x, 2]* 0,62 (%, 2)}.

Substituting the particle’'swave function in region 2 (4)
into (9), we obtain

hx2) = 5 Y GCEN@O D

x (Ko + ki) expli(k, —ki)X].

For further analysis, it is convenient to divide (10) into
the sum of threetermsj, =j,; + jxo * jx3, Where the sums
over various combinations of the real and imaginary
wave vectors k are separated. In the model of a QW
withinfinitely high potential barriers, afinite number N
of lower subbands with real values of k exist in region 2
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at agiven energy E of an incident electron, whereas all
the upper subbands have imaginary wave vectors. Let
us separate the first term j,, in (10) taking into account
the summation only over the N lower subbands with
real values of k in this term and assuming that both C,
and ¢,(2) are complex quantities; as aresult, we obtain

N
. _ h 2 2 h
Jxl(x’ Z) - EZJCn' |¢n(z)| kn+2m*
n=

. CED
x Y CiCrOnD)07 (2 (ke + k) eXpLiky—k)X] .

nt=1;,n#t

If we restrict ourselves only to the equations with real
values of k in the system of Egs. (7) and (8) for deter-
mining the coefficients C,,, then al C, are found to be
real. If we include the subbands with imaginary wave
vectors k into calculation, the coefficients C,, become
complex. In the further analysis of other termsin (10),
we take into account that the quantities ¢,(2) arerea in
the problem under consideration. We represent the
purely imaginary wave vectorsk ask = ilm(k;) and the
complex coefficients C; as C; = Cj; +iCjp, where Cj; =
Re(C)) and Cj,=Im(C)). Here, Re(C)) isthereal part of
G;, while Im(C; and Im(kj) are the imaginary parts of C;
and k;, respectively. As aresult, the expression for j,, in
which the summation is performed over the indices that
correspond to the real and imaginary wave vectors k
(the cross terms) can be written as

o2 = LSS 0,207 )
X {[(Cn1Cyy + CoCyo)k,
+(C1Cpo — C,Cyp) IM(K,) ] cos(k;x) (12)
+[(C1Ciy + CroCo) Im(k,) — (C,,, Cpp — C,Ciy )k
x sin(k.x) exp[-Im(k,)X] } .

Theexpressionfor j,; in which the summationiscarried
out over the indices that correspond only to imaginary
wave vectors k; is represented as

hax2 =Ly

nt=N+1;nzt
x [Im(k,) —Im(ky)]
* (C1Cra — CroCry) exp{—{Im(ky) + Im(k))] % .

In expression (13), there are no terms with n =t since
these terms are equal to zero. It follows from (11)—13)
that the coordinate dependence on x in the expression
for j, isinherent to all terms that contain the products
0,(29(2) of the functions with n # t; this inference
refersto the second termin (11) and to the sumsin (12)
and (13). We call attention to the radicaly different

¢n(2)9:(2)
(13)
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behavior of j,,, which contains the termswith real wave
vectors k and of the componentsj,, and j,5 that contain
the terms with imaginary values of k as x increases. As
follows from (11)—<(13), the current densities j,, and j,5
are damped out exponentialy as x — oo, wheress j,;
oscillatesin thisrange of variation in x. It is noteworthy
that the total probability-flux density along the x axis

J.= [« (X, 2)dz (and, consequently, the total quantum-
mechanical current) does not exhibit a coordinate
dependence on x owing to orthonormality of the func-
tions {$,(2)}; therefore, only the terms with n =t
remainin (10). It isimportant that the terms correspond-
ing to the subbands with E, ; > E and imaginary k,, . are
equal to zero, so that J, is defined by the expression

e
J, = WZ'C”F"“' (14)
n

In (14), summation is performed only over the sub-
bandswith E,, < E, i.e., over all subbandsthat belong to
region 2 and feature the real wave vectorsk,; unattenu-
ated propagation of electron waves occurs over these
subbands. It is worth noting that the conductance G of
the structure is aso independent of x. It follows from
expressions (11)—13) that the coordinate dependence
Jx(X, 2) arises owing to the interference termswith n # t
in expression (10). It is evident that the presence of at
least two subbands with unattenuated propagation of
electron waves in region 2 is necessary for the appear-
ance of the above coordinate dependence. Thus, expres-
sion (10), in combination with both the eigenfunctions
Xi(2) and ¢,(2) obtained from solution of Egs. (1) and
(2) and the coefficients B; and C,, obtained by solving
the system of Egs. (7) and (8), yieldsthe compl ete solu-
tion of the problem on the distribution of the probabil-
ity-flux density j,(X, 2) (or the quantum-mechanical cur-
rent density) in region 2.

Let us study in more detail the coordinate depen-
dence j (X, 2) (see (11)), which does not contain the
damped terms with imaginary wave vectorsk. It is eas-
ily seenthat, if al differencesk,—k; in the index of the
exponential function in the second term of sum (11) can
be represented simultaneoudly for all nandt as

(kn—ki) = Pnd, (15)

where p,, is an integer, then we obtain j,(X;, 2) =
jxa(X =0, 2) for the cross section at X; = 217|A|. In this
ideal case, the transverse profile j,,(x = 0, 2) along the
zaxis (this profile exists at the entry to region 2, at the
point x = 0) is reproduced accurately in the sections
Xo=pXy(p=1,2,...). Itisevident that this condition
is not satisfied to a full extent in the general case as a
result of the root dependences of k, and k, on E,, and E..
However, this situation can be realized approximately
in the case where the kinetic energy of a particle in
region 2 along the x axis is much higher than the ener-
gies of the bottoms of the quantum-dimensional sub-
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bands over which the unattenuated propagation of elec-
tron waves in this region takes place (i.e., we have the
condition E, > E, ;). Indeed, expanding k, ; in seriesin
asmall parameter E, /E, < 1 and restricting ourselves
to the second term in the expansion, we abtain

(ko — k) = (M*12E,) *(E, —E,) /1. (16)

In this case, the effects of reproduction for j,; can be
observed (in the aforementioned approximations) in a
number of nanostructures of a certain typeif the differ-
ences E, — E,, are proportional to integers, i.e., if k, —k;
can be represented in the form given by (15).

All the 2D nanostructures of the above-mentioned
type exhibit a common special feature. They consist of
two QWsthat are arranged sequentially along thex axis
and have appreciably different effective width. In what
follows, we consider a situation where a monochro-
matic el ectron wave propagates from the thin rectangu-
lar QW (region 1) to the wide parabolic QW, (region 2);
we assume that, for this wave, E, = 0, so that the total
kinetic energy of the particle E = E,. The interference
effectswe areinterested in take place in the wide QW.,.
In this paper, we consider two nanostructures based on
the sequence of these QWs: symmetric (Fig. 1a) and
asymmetric (Fig. 1b) nanostructures. In Fig. 1c, we
show the energy diagrams of these structures.

At present, parabolic QWSsin 2D nanostructures are
obtained experimentally; various physical effects are
studied in these QWs. In the approximation of infinitely
high potential walls, the eigenfunctions of a particle in
a parabolic QW coincide with the harmonic-oscillator
functions; in addition, the part of the particle's electron
spectrum quantized along the z axis with the potential
Us(2) = m*wez3/2 in Eq. 2 is represented as E, =
huy(n+ 1/2), wheren=0, 1, 2, ... . Thefrequency wy, =
(K/m¥)Y2 is controlled by the curvature of the parabolaK;
this curvature depends on the parameters of the nano-
structure. Inthis case, the difference E, — E, = ityy(t —n)
in expression (16), wheret —n isaways an integer; the
profile of the initia distribution j,,(0, 2) at the entry to

the parabolic QW is reproduced in this QW on the
x axis at the points X, = pX,, where X, is given by

X, = (4100)[(E-E,)/2m*] "2, (17)

For a nanostructure that is symmetric with respect to
the z axis in which case the eigenfunctionsin regions 1
and 2 can classified according to the parity, only the
coefficients C, , are nonzero in Egs. (7) and (8) at odd-
valued t and n if a particle exits from the QW, and is
incident on the subbands with odd-valued m (the even
solutions). For even-valued m (the odd-valued solu-
tions), only the coefficients C,  with the odd-valued n
and t are nonzero. Therefore, in the symmetric struc-
ture, the synphase sections are found twofold as often
asin an asymmetric structure; i.e.,

Xy = (210y)[(E-E,)/2m*] "2, (18)
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Thus, in the context of the approximationsthat we used,
the distribution of the undamped component of the
probability-flux density j,,(0, 2) (or the density of the
guantum-mechanical current) at the entry to the para-
bolic QW, is reproduced in synphase sections at the
points pX;. If the damped termsj,, (12) and j,; (13) are
disregarded, the total flux density j, = j,; and the initial
distribution j,(O, 2) is further reproduced in the same
sections.

3. RESULTS AND DISCUSSION

In this section, we report the results of numerical
calculation of the effects of spatial reproduction for
Jx(X, 2) in a2D nanostructure with specified parameters.
We considered the problem on the scattering of amono-
chromatic electron wave that propagated from a narrow
rectangular QW (the thickness a = 50 A) over the
lower quantum-dimensional subband (m = 1) at the
abrupt transition from the narrow QW,; to the wide
QW, with parabolic profile for two 2D nanostructures
with GaAs parameters (m* = 0.067my,, where m, isthe
free-electron mass); one of these nanostructuresissym-
metric with respect to the z axis (Fig. 1a) and the other
is asymmetric in which case the symmetry axis of the
narrow QW, is shifted by 34.8 nm with respect to the
symmetry axis of the wide QW.,.

The calculation was performed in a model of QWs
with infinitely high walls. In both cases, the particle’s
energy measured from the conduction-band bottom E,
in abulk semiconductor was 270 meV that corresponded

to the particle’s kinetic energy E{; = 45.5 meV for the

first subband in QW a E{; =0 (the energies of the bot-

toms of two lower subbandsin QW, E(ll) =224.5 meV

and E(Zl) = 898.0 meV). Since the motion along the
y axis is separate in the structures under consideration,

Eﬁ = 0in QW.,. Spacings between the bottoms of the
guantum-dimensional subbands in the parabolic QW,
were the same due to the equidistant structure of the
spectrum and were assumed to be equal to 21 meV in
the calculations. It is important that the kinetic energy

of aparticlein QW, was equal to E(le) =259.5 meV for

the first subband and decreased as the subband number
increased. Only a single lower subband with real wave
vectors k exists in the narrow QW; for the structures
with the above parameters in the context of the model
under consideration. In contrast, unattenuated propaga
tion of electron waves is possible over 13 subbands
with real values of k,, in QW, for the particle’'s energy
chosen. In Fig. 1c, we show the energy diagrams for the
narrow and wide QWs; these diagrams are identical for
symmetric and asymmetric nanostructures. From here on,
al necessary information is given in the figure captions.
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No. 4 2005

417

We determined the coefficients B; and C, for the
symmetric and asymmetric nanostructures by solving
the system of Egs. (7) and (8), which involves asingle
subband with real quasi-momenta k'Xj and 20 subbands
with imaginary gquasi-momenta in the QW, and aso
13 subbands with theredl k., (indexing of the subbandsin
the parabolic QW darts with n = 0) and 8 subbands with
imaginary K., in the QW,. We restricted ourselves to the
above number of equations in the system of Egs. (7) and
(8) since afurther increasein the number of equations did
not eventually affect the values of the coefficients.

Using this approach, we calculated the spatial distri-
bution of the probability-flux density j,(x, 2) in the par-
abolic QW, in the approximation of the expanded and
real values of k, for both structures. In Fig. 2, we show
the spatia distributions of normalized probability-flux
density j,(X, 2)/jx(0, 0) in the wide QW, in the plane x—z
for a symmetric 2D nanostructure. One can see the
effect of reproduction in the section at x = X; in the
above-described approximations (Fig. 2a); a modifica-
tion of this effect in an asymmetric structure is aso
illustrated (Fig. 2b). In Fig. 2c, we show the depen-
dences of the reflection coefficients R;(E) on the energy
of aparticlethat isincident on, and reflected within, the
lowest quantum-confinement level in the narrow QW;
for the symmetric and asymmetric structures in the
energy range E”’ < E < ESY. The energy in Fig. 2cis
measured from the bottom of the conduction band E; in
the bulk semiconductor. The calculation shows that the
reflection coefficients for the symmetric and asymmet-
ric structures are small (R,(E) < 0.1) in the range of the
particle's kinetic energies we are interested in. This
basically makes it possible to disregard the terms that
contain the reflection coefficients in Egs. (7) and (8),
simplify appreciably the calculations, and find never-
theless the main specific features of the coordinate
dependencej,(X, Z). We also studied the dependences of
the probabilities |C,]? of finding the particle in the nth
subband in the wide QW, on the subband number for
the symmetric and asymmetric nanostructures. The
dependences of the normalized probabilities |C,J%/|C,?
(for the symmetric nanostructure) and |C,J%/|Cy3)* (for
an asymmetric structure) on the subband number n in
the parabolic QW, are different for these cases (see
Fig. 2d). In the symmetric structure, the nonzero coef-
ficients |C,]> decrease monotonically as the subband
number increases, which is caused by a decrease (with
the subband number increasing) in the nonzero inte-
grals of overlap of the particle’'s z-dependent transverse
wave function in the lower subband of the narrow QW,
with the eigenfunctions of subbands in the wide QW.,.
It isworth recalling that the coefficients C, are equal to
zero if the subbands in the wide QW, have a parity that
differsfrom the parity of the first subband in the narrow
QW; (the even-valued transverse wave function) and if



418

j2(6:2), 0,0
1.0

0.8
0.6
0.4
0.2

()

I
o0
T

—— Symmetric structure

Y T Asymmetric structure

1 1 1
240 260 280 300 320 340 360 380 40
E, meV

PETROV, NIKITIN

Jx(x, 2, j,(0, 0)
1.OF
0.8
0.6
0.4
0.2

(b)

o Qo
AN o©
S —

: (d)
o Symmetric structure

IC.PAC P

e o
[SRENN

O =
o O
T T

0 Asymmetric structure

IC.PAC 3P

Fig. 2. Spatial distribution of the normalized probability-flux density j,(X, 2)/j(0, 0) in the parabolic QW for asymmetric 2D nano-
structure with GaAs parameters; the effect of reproduction in the section at x = X; in this nanostructure can be seen in (a), and a

modification of this effect in an asymmetric 2D nanostructureisillustrated in (b). Panel (c) represents the dependences of the reflec-
tion coefficient on the energy R;(E) of the particle that isincident on and reflected from the lower quantum-dimensional level in the

QW for the symmetric and asymmetric structures in the energy range E(ll) <E< E(Zl) . The panel (d) shows the dependences of

the ratios |C|%/|C4J? for the symmetric and |C,,[%/|C3l? for the asymmetric 2D nanostructures on the subband number n in the para-
bolic QW,. The quantities |Cn|2 control the occupancies of subbands in the QW,. The quantity a = 50 A refers to the QWy; the
spacing between the bottoms of the subbands in the parabolic QW fiuyy = 21 meV.

we assume that the el ectron wave propagates from QW,
to QW, in the symmetric structure. However, the situa-
tion is opposite for an asymmetric structure: inverse
behavior of probabilities of finding a particlein the nth
subband of the wide QW, is observed; i.e., an increase
in |C,]?is observed as the subband number increases. In
an asymmetric structure, this effect is caused by adras-
tic decreasein theintegrals of overlap of the wave func-
tion of the lower subband in the QW; with the eigen-
functions of the lower subbands in the QW..

We dso constructed the two-dimensiona topo-
grams of the dependencesj,(x, 2)/j,(0, 0) = const in the
plane x—zfor anumber of sectionsintherange (0-1) for
the nanostructures under consideration. In Fig. 3a, we
show the topogram calculated in the approximation of
the expanded and real k, for ananostructurethat issym-
metric with respect to the z axis; the effects of reproduc-
tion for electron waves in various sections can be seen.
InFig. 3b, we show the topogram for an asymmetric 2D
structure in the same approximations; this topogram
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indicates that the above effects are modified apprecia-
bly. Ascan be seen from Figs. 2b and 3b, theinitial pro-
file (0, 2) in an asymmetric structure is reproduced in
the synphase sections X, that twice exceed those in the
symmetric structure; this behavior is consistent with
formula(17). In addition to this effect, additional peaks
of j,(x, 2) arisein the asymmetric structure; these peaks
have the same amplitude asthat at the entry to the wide
QW, but are located in the sections X, asymmetrically
with respect to the entry point of the electron wave.

Evidently, the effects of spatia nonuniformity of
Jx(X, 2) under consideration are the result of the interfer-
ence of electron wavesin thewide QW, and arerelated
to the well-known classical effect, i.e., the electron-
wave interference at two (or several) ditsthat are sepa-
rated in the coordinate space [26]. Recently, the elec-
tron-interference effects were studied experimentally in
a solid-state analogue of a system with two dlits (asys-
tem with a double-path interferometer); this analogue
wasredlized in asystem with a2D electron gasthat was
composed of high-mohility electrons[27]. In the struc-
tures considered here, the role of the above dits is
played by the quantum-dimensiona subbands in the
wide QW, that are separated in the energy space. As a
result, thetransverse distribution j,(X, 2) that isnonuniform
aong the z axis and is caused by interference is formed
eventually in each section perpendicular to the x axis;
however, these distributions exhibit clearly pronounced
minimaand maxima only for some of the sections.

Undoubtedly, theinitial distribution of the probabil-
ity-flux density (or the quantum current density) cannot
be reproduced faithfully in the synphase sections. The
main causes of this behavior consist in the finite num-
ber of terms in sum (10) (this number is restricted by
the requirement that the wave vectors k;, , be real) and
the inaccuracy in the condition for the sections to be
synphase; this inaccuracy is related to the discarded
higher order terms in the expansion of the quasi-
momenta (16). Analysis also shows that a modification
of the spatia distribution j,(x, 2) due to the contribution
of the terms j,, (12) and j,5 (13), which are exponen-
tially damped as the coordinate x increases and include
imaginary wave vectorsk; , to the sumin (10) existsin
the wide parabolic QW, only at a distance of several
tens of angstroms from the entry to this QW. This cir-
cumstance is caused by small values of attenuation
length |, for the subbands under consideration. For
example, the attenuation length in the QW, I, = |k,[* is
equal to 64.9 A for first subband with imaginary values
of k,, (n = 13) in the structure under consideration at the
particle energy E = 270 meV; as n increases, |,
decreases and attainsthe value of 19 A at n= 20, which
corresponds to the last subband that is included in the
calculation and belongsto the parabolic QW,. Needless
to say, the value of |, is even smaller for higher sub-
bands. Thus, fulfillment of the inequality I,, < X; makes
it possible to disregard the terms j,,(x, 2) and j,5(X, 2) in
calculating j,(X, z2) and to obtain spatial distribution
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Fig. 3. Topograms of the spatial distribution (in the
x—zplane) of the normalized probability-flux density
ix(X%, 2/j(0, 0) in the parabolic QW for the (a) symmetric
and (b) asymmetric nanostructures. The symmetry axis of
the narrow QW is shifted by Az =348 A from the symmetry

axis of the structure. The values of 1.0 represent the ampli-
tudes of the peaksin relative units. The calculation was car-
ried out in the approximation of thereal and expanded wave
vectors ky. (&) The lines that have decreasingly smaller

thickness correspond to the sections at the heights of 0.8,
0.5, 0.2, and 0.1, respectively; (b) the similar lines corre-
spond to the sections at the heights of 0.8, 0.5, and 0.3.

1x(% 2) = ju(X, 2) that is eventually unattenuated as the
coordinate x is further increased.

Asiswell known, the ballistic transport of electrons
in a nanostructure is required for the formation of an
interference pattern. The processes of inelastic scatter-
ing by phonons and the electron—electron scattering
violate the phase coherence. The typical time of inelas-
tic scattering isequal to ~40 psat T ~ 1 K. In this case,
the mean electron velocity is ~2.5 x 107 cm/s and the
mean free path for inelastic scattering is ~10 um [28].
However, the situation is more severe for hot €l ectrons,
represented by particles injected into the wide QW.,.
Nevertheless, estimations show that, in the case under
consideration as well, the interference pattern can be
retained, at least at a distance corresponding to several
reproduction events. The particle’s velocity is ~1.2 x
108 cm/sif the kinetic energy of the particlein the QW,
is~260 meV, aswas chosen. In this case, thetime of the
particle's flight to the point of the first reproduction
X; ~ 115 nm in the symmetric structure is T = 9.6 x
10 s. Thisvaueissmaller by amost an order of mag-
nitude than the characteristic electrons’ energy-relax-
ation times 1, related to the scattering by longitudinal
optical (LO) phononsin GaAs, wheret, ~10%°s. Asis
well known, it is this relaxation mechanism that mainly
limits the phase coherence of hot electrons and, thus,
destroys the interference pattern.
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It is worth noting that the actual beam of particles
injected into the wide QW, is not exactly monoener-
getic. If the spread of the particles’ energiesin the beam
about the value of E, is £AE,, this, as follows from
expression (18), leads, in the first approximation, to
broadening (on the x axis) of the peaks that correspond
to the exact reproduction of the initia distribution
j«(0, 2) at the points X, this broadening amounts to
tAX, = £X,(AE,/2E,). For example, if the energy
width of the injected electron beam is 10 meV, the first
reproduction peak at x = X; in the structure under con-
sideration is broadened by 22 A. At present, there are
methods for injecting the quasi-monoenergetic electron
beamsin 2D nanostructures. For example, Rauch et al.
[29] studied ballistic transport over minibands in a
superlattice based on a GaAlAs-GaAs system by
injecting a quasi-monoenergetic beam of hot electrons
into the superlattice.

It is noteworthy that the effects under consideration
can be controlled using a constant transverse (directed
along the z axis) electric field. The field applied in the
region of the wide QW, brings about a decrease in the
effective width of this QW and also givesrise to asym-
metry along the z axis in the symmetric structure. All
these effects lead to a modification of theinitial (in the
absence of afield) spatial distribution j,(x, 2).

In this study, we assumed that the potential step U,
at the abrupt transition from the narrow QW, to the
wide QW, isequal to the difference between the energy
positions of the bottoms of the lower subbands in these

QWs: Uy = EY — E®? | It is evident that one can form
an additional built-in potential step by combining the
percentage content of Al inthe QWsinregions 1 and 2.

In this study, we considered only structures based on
a combination of a narrow rectangular quantum well
and a wide parabolic quantum well. At the same time,
itisevident that the effects considered arefairly general
and should exist in structures with QWswith other pro-
files. We studied a humber of such situations, including
modifications of the effects under consideration in 1D
nanostructures. The results of those studies will be
reported in our next publication. It is aso worth noting
that the pattern of the spatial distribution j, can be
changed in a wide range by varying the structure's
parameters (the QW effective width, the ratio between
the widths of the narrow and wide QWSs, the particle’s
energy, the degree of the structure’'s asymmetry, and the
structure’s material).
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Abstract—Measurements of the electron transport in double-barrier AIASGaASg/AlAs heterostructures grown
on (001)- and (311)-oriented substrates are carried out. The results obtained provide information on the anisot-
ropy of the electron subbandsin the GaAs quantum wells (QWSs) of these heterostructures. The in-plane disper-

sion relation E(k))

is determined using magnetotunneling spectroscopy with amagnetic field B applied parallel

to the QW layer (i.e., normally to the tunneling current). The amplitudes and bias positions of the resonance
peaks in the tunneling current are found to be sensitive both to the magnitude and orientation of the magnetic
field with respect to the crystall ographic axesin the QW plane. Insertion of an InAsmonolayer at different posi-
tionsin the GaAs QW enables the modification of electron wave functions, which is used to study the nature of
electron-subband anisotropy in this type of QW. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The exact shape of the GaAs band structure near the
I" point of the Brillouin zone is a subject that has seen
renewed interest in connection with studies of the stripe
phase of the quantum Hall effect [1]. In most of these
experimental studies, the effective mass of electrons
confined in (AlIGa)As/GaAs/(AlGa)As quantum wells
(QWSs) was measured as a function of the QW width
(see, eg., [2]). However, these experiments were not
sensitive to mass anisotropy. Nevertheless, anisotropy
of the electron subbands in the plane of the QW can
lead to anisotropy in the electrical properties. In recent
studies [3-6], the in-plane electron-energy dispersion
E(k) was probed by a magnetotunneling spectroscopy
technique with amagnetic field B applied parallel to the
QW layer (i.e., normally to the tunneling current). The
sampl es investigated were resonance-tunneling double-
barrier AIAYGaAgAIAs heterostructures grown on
(001)-oriented substrates. Due to the effect of the
Lorentz force caused by the application of the magnetic
field, the electrons tunneling into the QW acquire addi-
tional quasi-momentum in the direction normal to the
field. Since the quasi-momentum is conserved in the
tunneling process, this resultsin a shift of the positions
of the peaks in the tunneling current towards higher
bias voltages, which is proportional to E(k). It was
found that the amplitude of the tunneling current isalso
sensitive to both the magnitude and orientation of the
magnetic field with respect to the crystall ographic axes.
Thus, by carrying out measurements with different ori-
entations of the magnetic field in the plane of the QW,
it is possible to examine the anisotropy of the electron
subbands in this plane.

It has been observed [3, 5, 6] that anisotropy of the

tunneling current along the [110] and [ 110] axesexists
and that the anisotropy direction rotates by 90° when
the sign of the bias voltage changes. This anisotropy
was explained in terms of the difference in the elec-
tron-subband mixing at the GaAg/(AlGa)As and
(AlGa)As/GaAs interfaces on opposite sides of a GaAs
QW. In order to understand the experimentally
observed anisotropy, it is essential that the Al-As (or
Ga-As) chemica bonds at the norma (AIASGaAs)
and inverted (GaAS/AlAs) interfaces of the GaAs QW
lie in the two orthogonal planes. The arrangement of
Ga, As, and Al atoms in the vicinity of the normal
AlAs/GaAs interface is shown schematically in Fig. 1.

Without a bias applied, the directions [110] and [110]
can be considered as equivaent (assuming that the
interfaces are ideal). However, because of the polar
character of the chemical bonds, the application of an
electric field breaks the symmetry. For example, at one
interface, the field pushes electrons towards the first
plane of Ga atoms and pulls them away from the plane
of Asatomsin the barrier. At the other interface, where
the direction of the chemical bonds is different, elec-
trons are pushed towards the plane of As atoms. Thus,
the electric field induces anisotropy as a result of the
polarization of the chemical bonds. Furthermore, the
shift in the maximum of the electron wave function in
the QW towards one of the interfaces depends on the
sign of the applied bias voltage. Thus, the observed
anisotropy depends both on the sign and the absolute
value of the bias[5].

In this paper, we report the results of afurther study
of the effective mass anisotropy of ' electrons in

1063-7826/05/3904-0421$26.00 © 2005 Pleiades Publishing, Inc.
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[001]

Fig. 1. (8) Arrangement of atomic planes in the vicinity of
the normal AIAS/GaAs interface (GaAs grown on AlAsS).
TheAl-Asand Ga-Asbonds are aligned in the planes (110)
and (110), respectively; at the oppositeinterface, these planes
areinverted. (b) Projection of the Al-As and Ga-As chemica

bondsin an AIAYGaAS/AlAs QW onto the (110 ) plane.

(AlGa)Ad/GaAd(AlGa)As QWSs. In the series of sam-
ples investigated, the position of the maximum of the
wave function in the QW is controlled by placing a
monolayer of InAs at different locations within the
GaAs QW of the resonance-tunneling diode. The pos-
sibility of modifying the electron wave functions was

Composition of structuresB and C
Layers Structure B | Structure C Doplcr:g_lgevel '

GaAs 0.3 pum 0.3 um 3x10%8
GaAs 50 nm 50 nm 2 x 10Y
GaAs 50 nm 50 nm Undoped
Al 4GaggAs 8.3nm 8.3nm Undoped
GaAs 1nm 5.5nm Undoped
InAs 0.3nm 0.3nm Undoped
GaAs 10 nm 5.5nm Undoped
AlgGaggAS 8.3nm 8.3nm Undoped
GaAs 50 nm 50 nm Undoped
GaAs 50 nm 50 nm 2 x 10
GaAs 0.3pum 0.3 pm 3x 1018
GaAs Substrate Substrate 3x10%

used to study the origin of the el ectron-subband ani sot-
ropy in this QW. In a reference sample grown on a
(001)-oriented substrate, we observed (in agreement
with the results of [3, 5]) anisotropy of the tunneling

current along the[110] and [ 110] axes, with the anisot-
ropy direction rotating by 90° when the sign of the bias
voltage changed. When the InAs layer is placed at the
center of the QW, the electron localization occurring
there becomes stronger and, thus, the effect of theinter-
facesisreduced. In this sample, we observed afourfold
anisotropy along the [1000axes, which corresponds to
the effective mass anisotropy of I electrons in bulk
GaAs. When the InAs layer is placed near one of the
interfaces, the electron wave function in the QW con-
centrates in the vicinity of this interface, whatever the
sign of the bias voltage, and atwofold anisotropy along
the [110] direction is observed both for positive and
negative bias voltages. Thus, we could vary the condi-
tions for band mixing at the GaAs/(AlGa)As interfaces
by placing the InAs monolayer at different locations
within the GaAs QW. In addition, we studied samples
similar to those described above but grown on sub-
strates with the (113) orientation. For structures of this
type, we observed a twofold anisotropy aong the

[332] axis, independent of the polarity of the applied
bias both for the reference samples and the samples
with an InAs monolayer at the center of the QW.

2. SAMPLES

The samples under study were
(AlGa)As/GaAs/(AlGa)As resonance-tunneling diodes
grown by molecular-beam epitaxy (MBE) on heavily
doped n*-GaA s substrates with (100) and (311)B orien-
tations. Silicon was used as a dopant, and the doping
level in the substrate was 2 x 10'® cm3. Five types of
structures, referred to below asA, B, C, D, and E, were
investigated. Structure A (a reference sample) was a
conventional resonance-tunneling diode with an
11.2-nm-wide GaAs QW placed between two 8.3-nm-
thick Aly ,GaygAs barriers. The barriers were separated
from the contact regions by 50-nm-thick undoped
GaAs layers. Structure B differed from the reference
sample in that it included a thin layer of InAs grown
within the GaAs QW near the (AIGa)AgGaAs inter-
face. The thickness of this layer (approximately one
monolayer) issmaler than the critical value necessary for
the formation of self-organized InAs quantum dots[7]. In
structure C, the InAs monolayer was placed at the cen-
ter of the GaAs QW. All three structures (A, B, and C)
were grown on (001)-oriented substrates. Structures B
and C are described in detail in the table. Structure D
was identical to reference structure A and structure E
was identical to C, with the exception that they were
grown on (311)-oriented substrates. Ohmic contacts
were prepared by a successive deposition of
AuGa/Ni/Au layers and subsequent annealing at
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Fig. 2. The profile of the conduction band edge and proba-
bility density | for the wave function of the ground state
E, of the QW (a) in reference sample A, (b) in sample B
with an InAs monolayer near the (AlGa)AJGaAs interface,
and (c) in sample C with an InAs monolayer at the center of
the QW. The calculations are carried out for the bias voltage
V = 300 mV. The quantum-confinement level E,. in the
accumulation layer and the level E; in the GaAs QW are
also shown.

400°C. Mesa structures with the diameters 50-200 pm
were fabricated using conventional chemical etching.

The calculated profiles of the conduction band edge
in structures A, B, and C under a bias voltage of V =
300 mV are shown in Fig. 2. This bias is sufficient for
the formation of atwo-dimensional e ectron accumula-
tionlayer inthevicinity of theAl, ,Ga, gAsbarrier, and,
thus, electron tunneling takes place between this accu-
mulation layer and the two-dimensional subbands in
the GaAs QW. The results of self-consistent calcula-
tions of the probability density |WP for the electron
ground state in the GaAs QW are also shown in Fig. 2;
these calculations were carried out using a humerical
method similar to that described in [8]. In samples B
and C, the electron band structure of the wide GaAs
QW is modified by the presence of the InAs layer,
which acts as an additional narrow and deep QW,; thus,
the wave function of the electron ground state in the
GaAs QW becomes localized at this narrow well. This
leads to the following difference: in the reference sam-
ple (Fig. 2a), the application of the bias V = 300 mV
causes a displacement of the wave function to the right
(the amplitude at the right-hand interface exceeds that
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Fig. 3. (8) Theprofile of the conduction band edge and wave
functions of the ground state E; and thefirst excited state E,
in a QW of width 11.2 nm. (b) Calculated dependences of
the energies of the first three energy levelsin an 11.2-nm-
wide QW on the position of the InAs monolayer in the QW.
The dashed lines indicate the energy levelsin the reference
sample without an InAs layer.

at the left-hand interface by about afactor of 2); in sam-
ple B, the wave function is always concentrated near
the emitter interface, irrespective of the sign of the
applied bias (see Fig. 2b). In sample C (see Fig. 2¢), the
wave function of the electron ground state is always
localized near the center of the GaAs QW and the appli-
cation of bias voltage has only a minor effect on the
wave-function amplitude at both interfaces.

Figure 3a shows, for the case of zero bias, the wave
functions of the first two electron statesin an 11.2-nm-
wide GaAs QW containing an InAs layer inserted near
the left-hand barrier. In Fig. 3b, the energies of the first
three electron states in this QW are plotted as functions
of the position of the InAs layer within the well. Qual-
itatively, these dependences can easily be understood.
The energy of the ground electron state is at its lowest
when an InAslayer isplaced at the center of the QW. In
contrast, the energy of the first excited state remains
virtually unchanged by the presence of this InAs layer
at the center. It can easily be seen from Fig. 3b that an
inserted InAs monolayer only has a considerabl e effect
on the quantum-confinement energy levelsin the GaAs
QW if the monolayer is located near a maximum
(or minimum) of the unperturbed electron wave func-
tion in this QW. Thus, by inserting a monolayer of a
narrow-gap semiconductor at different positions in the
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Fig. 4. (8) The |-V characteristics of sampleB at 42K ina
magnetic field perpendicular to the tunneling current. The
field was applied in the plane of the QW aong the [110]
direction and was varied from0to 7 T inincrementsof 1 T.
(b) The bias voltage corresponding to the current peak in the
1=V characteristics of sample B as a function of the mag-
netic field.

GaAs QW, it is possible to control both the wave func-
tions and the subband energies in this QW in a wide
range. We experimentally observed that the ground-
state energy in aGaAs QW varies upon the insertion of
an InAs layer at different positions within the well. In
particular, in sample C (where the InAslayer islocated
at the center of the QW), the energy of the quantum-
confinement level islower than the Fermi energy inthe
emitter, which means that, even at zero bias, this level
is in resonance with the occupied electron states in the
contacts. For sampleA (the reference sample) and sam-
ple B (wherethe InAslayer islocated near the barrier),
the application of a bias voltage of ~100 mV is neces-
sary for the observation of a current resonance corre-
sponding to the tunneling through the ground state in
the QW.

3. EXPERIMENTAL

In order to determine the in-plane dispersion rela-
tion E(k), we used magnetotunneling spectroscopy, a
technique described in detail in [3-6, 9, 10]. As a cer-
tain bias voltage V; is applied to a resonance-tunneling
diode, electronsin the emitter contact appear to beinres-
onance with the lowest quantum-confinement level E; in
the QW and atunneling-current peak is observed in the
diode I(V) curve (Fig. 43). When a magnetic field B is
applied parallel to the QW plane (i.e., normally to the
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tunneling current), el ectrons tunneling from the emitter
into the QW over the distance As acquire the additional
in-plane quasi-momentum Ak, = eBAs in the direction
normal both to the current and magnetic field. Since, in
the absence of scattering, the quasi-momentum is con-
served, the peak in the tunneling current appears at
higher bias voltages as the magnetic field is increased,
with the resulting shift AV, of the resonance position
being proportiona to E(k;). By changing the orientation
of the magnetic field in the plane of the QW, we can
examine the el ectron-subband anisotropy in this plane.

The current-voltage characteristics of sample B
when under a magnetic field applied normally to the
current are shown in Fig. 4a. The measurements were
carried out at the sampletemperature of 4.2 K. Thefield
was varied from 0to 7 T and was oriented in the plane
of the QW along the [100] direction. As the magnetic
field increases, the resonance-current peak correspond-
ing to tunneling through the quantum-confinement
level E; broadens and shifts towards higher voltages.
The shift AV, of the resonance position varies approxi-

mately in proportion to B? (see Fig. 4b), in accordance
with the parabolic dispersion relation for electrons in
the QW, since Ak, U B [5, 9]. As the magnetic field is
rotated in the QW plane, the peak current |, and theres-
onance position V, change in a correlated manner, i.e.,
the highest current and largest shift of the resonance
position are observed for the same orientation of the
field. Note, however, that the peaks in the |-V charac-
teristics are strongly broadened in the magnetic field
and that the value of the peak amplitude I, can be mea-
sured more accurately than the peak position on the
bias-voltage axis [4, 5, 10]. Typica experimental
dependences of the current peak amplitude I, and the
resonance position Vp on the orientation of the mag-
neticfield (B=5T) inthe QW plane for reference sam-
ple A under forward and reverse biases are shown in
Fig. 5. The observed anisotropy of the tunneling current
was Al/l = 0.4%, and the anisotropy direction changed
by 90° as the sign of the bias voltage was changed. The
anisotropy in the resonance position Vp, which reflects
the effective mass anisotropy of the electrons in the
QW, had approximately the same magnitude. In Fig. 5,
0° corresponds to the [100] direction; therefore, the
main axes of the observed anisotropy correspond to the
[110directions. In agreement with [5], the anisotropy
axes for the two different polarities of the bias voltage
are orthogonal to each other. These experimenta
resultsreflect avariation in the electron energy at acon-
stant value of k; and indicate that the constant-energy
surfaces of the electron subbands in the QW are aniso-
tropic. The anisotropy axes correspond to the [1100]
directions, which are orthogonal to the planes containing
Al-Asand Ga-Aschemica bonds at opposite interfaces
of the QW. As noted above, the electron ground-state
SEMICONDUCTORS  Vol. 39
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Fig. 5. Dependences of the bias-voltage position and ampli-
tude of the tunneling-current peak associated with the E;
resonance in reference sample A on the orientation of the
magnetic field in the plane of the QW. Diagram (a) corre-
sponds to the forward bias and diagram (b), to the reverse
bias. The magnetic field equals 5 T, and the sample temper-
atureis4.2 K.

wave function in the QW is concentrated near one of the
interfaces, depending on the sign of the applied bias.

Figure 6 shows the experimental dependences of |,
and Vp on the orientation of the magnetic field in the
QW plane for sample B, where the InAs monolayer is
grown near the (AlIGa)As/GaAs interface in the GaAs
QW. In this sample, a pronounced twofold anisotropy
was also observed, but the reversa of the sign of the
bias voltage did not change the direction of the main
anisotropy axis. This result can be qualitatively under-
stood from Fig. 2b. Due to the presence of the InAs
layer, thewavefunction is concentrated near the emitter
interface and, thus, is only very weakly affected by the
application of positive bias voltages up to 500 mV. For
bias voltages in the range of the E; resonance, the
ground-state wave function in the QW is concentrated
near the emitter interface, irrespective of the bias polar-
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Fig. 6. Anisotropy of the bias-voltage position and ampli-
tude of the tunneling-current peak associated with the E;
resonance in sample B (with an InAs monolayer in the
vicinity of the (AIGa)As/GaAsinterface) with respect to the
orientation of the magnetic field in the plane of the QW.
Diagram (a) correspondsto theforward biasand diagram (b),
to the reverse bias. The magnetic field equals 5 T, and the
sample temperature is 4.2 K.

ity, and, thus, it is this (AlGa)As/GaAs interface that
determines the anisotropy. Note, however, that the
application of an electric field, which causes the polar-
ization of the chemical bonds, is still necessary for the
appearance of the anisotropy.

Figure 7 showsthe experimental resultsfor sample C,
in which the InAs monolayer is grown at the center of
the GaAs QW. In this sample, the energy E; of the
guantum-confinement level is lower than the Fermi
energy in the emitter, which meansthat, in the absence
of a magnetic field, a resonance for this level exists
even for a zero bias voltage. However, in a magnetic
field of 8 T, the resonance-peak position shifts by about
150 mV. In analogy with the two previous cases, 0° in
Fig. 7 corresponds to the orientation of the magnetic
field along the [100] direction. Figures 7aand 7b illus-
trate the anisotropy of the amplitude of the resonance
peak in the conductance G with respect to the orientation
of the magnetic field in the QW plane, and Figure 7c
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Fig. 7. Anisotropy of the bias-voltage position and the
amplitude of the conductance peak in sample C (with an
InAs monolayer at the center of the QW) with respect to the
orientation of the magnetic field in the plane of the QW.
Diagrams (&) and (c) correspond to the forward bias and
diagram (b), to the reverse bias. The magnetic field equals
8T, and the sample temperatureis 4.2 K.

illustrates the anisotropy of the bias-voltage position of
the E; resonance. The magnitude of the effective mass
anisotropy for sample C is ~0.5%. One can see three
major differencesin the anisotropy pattern of this sam-
ple in comparison with samples A and B. First, afour-
fold rather than a twofold anisotropy is observed. Sec-
ond, the main axes of the anisotropy correspond to the
[100] and [010] directions, instead of to the [110] and

[110] directions (as is the case for samples A and B).
Third, a change in the sign of the bias voltage has no
effect on the observed anisotropy.
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We believe that the dependence of the anisotropy on
the sign of the applied bias voltage disappears due to
localization of the wave function of the QW ground
state at the center of thisQW, asisillustrated in Fig. 2c.
It can be seen from Fig. 2c that, even under afairly high
biasvoltage (300 mV inthiscase), thereisno large shift
of the maximum of the wave function from the center
of the QW. Furthermore, comparing Figs. 2aand 2c, it
can clearly be seen that the amplitude of the wave func-
tion at the QW interfaces in sample C is much smaller
than that in sampleA. Thus, it can be concluded that the
effect of heterointerfaces on the anisotropy in sample C
is much less important than in samples A and B. The
fourfold symmetry of the anisotropy with the axes nor-
mal to the planes of the cubic unit cell is consistent with
theoretical views on electron effective-mass anisotropy
near the I" point in bulk GaAs [11]. Therefore, we can
conclude that, for the sample with an InAs monolayer
located at the center of the GaAs QW, the observed
anisotropy of the dispersion relation originatesfrom the
anisotropy of bulk GaAs and is completely uncon-
nected to the interfaces. This conclusion is corrobo-
rated by theresultsreported in [12], where magnetotun-
neling spectroscopy was used to investigate resonance-
tunneling diodes without an inserted InAs layer but
with avery wide GaAswell (120 nm). In that study, no
effect of the interfaces on the anisotropy of the effective
mass of the electrons confined in the QW was found,
and afourfold anisotropy with the axes along the [100]
and [010] directions (typica of bulk GaAs) was
observed.

Along with resonance-tunneling structures grown
on (001)-oriented substrates, we investigated those
grown on substrates with the (113)B orientation. In
recent years, studies of heterostructures grown on high-
index surfaces have been the focus of considerable
interest. For example, a GaAs (113)B surface was suc-
cessfully used for growing heterostructures with quan-
tum dots [4, 13, 14], and a two-dimensional hole gas
with unprecedentedly high mobility was obtained on a
GaAs (113)A surface. The nontrivial properties of
high-index surfaces are related both to changes in the
band structure and to the conditions of heterostructure
growth on these surfaces. Until now, the atomic struc-
ture of (113)-oriented surfaces has been poorly under-
stood. In addition, according to one opinion, high-index
surfaces grown by MBE are unstable with respect to
faceting into low-index planes [15]. However, the data
obtained in [16] by scanning tunneling microscopy and
low-energy electron diffraction indicate that the GaAs
(113)B surfaceis highly anisotropic and consists of rel-

atively large flat terraces extended along the [332]

axis, which is one of the principal crystallographic
directions on this surface.

We investigated two resonance-tunneling hetero-
structures grown on GaAs (113)B substrates. The layer
SEMICONDUCTORS ~ Vol. 39
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Fig. 8. (8) The current—voltage characteristics of sample D
(the reference sample grown on a (113) substrate) at 4.2 K
inamagneticfield of 8 T perpendicular to the tunneling cur-
rent. The field was applied in the plane of the QW aong the
directions [110] (dotted line) and [332] (solid line).
(b) Anisotropy of thetunneling current in astructure of type D.

composition of structure D was the same as that of ref-
erence sample A (see table), and structure E was the
same as sample C with an InAslayer at the center of the
QW. For both types of structures (the reference samples
as well as the samples with the InAs monolayer), we

observed a twofold anisotropy along the [332] axis,
irrespective of the polarity of the applied bias (see
Fig. 8). It should be noted that the anisotropy of the tun-
neling current in the samples grown on the (113)B sur-
face was an order of magnitude higher than in similar
samples grown on the (001) surface and amounted to
~5%. However, dueto the current lack of understanding
of the properties of high-index GaAs surfaces, at this
moment, we are unable to conclude whether the
observed anisotropy in the tunneling current is related
to the interface morphology or to the anisotropy of the
conduction band in the QWs on the (113)B surface.

4. CONCLUSIONS

Thus, we investigated electron magnetotunneling in
double-barrier GaAs/(AlGa)As structures grown on
SEMICONDUCTORS  Vol. 39
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(001)-oriented substrates. The results obtained provide
information on the anisotropy of the electron subbands
in GaAs QWs. Insertion of an InAsmonolayer at differ-
ent positions within the GaAs QW was used to modify
the electron wave functions and study the nature of the
electron subband anisotropy in these QWSs. In the refer-
ence sample, an anisotropy of the tunneling current

along the [110] and [ 110] axes was observed, and the
anisotropy direction rotated by 90° as the sign of the
bias voltage was reversed. The observed anisotropy
can be understood in terms of the difference in the
electron-subband mixing [5] at the GaAs/(AlGa)As
and (AIGa)AgGaAs interfaces at opposite sides of the
GaAs QW. When an InAs layer is placed at the center
of the QW, electron localization at the center of the QW
increases and, thus, the effect of the interfaces is
reduced. The fourfold anisotropy aong the [100Claxes
observed in sample C corresponds to the effective mass
anisotropy of I' electronsin bulk GaAs. When an InAs
layer is placed near one of the QW interfaces, the elec-
tron wavefunction is concentrated in thevicinity of that
interface, irrespective of the polarity of the biasvoltage;
thus, we observe a twofold anisotropy along the [110]
axis under both positive and negative biases. Finally,
we investigated samples similar to those described
above but grown on (113)B-oriented substrates. In
these structures, we observed a twofold anisotropy

along the [332] axis, which was independent of the
polarity of the applied bias both for the reference sam-
ples and for the samples with an InAs monolayer at the
center of the QW. The origin of this anisotropy cur-
rently remains unclear.
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Abstract—Mathematical simulation is used to study specia features of the high-field drift of electrons that
occurs in submicrometer-sized n*—n—n* structures with an appreciable impurity-concentration profile in the
their high-resistivity region. A quasi-hydrodynamic description of the electron drift is used. In this description,
the dependences of the charge-carrier mobility and energy-rel axation time on the el ectron temperature, the ther-
modiffusion component of the electron flow, and the divergence of the electron-temperature flux are taken into
account. It is shown that sectioning of the high-resistivity carrier-flight n-type region by additional low-resis-
tivity n*-type inclusions with submicrometer thickness appreciably reduces the electron-gas temperature and
increases the effective mobility of the charge carriers and, consequently, the high-field electrical conductance
of the structure owing to a corresponding increase in the drift velocity. © 2005 Pleiades Publishing, Inc.

It was shown in[1] that, in semiconductor structures
represented by a series of alternating high- and low-
resistivity layerswith athickness on the order of 100 nm,
the electrical heating of charge carriersis largely sup-
pressed owing to the effective cooling of the carriersin
the low-resistivity interlayers, where the electric-field
strength is comparatively low. A corresponding
decrease in the electron-gas temperature (compared
with the situation in structures with a homogeneous
flight region) inhibits thermal degradation of the carrier
mobility and ensures both the attainment of drift veloc-
ities that appreciably exceed the saturation velocity and
a corresponding increase in the electrical conductance
of the structure. However, it is worth noting that an
analysis of the drift process and the corresponding
numerical estimations [1] were performed on the basis
of asimplified hydrodynamic description that was ini-
tialy suggested in[2]. In thisdescription, only the drift
component of the current and the convective compo-
nent of the heat flow are taken into account. It was
found that this approximation was justified when
applied to the high-resistivity regions of the structures
under consideration and yielded the expected apprecia-
ble decrease in the electron temperature (as compared
to the steady-state value ~eutE?) if the thickness of the
high-resistivity regions was much smaller than the so-
called thermal length utE, where 1 isthe charge-carrier
mobility and T is the energy-relaxation time. However,
the applicability of this approximation to the low-resis-
tivity regions, where there is a comparatively low elec-
tric field and the expected cooling of the electron gas
occurs, is debatable, as it yields an overly optimistic
estimate of the thickness of the low-resistivity regions
required for efficient cooling of the hot charge carriers.

Since the effect of the ultrafast electron drift under
consideration is of much interest from the purely aca-
demic and (possibly) application-oriented standpoints,
we considered it important to offer a more convincing
physical substantiation of this effect in the context of a
complete quasi-hydrodynamic model of the charge-car-
rier driftinahigh electric field. Thismodel involvesthe
following power-law (for simplicity) dependences of
the carrier mobility 1 and the energy-relaxation time on

the electron temperature:
T T l-a
M= W Te= Ty - (@=1,08). (1)

In addition, it involves the thermodiffusion component
of the electron flow

i = un99_1_gdT]_, dn.
i = | - (-0 | -mTg @
and the divergence of the electron-temperature flux
, dT | .
v = B-of TS + a7 (3)

The corresponding system of model equations (by
analogy with the pioneering study by Stratton [3]) can
be written as

d’e _ (Np=n) Ty

=X’ L2 N

Ao _ @
Odx 0,

0,

EF“T = i d_(p_u

Cdx "dx T :
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Fig. 2. Caculated current-voltage characteristics of the
structures studied: (1) a reference 0.48-um-thick structure
and (2-4) structures consisting of three 160-nm-thick
n-type layers separated by n*-type interlayers with a thick-
ness of (2) 160, (3) 80, and (4) 40 nm.

Ly, = 80551-0
eNp

isthe Debye length. The model used and the algorithm
for its numerical implementation will be described in
more detail in our next publication [4]. The latter is

where

GERGEL’ et al.

concerned with simulation of the drift processin a con-
ventional n*—n—n* silicon structure with a uniform
impurity concentration in the n-type region.

First, we consider the results of simulating the drift
processin areference n*—n—n* structure with the thick-
ness of its uniformly doped (Np = 108 cm3) region L =
0.48 um (Np = 1.1 x 10 cm3 in low-resistivity con-
tact regions). The distributions of the potential ¢ and
electron temperature T, shown in Fig. 1 and obtained
using the numerical procedure developed in [4] corre-
spond to the typical voltage V = 2.5V applied to the
structure. These dependences indicate that a significant
fraction of the electron thermal energy acquired in the
high-resistivity flight region L isdissipated in thelattice
in the low-resigtivity contact region. Simultaneously,
the electron temperature T, in the high-electric-field
region is effectively decreased, which reduces the
mobility degradation. As a result, the charge-carrier
velocity in the high-electric-field region continues to
increase as the voltage increases and does not level off,
afact illustrated by curve 1 in Fig. 2, where the calcu-
lated current—voltage (I-V) characteristics are shown as
plots of the relative mean velocity v/v, = j/nv, versus

the mean field E = V/0.48 x 10% |-V characteristics 2-4
in Fig. 2 were calculated for the structures that each
contained three high-resistivity regions with L =
160 nm separated by low-resistivity interlayers with a
thickness of (2) 160, (3) 80, and (4) 40 nm.

We now turn directly to a substantiation of the pre-
viously suggested [1] sectioning of the flight region as
a method for increasing the effective drift velocity.
To this end, we divide this region into three parts, each
with a thickness of 0.16 um, by introducing n*-type
interlayers with the same thickness. We assume that an
additional cooling of the electron gas in the low-resis-
tivity inclusions brings about an appreciable decrease
in the electron temperature and, furthermore, a corre-
sponding increase in both the local electron mobility
and effective velocity of the electron flow. The results
of a corresponding simulation (see Fig. 2, curve 2;
Fig. 3, curve 2) clearly indicate that the approach for-
mulated above is reasonable.

In order to assess the required thickness of the sep-
arating low-resistivity layersfor effective cooling of the
electron gas, we performed similar calculations for
structures with thinner n*-type inclusions of 80 and
40 nm (see curve 3, 4 in Figs. 2, 3). These data show
that the mean drift velocity of the electronsremainsrea-
sonably high, even in the layered structures with com-
paratively thin n*-type interlayers, where the additional
thermal energy acquired by the electrons in the high-
resistivity layers has no time to relax completely. This
circumstance makes it possible to assess the thickness
of the “cooling” n*-type interlayers required to appre-
ciably increase the electron drift velocity at approxi-
mately 50-100 nm.

It isclear that asimilar increase in the drift velocity
of the charge carriers should also take place in island-
film structures if the electrical conductivity of the
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islands exceeds that of the matrix as a result of either
the additional doping or the given mismatch of the
energy bands. We believe that the considered structures
with submicrometer-sized high-conductivity inclusions
are promising for reducing the response time of field-
effect and bipolar transistors.

This study was supported by the Russian Founda-
tion for Basic Research, project nos. 03-02-20007 and
04-02-17681.
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Abstract—T he photoluminescence and photol uminescence excitation spectra, phonon-related Raman scatter-
ing, and vertical transport of photoinduced carriers and excitons along the growth direction in type | low-
strained CdSe/CdMgSe superlattices, which are grown on InAs substrates using molecular-beam epitaxy, are
studied for the first time. The studies are carried out at various temperatures and excitation intensities. The ver-
tical transport is studied by a purely optical method involving an enlarged quantum well built in into the
superlattice. Thiswell serves as asink for the excitons and charge carriers tunneled through the superlattice.
At 2-150 K, the carriers are preferentially transported by free excitons. However, in superlattices with periods
of 5.9 and 7.3 nm, this transport is not of the Bloch type. A comparison of the calculated energies of the band-
to-band transitionsin the superlattices with the experimental data yields the relative magnitude of the valence-
band offset in the range 0.4-0.5. The Raman spectraindicate that the behavior of optical phononsin CdMgSe

isbimodal. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In this study, we completed the first examination of
the photoluminescence (PL) and photoluminescence
excitation (PLE) spectra, vertical transport of charge
carriers and excitons, and Raman scattering in
CdSe/CdMgSe superlattices (SLs). To our knowledge,
the optical and structural properties of type | SLs with
CdSe quantum wells (QWSs) have not previously been
studied because of the absence of corresponding struc-
tures. It isknown that even thin (thinner than one mono-
layer) CdSe layers transform into quantum-disc struc-
tures of a mixed composition (CdZnSe) during the
growth of ZnSe/CdSe heterostructures, due to the
existance of alarge | attice mismatch (7%) [1]. We have
previously studied the PL and Raman scatteringin sim-
ilar quantum-disc structures [2, 3], and the PL of typel
QW CdSe/ZnTe structures, grown on a GaAs substrate
and ZnTe buffer layer, have also been investigated [4].
It has also been shown that type | low-strained sphaler-
ite CdSe/CdMgSe structures can be grown by molecu-
lar-beam epitaxy (MBE) on InAs substrates [5].

Recently, it has been suggested that these materials
be a key element of a new type of 111-V/II-VI hybrid
laser diode for the middle-infrared (IR) spectral region.
Such laser heterostructures, which include an active
InAslayer between AlAsSb and Cd(Mg)Selayers, have
recently been grown by MBE. In these structures, the
pulsed generation of light with a wavelength of
2.78 umwas observed at temperatures ashigh as 100 K
[6]. The formation of a perfect heterovalent boundary
between InAs and Cd(Mg)Se is the main condition for
the fabrication of IR lasers operating at €levated tem-
peratures.

Thus, it is of both academic and practical interest to
study the optical properties of the new CdMgSe alloys
and CdSe/CdMgSe superlattices grown on InAs sub-
stratesand, in particular, the vertical transport of charge
carriers and excitons across such superlattices along the
growth axis. In this study, we used a purely optical
method to examine the vertical transport of charge car-
riers and excitons that involved a comparison of the
intensities of the PL from the superlattice and from the
enlarged quantum well (EQW), which was built into
the superlattice. This method was suggested for the first
timein[7].

2. EXPERIMENTAL

Using the MBE method, we fabricated three
CdSe/Cd; _,Mg,Se SLs, whose parameters are given in
Table 1. The SLsincluded 40 periods and a CdSe EQW
100 A wide, which was grown in a central part and
served as a sink for the photoinduced carriers trans-
ported vertically across the SL.

InAs substrates, which were preliminarily passi-
vated inaNa,S solution, wereplacedintoalll-V MBE
chamber, where they were sequentially annealed under
an As, flux at up to 480°C until a pronounced (2 x 4)
reconstruction of the surface was attained. Then, the
substrates were transported under vacuum into a Il—
VI growth chamber, where the CdMgSe compounds
were grown after their growth had been initiated in the
epitaxy mode with an enhanced atomic migration [8].
A CdMgSelayer 0.3 umthick wasgrown at 280°C; fol-
lowed by 40 periods of the CdSe/CdMgSe SL and the
CdSe EQW; and, finally, aCdMgSe layer 0.1 um thick

1063-7826/05/3904-0432$26.00 © 2005 Pleiades Publishing, Inc.
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Table 1. Parameters of the CdSe/Cd, _,Mg,Se superlattice (SL), comparison of the splitting energies for the heavy and light
excitons, and differences in the calculated energies of the intersubband transitions e-hh and e-lh

Calculated AE, Eg

SL d,, nm/d,, nm X éExpeél m(?nnta\ll
ih — Epp, ME Q |AE, meV | Eg, meV Q |AE, meV | Eg, meV
1-235 |3.65/3.65 (3.4/3.9) 0.23(0.22) 37 0.40 37.2 254 0.3 285 31.0
1-106 |2.95/2.95(2.7/3.2) 0.16 (0.175) 34 0.45 325 214 0.3 20.0 31.2
1-105 |1.85/1.85(1.85/1.85) | 0.18 (0.175) 22 0.50 228 19.2 0.3 10.7 30.2

Note: Thevalues used in the calculation that yield the best agreement
Eg = E(e—hh) — Ey;,. Q istherelative valence-band offset.

and a CdSe layer 50 A thick. The state of the surface
during growth was monitored by reflection high-energy
electron diffraction. The SL period, the average Mg
concentration in the SL, and the Mg concentration in
the cladding layers were determined from X-ray dif-
fraction measurements. As a result, when the Mg con-
centration in the barriers and cladding layers was iden-
tical, we were able to simultaneously determine the
layer thickness of the well (d,) and the barrier (d,). For
two of the SLswith smaller periods, the thicknesses of
the well and barrier layers were determined indepen-
dently using transmission electron microscopy.

The PL and Raman spectra were measured using
spectrometers with the double monochromators Jobin
Ivon U-1000 and DFS-24, which had a dispersion of
2.4 and 5 A/mm, respectively. The detection was car-
ried out using cooled photomultipliers in the photon-
counting mode, which were based on GaAsand FEU-79,
respectively. The spectra were excited using a He-Ne
laser with the photon energy E,. = 1.96 eV and an
Ar* [aser with the photon energiesE, . = 2.54 and 2.41 eV.

The PLE spectra were recorded using an SDL-2
setup involving an MDR-23 monochromator with a
dispersion of 13 A/mm to measure the PL and an
MDR-12 monochromator with a dispersion of 24 A/mm
to excitethe PL. A halogen lamp served as the excita-
tion source. The reflection spectra in the excitonic
region were measured using the same setup. In this
case, the sample was directly exposed to the focused
light of the halogen lamp.

During the measurements, the sample was placed in
an evacuated He cryostat in He vapor or in aHe cryostat
with a copper finger, in which the sample temperature
was T = 30K.

3. RESULTS AND DISCUSSION
3.1. Luminescence Spectra

The PL spectraof the SLswere measured at temper-
atures ranging from 2.2 to 100 K at various excitation
intensities. The excitation energy was higher than the
SL band gap. Figure 1 showsthe PL spectrum for an SL
with the period d,, + d, = 5.9 nm. At liquid-helium tem-
perature, six peaks were observed in the spectrum.

SEMICONDUCTORS Vol. 39 No. 4 2005

with the experiment are parenthesized. AE = E(e—Ih) — E(e—hh),

From the results of measurements at various tempera-
tures, these peaks were identified with the lines of the
localized and free excitons in the EQW and the SL, as
well as two donor—acceptor bands (D-A). This inter-
pretation is based on the fact that the relative intensity
of the peaks attributed to localized excitons and donor—
acceptor recombination decreases as the temperature
increases. The donor—acceptor peak shiftsto higher fre-
guencies and is narrowed as the pump intensity
increases. Such behavior is characteristic of donor—
acceptor pairs and is associated with the saturation of

PL intensity, arb. units
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Fig. 1. The photoluminescence (PL) spectrum of the super-
lattice (SL) (2.95/2.95) nm. T=2K and Eg,. = 1.96eV. The
dotted curves denote the lines of free and localized excitons
in the enlarged quantum well (EQW, region of 1.75eV) and
superlattice (SL, region of 1.85 V), and the bands of the
donor—acceptor pairs (D-A, 1.72 and 1.8 V). These lines
are found by decomposing the spectrum. The thin solid line
shows the experimental spectrum.
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Fig. 2. Photoluminescence excitation (PLE) spectra. T=30K.
(14, 1) Superlattice (3.65/3.65) nm, (2) superlattice
(2.95/2.95) nm, and (3) superlattice (1.85/1.85) nm. (1-3) De-
tection at the peak of the hh-exciton line from the enlarged
quantum well (EQW), and (1) detection at the peak of the
hh-exciton line from the superlattice (SL). For clarity, the
spectra are shifted along the ordinate.

the remote pairs and a decrease in the average donor—
acceptor distance within the pair. At very low pump
intensities, additional donor—acceptor peaks emerged.
At 77 K, the three peaks remained in the PL spectrum:
the most intense peak, attributed to the EQW excitons;
a peak attributed to the SL excitons; and a weak peak
attributed to the donor—acceptor pairs. The FWHM of
the PL peaks attributed to free excitonswas ~4 meV for
the EQW and ~6 meV for the SL at 2 K.

3.2. Photoluminescence-Excitation Spectra
and Reflection Spectra

The PLE spectra are shown in Fig. 2. Curves 1, 2,
and 3 correspond to the PLE spectra of various SLs
detected in the peak of the PL band of the EQW. An
abrupt increase in the PL intensity is observed on the
excitation of the electron—hole pairs in the SL. The
spectrum includes two peaks, hh and Ih, attributed to
heavy and light SL excitons, and a broad peak at ener-
gies higher than 2 eV. The latter peak apparently corre-
sponds to excitation in the CdMgSe cladding layers.
During detection, the peak of alight exciton in the SL
isobserved in the region of the peak of aheavy exciton
inthe SL (spectrum 1'). The hh and Ih peaks are identi-
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Fig. 3. Reflection spectra differentiated with respect to
energy. T = 30 K. (1) Superlattice (SL) (3.65/3.65) nm,
(2) SL (2.95/2.95) nm, and (3) SL (1.85/1.85) nm.

fied with the peaks of the heavy and light excitonsinthe
SL from measurements of the PLE under the condition
of a circular polarization of light. The hh peak was
more intense for the 0,0, polarization, while the
Ih peak was more intense for the 0_o, polarization. The
hh and Ih peaks are observed in the PLE spectra at up
to~200K, i.e., up to atemperature corresponding to the
onset of exciton dissociatiation. Thus, it follows from
the PLE spectra that the PL from the EQWSs is deter-
mined by excitons and charge carriers excited inthe SL
and captured in the EQW after tunneling acrossthe SL.
The presence of the pronounced exciton peaksfrom the
SL in the PLE spectrum indicates that the excitons con-
tribute substantially to the vertical transport. We believe
that their participation is more dominant than that of
free carriers, since the formation time for excitons is
usually shorter than the time taken for their emission.
Figure 3 shows the derivatives with respect to the ener-
gies of the reflection spectra of the SLs dR/dE. Reso-
nance peaks corresponding to the heavy and light exci-
tons of the EQWsand SLs, aswell asthe peaksfrom the
cladding layers of the SLs, can be seen.

3.3. Vertical Transport in Relation to Temperature
and Pump Density

The efficiency of the vertical transport and, in par-
ticular, its temperature dependence can be judged from
No. 4
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Fig. 4. Temperature dependence of the vertical transport in
the superlattice (SL) (1.85/1.85) nm.

the ratio of the integrated intensity of the exciton PL
from the EQWSs, |(EQW), to the integrated intensity of
the exciton PL from the SLs, I(SL) (Fig. 4). Inthe low-
temperature region, the temperature dependenceisvery
weak. From approximately 17 K, this dependence
acquires an activation character, which can be
explained by delocalization of the excitons. For the SL
(1.85/1.85) nm, the activation energy is € = 8.5 meV,
while, for the SL (2.95/2.95) nm, we found the lower
energy € = 3.7 meV. A possible cause of this difference
isthat the dissociation only startsin the measured tem-
perature range.

The efficiency of the vertical transport, which can be
determined as the ratio of the integrated PL intensity
from the EQWSs to the total intensity from the SLs and
EQWs, depends heavily on the pump intensity. Figure 5
shows that, as the pumping intensity increases, this
ratio also increases, i.e., the efficiency of the vertical
transport increases. This behavior can be attributed to
the concentration saturation of the localized excitonsin
the SL and to an increase in the concentration of free
excitons. The vertical transport in the EQWSsisrealized
precisely via free excitons. Measurements carried out
for the SLs(1.85/1.85) and (2.95/2.95) nm showed that,
for the pump density W> 1 W/cm?, the ratio of the effi-
ciency of the vertical transport to the pump density is
virtually independent of W at 30 and 100 K. Thus, at
W > 1 W/cm?, only one mechanism of vertical transport
isdominant for all the pumping densities. It is our opin-
ion that this mechanism is exciton tunneling.
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Fig. 5. Vertica transport as a function of the excitation
intensity. T =30 K and Eg, = 1.96 eV. (1) Superlattice (SL)
(1.85/1.85) nm and (2) SL (2.95/2.95) nm.

Figure 5 shows that the efficiency of the vertical
transport is substantially higher in the shorter-period
SLs. The main differences found in the efficiency of the
vertical transport in the SLs studied are apparently
associated with the substantial difference in the width
of the minibands of heavy holes. Estimations in the
effective-mass approximation yield heavy-hole mini-
band widths of 0.2, 1.4, and 15.8 meV for the SLs
(3.65/3.65), (2.95/2.95), and (1.85/1.85) nm, respectively.

The question arises as to which mechanism of exci-
ton transport is occurring: resonance tunneling across
the minibands (the Bloch transport) or nonresonant tun-
neling with the involvement of phonons. It is known
that the Bloch transport is impossible if the inhomoge-
neous broadening of the energy levels, due to fluctua-
tionsin thewell or barrier widths during the SL growth
and to scattering, exceeds the half-width of the mini-
band. This situation apparently occursfor the miniband
of heavy holesin the SL (3.65/3.65) nm. For the SLs
(2.95/2.95) and (1.85/1.85) nm, it is possible to verify
whether the Bloch transport is realized by studying the
vertical transport in a magnetic field, which is applied
normally to the SL axis (the Voigt configuration).
According to thetheory [9], at a certain threshold value
of the magnetic field By, the resonance splits between
the energy levels of the neighboring wells in the SL.
This phenomenon effectively narrows the miniband
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Table 2. Physical parameters of cubic CdSe and MgSe,
which were used in the calculation of the energies of the
intersubband transitions in the CdSe/Cd, _,Mg,Se superlat-
tice (SL)

Parameter CdSe MgSe InAs
ag, A 6.077 5.89 6.0583
Ci, Nm? | 6.67x10'°[13] | 9.8x10'°[5]

Cio, Nm™2 | 463 x101[13] | 6.27 x 1010 [5]
a, ev -3.664 [13]

ac, eV —2.625[13]

b, eV -0.8[13]

mJmy 0.11[12]

My/Mg 0.45[12]

my/my 0.145[12]

Eg eV 1.765 [14] 4.05[5]
Dy, eV 0.42[15]

Note: The quantities my/mg, my/mg, and my,/my are the values of
the relative effective masses for electrons, heavy holes, and
light holes, respectively; a, a., and b are the values of the
deformation potential. Thevalues of Eg aregivenat T=2K.

and suppresses the vertical transport. This effect should
manifest itself in amagnetic field B > B, asan increase
in the PL intensity from the SL. The estimates show
that, for the SL (2.95/2.95) nm with a miniband of
heavy holes 1.4 meV wide, the threshold magnetic field

n=7T. We carried out the measurementsin the range
0-12 T. However, we did not observe an increasein the
PL intensity from the SLs. Thus, the vertical transport
in this sample is not the Bloch transport. For the SL
(3.65/3.65) nm, inarange up to 6.5 T, we also observed
no variation in the PL intensity from the SL. In this
case, we estimated the threshold field at 2.2 T. No mea-
surements were carried out in a magnetic field for the
SL (1.85/1.85) nm, since the threshold field lies in a
range that was inaccessible for us (38 T). However, for
this SL, the vertical transport is most probably the
Bloch transport.

3.4. Calculation of the Intersubband Energy
Transitions in the Superlattices and Comparison
with the Experiment

Although the SL s studied are low-strained, we took
into account the strain-induced variation in the band
gaps of heavy and light holes when calculating the
energies of intersubband transitions. Then, the quan-
tum-confinement energieswere calculated according to
the Bastard model [10]. The SL growth was pseudo-
morphic, i.e., the lattice constantsin the layers of wells
a,, and barriers a, were matched to the lattice constant
of the substrate a,. The rdlative lattice strain in the QW
was 9, = (ag— a,)/a,, = —0.003. The lattice strain in the
barrier was determined in the same manner. The
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changes in the band edges due to hydrostatic and shear
stress equal, respectively,

C
hy _ _zud]

SE" = 2a,Hl CHD6W’ (1)
$_ Cin

SE™ = byl +2 & 2

where C,; and C,, are the elastic stiffness constants,
and a,, and by, are the hydrostatic and shear deforma-
tion potentials for the QW. Similar expressions are
valid for the barriers. The shear strain leadsto ashiftin
the opposite direction for the edges of the band of light
and heavy holes, i.e., to the splitting of these bands. The
changed values of the band gaps, which are associated
with the heavy and light holes, are determined by the fol-
lowing expressions[11, 12]:

EX = Eg+dEY —3E™, ©)
El = Eg+OE™ +3EM +A, (%)

A = %[Ao—éESh—J(Ao—aES“)H8(553“)2], )

where A, is the spin—orbit splitting in an unstrained
structure.

In the CdSe/CdMgSe SLs grown on the InAs sub-
strates, the wells are compressed while the barriers
exprience tension. In the wells, the band gap associated
with the heavy holes decreases, while that associated
with the light holes increases. The parameters used in
thecalculation aregivenin Table 2. It isnoteworthy that
thereisarelatively large spread in the reported physical
parameters for CdSe and MgSe, and the values of cer-
tain parameters are not known at all. For example, we
encountered various values of the effective mass and
the band gap E for CdSe. The values of Eg for MgSe
vary within awide range, and no values of the effective
mass or deformation potentia are reported.

We used an experimentally derived formula [5] for
Eg in the Cd, _,Mg,Se barriers:

Es(Cd;_ Mg,Se) = xEg(MgSe)

+ (1 -Xx)Eg(CdSe) — Cx(1—x), ©)
where C = 0.2, Eg(CdSe) = 1.765 eV, and Eg(MgSe) =
4.05 eV. Using the values of the excitonic resonance for
the SL cladding layers from the dR/dE spectra and the
binding energy for a bulk CdSe exciton of 15 meV, we
found the value of x using formula (6). We then used
this value to calculate the lattice and elastic stiffness
constants for the barriers via a linear interpolation
between the values for CdSe and MgSe. The values of
the effective massin the barrierswere determined asthe
values of the effective mass in the well multiplied by
the ratio of the band gaps for the barrier and the well.
Since the values of the hydrostatic and the shear defor-
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Fig. 6. Spectrum of the Raman scattering by longitudinal
optical phononsfor the superlattice (SL) (2.95/2.95) nm. T =
30K and Eg,. = 1.96 eV.

mation potentials for MgSe are unknown, we assumed,
asthe Mg concentration islow (x < 0.23), that it is pos-
sible to use the same values for the barriers as for the
CdSewells.

The experimental values of the energy difference
between a light exciton and heavy exciton, which are
found from the PLE spectra, are given in Table 1 (the
fourth column). These values are compared with the
values of the differences for the transitions e-lh and
e—hh, which are calculated for two values of therelative
valence band offset Q = AE,/AE;. For various SLs,
agreement is satisfactory for AE, /AE to within 0.4-0.5.
The value of AE,/AEg = 0.3 from study [5] leads to
appreciable disagreement with the experiment under
the assumption that the values of the binding energies
for the heavy and light excitons are similar. The binding
energy of the heavy exciton Eg, which we estimated as
the difference between the calculated energy of the
transition E(e-hh) and the experimental energy of the
heavy exciton E, (found from the PLE spectrum), also
has more reasonable valuesfor AE,/AE; = 0.4-0.5. Itis
aso noteworthy that this energy decreasesfor the shortest
period SL. Such aresult is not unexpected, since this SL
approaches the three-dimensional limit.

3.5. Raman Scattering by Optical Phonons

In addition to PL studies, we also studied the Raman
scattering in the separate CdSe QWs and in the
SEMICONDUCTORS  Vol. 39
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CdSe/CdMgSe SLs. We used both nonresonance
pumping with a photon energy of 2.41 eV and near-res-
onance pumping. We observed, for the QW, bands cor-
responding to longitudinal optical phonons LO and
2L O of thefirst and second orders and, for the barriers,
two bands corresponding to longitudinal optical
phonons LO; (CdSe-like) and LO, (MgSe-like) (Fig. 6).
Thus, the Cd;_,Mg,Se aloy exhibits a two-mode
behavior. The measurements for the bulk Cd, _,Mg,Se
layers showed that the variation in the Mg content from
x =0.06 to x = 0.23 leads to a variation in the frequen-
cies of the LO, and LO, phonons from 284 to 307 cm
and from 500 to 509 cm™, respectively.

4. CONCLUSIONS

We conducted the first studies of the photolumines-
cence spectra, photoluminescence excitation spectra,
Raman scattering by optical phonons, and vertical
transport of photoinduced carriers in type | low-
strained CdSe/CdMgSe superlattices grown on InAs
substrates by molecular-beam epitaxy. The vertical
transport across the superlattice at temperatures rang-
ing from 20to 180 K is effected predominantly by exci-
tons, and its efficiency depends heavily on the superlat-
tice period. Measurements of the photoluminescence
from the superlattices placed in strong magnetic fieldsin
the Voigt configuration showed that the vertical transport
in the superlattices (2.95/2.95) and (3.65/3.65) nm is not
of the Bloch type. We calculated the energies of the
intersubband transitions. The binding energy of the
exciton in the superlattices and the values of therelative
valence band offset were obtained from a comparison
with the experiment. The Raman spectra point to atwo-
mode behavior of the optical phononsin CdMgSe.
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Abstract—The energies and wave functions of the resonance states of shallow donorsin quantum wells (QWSs)
are calculated. The calculations are performed in amodel of an isolated impurity center using the example of a
GaAg/AlGaAs heterostructure. A formula for the probability of a spontaneous emission of polar optical (LO)
phononsisderived. It isshown that, in the vicinity of the resonance-state energies, polar electron—phonon inter-
action is modified. This modification is produced by a hybridization of confinement subbands. Generally, due
to hybridization, an el ectron interacts with phonons simultaneously in two channel s (subbands). The absorption
cross section for infrared radiation is calculated, taking into account both homogeneous (in the mid-infrared
range) and inhomogeneous broadening (in the far-infrared range). The absorption of radiation whose electric
field is normal to the heterointerfaces is related to optical transitions to the states near the resonances. Homo-
geneous broadening of the absorption lines, as well as the LO-phonon scattering rate, depends on the width of
the resonance states (the degree of subband hybridization). © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In selectively doped semiconductor heterostruc-
tures, there exist additional ways to control the energy
spectrum and properties of impurity states, which are of
interest both from the fundamental and application-ori-
ented standpoints. In certain regions of the continuous
spectrum, a substantial reconstruction of the states
occurs: resonance (quasi-localized) states of the impu-
rity centers appear below the upper quantum-confine-
ment subbands [1, 2] as well as below the 3D contin-
uum [3].

Resonance states of the impuritiesin QWs have been
observed in experiments with Raman scattering [4],
infrared (IR) radiation absorption [5], and photocon-
ductivity [6]. In addition, certain properties of acceptor
resonance states [6] and donor resonance states [1-3,
7-13] have been theoretically studied using a model of
isolated impurity centers. In order to find the energy
spectrum and wave functions, Dirac’s method [8], the
variational method [1, 9, 10], and a method of expan-
sion inthe wave functions of an electron (hole) inaQW
have been used [3, 6, 8, 11-13]. The widths of the res-
onance levels [1, 3, 7-10, 12, 13], the IR-radiation-
absorption coefficient [3, 11-13], the photoconductiv-
ity [6], and the probabilities of a spontaneous emission
of polar optical (LO) phonons [13] have been calcu-
lated.

In this study, we calculate the probability of a
spontaneous emission of LO phonons for electron
energies in the 2D continuum using the example of
GaAg/AlGaAs heterostructures. In contrast to [13],
where the corresponding calculations were performed
only for the case of narrow resonances, in this study, we

derive a formula for the emission probability that can
be used for resonances of arbitrary width.

Donor resonance states can be observed in the
absorption spectraof IR radiation whoseelectricfieldis
normal to the quantum-confinement layers [3, 11-13].
In 11I-V heterostructures, the shape of a homoge-
neously broadened absorption line for radiation with
this polarization is determined by the rate at which the
polar scattering of electrons with energiesin the vicin-
ity of the resonances occurs. In this study, we calculate
the cross section of |R-radiation absorption, taking into
account this broadening mechanism.

Due to the presence of an impurity potentia in
n-type heterostructures, the absorption of radiation
whose electric field is directed along the quantum-con-
finement layersis no longer forbidden. The absorption
of radiation with this polarization was studied in the
region corresponding to optical transitions between
localized donor states (for example, in [17]) and to
impurity—band transitions [3]. However, in [3] (for the
polarization in question), the modification of statesin
the 2D continuum by the impurity Coulomb potential
and the mechanisms leading to a broadening of the
absorption lines were disregarded. In this study, when
calculating the IR-radiation-absorption cross section,
we considered both factors. For the GaAs/AlGaAs het-
erostructures considered here, the absorption of radia-
tion for this polarization is important only in the far-IR
region. We assumed that, for selectively doped hetero-
structures, the broadening mechanism is related to the
dependence of the energy spectrum on the impurity
position in the QW.

1063-7826/05/3904-0439$26.00 © 2005 Pleiades Publishing, Inc.
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2. SPECTRUM AND WAVE FUNCTIONS
2.1. Method

The states of shallow donors are described well by
the effective-mass approximation. In the absence of an
interaction with an impurity ion, we write the Hamilto-
nian operator as follows:

H, = h Da +_a__|:|_fL22Lg
° T T2m 0y yAa  20zm,(2)0z
Here, m,(z) and m, are the transverse and longitudinal
effective masses, respectively. For simplicity, we
assume that m, isthe samein the QW and in the barrier
regions. We seek the solution to the Schrédinger equa
tion containing the impurity Coulomb potentia in the
form of an expansion in the eigenfunctions of the
unperturbed Hamiltonian H,,

We perform a discretization of the energy spectrum
by imposing zero boundary conditions on the electron
wave functions at the lateral surface of a cylinder of
radius R. We assume that the cylinder axis coincides
with the z axis passing through the impurity center and
normal to the heterointerfaces. We find the required
physical quantities by performing an R — o limiting
transition. By this discretization of the spectrum, first,
we avoid the solution to the integral equation and, sec-
ond, we naturally resolve the problem of the divergence
of the diagonal matrix elements for the basis functions
in the Coulomb potential.

Using the polar coordinates p, ¢, and z, the wave
function of a stationary state with a given value of the
component L, of the angular momentum aong the
z axis can be written as

+U2). (1)

m(kp)gn(z)% )

where J.(kp) is aBessdl function of thefirst kind, k? =
2m,(E — E)/A? is the wave number for the Iongltudlnal
mot| on, E isthe energy eigenvalue, E, is the minimum
energy of a quantum-confinement subband andg,(2) is
the normalized wave function for one-dimensiona motion
inthe potential U(Z) correspondingtotheleve E,. Expres-
sion (2) becomes asymptotic asR — . Inthe follow-
ing formulas, when using the asymptotic expressions,
the exact equalities are replaced by approximate ones.

The imposed boundary conditions yield the follow-
ing set of discrete wave numbers:

[m, k, nC=

ijzg(mJ_rl)+£[+Trj; ©)

here, j are integers. Using (3), we obtain the following
rule for the transition from integration to summation:

R
ﬁIdkH; (4)
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For roots (3), the Bessel functions satisfy the orthogo-
nality condition

R

_[Jm(klp)Jm(k PIPdP= 2 =5, ®)

where 9 isthe Kronecker delta.

We consider a quasi-two-dimensional case, where
the separation between the quantum-confinement sub-
bands (or the separation between the minimum of the
lowest subband and the boundary of the 3D continuum)
is appreciably greater than the donor binding energy.
Such a dtuation is typical, for example, of
GaAgAIGaAs heterostructures. Furthermore, we are
interested in electron energies that are distant from the
3D continuum. Then, we may disregard the contribu-
tion of the states of the 3D continuum to the wave func-
tion and represent this function in the form of the
expansion

Im, EO= zc““ ® (k) Im, k;, n0J (6)

n, j

where E isthe energy eigenvalue and Cf{“’ E) (k) arethe
expansion coefficients. As arule, in what follows, we
omit the superscripts mand E and choose real values of
the wave functions g,(2) and coefficients C,. From the
orthonormality condition for basis functions (2), we
find the normalization condition for the expansion coef-
ficients:

> Ci(k;) = 1.
nj

After substituting (6) into the Schrodinger equation,
we obtain an infinite system of linear homogeneous
equations:

Calk)) ——”(E £+ 2

where V” is the matrix element of theimpurity poten-

tial with unperturbed wave functions (2). Expanding
the donor Coulomb potential into the Fourier—Bessel
seriesin theinterval 0 < p < R, we can abtain the fol-

lowing expression for V/y’:

zv:‘fcs(k.) -

”S~—"2e fkk ZG (k;, k., k. R)

+00 (8)
X J’ exp(—{z—2zk,)9n(2)9s(2) dz.
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Here, k, are roots (3) for m= 0, z, isthe z coordinate of
the impurity center, e is the permittivity, e is the ele-
mentary charge, and

R

Gm(k;, ki, ko, R) = IJm(kjp)Jm(kup)Jo(kpp)de- 9)
0

To increase the rate of numerical calculation, we may
replace the integral in (9) by its limiting value as
R — o0 [14], except for the singular pointsk, = [k — k|
and k, = k; + k;, where the corresponding limit does not
exist.

To solve system (7) numerically, we restrict the cal-
culation to a finite number of equations and choose a
cutoff wave number K, and set C (k) = 0 for k; > K.
Then, the problem is reduced to finding the eigenvalues
(E=Ey a=1,2, ...,N) and eigenvectors (C" (k); j =
1,2 ...,K;n=1,2,...,L; Listhe number of subbands
in the QW; and N = LK) of afinite matrix. The initia
value of k., should be chosen so that it ismuch greater
than the inverse Bohr radius agp of adonor in the bulk
semiconductor. Obvioudly, the radius R of the cylinder
must be much greater than ag,. We increase k., and R
and repeat the calculations until the convergence and
required accuracy are attained.

In the approach used in this study, a number of
important factors present in actual heterostructures are
disregarded. In particular, we disregard the difference
in the permittivities and longitudinal effective masses
in the QW and barrier layers. Of course, consideration
of these factors results in some corrections to the ener-
gies of the localized and resonance donor states; how-
ever, qualitatively, the situation does not change[3, 15].
The mutual effect of the impurity centers and other
many-particle effects, as well as fluctuations in the
composition and thickness of the quantum-confinement
layers, appear to be more important. In particular, a
model of isolated impurity centersmay be applied if the
average distance between donors is much greater than
the donor Bohr radius, which can be attained by reduc-
ing the doping concentration. A consistent discussion
of these problems is beyond the scope of this study.

2.2. Classification of States

In the Coulomb potential, stationary states are a
superposition of states with different values of k and,
generally, contain contributions from al the quantum-
confinement subbands and the 3D continuum. Due to
the attracting nature of theinteraction with theimpurity
center, a discrete spectrum of states appears, whose
boundary is the minimum of the lowest quantum-con-
finement subband; in addition, a series of quasi-local-
ized (resonance) states appear below the excited quan-
tum-confinement subbands and the 3D continuum [3].

Asin[3], for a quantitative characterization of these
states, we introduce aquantity d,(E, m) that describesthe
SEMICONDUCTORS  Vol. 39
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degree to which an electron with the energy E and quan-
tum number misinvolved in a subband of number n,

d,(E, m) = Zcﬁ(kj). (10)
j

A quasi-two-dimensional electron whaose energy lies
sufficiently far from the 3D continuum can be found in
states of three types:

(i) Localized states receiving contributions from
only the upper subbands, so that, for al n, the inequal-
itiesg, > E and d,(E, m) = 0 are satisfied.

(if) Extended states. For subband numbers n for
which theinequality E, < E is satisfied, the total contri-

bution y d,(E, m) to the formation of the state mis

on the order of unity.

(iii) Hybridized states. For acertain excited subband n,
the quantity d,(E, m) is on the order of unity and the
minimum of this subband lies above the energy of the
state under consideration (E,, > E). The total contribu-
tion of the lower subbands (E,; < E, n' < n) to this state
is comparable to or much smaller than d,(E, m). The
hybridized state can be associated with the subband in
guestion, and the quantity d.(E, m) characterizes the
probability of electron localization at theimpurity center.

In the quasi-two-dimensiona case, the dominant
contribution to the formation of the hybridized state
comes from one or two subbands; for the other two
types of states, it comes from only one subband. We
must also note that in the presence of the Coulomb
potential, the additional degeneracy of the continuous
spectrum is conserved, starting from the minimum
energies of the excited subbands. In the unperturbed
QW, asimilar additional degeneracy arises because of
the presence of states that have the same energy but
belong to different quantum-confinement subbands.

An electron in any of the three types of states is
localized inside the QW, irrespective of the paosition of
the impurity center. The donor ion determines only the
position of the region of lateral localization in the
bound or resonance (in the 2D continuum) state. This
fact is specific to the quasi-two-dimensional case,
where the main forces acting on an electron in the
zdirection are related to the heteropotential U(2). Even
if the impurity center is located deep in the barrier
region, its electron is inside the quantum-confinement
layer. However, for electron energies lying close to the
boundary of the 3D continuum, there is an exception to
this rule: an electron in the resonance states belonging
to the 3D continuum can be localized at the donor cen-
ter when the latter is located in the barrier [3]. Never-
theless, the probability of electron tunneling to the QW
remains finite.

Let us discuss the dependence of the expansion
coefficients on the wave number qualitatively. A wide
domain for the momentum space in which the coeffi-
cients are large corresponds to localized states. In con-
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Fig. 1. The energy dependence of the quantity d, (m = 0).
The energy is measured from the minimum of the second
subband. The parameters of the heterostructure are as fol-
lows: a GaAs layer of 12 nm in width lies between
Alg,GaggAs barrier layers, and the donor is located at a
distance of 5 nmfrom the central plane of the quantumwell.
The circles correspond to the values of d, for the two lower
discrete levels that arise in the continuous spectrum if the
donor islocated in the central plane.

trast, for an extended state belonging to a subband n
(d, = 1), the dependence of the coefficient C(k) on kis
strong. The wave number k;, near which the coefficient
C.(K) isrelatively large, is determined by the equation
E,+ (#2K;)/(2m,) = E, where E isthe energy of the state
(for the unperturbed case, C,(ky) =1 and C,(k) = O for
K # ko).

The hybridized states belonging to the subband n
have two scales of localization. The large scale (in the
k space) for the coefficient C,(k) corresponds to spatial
locdlization in the lateral direction. In contrast, the
expansion coefficients for lower subbands depend on k,
just asthey do for the extended states.

The hybridized states that belong to the nth subband
are distinguished by the characteristic energy depen-
dence of quantities (10) in someinterval below the min-
imum of this subband. Figure 1 shows the energy
dependence of the quantity d, for the stateswithm=10
in some energy interval below the minimum of the sec-
ond subband. Everywhere, except for narrow energy
intervals, we haved, < 1 (d, = 1 —-d, = 1), which cor-
responds to the extended states of the first subband. In
thevicinity of the resonances, the states are hybridized:
the contribution d, of the upper (second) subband
increases and, accordingly, the contribution d, of the
lower subband is reduced. The hybridized states corre-
sponding to the maximain the energy dependence of d,
are called the resonance states belonging to the second

BEKIN

subband. The resonance states bel onging to the nth sub-
band are defined in a similar way. The widths of the
maxima in the d,(E) curve may be identified with the
widths of the resonance levels[3].

For symmetric QWSs, we can introduce an additional
classification of the impurity states based on their sym-
metry [3]. It isinteresting that, when there is high sym-
metry (the impurity is located in the central plane of a
symmetric QW), the admixture of the lower subband to
the stationary statesisforbidden (d, = 0). For thisreason,
the resonance states bel onging to the second subband are
completely localized and the resonance width is zero.

3. INTERACTION WITH LO PHONONS

Using macroscopic theory [16], we can obtain the
following operator for the energy of the interaction of
electrons with LO phonons:

H - e Th W, o @Jm(qp)
e—ph EpRhc m;q Q

x (bmqqzexp(iqzz + |m<|) _i(*)LOt)

(11)

+ Dingq, EXP(—10,Z—imd +iw ot)).

Here, l/e, = Ve, — le; €., and e are the high-frequency
and static permittivities; w, o isthe frequency of the LO
phonons, which is assumed to be independent of the

2 — 2 2, |1t
phonon wave numbers; Q7 = ¢ + q;; bygq, and bpgq

are the dimensionless operators of the creation and
annihilation of an LO phonon with the component

th = mA of the angular quasi-momentum along the

zaxis and with the wave numbers g and d, ([Bpgg,

b:nqqz] =1). A cylinder of radius R and height h. (along

the z axis) is chosen as the fundamental volume.
Expression (11) isasymptotic asR — o and the wave
numbers q satisfy Eq. (3) at afixed m.

In the long-wavelength limit considered, a crystal
can understood as an isotropic continuum and phonons
can be characterized by projections of the angular
guasi-momentum, which is equivalent to choosing
crystal lattice vibrations of a certain symmetry with
respect to the rotations about the z axis. The electron—
phonon interaction conserves the sum of the compo-
nents of the angular quasi-momenta of the electron and
the phonon aong the z axis, giving rise to the corre-
sponding selection rules for the matrix elements of
operator (11).

We find the probability of the emission of an LO
phonon by an electron in the initial state |m, ECJusing
first-order perturbation theory. If the final electron
states lie in the continuous spectrum, then, due to its
degeneracy in the projections of the angular momen-
tum, the electron can emit aphonon with arbitrary com-
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ponents of the angular momentum and the correspond-
ing sum will contain an infinite number of terms.
Numerical transition to the limit R — oo requires high
computer power, since the number of final electron
states with different components m, for which transi-
tions are possible, is proportional to R.

We can obtain an approximate expression for the
probability of the spontaneous emission of an LO
phonon if we disregard the modification of the find
electron states by the impurity potential (see the
Appendix). We have

spont _
Vm,E - ZMSV’
SV

where
2
e’m w m m
Mg, = =252 CM O (k) C P (k) AS, (k). (12)
eph =
T FA,(9)Fpg)dg,
AEV(kj) - .I 2 Z 2 Z 2 2,2 4 (13)
o —12) + 262 (K2 +K2)” + g
Fps(qz) = J-gp(z) exp(—l qZZ)gS(Z)dZ, (14)
k: are the roots of the equation
72K
E,+ 2—m"+hooLo = E, (15)

p

and E, is the energy of the minimum of the subband
with the number p.

The probability of the emission of an LO phononis
represented by a convolution of matrix M, (12) with
respect to the subband indices s and v. Each diagonal
matrix element of M iS nonnegative and corresponds
to electron scattering from the channel (subband) with
the number s. The sign of the off-diagonal matrix ele-
ments Mg, (S # v) depends on the overlap (in the
k space) of the coefficients C4(k;) and C,(k;), which cor-
respond to the different channels (subbands) s and v.
The sum of all the off-diagonal matrix elements Mg,
may be interpreted as the interference of the scattering
channelsin the electron—phonon interaction. The inter-
ference's contribution to the frequency v¥°™ can be
negative, which corresponds to the suppression of
relaxation by the phonons.

In the quasi-two-dimensional case, one or two chan-
nels contribute to quantity (12), depending on the type
of initial electron state. As was noted above, if the ini-
tial electron stateis extended, then it may be considered
as belonging to a certain subband n. Therefore, the con-
tribution to the probability v is determined by the
dominant channel corresponding to this subband, and
the electron scattering does not differ qualitatively from
the intrasubband and intersubband relaxation in the
unperturbed QW. Generally, for an electron in ahybrid-
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Fig. 2. The dependence of the probability of a spontaneous
emission of LO phonons on the energy of theinitial electron
state with m= 0 (solid line). The dashed lines represent the
probabilities of LO phonon emission for intrasubband
(curve 1) and intersubband (curve 2) transitions. The energy
is measured from the minimum of the second subband. The
parameters of the heterostructure are listed in the caption to
Fig. 1; the impurity center is displaced with respect to the
center of the quantum well by 5 nm. The circles correspond
to the frequencies of LO phonon emission for the two lower
resonance states (m = 0) for the donor located at the central
plane of the quantum well.

ized initial state, two channels contribute to the phonon
scattering. In the quasi-two-dimensional case, the con-
tributions of the diagonal matrix elements M, are dom-
inant and the interference contribution is very small.
Thisfact isdueto the large separation between the sub-
bands, which resultsin aweak overlap of the expansion
coefficients corresponding to the two subbands in the
k space that form the hybridized state.

Figure 2 shows the dependence of the probability v,
of the spontaneous emission of an LO phonon (12) on
the energy of the initial electron state withm=0. The
energy interval is limited by the vicinities of the two
lower resonances under the second subband. Every-
where, except for in the vicinities of the resonances, v,
practically coincides with the rate of intrasubband
relaxation for the unperturbed QW. Inthevicinity of the
resonances, there are dips in the v, curve produced by
the hybridization of the subbands. The rate of the spon-
taneous emission decreases because of the increase in
the contribution of the second subband to the hybrid-
ized state: the contribution of the slower process of
intersubband relaxation increases and the contribution
of the faster intrasubband rel axation decreases.

Qualitatively, the plotsin Fig. 2 do not change if we
take into account the inhomogeneity of the permittivity
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(the so-called image force) and the difference in the
longitudinal effective masses in the QW and barrier
regions. None of these factors can give rise to the dips
in the energy dependence of the phonon-emission prob-
ability (hybridization of states); they can only change
the depth and position of these dips.

If the impurity is located in the central plane of the
QW, the widths of the resonances below the second
subband are zero and the resonance states are only
formed by the upper subbands. For such states, the
relaxation by the LO phonons has an “intersubband”
character (Fig. 2). If theimpurity center is moved deep
into the barrier, then, at the energies of the resonance
states, probability (12) tends to a quantity correspond-
ing to the intersubband electron transitions with
phonon emission in an unperturbed case (not shown in
the figure).

4. ABSORPTION OF IR RADIATION

In order to calculate the absorption coefficient of IR
radiation in the considered approximation of isolated
impurity centers, it is sufficient to know the absorption
cross section o corresponding to a single center. The
cross section o is the ratio of the energy absorbed per
unit time to the power density of the radiation. We set
the temperature equal to zero.

When calculating the cross section in the mid-IR
range, we replace the Dirac delta function that
describes the exact energy conservation law in the
Fermi “golden rule’ by a Lorentzian function,

I/
(Ef—E—Aw)?+T7

Here, E; and E; are the energies of the initial and final
states, respectively, and we assume that the broadening
parameter ' depends only on the final state. We set
s = Av®ont where v¥t isthe frequency of the sponta-
neous emission of an LO phonon (12).

For longer wavelengths (in the far-IR region), we
take into account only the inhomogeneous broadening
of the absorption lines. We restrict the analysis to the
broadening mechanism related to the dependence of the
impurity energy spectrum on the impurity spatial posi-
tion. Then, for a selectively doped heterostructure, the
absorption cross section is obtained by averaging over
the impurity position [17].

5(E; —E, —hw) — (16)

4.1. Absorption of IR Radiation with z Polarization

We consider an electromagnetic wave that has only
the z component of the electric field. For this polariza-
tion, only optical transitions that conserve the compo-
nent of the angular momentum along the z axis are pos-
sible. The diagona in m matrix elements of zis

[, EYzjm, EO= Zzn.nzcg.m k)™ (k), 17)

nn' j
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where z,,, isthe matrix element of the z coordinate with
the wave functions of one-dimensional motion corre-
sponding to the subbands n* and n.

We consider matrix elements (17) for optical transi-
tions from the ground state. For transitionsto the local-
ized and extended states of the lower subband, the
matrix elements are small. In the quasi-two-dimen-
siona case, the wave functions of the initial and fina
states may be approximated by the product of the wave
function of the first subband g,(2) and functions of p
and ¢, which are eigenfunctions of the Hamiltonian
operator with two lateral degrees of freedom. The more
suitableisthe approximation in question, i.e., the greater
the separation between the subbands and the closer the
situation to the two-dimensional case, the smaller the
matrix elements of zwith these wave functions.

For transitions to the extended states belonging to
excited subbands, matrix elements (17) are small
because of the weak overlap of the wave functions of
the initial and fina states corresponding to different
scales of localization in the lateral direction. The over-
lap of the wave functionsin the coordinate and momen-
tum spaces is relatively large only for transitions from
the ground state to the resonance states. In the quasi-
two-dimensional case, matrix element (17) isat itslarg-
est for optical transitions to the lower resonance states
under the excited subbands. This fact can be explained
by the topologically similar k dependence of the expan-
sion coefficients for the initial and final states.

The cross section of the IR-radiation absorption for
different positions of the impurity center in the QW is
shown in Fig. 3. The maximum of the cross section cor-
responds to optical transitions to the lowest resonance
state below the second subband. For comparison, the
absorption cross section for intersubband optical transi-
tions in the unperturbed QW is shown by the dashed
line. Both the width of the absorption line and its shift
with respect to the absorption maximum for intersub-
band transitions changes with the impurity position in
the QW. The line shift is determined by the difference
in the binding energiesfor the ground state and the low-
est resonance state (the binding energy of a resonance
state is defined as the difference between the minimum
of the nearest upper subband and the energy of the res-
onance state). Since the main contribution to radiation
absorption is made by optical transitions from the
ground state to the hybridized states near the lower res-
onances under each of the subbands, the change in the
frequencies of such transitionsisequal to the difference
of the binding energies. As the distance from the impu-
rity center to the QW increases, this difference tendsto
zero together with the binding energies, and the posi-
tion of the absorption line tends to the position of the
absorption maximum for the intersubband transitions.

For dl the donor positions, the shape of the absorption
lineisdetermined by the homogeneous broadening result-
ing from the interaction with phonons (formula (16)).
Depending on the impurity position, the rate of LO
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phonon emission changes from 2 x 10*? s for a donor
located deep in the barrier to 4.3 x 102 s for a donor
at adistance of 5 nm from the central plane of the QW
(Fig. 2); accordingly, this change affects the line widths.

Experimental detection of such a dependence of the
absorption line width on the donor position (the posi-
tion of the &-doping layers in the heterostructure) is,
however, quite difficult. Typically, absorption lines
have a non-Lorentzian shape, and their widths exceed
the quantities calcul ated in the above example. Therea-
son for this circumstance is the presence of severa
broadening mechanisms that were disregarded in the
calculations.

4.2. Normal Incidence of Radiation
We consider a circularly polarized wave E, =
(Eosin(wt), FE,cos(wt), 0) (in the dipole approxima:
tion, the coordinate dependence of the electric field E,
is disregarded). We choose the operator of the interac-
tion with the electromagnetic field in the form V,(t) =
eE,r. Commuting this operator with the Hamiltonian

operator, we can obtain the following expression for the
matrix elements of the coordinate part of the perturba

tion operator Vibs corresponding to photon absorption:

_eE A’ Elk,|m, EO
. :

[, E|V2*°|m, EO= L . (18
IVarim 2im,(Ey —Ep) (18)
here, the operator k, is given by
_ exp(si¢)12 4 190
K, +exp(i|¢)D)p_pa¢D. (29

The matrix elements of the k, operators are nonzero
only for optical transitions where m changes by *1,

M+ 1 Elkm EC= Y ci™ B k)k, ™ P(k)). (20)
n, j

In this expression, we have omitted the terms infinites-
imal at R — c0. Sum (20) contains expansion coeffi-
cientsthat are diagonal in subband indices. Inthe quasi-
two-dimensional case, the ground state belongs to the
first subband (d; = 1) and, therefore, optical transitions
from this state are allowed only to the states for which
d; = 1. Therefore, the absorption of IR radiation for a
given polarization has an “intrasubband” character:
transitions to the localized states and states of the 2D
continuum originating from the lower subband are
allowed. If the optical transition energy is substantially
greater than the donor binding energy, the correspond-
ing matrix element is very small due to aweak overlap
inthe k space of the factorsin sum (20). For thisreason,
the matrix element for transitions to the resonance
states below the second subband is very small. In addi-
tion, in the vicinity of these resonances, the quantity d,
decreases. This correspondsto the dipsin the frequency
dependence of the absorption cross section. However, if
2005

SEMICONDUCTORS Vol. 39 No. 4

445

2

Absorption cross section, 10713 cm
2.0
1.6
1.2
0.8

0.4

| |
55 60 65 70
Photon energy, meV

Fig. 3. The absorption cross section for radiation with
zpolarization. The parameters of the heterostructure are
listed in the caption to Fig. 1. The solid lines correspond to
absorption cross sections for an impurity center located at
the central plane of the quantumwell (curve 1), at adistance
of 5nm (curve 2) and at adistance of 14 nm from the central
plane (curve 3). The dashed line shows the absorption cross
section for intersubband transitions in the unperturbed
quantum well.

the different broadening mechanisms are taken into
account, such dips are aimost unobservable, even for
QWswith small intersubband separations (about 15 meV).

Let us consider the mechanism of inhomogeneous
broadening related to the dependence of the donor
energy spectrum on the donor z coordinate in a QW.
Since the z dependence of the difference of the local-
ized state energies may have extrema, Van Hove singu-
larities can arise on the frequency dependence of the
absorption coefficient [17]. In the above cal cul ations of
the absorption cross section (Fig. 4), these singularities
were eliminated by removing the vicinities of the sin-
gular points. Thisprocedureisaform of averaging [17],
with allowance for the fact that the substitutional impu-
rities are located in certain atomic planes. In the vicin-
ities of the singular points with sizes approximate to a
|attice constant, the density of the impurity distribution
in the corresponding integrals was taken to be zero.

We assumed that the donors were distributed
according to the Gaussian law with a variance of 0.6
and 1 nm. The mean of the distribution was displaced
with respect to the center of the QW by a distance of
2 nm. For both cases, the low-frequency maximum of
the absorption cross section was due to optical transi-
tions from the ground state to the lowest states with
m = £1 of the donorslocated in the vicinity of the max-
imum of the concentration distribution. The Van Hove
singularities manifest themselves as discontinuities on
the high-frequency side of the maximum only for a
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Fig. 4. The absorption cross section for circularly polarized
radiation. The parameters of the heterostructure arelisted in
the caption to Fig. 1. The impurity density correspondsto a
Gaussian distribution centered at a distance of 2 nm from
the center of the quantum well. Curve 1 corresponds to a
variance of 0.6 nm and curve 2, to 1 nm.

wide impurity distribution, since, near the correspond-
ing singular point (at the center of the QW), the impu-
rity concentration is relatively high. For experimental
dependences of the absorption coefficient, such spectral
features are smoothed out because of the presence of
other broadening mechanisms. Optical transitions to
the next excited localized donor states and the 2D con-
tinuum yield almost overlapping contributions to the
absorption cross section for both distributions.

5. CONCLUSIONS

We showed that, near the energies of resonance
states, polar electron—phonon interaction is modified.
This modification is due to the hybridization of quan-
tum-confinement subbands. Phonon emission by an
electron in ahybridized state is essentially amultichan-
nel process and, in the quasi-two-dimensiona case,
there are two weakly interfering channels. One channel
correspondsto theinteraction of aphonon with an elec-
tron localized at the impurity center, and the second
channel correspondsto an electron leaving the impurity
by tunneling to the continuum of the lower subband and
to an intrasubband emission of an LO phonon.

The absorption of IR radiation with z polarization is
dueto optical transitionsfrom the donor ground state to
the hybridized states. In contrast, for a normal inci-
dence of radiation, the resonance states do not manifest
themselves in the frequency dependence of the absorp-
tion cross section. Thisfact is true for a case in which
the separation between the quantum-confinement sub-

BEKIN

bands is much greater than the donor binding energy. In
this case, the absorption of radiation at a hormal inci-
dence is due to optical transitions between the donor
localized states and to impurity—band optical transitions.

APPENDIX

Let us derive formula (12). For the energies and
wave functions of the final states, we use expressions
corresponding to aQW in the absence of impurities. We
use the following computational method. The squared
modulus of the matrix element in the Fermi golden rule
is a product of two complex conjugate integrals. We
change the order of the summation over quantum num-
bers in the Fermi rule and the integration over coordi-
nates in one of these factors. Then, the frequency of
spontaneous emission can be represented as the result
of the action of the integral operator on the function of
theinitial electron state:

4 2
yFot 2T W o€

mE - R3hCEp
(A1)

x Y JkiCak) [Ks(P) In(kip)pdp.

Here, the operator kernel is given by
Z q/\/Eij(kj)Fps(qz) F;v(qz)
2 2
., Gy, VL P.Ky q+q

X I (AP) Im-mi(K¢P)O(E — Ep(ks) —A100 o)

XJ'Jm_m-(kff)Jm(qf)Jm(kjf)fdf
0

K(p) =

(A.2)

and E,(k;) are unperturbed energies of the final states.

We replace the integral with respect tor in (A.2) by
its limiting value as R — o [14] and sum over m'
using the “addition theorem” for the Bessel functions
[18]. Using rule (4), we replace the summation over q
by integration. The integral is easily calculated if we
take the new integration variable 6, using the relation

ki = K+ ki + 2kk cos,.

Next, in kernel (A.2), we pass from summation to
integration with respect to the variables k; and g,. For-
mula (12) is obtained after substituting Kyp) into
expression (A.1), integrating with respect to p, sum-
ming over j, and taking into account the orthogonality
of Bessdl functions (5).
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Abstract—The electrical properties of undoped and phosphorus-doped a-Si:H films with Si nanocrystals are
studied. The silicon nanocrystals are formed by a solid—solid phase transition resulting from the nanosecond
effect of aXeCl excimer laser on an amorphous film. The formation of the nanocrystalsin the undoped filmsis
accompanied by an increase in the electrical conductivity by two to three orders of magnitude and a ssmulta-
neous decrease in the effective activation energy of the conductivity from 0.7 to 0.14 eV. The nanocrystal sizes
range from 2 to 10 nm for various laser treatment modes and are determined from Raman scattering data and
high-resol ution electron microscopy. The temperature dependence of the Fermi level is obtained by calculating
the energies of the localized states of electrons and holesin the nanocrystals. It is shown that, asthe temperature
decreases, the Fermi level tendsto the energy of the statesin the Si nanocrystals for awide concentration range
of the dopant. The Fermi level’slocation close to the states in the nanocrystals is a consequence of the fact that
these states are multicharged. It isfound that phosphorus effectively transformsinto an electrically active state
during laser treatment of the doped amorphous Si films, which is an important consideration in the fabrication

of shallow p— junctions and contacts for amorphous Si films. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Currently, giant microelectronics is one of the most
dynamically developing fields of electronics. Develop-
ments in this field determine the progress made in the
fabrication of planar array devices for information
imaging and, in recent times, sensor devices [1]. The
main controlling element of active arrays (AAS) is a
thin-film transistor (TFT) based on amorphous Si. The
ever increasing requirements for the parameters of
TFTs have determined the necessity of using polysili-
con films as a base material. This problem can be
solved via the use of an excimer laser to crystalize
amorphous Si films on low-melting substrates [2, 3].
Moreover, the problem relating to the formation of
source—drain regions is highly relevant to the develop-
ment of TFTs based on amorphous Si films. In source—
drain regions, p—n junctions can be formed using the
radiation from excimer lasers to activate the shallow-
level impurity. The advantages of this method are two-
fold: the formation of shallow p—n junctions and the
possibility of combining the crystallizing treatment
with the formation of the source—drain regions. How-
ever, it is known that nanocrystalline inclusions are
formed in an amorphous Si film during low-energy laser
treatment [4, 5]. These inclusions can have a discrete
energy spectrum and behave as multicharged centers. We
can expect that, aong with a shallow-level impurity, S
nanocrystals, being electrically active centers, will affect
afilm’'s conductivity in an eectrically active state.

The aim of this study is to compare the electrical
conductivity of doped and undoped amorphous Si films
exposed to nanosecond ultraviolet radiation from an
excimer laser. For this purpose, we studied the structure
and conductivity of nanocrystalline Si films obtained as
aresult of a pulsed laser effect on amorphous Si films.
We also calculated the effect of the Si nanocrystals on
the location of the Fermi level in the doped amorphous
Si films and estimated the values of the conductivity.

2. EXPERIMENTAL

The amorphous hydrogenated silicon (a-Si:H) films
under study were deposited on Corning 7059 glass sub-
strates by a plasma-enhanced chemical vapor deposi-
tion at 230°C. The films were 100 nm thick and had a
20% hydrogen content. In order to study the impurity
activation caused by the laser treatment, some of the
samples were implanted with 60-keV phosphorus ions
at adose of 2 x 10% cm2.,

The laser treatment was carried out using a
XeCl excimer pulsed laser with an emission wave-
length of 308 nm. The energy density of the laser emis-
sion in the pulse varied from 75 to 100 mJcm?, which
islower than the threshold density needed to form mac-
roscopic regionsfrom the melt of theamorphous Si film
[6]. The sampleswere treated both by single pulsesand
aseries of up to 1000 pulses, with alow energy density
to form the higher nanocrystal concentration.

1063-7826/05/3904-0448$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Temperature dependences of the conductivity in
(2) the initial a-Si:H film and (2, 3) the a-Si films with
nanocrystals that were 2 nm in size. The nanocrystals were
introduced by laser treatment at a dose of 80 mJ/cm?, with
the number of pulses equal to (2) 100 and (3) 500.

The structure of the obtained films was studied
using Raman spectroscopy and high-resolution elec-
tron microscopy (HREM). In order to study the electri-
cal properties of the films, we measured the tempera-
ture dependences of the dark conductivity of the
obtained structures.

3. RESULTS AND DISCUSSION

3.1. The Conductivity of Nanocrystal-Containing Films
of Hydrogenated Amorphous Slicon

Figure 1 shows the temperature dependences of the
conductivity of theinitial a-Si:H film (curve 1) and the
films treated using the excimer laser (ELA) in a mode
with 80 mJcm? and with the number of pulses equal to
100 (curve 2) and 500 (curve 3). The effective activa
tion energy for the conductivity of the initial sample
was 0.7 eV, which corresponds to the conventional val-
ues for amorphous hydrogenated Si films. The room-
temperature conductivity was 1.4 x 1071° Q- cm. For
samples exposed to 100 pulses of the excimer laser at
the energy density 80 mJ/cm?, the slope of the depen-
dence of the conductivity changes at temperatures
below 285 K and the activation energy becomes equal
t0 0.17 eV. The slope of the temperature dependence of
the conductivity for the film treated with a dose of
80 mJcm? x 500 pulses varied over the entire tempera-
turerange, and the activation energy of the conductivity
for this film was 0.14 eV. The Raman spectra show
(Fig. 2) that the average nanocrystal sizeis2 nmfor this
energy density and that an increase in the number of
pulses leads to an increase in the number of nanocrys-
tals. According to the Raman data, the total content of
the crystalline phase remains at less than 1% for the
sample whose temperature dependence is shown by
curve 2in Fig. 1. For the case of curve 3, the content of
the crystalline phase is 35%. The content of the crystal-
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Fig. 2. Raman spectra for (1) the initial a-Si:H film, and
(2, 3) thea-Si films with nanocrystals that had an average size
of 2 nm. The nanocrystals were introduced by laser trestment
a a dose of 80 m¥cm?, with the number of pulses equal to
(2) 100 and (3) 500. The HREM data are shown in the inset.

line phase and the average crystallite size were esti-
mated on the basis of the Raman data (Fig. 2) using the
procedure described in [7-10]. According to the Raman
and HREM data, an increasein the pulse energy density
leads to an increase in the average size of the nanocrys-
tals formed. For example, as the energy density
increases to 100 Jcm?, the average size of the intro-
duced nanocrystals increases to 8 nm.

We can assume that the states associated with these
Si nanocrystals can both affect the location of the Fermi
level, which leads to a variation in the conductivity via
the extended states, and be immediately involved in the
charge transport in accordance with the hopping mech-
anism. In this context, the nanocrystals play the role of
doping centers[11].

We carried out experiments in order to study impu-
rity activation under laser irradiation and the corre-
sponding variation in the conductivity of the irradiated
films. In Fig. 3, we compare the temperature depen-
dences of the conductivity of the initial amorphous
film, the film implanted with phosphorus ions, and the
P-doped film after the laser treatment. After phosphorus
was implanted, the room-temperature conductivity of
the films increased by two orders of magnitude, while
the activation energy of the conductivity decreased
from 0.7 t0 0.18 eV. Theimplanted P concentration was
estimated as 2 x 10'® cm=. However, a considerable
part of the dopant was electrically inactive. A subse-
quent laser treatment at the energy density 80 mJ/cm? x
1000 pulses increased the film's conductivity and
decreased the activation energy of that conductivity to
0.15 eV. It seems probable that an increase in the con-
ductivity with asimultaneous decrease in the activation
energy indicates that the location of the Fermi level
changes due to the fact that a part of the implanted
phosphorus becomes el ectrically active.
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Fig. 3. Temperature dependences of the conductivity for
(2) theinitia a-Si:H film, (2) the P-implanted a-Si:H film, and
(3) the P-implanted a-Si:H film treated with an excimer laser.

Figures 4a and 4b show the temperature depen-
dences of the conductivity of the laser-treated films
implanted with phosphorus and those without any
implantation. The impurity incorporation and the sub-
sequent laser treatment change the film’s conductivity
by several orders of magnitude. It is noteworthy that
this effect becomes more pronounced as the pulse
energy density increases. The value of the room-tem-
perature conductivity increased to 10° Q- cmr (curve 2
in Fig. 4b).

Thus, the experimental value for the conductivity of
the a-Si:H films, both doped and undoped, increases
after the laser treatment and is accompanied by a
decrease in the effective activation energy. A compari-
son of the experimental datafor the doped and undoped
films, which were trested under the same conditions,
alows usto conclude that the P atoms become el ectrically
active after the laser treatment. Despite the similarity of
theresultsfor theincorporation of the shallow-level impu-
rity and the nanocrystal's, the mechanismsinvolved in the
increasein the conductivity may bedifferent. To reved the
effect of the nanocrystal s on thelocation of the Fermi level
in the amorphous S films, we carried out the correspond-
ing cal culations described bel ow.

3.2. Calculation of the Effect of Nanocrystals
onthe Location of the Fermi Level in Doped Slicon Films

To estimate the effect of the nanocrystals on the con-
ductivity of the a-Si:H films and the activation energy
of that conductivity, we calculated the location of the
Fermi level versusthe doping level of the film. In these
caculations, we took into account the states in the
bands, the impurity energy states, and the density of
statesin the band gap, whichisinherent to a-Si:H [12].
The contribution of the nanocrystals was taken into
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Fig. 4. Temperature dependences of the conductivity of the
a-Si:H films treated with 100 pulses of an excimer laser at
the energy density of (a) 80 and (b) 100 mJcm?. Curve 2
corresponds to the P-implanted film.

account by introducing multicharged centers into the
calculation. The charge state of these centers depends
on the number of electronsin the nanocrystal.

We calculated the energy spectrum for nanocrystals
of various sizes. The nanocrystal was simulated by a
spherical potential well with the potential and mass step
at the boundary. It iswell known that the problem of a
spherical potential well can be reduced to a one-dimen-
sional problem [13], and the zero angular momentum
can be determined by solving thefollowing problem for
aone-dimensional potential well:

dx(r) , [2m _
X +[h2(E U(r))}x(r) 0,

where x(r)/r determines the radial part of the wave
function. The condition x(r) = 0 at r = 0 should be sat-
isfied to provide the finiteness of the wave function at
the origin. The fulfillment of this condition can be pro-
vided by an infinitely high potential wall at r = 0. The
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nanocrystal radius plays the role of the well width, and
the potential has the following form:

o ar=0
Ur) =|0 a 0<r<R|
U, a r=R

The dependences of the energy spectrum of the elec-
trons and holes on the size of the nanocrystals, which
were introduced into the a-Si matrix, are shown in
Figs. 5aand 5b, respectively.

The contribution of the nanocrystals to conductivity
is taken into account by introducing the multicharged
centers into the calculation. The energy levels of these
centers correspond to discrete levelsin the nanocrystal .
We assigned numbers from 0 to | to the energy states of
the nanocrystal. Theindex 0 correspondsto thelocation
of the Fermi level below each quantum level in the
nanocrysta, i.e., to the absence of valence electrons at
guantum-dimensional energy levels. In this case, the
total charge of the nanocrystal g, is positive and its
magnitude is determined by the largest number of holes
that can be held in the nanocrystal. The index j thereby
corresponds to the number of valence electronsthat are
located in the nanocrystal. Its charge g in the jth stateis
given by

q; = go—j e

The charge density at the multicharged centers can
be written as

NOmg(T, E) = Nmq [Qu(T, E¢),
where Nmg and Q,,(T, Ef) are the concentration and

charge of the multicharged centers (nanocrystals),
respectively. The charge equals

qu(T’ EF) = ij Dfmqj(T! EF)i
i

where fmg(T, Eg) is a distribution function that corre-
spondsto the jth state and is defined as

J . :

noE—Ep
_ZogjeXpD R
J:

In this expression, E; is the energy of the multielecron
center with j electrons, and g; is the degeneracy factor for
the center with j electrons. If we know the energiese, for
the trangition of the center from the j stateto thej + 1
state, we can find the energy of j electronsin the nanoc-
rystal E; as the sum of the energies of the single-elec-
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Fig. 5. The energy spectrum of the (a) electrons and
(b) holes for the nanocrystal in the a-Si matrix.

tron states. The values of these energies are determined
on asingle coordinate scale:

j
E = zsk.
k=0

In the calculations, the concentration of the multi-
charged centers (nanocrystals) was Nmg = 10Y cm=,
The energy levels were specified for nanocrystals of
8 nmin diameter.

The distribution of the quasi-continuous energy
states in the band gap was specified as follows. Let
N,(€) bethe density of statesin the unit energy range. In
this case, the concentration of the electrons captured at
these states will be equal to

E

C

. = [ fo(E)Ny(E)dE.

The charge density at the states in the band gap will
depend on the starting charge of the centersthat induce
the emergence of the states in the band gap and on the
number of captured electrons:

EC EC

Ps = qsOI NS(E)dE + qej fe(N)Ns(E)dE,
E, E,
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Model parameters for the calculation of the location of the
Fermi level

Model parameters | Inbands In the band gap
Estd,, eV E, E.—-0.7
AEstd,, eV —-0.04 -0.15
Nstd,, cm~3/eV 10% 0.5 x 10'4, 0.5 x 10%7
Esta,, eV E. E.—-0.7
AEsta,, eV 0.025 0.1
Nsta,, cm~3/eV 10 0.5 x 10'4, 0.5 x 10Y7

where qg, is the charge of an unoccupied state in the
band gap. The unoccupied donor states have a positive
charge, while the acceptor states have a zero charge.
The density of states in the band gap was determined
from the total density for the donor and acceptor states.

The chosen model of the density of statesin amor-
phous Si implies that we should take into account the
additive densities of states, which decrease exponen-
tially from the band edges:

_ £ — Estd,
Nsd(E) = ZE\IStdkeXpD-_—_AEstdk \E..E
k

_ £ —Esta,
Nsa(E) = za\lstakexpDAE sia, \)EE

Thetota charge at the statesin the band gap is given by

E,

Ngs(T, Ef) = J’Nsd(E)dE

v

EC
—[H+ex (E— EFDD_l(Nsd(E) + Nsa(E))dE
] POooa @ '
EV

Thedensity of statesin the band gap Ny(E) was spec-
ified so that its minimum corresponded to the energy
E.—0.7 eV, thus making the model consistent with the
experiment. The minimum density of states Ns;,, =
10% cm3,

The table gives the parameters for the exponentially
attenuated energy states in the band gap, which were
used inthe calculations. The band gap E, was chosen to
be equal 1.8 eV, which correspondsto a-Si:H [12]. The
location of the Fermi level was found by solving the
electroneutrality equation.

The temperature dependences of the Fermi level
were calculated for various doping levels. Theimpurity
concentration was varied from 102 to 10 cm™3. In the
calculations, phosphorus with E; = 0.044 eV was cho-
sen asthe donor impurity and boron with E, = 0.045 eV
was chosen as the acceptor impurity.

ARZHANNIKOVA et al.

Figure 6 shows the calculated location of the Fermi
level in a-Si:H as afunction of the doping level. With-
out the doping impurity, the Fermi level islocated at the
midgap. At low temperatures, the introduction of the
impurity shifts the Fermi level towards the energy of
the impurity state (Fig. 6a). The calculations showed
that the nanocrystals profoundly affect the location of
the Fermi level (Fig. 6b). Furthermore, at low tempera-
tures, the Fermi level is pinned at quantum levelsin the
nanocrystals. In this case, the energy depends on the
doping level of the film. For Figs. 6a and 6b, the local-
ized statesin the band gap were disregarded in the anal -
ysis of the effect of the nanocrystalline inclusions
themselves.

Theresultsthat take into account thelocalized states
are shownin Fig. 6¢. It can be seen that the effect of the
nanocrystalsisless significant in this case. However, at
a high impurity concentration and low temperatures,
the Fermi level ispinned at the same statesin the nanoc-
rystals as mentioned above.

Let us disregard the temperature dependence of the
mobility. Then, we can calculate the electrical conduc-
tivity of the films with nanocrystals and without them.
Theresults of acalculation for the mobility 1 cm?/(V )
are shown in Fig. 7. As follows from a comparison of
Figs. 7a and 7b, the introduction of the nanocrystals
decreases the conductivity through a mobility gap of
amorphous Si for concentrations of the shallow-level
impurity lower than that of the nanocrystals. Thus, the
experimentally observed substantial increase in the
conductivity of the undoped laser-treated films (Fig. 1)
can not be attributed to a variation in the band conduc-
tivity resulting from the introduction of the nanocrys-
tals. The Fermi level shiftsasthe nanocrystalsareintro-
duced. However, by virtue of the fact that the Fermi
level tends to the energy of one of the levels in the
nanocrystal, which is deeper than the energy level of
the shallow-level impurity, the band conductivity
decreases while the activation energy correspondingly
increases. Thus, in the case of the undoped films, the
observed increase in the conductivity and decrease in
the activation energy can probably be explained by a
variation in the hopping transport rather than by an
increase in the band conductivity. This conclusion is
confirmed by the fact that the activation energy of the
conductivity changes drastically as the temperature
decreases for the same sample (curve 2 in Fig. 1),
which provides direct evidence that the conductivity
mechanism changes. The strong concentration depen-
dence of the conductivity, which is observed for the
undoped films (curves 2, 3in Fig. 1), aso confirms the
above suggestion that the hopping transport becomes
the dominant mechanism on the introduction of nanoc-
rystals with a relatively high concentration. The states
in both the nanocrystals and the surrounding matrix,
which arelocated closeto the Fermi level, may contrib-
ute to the transport. The fact that the Fermi level tends
towards the energy levelsin the nanocrystals only sim-
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Fig. 6. Temperature dependences of the Fermi level. (a) The
shallow-level impurity is taken into account, (b) the shal-

low-level impurity and the Si nanocrystals Ny, = 1017 cm =

are taken into account, and (c) the shallow-level impurity,
the nanocrystals, and the density of states in the band gap

N = 10 cm~3/eV are taken into account.

plifies the involvement of the nanocrystals in the hop-
ping mechanism.

For the laser-treated doped films, the conductivity
increases and the effective activation energy decreases,
which superficialy resembles the case of the undoped
films. However, a direct comparison of these cases
under the same laser-treatment conditions proves that
the phosphorus atoms become electrically active after
the laser treatment. As the energy density of the laser
radiation increases, the observed relative difference in
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Fig. 7. Temperature dependences of the conductivity of the
hydrogenated amorphous Si films (Ng = 10* cm™/eV) at
variousdoping levels: (a) without nanocrystals, and (b) with
nanocrystals. The numbers next to the curves denote the
concentration Ny (in cm™3).

the conductivity is more than three orders of magni-
tude. In turn, the impurity activation causes the shift of
the Fermi level towards the conduction band, which
increases the conductivity, with a simultaneous
decrease in the activation energy (Fig. 7).

4. CONCLUSIONS

Thus, we showed that Si nanocrystals, which were
formed in amorphous Si as a result of laser treatment,
increasethe electrical conductivity of thefilmsand lead
to a ssimultaneous decrease in the effective activation
energy of that conductivity from 0.7 to 0.14-0.17 eV.
Thisincreasein the conductivity cannot be described in
the context of the conductivity mechanism viathe band.
The activation energy of the conductivity decreases as
the temperature decreases and as the concentration of
nanocrystals increases. This phenomenon is attributed
to the hopping transport with the involvement of the
states in the Si nanocrystals.

Due to the effect of laser radiation with a wave-
length of 308 nm and an energy density bel ow the melt-
ing threshold, phosphorus atoms become electrically
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active in P-doped amorphous Si films. The observed
relative difference in the conductivity exceeds three
orders of magnitude at room temperature and increases
as the temperature decreases, which pointsto the effec-
tive electrical activation of the phosphorus impurity.
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Abstract—Theresultsfrom electron spin resonance studies of the states of copper intercalated into various car-
bon hosts, i.e., fullerene (Cgp), ultradisperse diamond, and amorphous carbon, are considered. The possibility
of the occurrence of the copper disproportionation reaction 2Cu?* — Cu* + Cu®* is shown. In a system con-
sisting of copper and ultradisperse diamond, a superparamagnetic state is detected in a temperature range

of 10-130 K. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The atomic structure of all the molecular forms of
carbon has a unique capability to give rise to various
hybridizations of valence orbitals. This circumstance
makesit possible to use carbon systems as hosts for the
intercalation of metals and metal clusters. However,
there is a significant problem to be investigated related
to the interaction between a given metal and the carbon
host. We studied a series of samples prepared according
to the method described in [1-3]. Measurements of the
microwave absorptivity, Meissner effect, and tempera-
ture dependence of the resistivity showed the existence
of superconductivity up to the high critical temperature
T, = 120 K in Cu—Cg, samples [1]. The mechanism of
this phenomenon is associated with the formation of
macromolecular fullerene clusters, in which copper is
incorporated via oxygen bridges [3]. Under the
assumption that copper, when in such a system, is an
electron donor, the copper disproportionation reaction
2Cu?* — Cu* + Cu®* can take place during doping [4].
In this case, the formation mechanism of the supercon-
ducting state is associated with the existence of centers
with negative effective correlation energy (U~ centers).
Copper charge states were studied using the electron

1, arb. units
1.0+ (2)

0.5 /\\/J

=528 &

g* ¢ =2.003 ok
/\J\“mOK 8
6L

_—_/\1@:130K 4l
2

0

spin resonance (ESR) of copper intercalated in vari-
ous carbon hosts: fullerene (Cq,), Ultradisperse dia-
mond (UDD), and amorphous carbon (a-C:H). The
measurements were carried out using a conventional
RADIOPAN ESR spectrometer at a frequency of
9.6 GHz in atemperature range of 4-300 K.

2. RESULTS OF ESR STUDIES

The ESR spectrum of the Cu—Cg, samples (Fig. 1a)
consisted of four lines corresponding to the resolved
hyperfine structure of copper found in the Cu?* charge
state with a g factor equal to 1.99 and a narrow line
resulting from carbon radicals with g = 2.003. First, the
ESR spectrum of the polycrystalline samples was
observed; then, the samples were ground down to
micrometer sizes; and, last, the ESR spectrum of the
powders was measured. The ESR spectrum parameters
(g factor and linewidth) did not demonstrate any signif-
icant differences for the polycrystalline and powdered
samples. However, the ESR signa intensity from the
copper in the powdered samples increased by approxi-
mately ten times. This alows us to conclude that the
copper inthe polycrystalline sasmplesiseither inamag-

=208  (b) [, arb. units ©

T=300K

T=10K

1 1 1 1 1 1 1
26 28 3.0 32 34 0 1 2

1 1 1 1 1 1 1
4 5 6 20 25 3.0 35 4.0 45

H, kOe
Fig. 1. ESR spectraof the (a) Cu—Cgg, (b) Cu-UDD, and (c) Cu—a-C:H samples.
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Parameters of the ESR spectra
AH | Ay | Ny om

Sample g factor 08 |1048m (b)?J spins)
PC Cu—Cqg 1.99 420 131 107
P Cu—Cq 1.99 420 131 108
Cu-UDD 2.08 300 93 10
Cu—a-CH |g,=236,95=1.99| 300 93 10%°

g;=271,97=1.99

Note: PC stands for polycrystalline; P, for powder; and UDD, for
ultradi sperse diamond.

netic state (3d° or in one of two nonmagnetic states
(38 or 3d'°). Furthermore, a deviation from the Curie
law was observed in the temperature dependence of the
copper ESR signal intensity in the polycrystalline sam-
ples. To determine the paramagnetic center concentra-
tion, the ESR signal of a Radiopan reference sample
(the spin concentration was 5 x 107 cm®) was mea-
sured simultaneously with the signa of the samples
under study. The spin concentration was calculated by
comparison with this reference.

The ESR spectra of the Cu-UDD samples, at vari-
ous temperatures, are shown in Fig. 1b. The ESR spec-
trum of copper in the 3d® (Cu?*) state with a g factor
equa to 2.08 and the linewidth AH,, = 400 Oe was
observed, aswell asanarrow line from carbon radicals
withg = 2.003. The characteristic ESR spectrum of the
Cu—a-C:H samplesisshown in Fig. 1c. We can see that
this ESR spectrum is a superposition of wide and nar-
row lines. The narrow line is characterized by the
parameters g = 2.003 and AH = 11 Oe and is the well-
known ESR spectrum of carbon radicals. The wide
component of the spectrum should be considered as a
result of the superposition of two spectra from axialy
deformed copper centers. The parameters of the copper
ESR spectrum are listed in the table.

No hyperfine structure was observed in the ESR
spectra of the copper in UDD and amorphous carbon.
The hyperfine coupling (HFC) constant was estimated
usi ng thedi poI e broadening of an individual transition:

= gBIr3 = gBSn¢,, Where g is the copper g factor,
Bls{)he Bohr magneton, S= 1/2 isthe Cu?* ion spin, and
Ne, is the ion concentration. At the experimental ESR
linewidth AH,, = 100 Oe relating to copper ions, the
local Cu?* ioh concentration in these samplesis ng, =
10%° cm3,

3. RESULTS AND DISCUSSION

Of particular interest is the existence of the resolved
HFC and the HFC constant of the copper in the
fullerene hosts, A, = 131 x 10 cm™. It is known [5]
that hyperfine spli it ng depends on the bond covalence:
the stronger the bond ionicity, the larger the splitting. In
the case of a covalent bond, electrons transfer to the
4s shell of Cu, which decreases the configuration-inter-
action contribution to the HFC constant within the
3s?3d° configuration. Thus, the copper intercalated in

POPOV

the fullerene host is in the transition region from the
ionic bond (Cu?* region) to the covalent bond (Cu* +
Cu® region), which exactly maintains the dispropor-
tionation reaction. One important factor associated
with electron density redistribution as the bond cova-
lence increases is particularly noteworthy: If the Cu-O
bond isionic, the Cu?* ions behave in asimilar way to
localized 3d° ions. However, as the Cu—O distance
decreases, the covalence increases. In this case, the
overlap of the copper wave functions with the oxygen
orbitals increases, and, in a concentrated system, the
electronic levels broaden and transform into impurity
bands. When a system is within the ionic bond, the
Cu-O-Cu chains are linear. As the bond length
decreases during the transition to a covalent bond, the
s hybridization properties change, which results in an
electron dendty displacement from the bond line. In the
region corresponding to disproportionation, the Cu—-O-Cu
bond takes on a zigzag formation. The existence of oxy-
gen vacancies lowers the coordination number of copper
cations. It can be assumed [4] that there exists a transi-
tion region of variable copper valence in the copper—
fullerene system, where superconductivity takes place.

A study of the microwave absorption (MWA) of the
UDD samples intercalated by copper showed the
absence of the typical MWA signal for superconducting
samples. The linear dependence of the absorbed power
on the magnetic field was observed [2]. In the ESR
spectra of the Cu—UDD samples, in addition to lines
corresponding to Cu?* ions and carbon radicals, abroad
line with g = 5.28 was observed. Thisline is evidently
caused by interacting paramagnetic centers (single-
domain magnetic clusters) of an unknown nature, but
most probably containing copper. Asthe temperatureis
lowered, this broad line broadens even more and then
disappears, and the manifestation of its g factor shiftsto
the region of weak fields. At T < 130 K, thisline totally
disappears. In the region of weak magnetic fields (H =
40 Oe), the dependence of dP/dH on the magnetic field
exhibits a slope caused by the nonlinear dependence of
the magnetization M(H). The temperature dependence
of thisslope (Fig. 2) was used to determine the temper-
ature and width of the magnetic phase transition: T, =
130K and AT =30 K.

The spectra of the Cu?* ions and carbon radicals did
not show drastic changes up to 10 K, which indicates
that the C—Cu system is stable. However, asthe temper-
ature decreases to T, = 8-10 K, the ESR line of the
Cu?* ions is sharply broadened, so that it becomes
amost undetectable. This circumstance could be
caused by either a magnetic ordering of the copper not
incorporated into the magnetic clusters [6] or a mag-
netic interaction between the nanoclusters [7]. Such
changesin the ESR spectrum are similar to the behavior
of superparamagnetic regions. In this case, at tempera-
tures above T,., an ensemble of macromolecular clus-
ters behaves similarly to a gas composed of paramag-
netic molecules with alarger magnetic moment and, at
T < T, the system transforms into a state of coopera-
tive magnetic ordering. This assumption is confirmed
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Fig. 2. Temperature dependences of the ESR signal inten-
sity in a weak magnetic field for the Cu-UDD samples
annealed at T,,, = 700, 800, and 900 K (curves 1-3, respec-
tively).
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Fig. 3. Magnetization curves measured using a SQUID
magnetometer. The solid (1) and dashed (2) curves corre-
spond to the different samples. The measuring temperature T
was equal to 4.3 K.

by measurements of the Cu—UDD samples carried out
using a SQUID magnetometer in the temperature range
4-10 K. The magnetization curve M(H) has the shape
of the hysteresis loop characteristic of ferromagnets
(Fig. 3), which suggests that there is magnetic order in
this temperature range. For the Cu—UDD samples, the
coercivity determined by this hysteresis loop is H, =
40 Oe. Thus, the C—Cu system prepared on the basis of
UDD with copper exhibits two magnetic phase transi-
tionsat T,. = 130K and T, = 10 K.
SEMICONDUCTORS  Vol. 39
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Studies of copper in films of hydrogenated amor-
phous carbon indicate the formation of at least two
types of centers. These two states emerge due to the dif-
ferent charge and, respectively, magnetic states of cop-
per: the nonmagnetic copper statein the 3d'° (Cu*) con-
figuration and the magnetic state 3d° (Cu?*). A copper
ion is incorporated into the carbon host via oxygen
bridges and forms a Cu?* magnetic state. The influence
of hydrogen on the copper charge state manifests itself
as aresult of its interaction with oxygen atoms leading
to the formation of hydroxyl groups. In this case, cop-
per ions transform into the nonmagnetic configuration
3d'° (charge state Cu*). Traces of hydroxyl groupswere
observed in the IR absorption spectra [3]. A model of
the formation of the two copper charge states (Cu* and
Cu?) in the amorphous carbon host was previously
suggested in [3, 8].

4. CONCLUSION

The ESR studies show that copper, when interca-
lated in carbon hosts, forms two types of centers differ-
ing in their magnetic and charge states and with the
electronic configurations 3d° (magnetic state) and 3d*°
(nonmagnetic state). These copper states are modified
by the direct participation of oxygen, viawhich copper
is incorporated into the carbon host. The large HFC
constant of copper (Any = 131 x 10 cm™?) suggests
that the Cu—O bond isin the intermediate region of the
transition from the ionic bond (Cu?*) to covalent bond
(Cu* + Cu®+). Hence, the copper disproportionation
reaction 2Cu?* —» Cu* + Cu®* is possible. The results
of this study can initiate further comprehensive studies
of the physical state of copper—carbon systems.
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Abstract—The influence of adsorption of donor pyridine (CsHsN) molecules on free-hole and defect concen-
trationsin porous silicon layers differing in the morphology of composing nanocrystals and pores, aswell asin
the boron doping concentration, was studied using infrared and electron spin resonance spectroscopy. It was
shown that the dependence of the hole concentration on the pyridine vapor pressure is controlled by the initial
boron doping level of porous silicon, while the number of defects, i.e., dangling silicon bonds, is amost
unchanged during adsorption for all sample types. For samples on substrates with a boron concentration of
~10%° cm3, a decrease in the number of holes at low pyridine pressures is observed and is attributed to hole
capture by surface states of adsorbed CsHsN molecules. At pyridine pressures close to the saturated vapor pres-
sure, the hole concentration in porous silicon layers increases, which is associated with hole “trap” depopula
tion due to an increase in the permittivity of the silicon nanocrystal neighborhood under conditions of CsHsN
vapor condensations in sample pores. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Itisknown that equilibrium free carrierscan existin
porous silicon (por-Si) produced by e ectrochemical
etching of silicon single crystals (see, e.g., [1-3]); the
carrier concentration can attain rather large values,
~(10Y-10%) cm3, [4-6]. The number of carriersisvery
sensitive to the state of surface coating and molecular
neighborhood of silicon nanocrystals (nc-Si) compos-
ing por-Si [5—7]. This property is due to the fact that a
significant fraction of atoms is arranged at the nc-Si
surface[2]. The developed interior surface accessibleto
molecules of a surrounding medium makes por-Si a
convenient model object for studying fundamental fea-
tures of adsorption processes [8]. Many recent studies
were devoted to the influence that adsorbed molecules,
which form negative and positive complexes (e.g., NO,
[5-7], CO, [9], NH;[10Q]) on the nc-Si surface, have on
the electric and optical properties of por-Si. Adsorption
of such active molecul es can change the conductivity of
nc-Si (NO,) by several orders of magnitude or even
change its conductivity type (NH3). However, por-Si
samples with approximately the same doping level
were used in all the cited studies, which did not alow
us to determine the role of the dopant in interactions of
active molecules with the nc-Si surface.

In this study, we use pyridine (CsHsN) as an adsor-
bate, since it can be adsorbed as (CsHgN)* complexes
on the solid surface [11]. Such charged complexes can
arise on the nc-Si surface due to hole trapping or the
formation of a chemical bond between C;HsN mole-

cules and the nc-Si surface. In the latter case, adsorbed
molecules can be considered a donor-type impurity.
The purpose of this study is to identify mechanisms of
CsHsN adsorption on the nc-Si surface. To this end,
infrared (IR) spectroscopy and electron spin resonance
(ESR) were used to study the influence of CsHsN mol-
ecule adsorption on the concentrations of free carriers
and defects (paramagnetic centers) in por-Si with vari-
ous boron doping levels.

2. EXPERIMENTAL

Porous silicon samples were formed on single-crys-
tal p-S wafers(c-Si) with a(100) surface orientation and
resistivity p = 1-5 and 10-20 mQ cm, and 1020 Q cm
(hereafter indicated as samples I, 11, and Ill, respec-
tively, see table) using conventional electrochemical
etching [1, 2] in an HF(48%) : C,H;OH (1 : 1) solution
at acurrent density of 50 mA/cm?. After completing the
pore formation, por-Si films were detached from the
substrate by a short-term increase in the current density
to 500 mA/cm?. The film thickness was 30-50 um. The
porosity, determined gravimetrically, was 50-70% (see
table). The boron concentration in the prepared samples
was approximately equal to the substrate doping level
[12]. However, the samples differed in nc-Si morphol-
ogy and nanocrystal and pore sizes. The nanocrysta
and pore sizes were ~(15-20) nm (sample 1), ~(5-6)
and <10 nm (sample 1), and ~(2—4) and <10 nm (sam-
plelll) [3].

1063-7826/05/3904-0458$26.00 © 2005 Pleiades Publishing, Inc.
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Sample parameters
Substrate 0 N, innc-Siin Nsinnc-Siin Highest Nyinnc-Siina
Sample resistivity, Q cm Porosity, % vacuum, cm- vacuum, e CsHsN atn?osphere, cm3
I 0.001-0.005 68 2x10%° 4x10% 2.3x 101
I 0.01-0.02 50 4 x 10Y 6 x 1016 5.7 x 10'8
1 10-20 70 <10'® 9 x 1016 <10'®

Freshly prepared por-Si layers were studied in vac-
uum and in a CsHsN atmosphere. CsHsN molecules
were adsorbed on samples exposed to vacuum at a
residual pressure of ~10° Torr. The event of C;HsN
molecule condensation was monitored by an increase
in the He—Ne laser beam reflectance from the por-Si
surface. Qil-free vacuum equipment of the Varian Com-
pany was used in this study.

Infrared transmission spectrawere measured using a
Perkin-Elmer RX | Fourier spectrometer in the range of
400-6000 cm* with a resolution of 2 cmrt. The ESR
studies were carried out using a PS_100.X spectrome-
ter with an operating frequency of 9.5 GHz and a sensi-
tivity of 5 x 10 spin/G. To calculate g factors and
defect concentrationss, MgO (with Mn** ions) and
CuCl, - 2H,0 reference samples were used, respec-
tively. The experiments were performed at room tem-
perature.

3. RESULTS AND DISCUSSION

Figure 1 shows the typical spectra of the por-Si
absorptivity, calculated from transmission (T) spectra
using the formula a(v) = —n(T)/d, where v is the fre-
guency and d is the layer thickness. For samples | in
vacuum, along with absorption at surface bonds, acom-
ponent that varied more gradually with frequency and
caused by absorption at free carriers (holes) was
observed [5]. In contrast to samples |, samples |1 fea
tured very weak absorption by free holes and, for sam-
ples 111, such absorption was not detected within the
sensitivity of the method. An analysis of absorption at
free carriersin samples| and |1 suggests that the classi-
cal Drude model can be applied in this case. The times
of hole scattering in nc-Si with characteristic sizes far
from the conditions of the quantum-dimensional effect
(samples | and 1) are close to those for the ¢c-Si sub-
strate used to prepare por-Si. Therefore, the free carrier
concentration in the system of silicon nanocrystals can
be calculated using the formula

_n_ o
(1_ p)nc—siac—si’

where N.g is the free-hole concentration in the c-Si
substrate; p isthe por-Si film porosity; and n, o and n_ g,
O.g are the refractive index and absorptivity of por-Si
and c-Si, respectively. The values of n_q and a..g are
known from published data (see, e.g., [13, 14]).

N, = Neg oy
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The hole concentrations for freshly prepared sam-
ples, calculated using formula (1), are listed in the
table. For samples 11, the upper limit of N, was esti-
mated (see table). We note that, although N, correlates
with the boron concentration in the substrate (i.e. was
highest for samples 1), it was approximately ten times
lower than in the substrate. This circumstance can be
explained by hole trapping by por-Si defects or by an
increase in the ionization energy of boron atomsin sil-
icon nanocrystalsin comparison with single crystals[5].
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Fig. 1. Absorptivity spectra of sample | under various con-
ditions: (a) in vacuum at aresidual pressure of 10™ 5Torr @
and in pyridine vapor at PCSHSN =0.1Torr (2); (b) in pyri-

dine vapor at PCSHSN =2 Torr (1) and at subsequent pump-

ing out after adsorption (2). Arrows indicate the bands cor-
responding to IR absorption by por-Si surface bonds, as
well as by adsorbed pyridine molecules.
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Vacuum
—e— Pcypn = 0.1 Torr
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Fig. 2. Electron spin resonance spectra of samplelll in vac-
uum at aresidual pressure of 10~° Torr and in an atmosphere
of pyridine molecules, Py =0.1Torr.
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Fig. 3. Dependence of the free carrier concentration on the
pyridine molecule pressure for samples | and I1.

To clarify this matter, we used ESR to study por-Si
(Fig. 2). The values of g factors (g5 = 2.0078 + 0.0005
and g, = 2.0023 + 0.0005) suggest that detected defects
are the P, centers (defects of the type of dangling sili-
con bonds at the Si/SiO, interface) [15]. In freshly pre-
pared por-Si, the highest and lowest defect concentra
tions N; (recalculated to the nanocrystal volume) were
detected in lightly doped sample |11 and heavily doped
sample | (seetable), respectively. This means that anti-
correlation between the quantities N, and N, is
observed. This experimental fact can be attributed to
hole trapping by por-Si defects, which in this case are
transformed to a nonparamagnetic state,

P +h" = P}, 2

where Py, P}, and h* represent the defect in the neutral

state, defect in a positively charged state, and a free
hole in nc-Si, respectively.

OSMINKINA et al.

It was found that pyridine molecule adsorption in
samples | at low pressures (Pc y v <1 Torr) resultsin

an irreversible decrease in absorption by free holes in
comparison with the freshly prepared sample
(cf.curves 1, 2 in Fig. 1a). For samples |1 and I, the
absorption by free carriers was almost unchanged after

adsorption at low pressure Pc , y -

Aninflow of moleculesat higher pressures (Pc .y >

1 Torr) for samples | and 1l was accompanied by an
increaseina(v) (Fig. 1b, curve l). Inthiscase, arevers-
ible change in the absorption by free holes in inflow—
evacuation cycles (Fig. 1b, cf. curves 1, 2) was
observed. Absorption by freecarriersin samples|i| was
not detected in a CsHsN atmosphere at al pressures

Pc o Used.

Figure 3 shows the free-hole concentrations N, cal-
culated using formula (1) for por-Si layers (samples |
and 1) in a pyridine atmosphere at various pressures.
We can seein Fig. 3 that pyridine molecule adsorption
in samples | at low pressures is accompanied by a sig-
nificant (approximately tenfold) decrease in N,. This
effect can be explained by assuming that c%arged
adsorbed complexes are formed on the por-Si surface
due to afree hole trapping from the silicon nanocrystal
volume. Let us represent this process by analogy with
hole trapping by defects (Eg. (2)) as

h* + CsHsN — (CHsN)™. (3)

Samples|| exhibit alow concentrations of free holes
(see table), comparable to the lowest value of N, that
can be determined from the a(v) spectra. Thus, within
the sensitivity of the method, it wasimpossible to detect
changesin N, during adsorption at low pressures (Fig. 3).

A further increase in an adsorbate pressure resulted
in an increase in the free hole concentration in por-Si
(Fig. 3). Thisis apparently due to the fact that pyridine

is condensed in pores of samples under study at Pc v

close to the saturated vapor pressure. In this case, the
effective permittivity of por-Si sharply increases, since
liquid pyridine has the permittivity g, = 12.3 [11]. It is
known that filling of pores with a medium with high &
(eq = €5 = 11.8, where gq is the silicon permittivity)
decreases the activation energy of impurity atoms [5],
which in turn results in an increase in the free-carrier
concentration (holes, in the case under consideration).
Indeed, the largest value of N, is observed in samples |
(with the highest boron concentration) (Fig. 3 and
table). We note that an increase in N, with Pc y  in

samples Il sets in sooner than for samples | (Fig. 3).
Thisfact isexplained by the differencein pyridine con-
densation thresholds, caused by different pore diame-
ters in the samples under study. Indeed, condensation
Sets in sooner in smaller pores due to the capillary
effect. We note that the increase in the free-hole con-
centration is caused by (along with a decrease in the

SEMICONDUCTORS  Vol. 39
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activation energy of impurity boron atoms) a decrease
in the hole binding energy to traps, i.e., (CsHsN)* com-
plexes and defects (see Egs. (2) and (3)) during pyridine
condensation in por-Si pores.

It is noteworthy for comparison that adsorption of
donor molecules (by the example of ammonia) on the
surface of heavily doped p-type por-Si was shown to
increase the free-electron concentration; i.e., por-Si
became an n-type semiconductor [10]. However, the
experimental datawe obtained are hardly explained by
a conductivity-type change, since an experimentally
attainable maximum of N, increases with the boron
doping level of initial por-Si. Inthis case, N, of samplesl|
becomes close to the doping level of the single-crystal
substrate (5.7 x 10'® cm3). Thisis caused by small pore
diameter in this sample, which resultsin complete pyri-
dine condensation in pores of the sample.

Since CsH;N adsorption significantly affects N, the
question arises. what is the adsorption form, i.e,
whether C;HsN molecules are physically sorbed on the
nc-Si surface or is this a form of chemisorption. This
guestion can be resolved by an analysis of the a(v)
spectra of absorption bands corresponding to various
local surface vibrations. For example, the surface of
freshly prepared samples feature Si—H, bending vibra-
tionswith aband peak at 660 cm, Si—F bending modes
at 866 cmr, Si—H, scissor vibrations at 910 cmt, and
Si—H, (x=1, 2, 3) stretching modes with frequencies of
2070-2170 cm™. In por-Si layers exposed to pyridine
molecules at high pressures, absorption at 14301757
and 2800-3000 cm (Fig. 1b, curve 1) is observed.
These bands correspond to absorption at C-N and C-H
stretching vibrationsin CsHsN molecules[9]. The a(v)
spectra do not contain lines corresponding to absorp-
tion at surface vibrations such as S—N or S—C. Thus,
analysis of surface chemical bonds and theirreversibil-
ity of absorption at free holes at low pressures Pc

confirms the above conclusion that C;HsN molecules
are adsorbed with the formation of complexes with
charge transfer, but without the formation of covalent
bonds with the nc-Si surface.

It isnoteworthy that the sampleswere oxidized at high
pressure P (the band corresponding to S-O-S

bonds at 10501100 cm2[2]). This process seemsto be
initiated by destruction of por-Si pore walls by capil-
lary forces during inflow—evacuation of CsHsN mole-
cules at high pressures, which results in oxidation of
dangling silicon bonds. Indeed, the ESR experiments
showed that the defect concentration remained
unchanged in a pyridine atmosphere at low pressures

Pc . - However, acertainincrease in Ng was observed

at higher pressures P 4, \ , Which can be caused by the
mentioned oxidation of samples.
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4. CONCLUSIONS

As follows from the experimental data obtained,
CsH:N molecules are adsorbed on the silicon nanocrys-
tal surface in the form of (CsHsN)* complexes without
formation of covalent bondswith poroussilicon. At low
CsHsN pressures, the free-hole concentration in the
nanocrystal volume decreases due to hole trapping by
adsorbed Cs;HsN molecules. At higher pressures, the
number of free carriersin porous silicon increases due
to a decrease in the activation energy of boron atoms
and hole traps on the silicon nanocrystal surface. The
defect concentration during pyridine adsorption
remained amost unchanged.
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Abstract—The design and fabrication technology for integrated arrays for vertical-cavity surface-emitting
lasers with bottom AlGaAs/GaAs semiconductor and top AlGaO/GaAs distributed Bragg reflectors is sug-
gested. Arrays containing 8 x 8 laserswith an active region based on two InGaA s quantum wells were produced.
Individual emitterswith an oxidized aperture of 8-10 umin diameter demonstrate cw lasing at 960-965 nm at room
temperature, with athreshold current of 1.0-2.5 mA, externa efficiency of up to 0.4 mW/mA, and amaximum
output power of over 2 mW. © 2005 Pleiades Publishing, Inc.

In recent years, semiconductor vertical-cavity sur-
face-emitting lasers (VCSELSs) have found wide appli-
cation in high-speed fiber-optic communication sys-
tems, optical sensors, and information processing
devices [1]. The principal advantages of VCSELSs as
compared to standard stripe-type injection lasers is a
low angular divergence and symmetric far-field pattern
of emission, batch fabrication technology, and the pos-
sibility of device testing directly on the wafer. Planar
technology of VCSELs alows the formation of 2D
arrays with a large number of individually addressed
emitters. These array emitters are seen as the most
promising emitters for optical commutation of elec-
tronic units in future-generation high-power computer
systems|[2], design of optical vector processors[3], and
high-speed multiplexers for neura networks[4].

Distributed Bragg reflectors (DBRs) are used as
mirrors that bound vertical Fabry—Perot microcavities
in VCSELs. The widespread design includes doped
semiconductor DBRs based on alternating quarter-
wave Al,Ga, _,As layers of varied composition. In
these devices, carriersareinjected into the activeregion
by the current flowing directly through the mirrors. In
this case, insulating implantation of protons or selective
oxidation of buried AlGaAslayers (the formation of the
aperture) is used for lateral spatial confinement of the
activeregioninVCSELs[1, 5]. However, theformation
of DBRs with low resistance requires using compli-
cated profiles of doping and composition on the layer
interfaces, which have to be controlled with high preci-
sion [1]. Furthermore, obtaining low stray capacitance
in devices with doped reflectors is rather difficult, and
this factor can limit their working frequency range; in
addition, the large thickness of doped DBRs hinders

heat removal from the active region and complicates
etching of the insulating mesa.

In the last few years, the design of VCSELSs with
nonconducting mirrors has been actively developed. In
this type of devices, one or both contacts are made to
conducting layers directly adjacent to the active (emit-
ting) region of VCSEL (intracavity-contacted VCSELSs,
ICVCSELS) [1, 6]. In particular, this approach was suc-
cessfully employed in the fabrication of VCSELs with
the active region based on an array of self-organized
guantum dots (QD) [7], where minimum optical lossin
the microcavity is required. Furthermore, since both
contact pads in this case are located on the face of the
structure, ICVCSELs are idedlly suited for flip-chip
mounting with the emission outlet protruding through
the substrate. This configuration is widely used in the
integration of array emitters based onVCSELsand dig-
ital silicon integrated circuits [5]. However, successful
implementation of VCSELSs with nonconducting epi-
taxial mirrorsis possible only with high-precision etch-
ing of deep multistage mesastructures.

A new interesting approach in ICVCSEL technol-
ogy isthe use of mirrors based on AlGaO/GaAs, which
areformed by lateral selective oxidation of Al,Ga, _,As
layers with high Al content x in H,O vapor [8]. A sig-
nificant difference in the refractive indices of materials
for DBR with oxidized layers makes it possible to pro-
vide the necessary reflectivity in awide range of wave-
lengths, with a significantly reduced number of pairs of
guarter-wave layers. At the same time, to provide the
prescribed oxidation rates, athorough calibration of the
composition of layers in the epitaxial structure is nec-
essary. This factor is especialy critical when oxidized
mirrors and current apertures are formed in the same
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process, as well asin the production of VCSEL arrays,
when a 100% product yield within the array crystal is
required. Another serious problem in designing array
emitters is ensuring the possibility of flip-chip mount-
ing; for this, al the contact pads must be metallized in
such away that they have the same height. This raises
extra demands on the mechanical reliability of mirrors
with oxidized layers.

Earlier [9, 10], we devel oped discrete V CSEL s with
an active region based on InGaAs quantum wells
(QWs), a bottom semiconductor DBR and a top DBR
with oxidized layers; these devices demonstrated cw
lasing at room temperature with a threshold current of
0.5-1.5 mA, external efficiency of up to 0.5 mW/mA,
and a maximum output power of up to 3 mW. Now we
present areport on the design and fabrication technology
of a VCSEL array with nonconducting mirrors, which
contains 8 x 8 emitters with individual addressing.

Figure 1 shows the design of an individua laser
emitter for VCSEL arrays. It is based on the design of
avVCSEL with the bottom semiconductor DBR of
undoped AlGaAs/GaAs and top AlGaO/GaAs DBR,
suggested earlier [9]. The principal distinction as com-
pared to a discrete device is the positioning of the
p-contact pad directly on the surface of the
AlGaO/GaAsDBR over the activeregion. In the case of
flip-chip mounting, this design improves the heat
removal from the active region. Further, in the sug-
gested design the metallization layers of both contact
pads lie at the same height, which makes the flip-chip
mounting significantly simpler. In this design, etching
of the third (insulating) mesa or the insulating implan-
tation is not necessary.

VCSEL structures with active region based on
InGaAs QWs were MBE-grown on semi-insulating
(001) GaAs substrates in a laboratory Riber 32P
machine. A typical epitaxial structure consists of the
top undoped DBR, which contains seven pairs of
GaAg/Alyg,GaggsAs layers, an inhomogeneously-
doped p-GaAs contact layer, a top p-AlggGayAS
aperture layer with graded composition on the borders,
an undoped active region with two Iny ;:Gay gsAS QWS
in an Al 15Gayg5AS array, a bottom n-Alj osGay ,AS
aperture layer with graded composition on the bound-
aries, a contact n-GaAs layer, and a bottom DBR that
contains 19 pairs of Aly,.Ga,,;ASGaAs layers. The
thickness of the AlGaAs and GaAs layersin the bottom
DBR, of the aperture layers, and of the GaAs layersin
the top DBR approximately corresponds to 1/4 of the
resonance wavelength Ag,,, Of the vertical microcavity.
The thicknesses of Al ;Gay ozASlayersin thetop DBR
are chosen so that, after oxidation, they correspond to
/4,4 (taking into account the variation in the refrac-
tive index and some mechanical compression after oxi-
dation). The total thickness of the cavity, L.,, approxi-
mately corresponds to SAg,. IN several structures,
additional AlyGay;As and GaAs layers of ~2Ag 4 in
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Fig. 1. Cross section of an individual laser emitter with the
bottom semiconductor DBR and top DBR with oxidized
layers, which is used as a base element for aVCSEL array.

thickness were grown between the substrate and bottom
semiconductor DBR; they were used as stop-layers in
the chemical etching of through windows in the sub-
strate, destined for the emission output.

The main problem in the epitaxia growth of
VCSELSs is the necessity of high-precision (not worse
than 1%) control of the thickness and composition of
layers[1]. Preliminary calibration does not always pro-
vide the necessary precision due to possible fluctua-
tions in the growth rate and position of the substrate
holder, especially when laboratory-type MBE
machines are used. To ensure reproducibility of the pre-
scribed resonance wavel ength, the procedure suggested
earlier [10] was used, which is the interruption of
growth after the formation of the active region, mea-
surement of the reflection spectrum from a partially
formed epitaxial structure in the high-vacuum chamber
of the MBE machine, and introduction of necessary
corrections into the growth modes of the top mirror.

The list of the most critical operations in VSCEL
technology includes high-precision etching of muilti-
step mesastructures and selective oxidation of AlGaAs
layers. In thisstudy, werelied on the earlier derived dry
etching technique of ion-beam milling with Ar* ions
[7,10], which ensures reproducible depth of etching
and the prescribed slope of the mesastructure walls. As
applied to the technology of array emitters, the most
critical is the formation of a stable photoresist mask,
which provides a reliable overlapping of a nonplanar
profile formed after the etching of the first mesa. Figure 2
shows amicrograph of the surface and a cross-sectional
SEM image of aVCSEL mesastructure after the etch-
ing of the second mesa. The derived methods of photo-
lithography and dry etching satisfy the claim.
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Fig. 2. VCSEL structure after the formation of a two-step
mesastructure by dry etching with Ar* ions. (a) Micrograph
of the surface; (b) cross-sectional SEM image.

A specific feature of the derived technology for pro-
duction of VCSEL arraysisthe simultaneous formation
of oxidized apertures and oxidation of the top reflector
layers. Since the aperture diameter must be much less
than the size of the top mirror, acareful matching of the
oxidation ratesin different layers of the epitaxial struc-
ture is necessary. A mismatch between the oxidation
rates of the aperturelayer and top reflector results either
in the aperture “collapse” (i.e., total nonoperability of
the device), or in a strong “overoxidation” of the top
DBR. Overoxidation reduces the reflectivity of mirrors
owing to degradation of their morphology, and aso
impairs the mechanica stability of structure due to
extremely strong compression of layers[11]. Therefore,
elaboration of technology for array emitters with
AlGa0/GaAs DBR is possible only after a thorough
comprehensive optimization of the device design and
of the parameters of selective oxidation.

The sel ective oxidation process was calibrated using
special test structures and real VCSELs, which allowed
adirect measurement of the oxidation rate for DBR and
aperture layers. Figure 3 shows the cross-sectional
SEM image of an optimized VCSEL structure sub-
jected to selective oxidation for 30 min at 400°C tem-

MALEEV et al.

20 kV 0pmL__

Fig. 3. Cross-sectional SEM image of an optimized VCSEL
structure after test etching and sel ective oxidation.

perature. The mesa-structure was etched with amask in
the form of stripes 60 um in width. Oxidized AlGaAs
layers are darker than unoxidized ones. The thickness
and composition of oxidized layers were chosen so that
the layers of the top reflector were oxidized slower (by
afactor of 1.3-1.5) than the aperturelayers. Sinceinthe
real devicethe diameter of the top mirror mesastructure
is ~30 um, and that of the aperture mesastructure is
~55 um, the chosen ratio of the oxidation rates ensures
that the oxidation of the top reflector is complete well
before the apertures are oxidized to a diameter of 8—
10 pm. However, the chosen time of oxidation is not
too long as compared to the time of full oxidation of
DBR layers, which prevents “ overoxidation.” It is nec-
essary to stress that the oxidation depth depends not
only on the composition of AlGaAs layers, but also on
their thickness, which offers an additional degree of
freedom in designing an epitaxial VCSEL structure[8].
On the whole, the optimized technology of selective
oxidation provides a sufficient reproducibility of the
process parameters and a good mechanical stability of
VCSEL structures.

After the etching of mesas and selective oxidation,
the device structure was passivated with a SiO, layer
0.2 um in thickness, contact windows were opened,
p- and n-type ohmic contacts were formed based on
Auznand AuGe/Nu/Au, respectively, and metallic con-
tact pads based on Cr/Au were produced, with a total
thickness of 1 um. Current—voltage, light—current, and
spectral characteristics of the produced VCSEL arrays
were measured directly on the wafer in CW mode at
room ambient temperature without additional cooling
(the emission output through the substrate, without
etching of through openings). To measure the far-field
pattern of the emission, separate crystals of arrays of
laser diodes were mounted onto crystal holders.

Figure 4 shows current—voltage and light—current
characteristics of individual laser emitters. The best
individual V CSEL swith an oxidized aperture of 810 um
in diameter demonstrated cw lasing at room tempera-
ture with a threshold current of 1.0-2.5 mA, external
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Fig. 4. Current—voltage and light—current characteristics of
individual VCSELSs: (a) astandard device conforming to the
design objectives; (b) adevice with higher seriesresistance.

efficiency of up to 0.4 mW/mA, and amaximum output
power of up to 2.5 mW (Fig. 4a). The produced device
structures are mechanically stable. Figure 4b shows
current-voltage and light—current characteristics of an
individual emitter with a high threshold voltage and
high seriesresistance. Poor electrical characteristicsare
presumably related to too deep etching of the second
mesa and/or too weak doping of the contact n-layer in
this sample. Nevertheless, even with poor electrical
characteristics, thisV CSEL yieldsacw output power of
up to 2 mW (with a dissipated power of over 100 mw),
which can be attributed to the presence of a contact
metallic layer directly on the top mirror, which facili-
tates heat removal from the active region.

Figure 5a shows a photograph of crystals with array
emitters. Samples of 8 x 8 laser arrays were produced
with a 100% vyield, the step between individual
V CSELswas 750 pm. Figure 5b shows the distribution
of the output power of individual VCSEL s over the area
of one of the produced array emitters.

The study suggests a design and fabrication technol-
ogy of VCSEL arrays with combined mirrors (the bot-
tom DBR is based on Al Ga,;A9GaAs, and the top
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Fig. 5. (a) Photograph of a crystal with 8 x 8 array of
VCSEL emitters; (b) the distribution of output power of
individual VCSELSs over the area of one of the produced
array emitters.

DBR, on AlGaO/GaAs), and two oxidized apertures.
The design of the VCSEL epitaxial structure and tech-
nology of selective oxidation are optimized, which
makes possible simultaneous oxidation of the aperture
layers and DBRs, with the necessary mechanical stabil-
ity of VCSEL structures ensured. 8 x 8 VCSEL arrays
are produced, with the active region based on InGaAs
QWs. Individual emitters demonstrate cw lasing at
960965 nm at room temperature, with a threshold
current of 1.0-2.5 mA, external efficiency of up to
0.4 mW/mA, and a maximum output power of over
2 mW. The derived technology isapromising candidate
for developing array emitters for high-speed optical
commutation of electronic devicesin future-generation
computer systems.
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Abstract—The carrier statisticsin LED structures with ultrathin multilayer InGaN insertionsin a GaN matrix
was studied. The optical data obtained indicate that an array of quantum dots (QDs) is formed in these struc-
tures. The QDs are scattered in size, which leads to an inhomogeneous broadening of the energy spectrum of
carrierslocalized inthe QDs. It is shown that, despite the suppressed transport of carriers between QDs, carriers
are distributed among the levels of the QD array quasi-statistically at temperatures of about room temperature
and higher. This makes it possible to describe the carrier injection and recombination in the device structures
studied in terms of quasi-Fermi levels for electrons and holes. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

At present, InGaN/GaN structures are widely used
in industry for creating light-emitting devices (LEDs
and lasers) for the visible spectral range. Device struc-
tures based on gallium nitride are most frequently
grown on sapphire substrates because of their compar-
atively low production cost. The strong lattice mis-
match between a sapphire substrate and agrowing layer
leads to appearance of a large number of threading
defects (dislocations, domain boundaries). Being nonra
diative recombination channels, these defects adversely
affect the optical properties of astructure. However, the
influence of defects on the emission efficiency can be
diminished by suppressing the carrier transport [1, 2].
It has been shown that, in deposition of thin InGaN lay-
ers, the solid solution typically undergoes phase
decomposition and there appear layer thickness fluctu-
ations, which leadsto formation of quantum dots (QDs)
in the structures. A specific feature of heterostructures
based on wide-bandgap semiconductor compounds is
the high energy of band offsets. In addition, hetero-
structures based on nitrides of Group-111 elements have
strong built-in fields at heterointerfaces. For these rea-
sons, the localization depth of an electron—hole pair
(i.e., the sum of localization energies of an electron and
ahole) may exceed 1 eV. Thus, the strong three-dimen-
sional (3D) localization of carriers on quantum-con-
fined levels in InGaN/GaN QDs suppresses the nonra-
diative recombination, which makes it possible to
obtain high-efficiency light-emitting devices[3] even at
adislocation density of ~10° cm. Barriersthat confine
the lateral motion of carriers (i.e., that in the plane of
the InGaN layer) are created by InGaN regions with a
lower content of In and awider band gap as compared
to the QDs. The question as to what the height of these
barriers is remains insufficiently studied. However,
there is evidence that these barriers are high [1].

As the localization depth may exceed severafold
the characteristic value of k,T (k, isthe Boltzmann con-
stant, and T is temperature) at room temperature, the
guestion of the statistics of carrier distribution over
localized levelsin QDs remains open. As shown in [4],
structures emitting in the UV spectral range show, as
temperature increases from 80 to 300 K, a decrease in
the relative intensity of the short-wavelength edge of
the photoluminescence (PL) line and a considerable
decreasein theintegral emissionintensity are observed.
Thisisindicative of amore intensive thermal escape of
carriers from QDs, with their subsequent capture to
nonradiative recombination centers. In [5], the influ-
ence exerted by an external electric bias on the PL of
LED structuresthat emit in the blue spectral range, i.e.,
having astronger localization of carriersthan that in the
preceding case, was studied. It was shown that the bias
affects the intensity only dlightly at low temperatures.
When temperature is raised to 100 K, the effect of the
external bias becomes considerably stronger. These
data indicate that carriers are rapidly captured into
InGaN QDs at low temperatures, that there are ther-
mally activated, delocalized carriers in the matrix at
higher temperatures, and that these carriers are sepa-
rated by the field of the p—n junction. Application of a
negative bias makes the separating field stronger, which
leads to depletion of the active region and thereby
diminishes the PL efficiency. In [6], a theory that
describes the behavior of carriers on levels of QDs and
the matrix was developed. This theory takes into
account the nonuniform size distribution of QDs (and,
therefore, the nonuniformly distributed positions of
guantum-confined levels) and the thermal escape of
carriers from these levelsinto the matrix. It was shown
that, in the case when temperature exceeds a certain
temperature characteristic of agiven system, the carrier
distribution among the QD levels obeys the Fermi law,

1063-7826/05/3904-0467$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Spectraof PL (solid lines) and photocurrent (dashed
lines) for structureswith different average In concentrations
in the active region (In concentration increases from top
downwards) and different localization energies. T = 300 K.

with quasi-Fermi levels considered for the ensembles
of electrons and holes. This model has been applied
previously for describing the behavior of carriers in
QDsformed in the INGaAs/GaAs system by the Stran-
ski—Krastanow mechanism [7]. It was shown, in partic-
ular, that raising the temperature in this system leads to
an increase in the concentration of delocalized carriers
and in the rate of their nonradiative recombination via
defects in the matrix. Thus, raising the temperature
makes QDs more sensitive to the presence of nonradia-
tive channelsin the matrix.

In this study, the carrier statistics in InGaN/GaN
QD structures was examined and it is shown that, at
temperatures of about room temperature and higher, the
rate of thermal activation exceedsthat of carrier recom-
bination, which correspondsto the case of aquasi-equi-
librium statistical distribution of carriers among the
QDsand theresidual InGaN quantum well (QW). This
fact makesit possibleto describethe systemin acertain
approximation in terms of quasi-Fermi levels. At the
same time, a pronounced departure from equilibrium is
possible in the case of QDs with a large localization
depth. Data pertinent to this problem will be considered
in further publications. We also examined the influence
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exerted by nonradiative recombination centers on the
PL efficiency at various temperatures. In addition, we
analyzedin detail the effect of an external biason the car-
rier statistics near the active region.

2. EXPERIMENTAL

The structures studied were grown by MOCVD on
an AIX 2000-HT machine. The active region of the
structures was grown on a GaN buffer layer in the form
of several 3-nm-thick InGaN layers separated by Si-
doped GaN barrier layers. The structures were studied
by PL and electroluminescence (EL) methods and pho-
tocurrent spectroscopy. Some of the structures were
specialy grown to be studied by the PL technique. In
these structures, the active region was overgrown with
a50-nm-thick GaN layer and athin AlGaN layer to pre-
vent current leakage to the surface. In the LED struc-
tures, the active region was situated within a p—n junc-
tion, whose n- and p-type layers were doped with sili-
con and magnesium, respectively. The LED structures
were also studied by the PL method, with the PL of
these structures excited and detected from the outer sur-
face of the structure and an external bias applied via a
semitransparent p-NiAu contact. The PL was excited
with acw He-Cd laser or apulsed N, laser with apulse
width of 10 ns. The photocurrent was induced with a
gas-discharge Xe lamp.

3. RESULTS AND DISCUSSION

Figure 1 shows PL and photocurrent spectra of
structures with various In concentrations in the InGaN
layers. It is known that raising the In concentration
leads to a longer emission wavelength because of the
higher energy of carrier localization between QD levels
and the GaN matrix. This may, in turn, be due both to
an increase in the depth of the InGaN QW and to arise
in the energy of carrier localization between the QD
levels and the QW. This energy can be evaluated by
analyzing the Stokes shift [8], which isequal inthe case
in question to the difference between the photon ener-
gies corresponding to the emission peak and to the
beginning of the gently sloping portion in the curve for
the photocurrent (dotted linesin Fig. 1). This consider-
ation is based on the following. At a sufficiently high
rate of thermal activation and extraction of electrons
and holes photoinduced in the active region (when
spontaneous reemission can be disregarded), the shape
of the photocurrent spectrum is determined by the prod-
uct of the density of statesin a QD and the overlap inte-
gral of wave functions of electronsand holesin the QD.
At the same time, in the case of an effective carrier
transport caused by thermal activation, QD states with
the highest localization energy are occupied (taking
into account the quasi-equilibrium statistical distribu-
tion). However, in the case when the localization
energy exceeds some critical value, the thermal escape
from such deeply localized statesis unlikely [6], which

SEMICONDUCTORS  Vol. 39

No. 4 2005



A STUDY OF CARRIER STATISTICS IN InGaN/GaN LED STRUCTURES

leads to some other dependence of the emission peak
position and of the shape of the photocurrent spectrum
on the electronic spectrum of the structure. Thus, the
result obtained in evaluating the localization depth of
carriersin QDs by analysis of the Stokes shift depends
on the carrier statistics.

In the set of the structures studied, the strongest car-
rier localization was observed, as expected, in a struc-
turewith an emission wavel ength of 460 nm: thisstructure
has the longest emisson wavelength and the maximum
Stokes shift. We studied the optical propertiesof thisstruc-
ture in order to determine the gatigtics of capture and
escape of carriers. A structure with an identicd active
region, but no p—n junction, was grown for aPL study.

Both structures have the same wavelength and line
width of PL. Figure 2 shows photocurrent and PL spec-
trafor the LED and optical structures, respectively. The
PL spectraclearly demonstrate a sinusoidal modulation
associated with the interference of light in the Fabry—
Perot resonator constituted by the heterointerface
between the epitaxial layer and the sapphire substrate
and by the surface of the epitaxia layer. The modula-
tion is less pronounced in the photocurrent spectra
because of the poorer resolution of the corresponding
spectrometer. As temperature increases, the photocur-
rent grows and the PL intensity decreases. This result
can be understood in terms of the concept that the con-
centration of delocalized carriers becomes higher as
temperature is increased. On the one hand, this favors
capture of carriers by nonradiative traps and thereby
makes the nonradiative recombination stronger. On the
other hand, delocalization of carriers favors their sepa-
ration by the field of the p—n junction. It is, however,
important to note that the shape of the photocurrent
edge remains unchanged within the experimental error
when the temperature is elevated (whereas the edge
itself is shifted to longer wavelengths because of the
decrease in the band gap). This indicates that an effec-
tivethermal activation occursin localized states, i.e., an
electron—hole pair generated at levelswith any localiza-
tion depth (within the range under study) passesinto the
matrix to be separated there by the p—n junction before
recombining. Thisisthe case when thetime of radiative
recombination is considerably longer than the time of
thermal activation or that of phonon relaxation; in other
words, this occursiif carriers are quasi-statistically dis-
tributed over quantum-confined levels. Another expla-
nation of this phenomenon isthe possibletunnel extrac-
tion of carriers, which must be temperature-indepen-
dent. Data useful in explaining the effect observed are
considered bel ow.

As already noted, thermal filling of excited statesin
InGaN QDs enhances carrier transport (including that
to nonradiative recombination centers) and makes less
steep the short-wavel ength edge of the PL spectrum. At
alow pumping density (~1 W/cm?), the occupancy of
the levelsislow and the system is close to equilibrium
in the case of a statistical distribution. If the time of
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Fig. 2. Spectra of photocurrent and PL for QD structures at
room temperature and above. The arrows show the direc-
tions in which the photocurrent increases and the PL inten-
sity decreases as temperature is raised.

radiative recombination is assumed in this case to be
weakly dependent on the transition energy [9], then the
short-wavel ength edge of the PL line must be described
by the rlation | = Ap(E)exp(-E/k,T) [4]. Here, | isthe
emission intensity, A is a constant, and the function p(E)
is the ratio between the density of states with corre-
sponding energy E of the electron—hole transition and
the radiative-recombination lifetime. The function p(E)
can befound in relative units from photocurrent spectra
[4, 7]. With the density-of -states function determined in
this way, the shape of the short-wavelength edge of PL
isindeed close to the calculated one (Fig. 3). This con-
firms the existence of a statistical distribution of carries
in these structures.

To determine the position of quasi-Fermi levelsin
the active region, PL spectrawere measured in relation
to the pumping density. As can be seenin Fig. 4, the
position of the emission peak remains virtually
invariable at comparatively low pumping densities
(€144 W/cm?). We believe that this case corresponds to
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Fig. 3. Comparison of the experimental PL spectra (solid
lines) and results of an approximation calculation (dashed
lines) at the short-wavelength edge.

aposition of quasi-Fermi levelsbelow (or above, for the
valence band) the carrier localization levels in InGaN.
As the pumping density is raised to more than
144 W/cm?, a short-wavelength shift of the line and its
broadening are observed. Such achange in the shape of
the spectrum is due to occupation of excited levelsin
QDs and to filling of QD levels with a lower localiza-
tion depth. In the case of aFermi distribution of carriers
over states in the QD array, the filling of deeply local-
ized states leads to occupation of localized stateswith a
smaller localization depth, with the quasi-Fermi level
for electrons going up and that for holes going down.
Because the photocurrent, which is proportiona to
p(E), grows as the transition energy becomes higher,
such a shift of the quasi-Fermi levels leads to an
increase in the number of states involved in the emis-
sion process. The time of radiative recombination for
structures of this kind is commonly ~10° s. If the
pumping density at which the shape of the PL spectrum
starts to change is known, we can evaluate the density
of statesin QDsto be about 10 cm, in agreement with
the data on the density of QDsin structures of thiskind,
furnished by transmission eectron microscopy [1].

We also studied the effect of a reverse bias on the
carrier statistics in the active region of an LED struc-
ture. For this purpose, the PL was measured for an LED
structure to which an external bias was applied. At high
temperatures, carriers are separated by the field of the
p— junction. The external bias distorts the band dia-
gram of the structure and affects the separation of car-
riers. Figure 5 shows how the integra PL intensity
depends on the applied external bias at different tem-
peratures. A more detailed dependence is presented for
room temperature. Three portions can be distinguished
in the curve describing this dependence. The first por-
tion corresponds to an exponential decrease in the PL
intensity, observed at reverse biases. We attribute this
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Fig. 4. Variation in the shape of the PL spectrum at pumping
densities sufficient for filling of the QD levels. Pumping
power density: (1) 75, (2) 144, (3) 275, (4) 422, and
(5) 1000 W/cm?. T = 300 K.
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Fig. 5. Effect of biason the PL intensity at different temper-
atures.

behavior to an increase in the strength of the separating
field of the p—n junction. The second portion corre-
spondsto awesak increasein the PL intensity at positive
biases lower than 1.5 V. We believe that a bias in this
range only dightly distorts the field near the p—n junc-
tion and has little effect on the carrier separation. At
positive biases exceeding 1.5V, astronger risein inten-
sity is observed. The behavior of the PL in the last por-
tion may be due to injection of nonequilibrium carriers
into the active region. These carriers are generated in
the p-region and cannot penetrate into the active region
in the absence of a positive bias because of the separat-
ing field of the p—n junction. This assumption is con-
firmed by the fact that an exceedingly weak, but detect-
able EL is observed at positive biases exceeding 1.5 V.
Raising the temperature enhances the effect of carrier
delocalization and consequently |eadsto a stronger car-
rier separation by the field of the p—n junction. Despite
2005
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the fact that the energies of carrier localization are the
same in the structure without a p—n junction and in the
LED structure, the temperature dependence of the
emission intensity in the LED structure is stronger,
which isaccounted for by an additional channel of non-
radiative loss because of the carrier separation by the
field of the p—n junction.

At a negative bias, the temperature dependence is
stronger to an even greater extent (which is equivaent
to astronger dependence of the carrier separation onthe
reverse bias at higher temperatures). Thus, it may be
assumed that the external bias causes carrier depletion
(or accumulation) only for statistically delocalized car-
riers, and an increase in temperature makes their frac-
tion larger, thereby leading to a stronger influence of
the bias on the carrier statistics. Further, as the concen-
trations of localized and delocalized carriers at equal
temperatures are interrelated, the effects described
affect the emission intensity. If tunnel effects are also
involved in these processes, they are temperature-
dependent, i.e., particles cannot tunnel directly from
the p-region of the structureto alocalized level inaQD
or backwards.

4. CONCLUSIONS

We studied the electronic and optical properties of
InGaN/GaN QD structures in the temperature range
300-600 K. It was shown that the rate of thermal acti-
vation and relaxation of carriers exceeds the recombi-
nation rate in the temperature range studied, which
results in a carrier distribution over QD levels that is
close to the Fermi distribution.

Owing to the statistical carrier distribution, non-
equilibrium carriers occupy the most deeply localized
QD states. As a result, a narrow emission line corre-
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sponding to transitions between QD levels with the
largest localization depth is observed even at a strongly
pronounced nonuniformity of the electronic spectrum
of QDs. At the same time, the 3D localization of carri-
ers suppresses the lateral transport toward defects,
which provides a relatively high temperature stability
of devices with a QD-based active region. In our opin-
ion, it isimportant to take these specific features of the
behavior of carriers in the InGaN/GaN system into
account in simulation of injection and recombination
processes in LED structures.
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Abstract—Sources of coherent radiation are fabricated on the basis of adouble InAs/InASSbP heterostructure,
grown by vapor-phase epitaxy from metal—organic compounds, that includes athick (3.3 um) activeregion. The
spectral characteristics of diodes with various cavity lengths are studied, and light polarization is measured. It
is established that the modes that compose the spectrum of radiation are controlled by radiative recombination
at the heteroboundary and in the bulk of the active region. A new mode with awavelength of intermediate value,
lying between the wavelengths of the aforementioned kinds of radiation, is observed if the current exceeds the
threshold value by 30%. This intermediate mode presumably results from an interaction between the modes
related to theinterfacial and interband radiative recombination, which are present in the cavity at the sametime.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Sources of infrared (IR) radiation in the wavelength
range A = 3-4 um have alarge number of applications.
Itiswell known that the molecul es of hydrocarbons and
other commercial and natural gases (CO, CO,, H,S,
SO,, NO, and NO,) absorb IR radiation in the above
spectral range. Gas-analysis methods for controlling
technological processes and monitoring the environ-
ment are developed on the basis of IR emitters. Sources
of spontaneous radiation operate stably at room tem-
perature in the wavelength range under consideration;
however, sources with a small-width spectrum (10—
102 A) are necessary for certain applications (for
example, high-resolution molecular spectroscopy and
coherent methods of signal processing). This paper isa
continuation of the previous publications concerned
with studying the properties of coherent-radiation
sources fabricated on the basis of structures grown by
vapor-phase epitaxy from metal—organic compounds
(MOVPE).

The electroluminescent properties of lasers based on
GalnAsSh/GaAlAsSh heterostructures of types| and 11
were considered in [1]. The mechanisms of radiative
recombination in lasers based on InGaAsSh/InAsSbP
heterostructures of types | and Il were studied by
Aidaraliev et al. in [2]. The interfacial electrolumines-
cence in light-emitting diodes based on InAs/InAsSbP
heterostructures was reported in [3]. In this paper, we
report the results of studying the coherent radiation of a
laser heterostructure that includes a thick active region
(the thickness h = 2 um) and is grown by MOV PE.

2. EXPERIMENTAL

The light-emitting structure under consideration
was grown by MOV PE in a horizontal reactor at atmo-
spheric pressure. The substrate was positioned on a
molybdenum substrate holder equipped with aresistive
heater. We used InAs substrates that had a (100) crys-
tallographic orientation and were doped with zinc,
yielding a hole concentration as high as p = (5-9.4) x
108 cm3. The epitaxial part of the structure consisted
of a INAs) 535y 15P0.32:ZN barrier layer with the hole
concentration p =2 x 10'8 cm3, an undoped InAs active
region, and an undoped InAs; 5350, 15Pg 3, barrier layer.
The concentration of charge carriers (electrons) was
n= 2 x 10' cm3 in the active region and n = 1.3 x
10 cm2 in the undoped barrier layer. The thicknesses
of the epitaxial layers were as follows: the thickness of
the InAs active region was 3.3 um; the thickness of the
lower 1nAsy53Shy15Po3. barrier layer, 3 um; and the
thickness of the upper INA s, 5390, 15P 5, barrier layer,
4um. The refractive index in the active region
exceeded that in the wide-gap layers by An = 0.16.

An energy-band diagram of the grown structure is
shown in Fig. 1. The band gap in the INAs) 53500 15P0 32
solid solution amounts to E; = 0.610 eV at the temper-
ature T =77 K. Thevalue of E;was calculated using the
method suggested by Adachi [4] and, in the active
region, was determined from the results of measuring
the photoluminescence (PL) spectra of the InAslayers,
taking into account the expression

1
Ey = hv—3KT, (1)

1063-7826/05/3904-0472$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. (8) Schematic representation of the layers’ arrange-
ment in the laser structure and (b, c) an energy-band dia-
gram of the structure (b) at a zero bias and (c) under lasing
conditions.

where hv is the photon energy that corresponds to the
peak in the PL spectrum and KT is the thermal energy.

InInAs, E;=0.405€V at T =77 K. A heterojunction
of type Il isformed at the interface between the InAs
active region and the InAs,53Shg 5Py, barrier layer;
the resulting valence-band offset is AE, = -8 meV and
the conduction-band offset isAE; = 213 meV.

We applied photolithography and wet chemical
etching to the synthesized structures in order to fabri-
cate radiation sources with amesa-stripe design using a
double-channel scheme. Fabry—Perot resonators were
formed in the chips by cleaving and had the length L =
150-900 um. The intergroove spacing was 20 um. The
width of the contact stripe was 5-6 um (Fig. 2). Ohmic
contacts for the p- and n-type regions were formed by
thermal deposition of a Cr—Au-Ni—Au multilayered
composition in vacuum. We used photoresist, polya-
mide, and silicon nitride Si;N, as dielectric coatings.
The SisN, thickness was ~(1000-1100) A. A compari-
son of the diodes' characteristics showed that the use of
Si;N, ispreferable.

We studied the spectral characteristics of the diodes
at various values of resonator length and measured the
polarization of light. The diodes under study were at a
temperature of 77 K. The spectral characteristics were
measured under conditions in which the diodes were
No. 4
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Fig. 2. A photograph of the cleaved surface of the laser
structure.

pumped with pulsed current (the pulse width T = 500 ns
and the repetition frequency f = 2 kHz). In the measure-
ments of the spectra, the radiation was directed to a grat-
ing spectrometer and was detected using an InSb photo-
diode cooled with liquid nitrogen and installed at the exit
from the spectrometer. The radiation intensity was mea-
sured using a pulse synchronous detector. As the polar-
izer, we used a grating formed from fluoroplastic with
grooves made of aluminum (1200 groove/mm).

3. RESULTS

We now consider theresults of the measurements. In
Fig. 3, we show the spectral characteristics of a diode
with the resonator length L = 550 pum under conditions
of spontaneous emission (curve 1), at the threshold of
laser oscillation at the current | = 1, (curve 2), and at a
current that exceeds the threshold current by 15%
(curve 3). Coherent radiation appeared at the peak of
the spontaneous-emission band (A = 3.110 um). An
additional mode (A = 3.087 um) is observed at the cur-
rent | = 115y,

In Fig. 4, we show the spectral dependences of the
TE and TM components of the coherent emission from
asamplewith L =350 um at the current | =0.61 A. For
this diode, 1, = 0.425 A. The spectrum includes two
modes with the wavelengths A = 3.084 and 3.103 pm.
Both of these spectral laser modes preferentially exhibit
the TE polarization (the electric-field vector E of the
wave is parallel to the plane of the p—n junction). The
polarization degree o for each of the modes was deter-
mined from the relation o = (Prg — Prm)/(Pre + Prw),
where Pr¢ and Py, are the intensities of radiation with
the polarizations TE and TM, respectively. Wehave o =
83% for the short-wavelength mode and o = 45% for
the long-wavelength mode. A mode in which the TM
polarization was prevalent was not observed.
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Fig. 3. The emission spectrum of alaser diode with a cavity
length of 550 um at the currents | = (1) 0.465, (2) 0.53, and
(3) 0.61A.

Figure5illustrates the effect of the resonator length on
the threshold current |, and the radiation wavelength A at
the threshold of the laser oscillation. The value of I, is
atitssmallest at L = 300 um. At L < 175 um, lasing was
not obtained, although intense electroluminescence
was observed. At L > 300 um, |, increases steadily as
L increases. The coherent-radiation wavelength A
decreases as L decreases. The dependence A = f(L) is
nearly linear at L = 350-750 um; a drastic decrease in
A as L decreases occurs if L < 350 pum.

In Fig. 6, we show the emission spectra of a diode
with L = 350 um at various currents. The current depen-
dence of the emission intensity is shown in the inset.
The threshold current is I, = 0.425 A. The spectrum
consists of asingle mode with A = 3.097 um at the cur-
rent | = 0.51 A. As the current increases, a mode with
A = 3.087 um is also observed and becomes prevalent
at the current I = 0.55 A. An additional mode with A =
3.094 um emerges at the current | =0.73 A. The current
dependence of the emission intensity is steeper (by a
factor of 8) in the current range 0.425-0.55 A than in
the range 0.55-1.5 A. This observation indicates that
the laser's emission efficiency at currents| < 0.55A is
higher thanitsefficiency at | > 0.55A. A decreaseinthe
slope of the current dependence of the emission inten-
sity correlates with the emergence of alaser line at the
wavelength A = 3.087 um. It is noteworthy that the line
with a longer wavelength (A = 3.097 um) is retained.
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Fig. 4. The spectra of the (1) TE and (2) TM radiation com-
ponents of alaser with the cavity length of 350 um at a cur-
rent of 0.61A.

The emergence of laser lines with an intermediate
wavelength A = 3.094 um is unusual.

4. DISCUSSION

The presence of even a single heterobarrier in the
light-emitting structure gives rise to new channels for
both radiative and nonradiative recombination. One
might expect one of the mechanisms of radiative
recombination in the semiconductor structure under
study with type-Il heterojunctionsto be related to inter-
action between electrons and holes at the n-InAsSbP/n-
InAs interface. According to previous studies [5-7],
application of a forward-bias voltage that exceeds V =
Eg/e (Fig. 1) gives rise to spatially separated self-con-
sistent potential wells for the electrons and for holesin
n-InAs in the vicinity of the n-InAs/n-InAsSbP inter-
face. Coherent radiation in such a structure is ensured
by the radiative transitions between quantum states in
the potential wells.

We observe the emergence of alaser line at the peak
of the spontaneous-emission band (Fig. 3) in the diodes
under study. According to [8], this observation indi-
catesthat the luminescenceisrelated to theinterface. In
this case, the main contribution to the emission inten-
Sity at the lasing threshold is made by aregion near the
n-INAs/n-INAsSbP interface. The width of thisregion d
is~200 A at the given level of doping of the layers[9].
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Fig. 5. The dependences of the (a) threshold current and
(b) radiation wavelength at the lasing threshold on the cav-
ity length.

Thevalue of dismuch smaller than the thickness of the
laser-structure active region (~3.3 pm).

The type of heterojunction affects the polarization
of the emitted light. As was shown previously in [10],
optical transitions that occur without momentum con-
servation predominantly exhibit the TM polarization.
In the structure under study, the TE polarization is pre-
dominant in all the modes (Fig. 4); however, the smaller
value of o for the modewith A = 3.103 um suggests that
the long-wavelength portion of the spectrum corre-
sponds to an interfacia radiative recombination. Appar-
ently, the short-wavel ength mode with A = 3.084 um cor-
responds to band-to-band transitions.

In order to ensure laser oscillations in lasers with a
small cavity length, it is necessary to increase the volt-
age applied to the structure, which brings about an
increase in the depth of the potentia wells and a corre-
sponding rise in the levelsin the quantum wells. A rise
in the levels means that both the energy spacing
between the quantum states and the energy of the
coherent-radiation photons increase. Thus, a decrease
in L results in an increase in the photon energy and a
corresponding decrease in A (Fig. 5). The absence of
lasing at small cavity lengths (L < 175 um) is a conse-
guence of the leveling off of the gain, which is charac-
teristic of quantum wells, and indicates that an inter-
face-related channel of radiative recombination exists.
The observed increase in the threshold current |, asthe
cavity length increases at L = 300 um shows that there
are appreciable internal losses of laser radiation.
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Fig. 6. The emission spectrum of a laser with the cavity
length of 350 um at the currents | = (1) 0.51, (2) 0.55, and
(3) 0.73 A. The current dependence of the radiation inten-
sity isshown in the inset.

The peak of the photoluminescence spectrum of the
InAs layer (E, = 0.405eV) at T = 77 K corresponds to
the wavelength A = 3.040 um. The emergence of an
interband mode with a somewhat larger wavelength,
A =3.084-3.087 um (Fig. 6), is characteristic of lasers
that operate by a band-to-band recombination and can
be accounted for by the narrowing of the band gap asa
result of a high level of excitation in the laser-oscilla-
tion mode. As the current is further increased, the shift
of the emission peaks corresponding to band-to-band
transitions to shorter wavelengthsis accounted for by a
rise in the quasi-Fermi levels due to an increase in the
concentration of free charge carriersin the activeregion
of the structure. A shift of the emission peaksto longer
wavelengthsis not observed in the case of the band-to-
band transitions, which suggests that there is no appre-
ciable increase in temperature in the active region. The
fact that the emission peaks corresponding to the inter-
facial recombination shift to longer wavelengths as the
current increases indicates that the origin of the short-
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and long-wavel ength portions of the spectrum is differ-
ent and that thereisasmall increase in temperature dur-
ing the pulse duration.

Asthe current increases, the drastic reduction of the
increase in the emission intensity at | > 0.55 A can be
accounted for by the interaction between the modes of
interfacial and band-to-band recombination. Thus, it
should be recognized that both modes are generated
simultaneously. This circumstance differentiates alaser
from other sources of optical radiation. As a result of
the interaction between the modes, a mode with an
intermediate frequency appears; this mode oscillates
with the half-difference frequency. The wavelength of
the intermediate mode lies between the regions of inter-
facial and interband amplification; i.e., this wavelength
corresponds to the absorption region. As a result, the
intermediate mode givesriseto heavy losses of the gen-
erated laser radiation, which reduces the slope of the
current dependence of the radiation intensity. In gen-
eral, we can state that a multiband spectrum is undesir-
able in high-efficiency lasers. However, this multiband
situation can be avoided by reducing the role of the
band-to-band recombination, e.g., by decreasing the
thickness of the narrow-gap layer.

5. CONCLUSION

We fabricated and studied sources of coherent radi-
ation based on an InA</InAsSbP double heterostructure
grown by vapor-phase epitaxy from metal—organic
compounds. We studied the spectral characteristics of
diodes for various cavity lengths and measured the
polarization of emitted light. In the structure under
study, al the modes predominantly exhibit the TE
polarization. The mode composition of the spectrum is
controlled by radiative recombination at the heter-
oboundary and in the bulk of the active region. Interac-
tion between the modes of interfacial and band-to-band
recombination is observed at a current that exceeds the
threshold value by 30%. In these conditions, a new
mode with an intermediate wavelength, lying between
the wavelengths of the previous modes, appears; simul-
taneously, the current dependence of the total-radiation
intensity becomes less steep.
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Abstract—A detailed study of the effect of p-doping of the active region on characteristics of long-wavelength
INAS/GaAs QD lasersis performed. As the doping level increases, the characteristic temperature rises and the
range of temperature stability for the threshold current density is broadened. In alaser doped with 2 x 1012 cm™
acceptors per QD sheet, the characteristic temperature of 1200 K is obtained in the temperature range 15-75°C
and the differential quantum efficiency is stable in the range 15-65°C. A maximum CW output power of 4.4 W
isreached in an optimized structure. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Quantum dot (QD) semiconductor lasers are now
the object of intense study because of the possibility of
achieving, with these lasers, device characteristics
(threshold current density, its temperature stability, dif-
ferential quantum efficiency, the factor of line broaden-
ing, etc.) considerably exceeding those for quantum
well lasers. The ultrahigh temperature stability of the
threshold current density was predicted in one of the
first theoretical studies devoted to QD lasers [1], and
this largely stimulated the interest in their fabrication
and study. However, a more detailed consideration has
shown that absolute lack of temperature dependence of
the threshold current density can be reached only in an
ideal situation when all the injection current is
expended for radiative recombination in QDs [2]. In
real QD lasers, several factors can give rise to the tem-
perature dependence of the threshold current density:

—The inevitable existence of temperature-depen-
dent components in the threshold current density,
which are related to radiative and nonradiative recom-
bination of carriersin the waveguide [2].

—the temperature-dependent population of the
excited electron and hole states, and recombination via
these states.

—Inhomogeneous broadening of the QD array. At
high temperatures, carriers within QDs that are not
involved inlasing arein quasi-equilibrium with the dots
contributing to lasing. The component of the threshold
current related to population of dots that are not
involved in lasing is temperature-dependent [3];

—violation of charge neutrality givesriseto temper-
ature dependence of the threshold current density com-
ponent related to generation in QDs [4];

—the temperature dependence of absorption by free
carriers.

Due to these effects, temperature stability of the
threshold current density depends on the parameters of
the QD array, aswell ason other parameters of the laser
structure, so it can be either high or low. Progressin the
technology of QD growth [5] made it possible to pro-
duce QD arrays with low scatter in their size and high
confinement of the electron and hole ground states in
respect to excited states and states in the wide-gap
matrix (the waveguide material). A characteristic tem-
perature of 170 K was reached in the temperature range
10-65°C [6]. Severad methods were suggested to
improve the temperature stability of QD lasers, such as
tunnel injection of carriersinto QDs [3] and doping of
the active region with an acceptor impurity.

A theoretical study of active region doping as a
method for improving semiconductor QD laser charac-
teristics was presented in [7]. It was shown that n-dop-
ing favors the reduction of the transparency current [7],
whereas p-doping raises the maximum gain. Recently,
a high characteristic temperature (T, = 230 K in the
temperature range from 0 to 80°C) was demonstrated in
QD lasers with a p-doped active region [8]. However,
doping of the active region resulted in a significant
decrease in the differential quantum efficiency, which
was below 20%.

Therefore, optimization of the doping leve in the
laser structure is a necessary condition to reach high
characteristic temperature without losing high differen-
tial quantum efficiency.

This report presents a detailed study of the effect of
active region doping on the threshold current density in
QD lasers, its temperature stability, differential quan-
tum efficiency, and internal optical loss.

1063-7826/05/3904-0477$26.00 © 2005 Pleiades Publishing, Inc.
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2. EXPERIMENT

Laser structures under study were MBE-grown in
the configuration of separate confinement of carriers
and the light wave. Three structures were grown: one
with an undoped active region (“undoped” structure),
and two structures with different degree of doping
(“moderately” and “heavily” doped). The waveguide
width was 0.4 um. AlGaAs emitter layers of 1.5 umin
thickness, with an effective Al content of 35%, were
doped with Si and C to obtain electron and hole densi-
ties of about 108 cm3. The active region of laser struc-
tures contained 10 sheets of InAs QDs separated by
30-nm-thick GaAs spacers. QDs were formed by acti-
vated decomposition of InGaAs solution [9]. The cen-
tral 10-nm-thick portion of each spacer was doped with
an acceptor impurity (carbon), with the doping level of
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5 x 10 cm? acceptors per QD sheet for a moderately
doped structure and 2 x 10*? cm for a heavily doped
one. All three structures emitted in 1.28-1.285 um
range.

Stripelasersin the shallow mesa configuration, with
astripe width of 100 um and cavity lengthsfrom 0.5 to
4 mm, were fabricated from the grown structures. The
cleaved cavity mirrors were free of antireflection or
reflection coating. The samples were soldered with In
onto a copper heat sink, with the p-contact down. The
device characteristics were studied in the temperature
range 15-150°C under excitation by current pulses
(pulse width 300 ns, repetition rate 1 kHz).

3. EXPERIMENTAL RESULTS

Figure 1 shows the threshold current density as a
function of the output loss. The undoped structure dem-
onstrated the lowest threshold current density of
110 A/cm? (the laser cavity length was 2 mm), whereas
the threshold current density in moderately and heavily
doped structures was 233 and 380 A/cm?, respectively,
for the same cavity length.

Figure 2 showstheinverse differential quantum effi-
ciency as a function of the cavity length for the three
structures. This dependence allowed us to estimate the
internal loss and internal efficiency of stimulated emis-
sion. It can be seen that the lowest internal loss of
1.6 cm and the highest internal quantum efficiency of
about 80% are reached in the undoped structure,
whereas the loss in doped structures increases as the
doping increases: it is 2 and 5.4 cm™ for moderately
and heavily doped structures, respectively. Figure 3
shows temperature dependences of the threshold cur-
rent density in the semilog scale. The inset shows tem-
perature dependences of the lasing wavelength for the
three structures. In the temperature range 17-75°C, the
characteristic temperature for the threshold current
density is about 70 K for the undoped and 1200 K for
heavily doped structure. For a moderately doped struc-
ture, it is550 K in the temperature range 17-55°C. The
monotonic, nearly linear run of the dependence of the
lasing wavelength shown in the inset to Fig. 3 leads to
the conclusion that, in the entire temperature range
under study, lasing occursviathe QD ground state. Itis
noteworthy that the temperature dependence of the
threshold current density in the undoped structure is
virtualy linear, whereas that in doped structures con-
sistsof two linear portions (see Fig. 3). Thetemperature
stability of doped structuresisimpaired at temperatures
above 75°C, which is followed by a decrease in the
characteristic temperatureto 57 and 59 K in moderately
and heavily doped structures, respectively. For the
undoped structure, the range above 75°C is described
by the characteristic temperature of 56 K.

This behavior is manifested also in the temperature
dependence of the differential quantum efficiency,
shown in Fig. 4. It can be seen that, in the temperature
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range 17-55°C, the differential quantum efficiency of
doped structures is virtually constant, but it sharply
decreases as temperature further increases, whereas in
the undoped structure the decrease starts at a much
lower temperature.

4. DISCUSSION

Doping of spacer layers alowed us to reach the
characteristic temperatures of 550 and 1200 K in mod-
erately and heavily doped structures, respectively.
These values demonstrate a significant improvement of
the parameters obtained in [8], where the concept of
doping of the active region was aso applied for QD
lasers. Asstated in[10], at room temperature and atran-
sition energy of 0.958 eV, the energy spacing between
the ground and excited states in QDs is about 88 meV;
of these, 75-80 meV is the spacing between the quan-
tum-confinement levels for electron, whereas similar
spacing for hole levelsis only 8-13 meV. Owing to the
small energy spacing between the ground and excited
hole states, the injected holes occupy several quantum-
well levels even at room temperature, which reduces
their density in the ground state. Therefore, in order to
reach the threshold gain, additional injection of elec-
tron—hole pairsis necessary, which resultsinincreasing
lasing threshold as temperature increases. As shown
in [11], the increase in the energy spacing between the
ground and excited states in QDs opens the way to
improving the temperature stability of the threshold
current density, owing to lower occupancy of the
excited hole states.

Anincreasein the occupancy of theground QD state
by holes can be reached by means of doping GaAs
spacers in the vicinity of QDs with an acceptor impu-
rity. Holes from doped regions are captured by QDs;
thus thermal emission of holes from the QD ground
state is compensated. Indeed, in the temperature range
17-75°C, the temperature stability of the threshold cur-
rent density in doped structures is significantly higher
than in the undoped one; and the higher the doping
level, the better the temperature stability. As can be
seenin Fig. 4, p-doping also raises the temperature sta-
bility of the differential quantum efficiency, which
remains virtually constant in doped structures in the
temperature range 17-55°C. It is necessary to note that,
in discussing the p-doping effect, we have disregarded
the violation of charge neutrality in QDs[4]; this effect
depends on the parameters of a specific laser structure.

At temperatures above 55-75°C (Fig. 3), the struc-
tures under study demonstrate a significant increase in
the threshold current density, and a decrease in the
external differential quantum efficiency (Fig. 4). It is
necessary to note also that characteristic temperatures
of doped and undoped structures nearly coincide at
temperatures above 75°C (Fig. 3). Indeed, at high tem-
peratures the emission of holes from the ground state

SEMICONDUCTORS  Vol. 39

No. 4 2005

479

Threshold current density, A/cm?

m No doping °
1000L A 5 x 10" cm2 holes per QD sheet‘ .
@ 2x10"> cm holes 2
[ per QD sheet 2 ‘- .
- 2
i 12—()0()—£<—o—t—t—"“:’x n "
L L = No doping
A 11 — Q
AT e
70K o™ 2 O
= < 1300 0 B
- z 4892 %102 cm holes
100 C 3 1280 #“I per QDlsheelt
C 60 120 180
- | | | | | | 'l;emper?ture, °C
0 20 40 60 80 100 120 140 160

Temperature, °C
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doped ones.

becomes so strong that the positive effect of p-doping
on the temperature stability is negligible, and an addi-
tiona injection of electron-hole pairs is necessary to
compensate the emission and reach the gain threshold.

Negative effects arising under structure doping are
an increase in the threshold current density and
decrease in the differential quantum efficiency. These
effects arerelated to alarger loss for absorption by free
carriers in doped structures as compared to undoped
ones. Therefore, a tradeoff must be made between the
objective of raising the characteristic temperature, on
the one hand, and areasonable decrease in the differen-
tial quantum efficiency and increasing of the threshold
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current density, on the other. Optimization of laser
characteristics demands a detailed modeling with due
regard for the QD array parameters (density, number of
sheets), QD energy spectrum, waveguide thickness, and
thickness and doping level of GaAs spacers, and com-
position and doping of the emitters. We have grown a
structure in which the waveguide thickness and the
composition and doping of emitters and spacers were
optimized. In spacers, two 5-nm-thick GaAs layers
were doped, with a 13-nm-thick GaAslayer in between
them (thetotal thickness of the spacer was 33 nm). This
structure has demonstrated a high differential quantum
efficiency of 56%, with its value remaining constant in
the temperature range 15-80°C, and high enough char-

NOVIKOV et al.

acteristic temperature of 420 K in the temperature
range 15-60°C (Fig. 5). Maximum power of CW opti-
cal emission from this structure was 4.4 W (Fig. 6),
which, to our knowledge, is the highest value reached
for long-wavelength QD lasers.

5. CONCLUSION

Semiconductor laser heterostructures with a
p-doped active region have been studied. In a laser
doped with ~2 x 10'? cm acceptors per QD sheet, the
characteristic temperature of 1200 K is reached in the
temperature range 15-75°C. It is expected that further
optimization of structureswill make it possibleto raise
the characteristic temperature to an even greater extent
and to broaden the range of high temperature stability
of laser operation, with simultaneous retention of high
differential quantum efficiency and low threshold cur-
rent density.
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Abstract—Semiconductor laser heterostructures containing five and ten sheets of INASGaAs QDs on GaAs
substrates, with an emission wavelength of ~1.3 um, have been studied. Dependences of the nonradiative life-
time and effective Auger coefficient in QDs are obtained from an analysis of temperature and current depen-
dences of the efficiency of spontaneous radiative recombination. The zero-threshold Auger recombination chan-
nel in QDsis shown to dominate at low (below 200 K) temperature, whereas at higher temperatures the quasi-
threshold channel becomes dominant. The effective 3D Auger coefficient is estimated in the approximation of
aspherical QD, and agood agreement with the experimental datais obtained. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Quantum dot (QD) semiconductor lasers attract
much attention because of their vast potential for mod-
ern optoelectronics [1]. In this context, a detailed
understanding of physical processes defining the elec-
trical and optical properties of QD lasersisvery impor-
tant. One of the first theoretical studies of the Auger
recombination in QDs predicted the suppression of the
Auger recombination rate due to the large confinement
energy for an electron in a QD [2]. However, further
studies of the Auger recombination in QDs have shown
that the presence of a heterointerface lifts the limita-
tionsimposed on the el ectron—electron interaction by the
energy and momentum conservation laws. Hence, new
Auger recombination channels, zero-threshold and
quasi-threshold, appear in heterostructures [3]. Namely,
these channels were shown to be responsible for the
increase of the Auger recombination efficiency as the
dimension of structure decreases. Thus, the Auger recom-
bination efficiency in QDs [4] and quantum wires [5] is
significantly higher than in abulk semiconductor. Since
QDs represent the limiting case of spatial confinement
of carriers, a rise in the Auger recombination effi-
ciency in respect to quantum wells and quantum wires
can be expected. The emission characteristics of long-
(2.3 um) and short-wavelength (0.98 um) QD lasers
were analyzed in [6]. It was shown that the Auger
recombination in long-wavelength QD lasers is more
important than in short-wavelength ones, and at room
temperature the contribution of the Auger processto the
threshold current can reach 70% [6]. Therefore, due
regard for the impact of the Auger processes on the
threshold characteristics and efficiency becomes espe-
cialy important for long-wavelength QD lasers. This
report presents an analysis of the temperature depen-

dence of the effective Auger recombination coefficient
and nonradiative lifetime of carriers in QD lasers.
A simple model is constructed, which allows the esti-
mation of the effective lifetime for the nonradiative
recombination (monomolecular recombination) and
effective Auger recombination coefficient from the
dependence of the spontaneous recombination intensity
on the driving current.

2. THEORETICAL MODEL

The measured dependence of the integral intensity
on current was analyzed in terms of the model
described bel ow. We assumed the total rate of spontane-
ous radiative recombination in the active region of the
volume V to be expressed by [7, 8]:

L = VBN, 1)

where n is the carrier density, and B, the coefficient of
spontaneous radiative recombination, which is consid-
ered independent of the carrier density below the trans-
parency current. Further, we assume the existence of
two main channels of nonradiative recombination. The
first is related to nonradiative recombination, which
dependslinearly on the carrier density, the second isthe
Auger recombination, which is significant in long-
wavelength lasers [9]. Then the total rate of nonradia-
tive recombination can be expressed by

- yan <l
K V[J[m+CnD, (2

whereT,, isthetime of the Shockley—Read nonradiative
recombination, and C the effective coefficient of the
Auger recombination. We assume that recombination

1063-7826/05/3904-0481$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Inverse efficiency of spontaneous emission at differ-
ent temperatures vs. the detected power for the heterostruc-
ture with ten QD sheets. Dashed line, the approximation of
the experimental dependence with Eq. (5).

outside of the active region is hegligible. Then the total
current can be expressed by

| = e(L+K), (©)

where eisthe elementary charge. A precise determina-
tion of the carrier density or total output power L in the
experiment is very difficult. However, the use of alin-
ear photodetector and the stahility of the experimental
conditions allow a relatively simple measurement of
the fixed portion of the emitted power; i.e., the power
can be expressed by

Ps: = RL, (4)

where P, is the measured power, and R, the propor-
tionality factor between the measured and real power.
Using Egs. (1)—(4), the equation for the inverse effi-
ciency of the spontaneous radiative recombination is
easily obtained:

1/2
Eﬁ_

nlponlg”
P

- L

l
_,_De nC D(Pext)llz.

AxySle

Therefore, the measurement of the dependence of output
integral intensity of spontaneous emission on the driving
current and further approximation of the obtained depen-
dence by a curve in form (5) alows us to calculate the
time of nonradiative recombination, 1,,, and the effective
coefficient of the Auger Recombination, C.

;UICD

I
Pe
()

3. EXPERIMENT

Laser heterostructures for experiment were grown
by MBE. The active region consisted of five or ten
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sheets of INAS/GaAs QDs formed by activated decom-
position of InGaAs [10]; the emission wavelength was
in the range 1.25-1.29 um. The details of the laser het-
erostructure design are presented in [11]. Stripe laser
diodes with a stripe width of 100 um were fabricated.
Samples were soldered with In onto a copper heat sink,
with the epitaxial layer down. The device characteris-
tics were studied under excitation by current pulses
(pulsewidth 500 ns, repetition rate 1 kHz), theemission
power was measured using a Ge photodiode. In the
experiment, we used sampl esfabricated from structures
with 10 and 5 QD sheets, with a cavity length of 100
and 75 um, respectively. This length provided high
emission output loss and strongly reduced reabsorp-
tion.

4. RESULTS AND DISCUSSION

Figure 1 shows the inverse efficiency of spontane-
ous recombination as function of the square root of
optical power at different temperatures. For further
analysis and for calculating the temperature depen-
dence of the coefficient of spontaneous radiative
recombination B we used the relation [12]

3/2 3/2

4 1 M.+ M
B(T) = é(«/énslz)a“/_.rs/z Chg/zms/;lhEQEi%’ (6)
C v

3/2 3/2

where my” = ma? + miy?; Mgy = mmy/(mg + my);
Myp = MM/ (M + Myp); Mg, My, and my, are the effec-
tive masses of electron and light, and the heavy hole,
respectively; a, the fine structure constant; c, the veloc-
ity of light in free space; €, the dielectric constant; E,,
the effective bandgap (here, the energy of the spontane-
ous emission peak was used); T, temperature (in eV);
and P,, the Kane parameter, which is calculated from
the expression

> _ 1

p2 = Lyzp _Egt8 1

2" T9E,+(2/3)Am,’ "

where A isthe spin-orbit splitting. Inthe cal culation, we
used the following parameters for InAs: m, = 0.023m,;
My, = 0.41m,; m,,=0.026m,; A=0.41; a =1/137; =12,
m,, the free electron mass, m, = 0.911 x 10" g. The
typical size of a QD was 15-20 nm at the base and 5—
7 nm in height [13], so in the calculation we assumed
the volume of aQD to beV =2 x 10718 cm3.

Figure 2 shows temperature dependences of the
nonradiative recombination time calculated using the
above-described method. It can be seen that these
dependences for different structures are smilar: they
exhibit amaximum at about 200 K. In an earlier study of
these structures [14], we showed that this temperature
corresponds to the boundary between the ranges of non-
equilibrium and equilibrium carrier distribution in QDs.
Below 200 K, the distribution isnonequilibrium [15]: the
occupancy of QD states is determined by the probabil-
ity of carrier trapping by a QD of a specific size, rather
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Fig. 2. Temperature dependence of effective nonradiative
lifetime for two structures: (1) with five sheets of QDs,
(2) with ten sheets.

than by the Fermi distribution. We believe that the
observed temperature dependence of the nonradiative
recombination time can be attributed, namely, to the
modification of the type of distribution of nonequilib-
rium carriers in QDs. It is necessary to note the good
agreement of the estimated time of nonradiative recom-
bination with the estimate made in [16], where temper-
ature-independent time of nonradiative recombination
of ~10 ns was also obtained from the analysis of the
efficiency of spontaneous recombination.

Figure 3 shows calcul ated temperature dependences
of the effective coefficient of Auger recombination in
QDs. It can be seen that, at temperatures below 200 K,
in al structures this coefficient decreases as tempera-
ture increases; above 200 K, it increases dightly or
remains unchanged. Noteworthy is the unusual behav-
ior of this coefficient and its value. As mentioned
above, the study of Auger recombination in gquantum-
well heterostructures had shown that the presence of a
heterointerface liftsthe limitationsimposed on the el ec-
tron—electron interaction by the energy and momentum
conservation laws. In this case, new Auger recombina-
tion channels, zero-threshold and quasi-threshold,
appear in heterostructures[3]. At low temperatures, the
zero-threshold channel, in contrast to the quasi-thresh-
old one, becomes an effective channel of nonradiative
recombination, and for narrow quantum wells with
high carrier density it dominates over the phonon-
assisted Auger recombination. The presence of a zero-
threshold matrix element of the el ectron—el ectron inter-
action has a significant influence also on the phonon-
assisted Auger recombination. This process becomes a
resonant one, and it is strongly enhanced as compared
to the 3D phonon-assisted Auger process [4]. Similar
behavior was also predicted theoretically for quantum
wires[5]. Therefore, taking into account that a QD rep-
resents the limiting case of quantum confinement, we
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Fig. 3. Temperature dependence of effective coefficient of
the Auger recombination for two structures: (1) with five
sheets of QDs; (2) with ten sheets.

can expect an increase in the probability of the Auger
recombination as compared to quantum wells, quantum
wires, and bulk semiconductors.

We believe that the studied characteristics in the
low-temperature (below 200 K) range are related to the
zero-threshold mechanism, in which alarge momentum
is transferred to an excited carrier. At higher tempera-
tures, above 200 K, the quasi-threshold process
becomes dominant, and it turns into a 3D threshold
Auger processinthelimit of aninfinitely large effective
size of aQD [4, 5]. Indeed, the zero-threshold process
isrelated to carrier scattering on the interface, whereas
the quasi-threshold one depends on the degree of car-
rier confinement [3]. At low temperatures, carriers are
more strongly localized in QDs—i.e., the effective QD
radius is smaller than at elevated temperature; in this
case, the probability of scattering on the heterointerface
increases, and, consequently, the zero-threshold pro-
cess dominates over the quasi-threshold one. The tem-
perature rise resultsin carrier delocalization (the effec-
tive radius of the wave function increases), which
results in the domination of the quasi-threshold process
over the zero-threshold one.

The temperature dependence of the effective Auger
recombination coefficient in QDs was determined
in [17] from the dependence of the optical pulse delay
in respect to the exciting pulse; in this case, the effec-
tive Auger recombination coefficient decreased as tem-
perature increased, from 8 x 1072° cmé/s at 100 K to
4 x 1072° cmb/s at 300 K. The decreasing of the Auger
coefficient was attributed to the influence of the excited
states in QD and to the temperature dependence of the
rate of electron-hole scattering, which is one of the
mechanisms responsible for the elimination of the
threshold in the Auger process[3].

The formalism of microscopic theory of Auger
recombination in QDs in the approximation of a spher-



484

ical QD was presented in[18, 19]. In thelimit of strong
electron locdlization (A%2ma? < V., where a is the
effective radius of QD, and V,, the height of the heter-
obarrier in the conduction band), the probability
(inverse time) of the Auger transition is expressed by

G = 107|j]' eVDS/ZE| 1 DB/Z\LCIjSX 10—7 CrTDS (8)
0,0 tnymd EO  a  O°

where E is the transition energy. In our case, the con-
dition #%/2m.a? < V. isvalid, because for a QD size of
~10-15 nm, we obtain 8-20 meV in the left-hand side,
whereas V, = 260 meV [20]. To estimate the effective
3D Auger coefficient CJ;, (8) must be multiplied by

the cubed surface area of the heterobarrier, (4ma?)s.
Then we obtain

Ch = G(4ma’)’ = 34759x 10 ecm® s (9)

at a QD radius of a = [(3/4mMV]¥3 = 8 nm, and E =
1.0248 eV, which corresponds to the wavel ength of the
spontaneous emission peak for the heterostructure with
ten QD sheetsat 200K, i.e., at the temperature at which
the zero-threshold Auger recombination dominates in
both structures. The effective coefficient of Auger
recombination, obtained from an analysis of the exper-
imental data, is1.35 x 10" and 1.39 x 10-?" cmé s for
heterostructures with five and ten QD sheets, respec-
tively. It can be seen that the these values agree well
with estimate (9) for both structures. A slight discrep-
ancy is easily explained by using the spherical approx-
imation and the necessity of due corrections for the
nonspherical shape of real QDs.

5. CONCLUSION

We studied semiconductor laser heterostructures
with an emission wavelength of ~1.3 um with five and
ten sheets of INAS/GaAs QDs, grown on GaAs sub-
strates. Estimates of the temperature dependence of the
nonradiative lifetime and effective Auger recombina
tion coefficient in QDs were obtained from an analysis
of the dependence of theintegral intensity of electrolu-
minescence on the driving current. The zero-threshold
Auger recombination channel is shown to dominate at
low (below 200 K) temperatures, whereas at higher
temperature the quasi-threshold channel becomes dom-
inant. The effective 3D Auger coefficient isestimatedin
the approximation of aspherical QD, and agood agree-
ment with the experimental datais obtained.
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