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Abstract—Theresults of thefirst observations of paramagnetic defectsin SIC crystalsirradiated with gamma-ray
quanta are reported. Three types of defects, designated as y1, y2, and y3, were detected in irradiated 4H-SIC:Al
and 6H-SIC:Al crystals using electron spin resonance (ESR) measurements. All these centers have amost the
same parameters of the spin-related Hamiltonian with S= 1/2 and feature an appreciable anisotropy of the g-fac-
tors. The yl centers are dmost coaxial with the local z-axis oriented approximately aong one of the directions of
the S—C bond that does not coincide with the c-axis. The y2 and y3 centers have alower symmetry, athough the
orientation along the above bonds is clearly pronounced. The values of the largest g-factor (g,) decreasesin the
sequence from y1 toy3. Theyl signa can be detected at temperatures of 3.5-15 K; the y2 and y3 signals are detect-
able at temperatures of 10-35 and 18-50 K, respectively. The hyperfine interaction of an unpaired electron in the
y1 center with a nucleus of the 2°Si isotope is detected for certain orientations of the crystal. The yl, y2, and y3
centers ceaseto exist at atemperature of 160°C; it is concluded that the ESR signals of these centers arerelated to
defects in the C sublattice. It is assumed that the y1, y2, and y3 centers have a common origin and are related to
the low-temperature (y1) and high-temperature (y2 and y3) modifications of the same center. The models of a
defect in the form of either a carbon vacancy or a complex incorporating an Al impurity atom and a C atom that

occupies the silicon site or interstice are discussed. © 2001 MAIK “ Nauka/l nterperiodica” .

1. INTRODUCTION

In recent years, interest in silicon carbide (SiC) has
been growing. Thisisrelated to the need for the devel-
opment of electronic and optoelectronic devices that
can operate at high temperatures, high power, and
high radiation levels. A large Si—C bond energy ren-
ders SIC stable against high temperatures, aggressive
media, and ionizing radiation. Since the diffusivity of
the majority of impuritiesin SiC islow, ion implanta-
tion is mainly used to dope this material. Radiation
defectsformed in SiC during ion implantation are sta-
ble at room temperature (in contrast to those in Si);
some types of secondary radiation defects are stable at
temperatures higher than 2000°C. All this stimulated
the initiation of numerous studies concerned with
radiation defectsin SiC.

Electron spin resonance (ESR) is the most informa-
tive method for studying the structure of radiation
defects; thishas been most clearly demonstrated by iden-
tifying the structure of the main radiation defectsin sili-
con in classicad studies performed during the last
40 years[1]. Thehistory of using ESR to study the radi-
ation defectsin SiC is much less impressive; neverthe-
less, the structure of a number of native defectsin SIC,
such asthe silicon vacancy or various types of divacan-
cies, has been established quite reliably [2-11]. It is
important to emphasize that all the above studies have
been concerned with SiC irradiated with el ectrons, neu-

trons, or protons. Such irradiation simulates the ion
implantation used in production of electronic devices.
The challenge is related to the fact that, in the course of
ionimplantation, defectsareformed in athin (lessthan 1
um thick) surface layer; as a result, the sensitivity of
traditional ESR is not sufficiently high to detect these
defects. Asfar as we know, there have been no publica
tions in which the detection of paramagnetic radiation
defects in SIC crystals irradiated with gamma-ray
guanta has been reported. At the sametime, gamma-ray
irradiation is the most penetrating and, as such, affects
to a great extent the various electronic devices under
actual conditions of their applications. It is also known
that thisirradiation easily produces numerous radiation
defects in silicon, and this introduces great difficulties
in the production of radiation-resistant electronic
devices. It should be emphasized that gamma-ray irra-
diation, in contrast with other types of irradiation, pro-
duces defects that are distributed uniformly over vol-
ume; this appreciably enhances the reliability of the
results of studying these defects because there is no
nonuniformity in the distribution of the defects over the
crystal bulk.

In this paper, we report for the first time the obser-
vation of the radiation-defect ESR spectrain the p-4H-
and p-6H-SiC crystals doped with aluminum and irra-
diated with gamma-ray quanta.
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Fig. 1. The electron spin resonance (ESR) spectrameasured
a 4 K in an unirradiated 6H-SIC:Al crystal for severa ori-
entations of the crystal with respect to the magnetic field B

in the {1120} plane (the corresponding angles are indi-
cated at the curves). The designations of sAl, dAl, and sB
are introduced for the shallow Al level, deep Al level, and
shallow B level, respectively. The dashed lines correspond
to the ESR spectrain a4H-SiC:Al crystal with anincreased
Al concentration; for this crystal, the ESR signalsrelated to
the shallow Al level were amost not observed. Vertical
arrows indicate an additional superfine structure.

2. EXPERIMENTAL

We studied p-4H- and p-6H-SiC crystals doped with
aluminum and grown by the sandwich-sublimation
method at atemperature of 2150°C[12] and at agrowth
rate of 0.8 mm/h. We also studied commercial 6H-SIC
crystals produced by the Cree Corporation. The alumi-
num concentration was about 10*” cm=3in al the crys-
talsthat were subjected to gamma-ray radiation for two
weeks. The gamma-ray source was the %°Co isotope
with the gamma-quantum energy of 1.12 MeV and the
integrated flux of 10'* cm=. The 4H- and 6H-SiC crys-
talsin the shape of platel ets with the plane perpendicu-
lar to the hexagonal ¢ axis were oriented to be rotated

in the { 1120} and {1100} planes. The experiments
were performed using a Jeol ESR spectrometer at afre-
guency of 9.2 GHz; the sampleswereinstalled in alab-
oratory-made flow-through helium cryostat, which
made it possible to vary temperature in the range of
4-300 K. All the ESR spectra were recorded without
signal accumulation and resulted from a single scan.
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3. RESULTS

The ESR signals corresponding to the shallow- and
deep-level aluminum acceptors and the shallow-level
boron acceptors were observed in the studied 4H- and
6H-SIC crystals [13-17]. The shallow Al leve is
formed by an Al atom that resides at the Si sitewith reg-
ularly arranged neighbors [13, 14]; in our opinion, the
deep Al level isrelated to a complex that consists of an
Al atom at the Si siteand a C vacancy at the nearest site
along the c crystal axis[14, 16, 17]. Boron isan uncon-
trolled impurity and commonly manifestsitself in the
ESR spectra of p-SiC crystals as a shallow B level;
however, for high Al concentrations on the order of
10" cm3, the ESR signals related to the deep B level
are also observed [16]. In Fig. 1, we show the ESR
spectra observed in a 6H-SiC: Al (Cree) crystal before
gamma-ray irradiation and recorded for several orienta
tions of the crystal with respect to the magnetic field.
The signals related to the shallow Al level and desig-
nated as SAL, the deep Al level (dAl), and the shallow
B level (sB) aredistinguishablein the spectra. Both sig-
nals overlap at alow temperature (=4 K) for the mag-
netic-field orientations close to the c-axis (8 = 0°); in
contrast to this, for 8 = 35°, these signals are observed
in different magnetic fields owing to dissimilar values
of the g-factors. For the orientation with 8 = 35°, a
poorly resolved hyperfine structure (HFS) can be
observed in the dAl signal; this structure originates
owing to the interaction of an unpaired electron with
the?’Al isotope nucleus[14]. Inthe studied crystals, the
intensities of the sAl ESR signals are comparable to or
exceed those of the dAl; therefore, the ESR spectra
observed for a 4H-SIC crystal doped heavily with Al
(the Al concentration = 5 x 10'° cm™) [16] are dso
shownin Fig. 1 (see dashed linesfor the orientations of
0 =0° and 6 = 35°). Inthiscrystal, theintensities of the
dAl ESR signals are higher by more than two orders of
magnitude than those of sAl signals; as a result, only
the dAl signal is distinguishable in the spectrum for the
0 = 0° orientation. For such crystals, electron—nuclear
double resonance (ENDOR) has been used to establish
uniquely that the ESR signals arerelated to Al [17]; the
ENDOR data are consistent with the magnitude of the
hyperfine interaction observed in the ESR spectra.

The ESR spectra were observed at a temperature of
7 K inagammerirradiated 4H-SiC crystal and recorded
for different orientations of the crystal in a magnetic

field. The field was rotated in the {1120} crystallo-
graphic plane. In addition to the sB signals (on the
right), an ESR line is distinguishable in the spectrum
recorded for the B || c orientation and shown in Fig. 2;
thisline splitsinto four linesif the sampleisrotated in

the{ 1120} plane. Thissplitting indicatesthat the para-
magnetic defect has several equivalent orientations in
the SIC lattice. The directions of the local symmetry
axesfor the center can be determined from the extrema
inthe angular dependence of ESR signals. InFig. 2, one
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of such extremum is observed for an angle of the mag-
netic field with the c-axis of the crystal closeto 70°. In
SiC, theangle 6 = 70° correspondsto the angle between
the c-axis and the direction of the Si—C bonds. Thus,
this center has a specific local axis directed approxi-
mately along the Si—C bonds, which are not oriented
along the c-axis of the crystal. It is notable that the
intensity of the ESR signal decreases drastically in the
lowest magnetic fields for the angles close to 8 = 70°.
There are, in total, six magnetically nonequivalent
directions in hexagona crystals, whereas only four

such directionsexistinthe{ 1120} plane. For theB ||c
orientation, al these directions are equivalent; as a
result, a single ESR line is distinguishable in the
spectrum. We also observed similar ESR signals in
the 6H-SIC crystals.

Three different types of signals were detected in the
ESR spectrum of crystals of both polytypes (4H- and
6H-SIC) subjected to gammacray irradiation. The tem-
perature dependence of the ESR signals observed in a
4H-SIC crystal with the B || ¢ orientation can be deduced
from the spectrashown in Fig. 3. It can be seen that the
signal denoted by y1 isobserved at temperatures of 4.5—
15 K, the second signa (y2) is distinguishable in the
range of 10-35 K, and the third signal (y3) is observed
at temperatures of 18-50 K. Thus, theyl and y2 signals
are observed simultaneously in acomparatively narrow
temperature range of 10-15 K, whereas both they2 and
y3 signals are observed in awider range of 18-35K. In
addition, it should be noted that the linewidths of the y1
and y2 signals increase substantially before the disap-
pearance of these signals (Fig. 3), whereasthe positions
of the ESR lines remain almost unchanged.

Angular dependences of ESR signals for the y1, y2,
and y3 centersin the (@) 6H-SIC and (b) 4H-SIC crys-
tals are shown in Fig. 4. It is noteworthy that the crys-

tals were rotated in different planes: in the {1120}
plane for 4H-SIC and in the { 1100} plane for 6H-SiC.
Thesymbols1, 2, and 3 are used to represent the exper-
imental angular dependences for the y1 (measured at
7K), y2 (at 23 K), and y3 (at 34 K) centers. These
dependences can be described using the following spin-
related Hamiltonian with the spin S= 1/2:

H = pg(9H S+ 9,H,S +g,H.S,).

Here, | isthe Bohr magneton and g,, 9,, and g, are the
g-factors corresponding to the directions x, y, and z of
the local symmetry axes of the center.

The calculated (theoretical) angular dependences of
the y1, y2, and y3 signals are plotted in Fig. 4 as the
solid, dashed, and dotted lines, respectively. The calcu-
lations were performed using the R-Spectr program
[18] and the values of the g-factors, listed in the table
where the values of the Eulerian angles for six magnet-
icaly equivalent orientations of each center are also
given.
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Fig. 2. The ESR spectra observed for a gamma-irradiated
4H-SIC crystal at a temperature of 7 K; the spectra were
recorded for various orientations of the crystal with respect
to the magnetic field B (the corresponding angles are indi-
cated at each curve). The magnetic field was rotated in the

{1120} plane.
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Fig. 3. The ESR spectra measured at various tempera-
tures (indicated at each of the spectraand expressed in K)
for agamma-irradiated 4H-SiC sample with the B||c orien-
tation.



1350 ILYIN et al.
oF L (b)

30r -

&

S

<o)
60 -
90 i 1 1 1 1 i

322 324 326 328

Magnetics field, mT

Fig. 4. Angular dependences of ESR signals for the y1, y2, and y3 centersin the (a) 6H-SiC and (b) 4H-SIC crystals. The crystals

were rotated in the { 1120} plane for 4H-SiC and in the { 1100} plane for 6H-SiC. Experimental angular dependences correspond
to (1) y1 (the measurement temperature of 7 K), (2) y2 (23 K), and (3) y3 (34 K) signals. The solid, dashed, and dotted lines represent

the results of calculations using the data listed in the table.

When determining the Eulerian angles, we oriented
the laboratory reference frame so that its Z-axis (hence-
forth, we use capital | ettersto denote the axes of thelab-
oratory reference frame) was parallel to the c-axis of
the crystal, the X axis was perpendicular to the Z-axis

and was lying in the(1120) plane, and the Y axis was

perpendicular tothe (1120) plane. We used the follow-
ing definition of the Eulerian angles[18]: thefirst angle
o correspondsto arotation about the Z-axis, the second
angle 3 represents a rotation about the new Y-axis, and
the third angle y corresponds to the rotation about the
new Z-axis. Thus, the direction of the Z-axisin the lab-
oratory reference frame can be represented by the three

Eulerian angles (0O, O, 0). Six magnetically nonequiva-
lent directions along the Si—-C bonds, which do not
coincide with the c-axis of the crystal, are specified in
the ideal 6H-SIC lattice by the combinations of the fol-
lowing Eulerian angles (a, B, and y) expressed in the
degrees of circle: (0, 110, 0), (120, 110, 0), (240, 110,
0), (0, 250, 0), (120, 250, 0), and (240, 250, 0).

It can be deduced from the values of the Eulerian
angles listed in the table that orientations of the y1, y2,
and y3 centers are different and do not completely coin-
cide with directions of the S—C bonds. However, it is
evident that all deviations from ideal axes and also the
differences between the y1, y2, and y3 centers are com-
paratively small; therefore, it may be stated that, at the

The ESR signal parameters for the y1, y2, and y3 centers in the gamma-ray irradiated 4H- and 6H-SiC crystals

vl Y2 3
4H 6H 4H 6H 4H 6H
Oy 2.006 2.006 2.015 2.015 2.014 2.013
Oy 2.000 2.000 2.002 2.000 2.002 2.002
o, 2.044 2.041 2.040 2.042 2.036 2.031
a B a B a B a B a B a B
1 0 115 0 116 0 115 —4 115 30 124 0 130
2 119 115 118 116 121 115 124 115 115 124 121 130
3 241 115 242 116 239 115 236 115 245 124 239 130
4 0 245 0 244 0 245 4 245 30 236 0 230
5 119 245 118 244 121 245 124 245 115 236 121 230
6 241 245 242 244 239 245 236 245 245 236 239 230

Note: The Eulerian angles a and 3 are listed for each of the six magnetically nonequivalent centers and are expressed in the degrees of
arc; the anglesy are equal to zero.
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gualitative level, al these centers have a common ori-
gin. The yl centers have asymmetry closeto axial with
respect to thelocal z-axis oriented approximately along
one of the directions of the Si—C bond, which does not
coincide with the c-axis. The y2 and y3 centers have a
lower symmetry; nevertheless, the preferential direc-
tion along the above bonds is quite pronounced. The
value of the largest g-factor (g, decreases in the
sequence from y1 to y3.

An additional structure was observed for some of
the orientations in the ESR spectra for the y1 signal in
the 4H-SIC crystal (in which the signals are most
intense). This structure can be seenin Fig. 2 for theline
at 327.5 mT at 6 = 70° and is shown on the expanded
scale in Fig. 5. A well resolved outer pair of compo-
nents with splitting of ~ 1.2 mT and a more intense
poorly resolved pair of satelliteswith asmaller splitting
of ~0.3mT are observed. It ismost likely that the addi-
tiona structure is brought about by hyperfine interac-
tion with the °Si nuclei (in natural silicon, there is
4.7% of the %°Si isotope with a nuclear spin of | = 1/2;
at the same time, the content of the 13C isotope with the
same nuclear spin of | = 1/2 in natural carbon is much
lower and amounts to a mere 1.1%). The ratio between
the intensities of the center line and the additional com-
ponents can be used to obtain the data on the origin of
the HFS. Apparently, the outer pair of the hyperfine
components with larger splitting emerges owing to
interaction with one or two equivalent silicon atoms.
We may assume that satellites with smaller splitting
originate due to the interaction of an unpaired electron
in the defect with a large number of equivalent silicon
atoms residing in amore remote coordination shell. We
simulated the ESR spectrum assuming that the HFS
with larger splitting is caused by interaction with one or
two equivalent silicon atoms, whereas the HFS with
smaller splitting is due to successive interaction with
6-12 equivalent silicon atoms. In Fig. 5, the dotted line
represents the result of simulating the ESR signal for
interaction with two equivalent silicon atoms with the
HFS constant equal to 1.23 mT and with nine equiva
lent silicon atoms with the hyperfine splitting amount-
ing to 0.32 mT. It can be seen that the result of simula-
tion adequately describes the observed ESR signdl;
however, it should be noted that the agreement between
the ssimulation and experiment could be improved if we
consider interactions with several remote nonequivalent
coordination shells of silicon and carbon. We do not
present here the results of corresponding calculations
because there is evidently no sufficient body of experi-
mental datafor choosing the correct combination of sil-
icon and carbon atoms. In our opinion, the compara-
tively effective interaction with two equivalent silicon
atoms (1.23 mT) supports the assumption that the defect
resides in the carbon sublattice. These two silicon atoms

can reside at the C-Si bonds lying outside the { 1120}

plane, in which the magnetic field is rotated and the
local z-axis of the center is located. Thus, interaction
SEMICONDUCTORS  Vol. 35
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Fig. 5. The ESR line at 327.5 mT (see Fig. 2) recorded for
agamma-irradiated 4H-SiC crystal at atemperature of 7 K
for 8 = 70° and represented on an enlarged scale. The
dashed line represents the simulated ESR spectrum calcu-
lated in the cases of hyperfine interaction of unpaired elec-
tron with two equivalent Si atoms (the magnitude of the
hyperfine interaction is 1.23 mT) and with nine equivalent
Si atoms (0.32 mT).

with a silicon atom located at the local z-axis can be
much larger; however, we failed to detect the corre-
sponding structure due to the low intensity of the ESR
signd inthe B || z orientation.

We studied the effect of isochronous heat treatment
on the y1, y2, and y3 centers in the 4H- and 6H-SIC
crystals. The crystal was rapidly heated to a specified
temperature above 300 K, kept for 10 min at that tem-
perature, then rapidly cooled to a low temperature at
which the highest intensity of the ESR signal corre-
sponding to the y1, y2, or y3 centers was observed, and
the ESR spectrum was measured. The process was then
repeated at a higher heat-treatment temperature. It was
found that the y1, y2, and y3 centers respond similarly
to the heat treatment: the intensity of the ESR signal
decreases rapidly as the annealing increases, and the
signal ceases irreversibly to be detectable after heat
treatment at a temperature of ~ 160°C. This tempera-
ture corresponds to the annealing off of radiation
defectsin SiC, which are formed in the carbon sublat-
tice and are typicaly represented by isolated carbon
vacancies.

4. DISCUSSION

The 4H- and 6H-Si C polytypes have common hexag-
onal symmetry with the c symmetry axis. Each Si atom
is surrounded by four C atoms and vice versa. When
considering the second coordination shells for the lat-
tice sites in 4H-SiC, we can recognize two nonequiva-
lent sites in the lattice, one of which is quasi-cubic (q)
and the second is hexagonal (h). For aq site, 12 atoms
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in the second coordination shell are arranged in the
same way asin the zinc blende cubic structure. For the
h sites, these atoms are arranged as in the hexagonal
wurtzite structure. These sites are distributed uni-
formly between the carbon and silicon sublattices.
There are three such nonequivalent sites in 6H-SiC;
two of them are quasi-cubic (k; and k,) and the third
is hexagonal (h). The single type of the y1-, y2-, and
y3-center signals was observed in the ESR spectra of
both the 4H- and 6H-SIC crystals irradiated with
gamma-ray quanta. As can be seen from the table, the
parameters of the ESR spectra for these centers are
amost the same in the 4H- and 6H-SIC crystals. The
most important difference between these centers con-
sistsinthefact that thelow-temperature (y1) centers have
nearly axial symmetry in referenceto thelocal z-axisori-
ented approximately along one of the S—C-bond direc-
tions, which does not coincide with the c-axis; in con-
trast with this, the high-temperature y2 and y3 centers
have alower symmetry, although the orientation along
the af orementioned bondsis clearly pronounced. Large
deviations of g, from the g-factor for afree electron are
evident for both centers; the value of thelargest g-factor
(9,) decreasesin the sequence from y1 to y3.

Assuming that the ESR signal parameters should
differ for the defectsformed at dissimilar lattice sites of
SiC, we have to choose one of two possible explana-
tions.

The first reasonable explanation is based on the
assumption that the y1, y2, and y3 centers correspond to
different sites occupied by the defect in the crystal; we
refer to the k and h sitesin 4H-SiC and the ky, k,, and h
sites in 6H-SIC. Since the ESR spectra of the three
types are observed for 4H-SiC with only two different
sites in the crystal lattice, we should rule out the
assumption that theyl, y2, and y3 centers occupy differ-
ent sitesin the lattice.

Thus, we may assume that we observe the ESR sig-
nals related to the same lattice site and that the y1, y2,
and y3 centers correspond to the low- and high-temper-
ature states of the same center (for example, the distor-
tionsin the center symmetry caused by the Jahn—Teller
effect may differ for these states). An increase in tem-
perature brings about a certain change in the structure
of the center; as a result, the orientation of principal
axes of the center changes by several degrees and the
symmetry is lowered, although the general anisotropy
represented by the difference between the largest and
the smallest values of the g-factor decreases. It is rea
sonable to assume that the defect formation under the
effect of gamma-ray irradiation is equiprobable for dif-
ferent lattice sitesin the crystal; therefore, the fact that
the ESR spectrum includes the lines that belong to a
single center may be caused by the relative position of
the level belonging to this defect (for the paramagnetic
state) in reference to the Fermi level. It should be
emphasized that the gamma-ray irradiation did not
result in appreciable changesin the ESR spectra corre-
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sponding to the acceptor levels of Al and B, which sub-
stantialy distinguishes the gamma-ray irradiation from
destructive irradiations of other types that, as a rule,
result in pinning of the Fermi level at the radiation
defects; i.e., it is highly probable that the Fermi level
position does not change much after gamma-ray irradi-
ation. Thus, the level of the detected defect is close to
the Fermi level in the p-4H- and p-6H-SIC crystals
doped with aluminum.

At this stage of the investigation, we may advance
only tentative suggestions concerning the structure of
theyl, y2, and y3 centers. It iswell known that gamma-
ray irradiation gives rise to fast secondary electronsin
the crystal; these electrons produce radiation defectsin
the crystal lattice of irradiated samples. In accordance
with the energy of the gamma-ray quanta used in this
study (1.12 MeV), the average energy of the secondary
electrons is low and amounts to about 500 keV; i.e.,
this energy is equal in its order of magnitude to the
threshold energy for the production of radiation
defectsin SIC.

In contrast with Si where the process of the produc-
tion of radiation defectsiswell understood [1], this pro-
cess in SiC is much more complicated due to the pres-
ence of two sublattices (those of Si and C). Correspond-
ingly, we have a much larger number of possible native
defectsin SiC. Primary defects formed under the effect
of irradiation are the Frenkel pairsin the Si and C sub-
|attices; i.e., these defects can be combinations of asil-
icon vacancy (Vg) and aninterstitial Si atom (Si;) or the
combinations of a carbon vacancy (V) and an intersti-
tial carbon atom (C)). It isreasonable to assume that the
threshold for the formation of the Frenkel pairsinthe Si
sublattice is higher than that in the C sublattice because
of the difference in masses of the corresponding atoms.
The irradiation energy for the formation of closely
spaced vacancies and interstitials (Frenkel pairs) in the
C sublattice isin the range of 100-150 keV, and that in
the Si sublattice ranges from 220 to 300 keV [10]. For
higher irradiation energies, spatially separated vacan-
ciesand interstitialsare mainly produced. In Si, the pri-
mary defects are unstable at room temperature [1], and
only the complexes formed as a result of capturing the
primary defects by impurities or other defects are sta-
ble; in contrast with this, the S and C vacanciesin SIC
are apparently stable at room temperature and the for-
mation of vacancy complexes occurs at higher temper-
atures. Nevertheless, as far as we know, there are no
indicationsthat the Si and C interstitial atoms cannot be
mobile during gamma-ray irradiation at room tempera-
ture.

To the best of our knowledge, there have been only
afew studies which have been concerned with irradi-
ation of SIC with fast electrons that have energies
close to the displacement threshold for the atoms in
the main lattice. Two new zero-phonon lines G; and
G,, peaked at 2.547 and 2.528 eV, were observed in the
luminescence spectra of 6H-SIC crystals irradiated
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with 400-keV electrons [19]. Zeeman splitting was
detected for one of these lines (G,) in amagnetic field.

In very elegant studies [10], the lines of severa
types of defects, including the Frenkel pairsin the Si
sublattice, were detected in the ESR spectra of 6H-SIC
crystalsirradiated with 300—350-keV €electrons.

We failed to detect any known ESR signals related
to radiation defects in the gamma-irradiated crystals.
However, this cannot serve as conclusive evidence that
these defects are not formed under gammacray irradia-
tion because either the intensity of the corresponding
spectramay betoo low or the paramagnetic states of the
known defects cannot be detected owing to a specific
position of the Fermi level.

Destruction of theyl, y2, and y3 centers at atemper-
ature of ~ 160°C indicates that these defects are most
likely formed in the carbon sublattice, which is consis-
tent with low irradiation energies; in this case, the for-
mation of widely separated pairs consisting of the car-
bon vacancies V. and intertitial carbon atoms C; is
more probable. Since the C, atoms are presumably
mobile at room temperature, they can be captured by
impurities. As a result, the V. vacancies in some
charged state and impurity-containing complexes may
be formed. The majority impurity in the crystalsisAl.
The formation of complexes with Al in Si subjected to
ionizing radiation has been studied thoroughly [20]; it
has been shown that aninterstitial Si atom pushestheAl
atom out of alattice site, which givesriseto aparamag-
netic center in the form of an interstitial Al atom (simi-
lar atoms have also been observed for other impurity
elements of Group I11). It isalso conceivable that, under
certain conditions, a paramagnetic complex consisting
of avacancy and an element of Group I11 can beformed
in Si [21]. Since an Al atom in the af orementioned pro-
cess occupiesthe Si site, a composite complex, involv-
ing a carbon atom at the Si site Cq (an antisite defect)
and an interstitial Al atom, may be formed.

We discuss first the possible relation of the ESR
spectrareported in this study to the carbon vacancies. It
is pertinent to compare the Vg vacancy in silicon with
the carbon vacancy V. in SIC because, in both cases,
electrons reside at the silicon orbitals. Two paramag-

netic states of the vacancy, Vg and Vg, have been

observed. In both cases, S= 1/2; the g-factorsare highly
anisotropic and are equal to g, = 2.0151, g, = 2.0028,

and g, = 2.0038 for Vg, and g, = 2.0087 and g, = g, =
1.9989 for Vg [1]. As for SIC, only a single charge

state of the carbon vacancy (V¢ ) has been reported [2,

6]; in this case, the anisotropy of the g-factors has been
also observed, with the largest g-factor value being
along the 1110axis. Theoretical calculations predict
that a pronounced Jahn-Teller effect should be
observed for carbon vacancies, with this effect being
enhanced as the negative charge of the vacancy
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increases [22]. Such an effect aso exists for vacancies
in silicon, and this results in an appreciable enhance-
ment of the g-factor anisotropy. According to calcula-
tions, the magnitude of the Jahn-Teller effect in SIC is
much larger than that in Si [22]. We may assumethat an
increase in the magnitude of the Jahn-Teller effect
resultsin an enhancement of the g-factor anisotropy for

the negatively charged state of the divacancy (V¢);
consequently, the ESR signals observed in this study
may be related to V. Important information can be

derived from studies of the hyperfine interaction. How-
ever, dueto the comparatively low intensity of ESR sig-
nals, we managed only to observe the hyperfine struc-
ture in a narrow range of orientations; the values of
these orientations support, to an extent, the assumption
that the ESR spectra of new centers are related to the
carbon vacancy. Nevertheless, on the basis of obtained
data, it is difficult to explain such alarge excess of g,
over the pure spin-related g-factor (Ag ~ 0.04, seetable)
without considering the involvement of an impurity.

Thus, it is also quite reasonable to assume that the
v1, y2, and y3 centers are formed as a result of the cap-
ture of mobile primary defects (C;) by the impurity Al
atoms, the concentration of which is very high in the
crystals studied. The involvement of Al in the complex
may account for alarge shift of the g-factor in reference
to the g-factor of the free electron. However, the ESR
spectrum does not feature an HFS related to Al, which
has a single stable isotope with the nuclear spin | = 5/2
(if a hyperfine interaction occurs, it contributes only to
the linewidth; i.e., its magnitude amounts to less than
0.05 mT); this makes the involvement of Al in the com-
plex very problematic. There are data on the ESR sig-
nals of Al- and B-related centerswith deep levelsin the
band gap; according to the suggested model, these cen-
tersare neutral complexes consisting of the impurity at
the silicon lattice site and the carbon vacancy located at
the neighboring lattice site lying along the c-axis [14].
In these centers, the hyperfineinteraction with Al (B) is
weak because there is no direct spin density at impuri-
ties; however, this interaction is much stronger (on the
order of 1 mT for Al) than the upper limit for the impu-
rity—vacancy interaction derived from the linewidths of
ESR linesrelated to the yl, y2, and y3 centers. Thus, an
impurity can be involved only indirectly in these cen-
ters, similarly to therole of boron in the boron—vacancy
complex in Si [21], in which case a hyperfine interac-
tion has not been observed. The obtained data on the
ESR spectrado not rule out the possibility that intersti-
tial carbon or the antisite defect are involved in the
complex; the reason for thisis that the hyperfine inter-
action with an individual C atom cannot be detected for
the EPR signal intensities observed owing to alow con-
centration of *C atoms.
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5. CONCLUSION

For the first time, we observed the paramagnetic
defects formed under the effect of gamma-ray irradi-
ation in SiC crystals. Three types of signals related
to defects, denoted in this study as y1, y2, and y3,
were detected in the ESR spectra of gamma-irradi-
ated Al-doped p-4H- and p-6H-SIC crystals. These
centers have almost the same parameters of the spin-
related Hamiltonian with the electron spin S= 1/2 and
feature a pronounced anisotropy of g-factors; the devi-
ation of these g-factors from the free-electron g-factors
is as large as ~ 0.04. The y1 centers have nearly axia
symmetry relative to the local z-axis oriented approxi-
mately along one of the directions of the Si—C bond that
does not coincide with the c-axis. They2 and y3 centers
have alower symmetry, although orientation along the
aforementioned bondsiis clearly pronounced; the value
of the largest g-factor (g,) decreases in the sequence
from y1 toy3. The ESR signal intensitiesfor the yl, y2,
and y3 centers are temperature-dependent; theyl signal
was distinguishable at low temperatures (3.5-15 K),
whereas the y2 and y3 signals were observed at higher
temperatures of 10-35 and 18-50 K, respectively.
Thus, there are comparatively narrow temperature
ranges in which two specific ESR signals can be
observed simultaneoudly; in addition, the ESR signals
of these centers broaden significantly before their dis-
appearance with increasing temperature. A hyperfine
interaction of an unpaired electron in the yl center with
the 2°Si isotope nuclei was detected for some crystal
orientations. Theyl, y2, and y3 centers cease to exist at
160°C; it was concluded that the ESR signals of these
centers are related to the defects produced in the C sub-
lattice under the effect of gamma-ray irradiation. It is
assumed that the y1, y2, and y3 centers have a common
origin and are related to the low- (y1) and high-temper-
ature (y2 and y3) modifications of the same center. We
discussed the models of the defect in the form of aneg-
atively charged carbon vacancy or of a complex con-
sisting of an Al impurity atom and aC atom that resides
either at the S lattice site or at the interstice.
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Abstract—Interaction of hydrogen with radiation defectsin p-Si crystals was studied by deep-level transient
spectroscopy. Hydrogen was introduced into the electron-irradiated crystals using wet chemical etching in a
solution of nitric and hydrofluoric acids at room temperature with subsequent annealing at 380 K under reverse
bias applied to the formed Schottky diodes. It isfound that the passivation of radiation defects is accompanied
with the formation of new electrically active centers with the concentration profile dependent on the hydrogen
concentration. It is shown for the first time that hydrogen passivates the electrical activity of the C.C; centers.
Based on the data about the spatia distribution of defects and the kinetics of passivation, the plausible origin
of the newly formed centersis analyzed. The radii of hydrogen capture by divacancies, the K centers, the C.C,
complexes, and new centers were determined. © 2001 MAIK “ Nauka/| nterperiodica” .

INTRODUCTION

Hydrogen from the majority of commonly used
reagents and even water vapor can easily penetrate dur-
ing various stages of technological treatments into sili-
con crystal owing to its high hydrogen diffusivity even
at room temperature [1]. Due to the high chemical
activity of hydrogen, it can readily react with impurities
and crystal-lattice defects and passivate the electrical
activity of a number of defects with shallow and deep
levels [2]. The mechanism of interaction of shallow-
level acceptors with hydrogen is well understood [2];
the mechanism of such interaction is less clear in the
case of other defects. It has been found recently [3-6]
that, in addition to passivation of electrical activity,
interaction of hydrogen with defects and impurities
may result in the formation of new electrically active
centers; the latter represent intermediate products of a
sequence of transformations that result in the complete
passivation of the electrical activity of these defectsand
impurities.

Intrinsic point defects and their complexes with
impurity atoms are formed in silicon crystals at various
stages of technological treatments; therefore, a study of
the interaction of these defects with hydrogen is not
only of pure scientific interest but also of practica
importance. In the case of hydrogen introduced in sili-
con crystals with existing radiation defects or intro-
duced by implanting silicon samples with protons, a
number of new types of defects that were not observed
in the hydrogen-free samples were detected [7-10].
Thus, for example, the majority defect arising in n-Si
and having the level E(0.32) in most of the publications
is related to hydrogenation of the vacancy—oxygen

complexes (the A centers) [9-11].1 In p-Si, the situation
is more complex, and the origin and structure of either
of the observed defects arising as aresult of theinterac-
tion of hydrogen with radiation defects has not been
identified [7, 12].

In this paper, we report the results of studying the
interaction of hydrogen with radiation defects in p-Si
using deep-level transient spectroscopy (DLTS). It is
shown that the concentrations of all radiation defects
decrease as a result of hydrogenation; in addition, this
processis accompani ed with the formation of new elec-
trically active defects. Based on data on the spatial dis-
tribution of new defects and on the kinetics of radia-
tion-defect passivation, we analyzed the plausible ori-
gin and structure of the formed defects. We estimated
the radii of the hydrogen entrapment for various radia-
tion defects.

EXPERIMENTAL

We used aset of p-Si crystalsthat were grown by the
Czochralski (Cz) and crucibleless floating-zone (FZ)
methods and which had various concentrations of boron
(from 6 x 10 to 3 x 10 cm3), oxygen, and carbon. The
samples were irradiated at room temperature with
2-6-MeV dectrons; the dose range was 10%-10'6 cm2.
Hydrogen was introduced into the crystalsin the course

1 Henceforth, designations like E(0.32) or H(0.30) indicate the
positions of the energy levels. The letter E signifies that the
energy is measured from the conduction-band bottom, whereas
the letter H indicates that the energy is measured from the
valence-band top. The numerical energy values in brackets are
given in electronvolts.

1063-7826/01/3512-1355%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. The DLTSspectraof irradiated p-Si crystal grown by
the Czochral ski method and subjected to wet chemical etch-
ing (dashed line) with subsequent annealing with areverse
bias applied at T =380 K (the solid line).

of wet chemical etching in a solution of hydrofluoric
and nitric acids (HF : HNO; = 1 : 7) at room tempera-
ture; the etching rate was 2—4 um/min.

Schottky barrierswere formed by the thermal deposi-
tion of Al in vacuum. Ohmic contacts were deposited on
the back side of the samplesusing an Al + Gapaste. The
concentration profiles of charge carriers were deter-
mined from capacitance—voltage (C-V) characteristics.
The deep-level spectrawere measured using the DLTS
in the temperature range of 40-300 K; a conventional
setup with a phase-sensitive amplifier as a correlator
was used. The filling 1-ms pulses were applied to the
diodes during the measurements of the deep-level spec-
tra. The spatia distribution of the deep-level centers
was measured under a constant reverse bias and under
varying amplitude of the filling pulse in the computer-
ized DLTS setup; nonuniform distribution of doping
impurity was taken into account when calculating the
concentration profile.

RESULTS

Itisknown that intrinsic point defects[vacancies (V)
and interstitial atoms (1)] are generated in silicon irradi-
ated with high-energy electrons. Interstitial atoms can
be involved in the substitution reactions with some
impurities [13] by pushing the latter to the interstices
(C, and B;). These secondary defectsthat migratein sil-
icon can, in turn, be involved in various chemical reac-
tions and form defects that are stable at room tempera-
ture [14]; these defects include C,O; carbon—oxygen
centers (K centers) with H(0.36), B,O, boron—oxygen
pairs with E(0.25), B,B; boron-boron centers with
H(0.30), and metastable C,.C; carbon—carbon com-
plexes with E(0.1/0.17) and H(0.05/0.09). Vacancies
are transformed into vacancy—oxygen V—O complexes
(A centers) with E(0.17) and divacancies V, with
E(0.23), E(0.4), and H(0.21). The ratio between con-
centrations of stable radiation defects in silicon

FEKLISOVA et al.

depends heavily on the type and concentration of impu-
rity in the as-grown crystal.

The DLTS makes it possible to observe only the
centers capturing the majority charge carriers; i.e., only
the centers with levelsin the lower half of the band gap
can be tested in the p-S crystals. The conventional
DLTS spectrum of irradiated p-Si crystals includes the
peaks related to the donor level of divacancy V, with
H(0.21), the carbon—oxygen complexes C,O; (the K cen-
ters), and the metastable carbon—carbon complexes
CC, inthe FZ-S samples.

The effect of hydrogenation on the energy spectrum
of deep levels in silicon grown by the Czochralski
method and irradiated with high-energy electrons is
illustrated in Fig. 1. Immediately after wet chemical
etching, no changes are observed in the DLTS spectra
of these samples; only the levels corresponding to con-
ventional radiation defects (divacancies and the K cen-
ters) (Fig. 1, the dashed line) are detected. This is
explained by the fact that the hydrogen penetrating into
the surface layersis captured quite effectively by boron
inthe p-Si crystals. Simultaneoudly, eectrically inactive
B—H pairs are formed [15]. The B-H bond becomes
unstable at temperatures of 340-380 K. Therefore,
annealing at such temperatures under the conditions of
applied reverse hias [reverse-bias annealing (RBA)]
stimulates the penetration of released hydrogen to a
greater depth where it can react both with boron and
with other defects. The extent of hydrogen penetration
can be determined from a characteristic dip formed in
the concentration profile of electrically active boron
obtained by C-V measurements in the course of iso-
thermal RBA [15].

The RBA induced the following changes in the
DLTS spectra of irradiated Cz-Si samples: the ampli-
tudes of the peaksrelated to radiation defects decreased
and a new peak H4 with H(0.28) emerged (Fig. 1, the
solid curve). H4 centers were formed in all Cz- and
FZ-Si crystalsas aresult of RBA at T = 340-380 K. It
is noteworthy that any new centers with deep levels
were not formed in unirradiated crystals subjected to
hydrogenation. In Fig. 2, we show the concentration
profiles of electrically active boron, radiation defects,
and the H4 centers after wet chemical etching with sub-
sequent annealing at T = 380 K under the conditions of
applied reverse bias. It can be seen that, as the RBA
duration increases, the concentrations of K centers and
divacancies decrease in the hydrogenated region. The
concentration of new H4 centers first increases, then
passes through a maximum, and finally decreases. All
changesin the concentration profile of H4 centers occur
in the region saturated with hydrogen. In addition, it
was found that the total concentration of K and H4 cen-
ters features a flat distribution profile (Fig. 2b); i.e, a
decreasein the K-center concentration is approximately
equal to the increase in the H4-center concentration.

Carbon—carbon complexes C.C; are formed (along
with K centersand divacancies) asaresult of irradiation
in silicon grown by the crucibleless floating-zone
2001
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method; the C.C, complexes can be reliably identified
on the basis of their metastable behavior [16]. Figure 3
illustrates the DLTS spectra measured for irradiated
FZ-Si, in which case only the peaks related to radiation
defects are detected after wet chemical etching (dashed
curve). Using the same annealing procedure with the
application of reverse bias, we found that the signal
related to al radiation defects diminishes and the sig-
nals related to the H4 and H3 centers become distin-
guishable (Fig. 3, the solid curve). The special features
of the formation of H4 centersin the course of RBA in
these samples are similar to those observed in the Cz-Si
crystals, i.e., as the duration of RBA increases, the
H4-center concentration increases with the subsegquent
formation of aminimum in the region with high hydro-
gen concentration, whereas the H4-center concentra-
tion profile correlated closely with hydrogen concentra-
tion. However, a balance between the decrease in the
K-center concentration and the formation of H4 centers
was not observed in the FZ-Si crystals; in some cases,
the concentration of the formed H4 centers exceeded
twofold the initial concentration of the K centers. The
H3-center concentration increased with increasing
RBA duration and, in some cases, exceeded apprecia
bly theinitial concentrations of the K centers and diva-
cancies. It can be seen from Fig. 3 (the solid line) that
the concentration of the C,.C; complexes also decreases.
Asfar asweknow, thisisthefirst experimental obser-
vation of the effect of hydrogen on the electrical
activity of these complexes. At present, we cannot
relate the disappearance of the C.C; complexesto the
emergence of any other level. Therefore, it remains
unclear whether a C.C;—H complex is formed in this
situation or whether hydrogen stimulates the decom-
position of the C,.C, pair. However, we note that theo-
retical calculations [17] are indicative of the possible
formation of a hydrogen-containing complex based
on the C,C; center.

We emphasize once again that al observed varia-
tions in the spectrum of radiation defects and new H3
and H4 centers are restricted to the hydrogenated zone
of the crystal.

DISCUSSION

We now analyze the reactions of the successive
attachment of hydrogen to a defect with concentration
No. Assuming that the products of this interaction are
stable at the temperatures used in the experiments, we
can mathematically represent the interaction of the
defect with hydrogen and the formation of new com-
plexes at an arbitrary point in the crystal as[18]

‘%J = —ATDIrNo[H], (1.1)
O = amD(rN L —INHL, (12)
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Fig. 2. The concentration profiles of (a) electrically active
boron and [(b), (c)] the centerswith deep levelsin anirradi-
ated Cz-Si crystal subjected to wet chemical etching with
subsequent reverse-bias (4 V) annealing (RBA) for 60 and
480 min.
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Fig. 3. The DLTS spectraof irradiated p-Si crystal grown by
the crucibleless floating-zone method and subjected to wet
chemical etching (dashed line) with subsequent reverse-
bias annealing at T=380 K (the solid line).

where N; is the concentration of complexes containing
i hydrogen atoms; r and r; are the radii of capture of a
hydrogen atom by the complexes containing no hydro-
gen atoms and i hydrogen atoms (i = 1, 2, 3, ...),
respectively; and [H] and D are the concentration and
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diated Cz-Si crystal in the course of annealing with a
reverse biasapplied at T = 380 K. The values of & were cal-
culated using both formula (3) and the concentration pro-
filesfor electrically active boron.
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Fig. 5. Thetransformation kinetics for the K centersand the
CC; complexesin an FZ-Si crystal in the course of anneal-
ing with reverse bias applied at T= 380 K.

diffusion coefficients of hydrogen. In order to solve
Egs. (1.1) and (1.2), we need to know the values of D,
r, and [H]. However, this problem can be obviated if we
transform the system of Egs. (1.1) and (1.2) into the
form

ONg _

B—(’_D - _roNo, (21)
ON,;
30 rioaNia =N, (2.2)
where
to
D = J’4T[D[H] dt. 3
0
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Under the conditions of dynamic equilibrium between
[H] and [B—H], the concentration of mobile (not bound
by boron) hydrogen can be defined as

[H] = VeH [B][OB_][B]’ 4)

"~ 4mDrg,

wherevg,, isthe dissociation rate for the B—H pairsat a
specified temperature, [B], isthetotal boron concentra-
tion, and [B] is the concentration of electrically active
boron (not passivated by hydrogen). The values of rgy
and vgy were experimentally determined previously
[15] and were found to be equal to rgy = 4 nm and
Vgy = 3x 103 st at 380 K. By substituting (4) into (3),
we can determine the values of @ from experimental
dataat specific pointsin relation to the RBA duration t,.
Profiling by the DLTS method allows us to determine
the concentrations of radiation defects and new centers
after each RBA stage. We can reconstruct the distribu-
tion of electrically active boron from the C-V measure-
ments, and we can calculate the values of ® using (3)
and (4) after each RBA stage. We can then put into cor-
respondence the values of the defect concentration
measured experimentally at an arbitrary point of the
crystal and the value of ® at the same point and obtain
the dependence of N, ; on ®: N*P(d). By comparing
the obtained dependences N®P(d) with theoretical
dependences N'(®) that are solutionsto Eq. (2.1) for
N, and Eq. (2.2) for N; and by varying the values of ry ;
as free parameters, we can estimate the radius of cap-
ture of ahydrogen atom by adefect. In Fig. 4, we show
the dependences of the K-center, divacancy, and
H4-center concentrations on the value of @; the con-
centrations were measured at several depths in the
vicinity of the dip in the concentration profile for elec-
trically active boron in the Cz-Si crystals. For the K
centers and divacancies, the solid lines in Fig. 4 were
calculated in accordance with Eqg. (2.1) using ry as an
adjustable parameter for attaining the best fit to the
experimental data.

The use of the above scheme for determining the
radii of capture of hydrogen by the defects makes it
possible to compare the parameters of reactionsfor var-
ious defects. According to our estimations, the radii of
capture of hydrogen by divacanciesin both the Cz- and
FZ-Si crystals were in the range of 0.14-0.17 nm. For
the K centers, these radii ranged from 0.14 to 0.21 nm.
Possibly, the larger spread of radii is caused by the fact
that another defect with almost the same activation
energy can contribute to the peak corresponding to the
K centers in the DLTS spectrum [19]; in this case, the
hydrogenation kinetics is more complex. Nevertheless,
it should be noted that the values of the radii of the
hydrogen capture by the K centers and divacancies are
almost the same. The passivation kinetics for the C.C;
complexes in FZ-Si is illustrated in Fig. 5, where the
kinetics of passivation of the K centersisalso shown for
the sake of comparison. The best fit of the curve calcu-
lated in accordance with Eq. (2.1) to the experimental
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datawas attained for the radius of hydrogen capture by
the C.C; complexes equal to ry= 0.4 nm, which exceeds
the corresponding radii for the K centers and divacan-
cies by afactor of about 2-3.

We now analyze the processes of the formation of
the new hydrogen-containing complexes H3 and H4.
The concentration of the H3 centers was found to be
comparable to that of the main radiation defects in al
studied FZ-Si crystals, however, these centers were
practically absent in many Cz-Si samples (cf. Figs. 1,
3). The centers H(0.51) resembling the H3 centerswere
observed after the implantation of either boron or
hydrogen ions [12]; it was inferred that these centers
are complexes of interstitial boron and hydrogen [12].
In our experiments, the formation of H3 centers was
observed in the boron-doped irradiated samples in the
zone with a high hydrogen concentration after anneal-
ing a 380 K. Thisis consistent with the previous infer-
ences [12]; however, the issue of the source of intersti-
tial boron remains unresolved, especially for the FZ-Si
crystals depleted in oxygen.

The H4 centerswereformed in all studied irradiated
samples. The formation of centers smilar to H4 has
been observed previoudly [7]; it has been established
that these centers are related to hydrogen, although
their microscopic structure has not yet been identified
[7]. Assuming that an H4 complex isthe product of the
interaction of hydrogen with radiation defects, we con-
sider the most probable defects acting as the sources of
the H4 centers. The concentration of the H4 centers at
its peak exceeded that of the divacanciesin the crystal
bulk inalmost all of the studied crystals; in addition, the
H4 centerswere formed asaresult of the hydrogenation
of the crystalsin which divacancies V, were previously
anneaed out. Therefore, we exclude divacancies from
further consideration. On the other hand, a decrease in
the concentration of the K centers was completely com-
pensated by an increasein the H4-center concentrationin
the Cz-Si crystals at the early stages of RBA (Fig. 2b);
therefore, it isreasonable to assume that the H4 centers
are complexes of the K centers and hydrogen atoms
[20]. The behavior of the H4-center concentration in
the course of RBA may be described in the following
way: At the first stages of RBA, hydrogen, released as
aresult of the dissociation of the B—H pairs, is captured
by the K centersand formsthe C,O,—H complexes (H4);
when the concentration of these complexes increases,
they react with hydrogen on their own and are trans-
formed into other (probably, electrically inactive)
defects by attaching another hydrogen atom. Since this
process has a higher rate in the zone with the highest
hydrogen concentration, adip in the H4-center distribu-
tion becomes distinguishable (Fig. 2¢).

The dependence of the H4-center concentration in
the Cz-Si crystals on the quantity @ is well described
using Eg. (2.2), under the assumption that these centers
originate from the K centersif thevaluesof r, = 0.21 nm
and r; = 0.2 nm are used for the radii of capture of the
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first and second hydrogen atoms, respectively, by the K
centers (Fig. 4). This can aso serve as an additional
argument in favor of the above assumption concerning
the relation between the H4 and K centers.

As mentioned above, there is no balance between
the increase in K-center concentration and the H4-cen-
ter formation, so that the concentration of the forming
H4 centers exceeds even the initial K-center concentra-
tion. It is difficult to account for this result in the con-
text of the suggested structure of the H4 center as a
complex of aK center and ahydrogen atom. In order to
explain this fact, we provide several suggestions.

First, another level close in energy to H4 can con-
tributeto the peak denoted asH4 inthe DLT S spectrum.
However, formation of this level should also be con-
trolled by the presence of hydrogen. It is known [21]
that hydrogen can stimulate the modification of defects
in silicon. We may assume, for example, that the B,C,
or BB, complexes can play the role of the products of
such amodification intheirradiated p-Si samples; these
complexes have an activation energy close to that of
H4: H(0.29) for B,C, and H(0.30) for BB, [22]. The
formation of B,C, complexes, distributed uniformly
over the crystal bulk with a concentration exceeding
that of the K centers, was observed after annealing at
~200°C. The temperature position of the peak corre-
sponding to B,C, differs by several degreesfrom that of
the peak related to the H4 centers. However, the resolu-
tion of the conventional DLTS setups gives no way of
separating these two peaksreliably if both types of cen-
ters are present in the sample. The peak of the B;C,
complexes is even closer to the DLTS signal related to
the H4 centers.

Second, additional K centers or directly the hydro-
genated K centers (i.e., the H4 centers) can be formed
as a result of hydrogen-stimulated modification of
some defectsin the FZ-Si crystals. In this situation, we
should assume that the mobile isolated atoms of inter-
titial carbon C; or the C—H complexes (these are aso
mobile according to [17]) are formed under the effect of
hydrogen; these atoms and compl exes can be entrapped
by oxygen. As shown above, the C,C, complexes that
cease to exist as a result of RBA can serve as the
sources of C, or C—H. However, certain contradictions
remain in this scheme aswell; for example, it isunclear
how the H4 centers can be formed with a concentration
that exceeds even the total concentration of the K cen-
ters and the C.C; complexes.

Third, we may assume that the K centers are not the
sources of H4 centersat all; rather, the latter are formed
from other defects; e.g., the A centersthat are produced
with fairly high concentration during irradiation. How-
ever, in this case, the distinct correlation between the
K- and H4-centers in the Cz-Si crystals remains unex-
plained. In addition, E4 centerswith E(0.32) emergein
the irradiated n-Si crystals as a result of wet chemical
etching; according to [9, 11], it isthese centers that are
the complexes of the A centers and hydrogen atoms.
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The transformation of A centersinto E4 centersin pro-
ton-implanted n-Si crystals exposed to light has aso
been observed [10]. Further studies are required to con-
fidently resolve the issue concerning the origin and
structure of the H4 centers.

CONCLUSION

We used the DLTS to study the effect of hydrogena-
tion on the energy spectrum of defectsin p-Si crystals
subjected to wet chemical etching with subsequent
reverse-bias annealing (RBA). We found that the
hydrogenation of radiation defectsis accompanied with
the formation of new e ectrically active centers (H4 and
H3). Based on the analysis of concentration profilesfor
the defects after wet chemical etching and RBA, we
assume that the H4 centers are complexes of K centers
and hydrogen atoms; however, the formation of the H4
centers in the Cz-Si crystals differs from that in the
FZ-Si crystals. Thisstudy of the hydrogenation kinetics
of radiation and newly formed defects makesit possible
to estimate the radii of entrapment of hydrogen by the
defects; this was done for divacancies, K centers, C.C,
complexes, and H4 centers.
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Abstract—The n—p conversion of the conduction type and a decrease in resistivity to 102 Q cm at 300 K
were revealed upon proton irradiation (5 MeV, 300 K, D = 2 x 107 cm™) of semi-insulating GaAs:Cr
(p = (3—4) x 108 Q cm). Temperature dependences of p for heavily irradiated samplesindicate a hopping con-
duction in the temperature range of 400-120 K, with the transition to the conduction with variable-range hop-
ping at T < 120 K. The effects of electronic switching were found in low-resistivity proton-irradiated GaAs:Cr
at about 20 K. Theisochronous annealing of radiation defectsin the temperature range of 20-750°C wasinves-

tigated. © 2001 MAIK “ Nauka/lInterperiodica” .

INTRODUCTION

Starting from the first study, in which anincreasein
the electrical resistivity of GaAs upon bombardment
with H* ions (3 MeV) was demonstrated [1], proton
irradiation has found a wide application in the forma-
tion of high-resistance interelement insulation regions
in GaAs-based electron schemes and the fabrication of
integrated optics elements, among others. It was dem-
onstrated later that variationsin the electrical, recombi-
nation, and optical properties of GaAs as a result of
high-energy irradiation are conditioned by the trapping
of free carriers by deep levels of radiation defects.
These are so-called electron (E) and hole (H) traps,
which are radiation defects with the largest concentra-
tion in GaAs irradiated at ~300 K [2]. It was demon-
strated that, depending on theinitial doping level of the
material, proton bombardment leads to an increase in
the resistivity of GaAs to maximum values p, (D) =
(10°-10° Q cm at 300 K [3, 4]. For all types of high-
energy irradiation, the Fermi level for GaAs attains the
limiting (steady-state) position near F;;,, = E,, + 0.6 eV,
which is identical to the local electroneutrality level
position for this material [5]. Subsequent proton irradi-
ation (overirradiation) of such materia leads to a
decrease in the resistivity of the irradiated samples
(compared to maximum resistivity values P (D),
which are achieved on thefirst irradiation) and, finally,
to the formation of low-resistivity GaAs layers [4, 6].
This study is devoted mainly to the investigation of the
properties of such overirradiated GaAs.

EXPERIMENTAL

The special feature of this study istheinvestigation of
the influence of proton beams on the electrical properties
of the Czochralski-grown semi-insulating n-GaAs.Cr

(p=(34) x10® Q cm and py = 1500 cm? V1 st at
300 K). The choice of GaAs.Cr was governed by sev-
eral reasons.

(1) This material is used as the substrate for inte-
grated circuits.

(2) This materia is used in high-energy physics for
the production of nuclear radiation detectors, specifi-
cally, for measuring high-intensity proton beams.

(3) The starting Fermi level in GaAs.Cr is located
deep in the band gap and nearby F;,, for the material
irradiated, which makes it possible to minimize the
influence of trapping the free carriers by radiation
defects on the electrical properties of the samplesirra-
diated. This offers possibilities for the investigation of
the electrical properties of the nearly intrinsic material
with a high density of deep local states of radiation
defects in the band gap of the crystal. In this case, the
position of the Fermi level in the band gap varies only
dlightly due to irradiation. It should be noted that |ow-
resistivity layers in the semi-insulating GaAs were
obtained through bombardment by inert gasions[7].

Bombardment with hydrogenions (E =5 MeV) was
carried out in acyclotron at T = 320 K and at current
density j = (1-5) x 10 A/cm?. In terms of the mean
projected range of H* ions (5 MeV) in GaAs, which is
about 125-130 um, the samples with athickness of d =
90 um were chosen for investigations. The ion range
was determined from measurements of intensity distri-
bution of the edge cathodoluminescence over the cleav-
age of thelayer irradiated using an el ectron microprobe
with a diameter less than 5 um. In order to obtain a
more uniform distribution of radiation defectsalong the
damaged layer depth, irradiation was carried out from
both sides. In this case, integrated fluxes are combined.
This offered the possibility of using bulk samples and
thereby excluding the influence of the substrate on

1063-7826/01/3512-1361$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Variation in (1) resistivity p, (2) Hall constant Ry,
and (3) activation energy of resistivity E, in the expression
p(T) O exp[Ey(D)/KT] for the proton-irradiated (5 MeV)
semi-insulating GaAs. Measurement temperature was T =
300 K.

measured characteristics, which is important for the
investigation of a high-resistivity material. In this case,
the high efficiency of defect formation due to proton
irradiation allows for the obtaining of material with a
high density of radiation defects.

EXPERIMENT AND DISCUSSION

The dependences of the resistivity p(D), the Hall
constant R, and the activation energy E, in the expres-
sion p(T) O exp[E,(D)/KT] on doses D at about 300 K
for the material investigated are shown in Fig. 1. Two
regions of the variation of electrical resistance and acti-
vation energy can be seen in curves p(D) and E,(D).

(1) Aninitial increasein p from (3-4) x 108 Q cmto
P(D)mac = 126N, (o) = (10°-2 x 10°) Q om

and the corresponding increase in E,(D) from =0.67 eV
to E,(D) = E/2for low H* ion doses (D =< 2 x 10™ cnr).

(2) A decrease in p to 10° Q cm and, correspond-
ingly, a decrease in E, to 0.1 eV with the subsequent
irradiation of the material with proton doses as high as
D =2 x 10Y cm™.

Measurements of the Hall effect and thermoelectric
power at about 300 K indicate the n—p conversion of the
conduction type for GaAs.Cr for D = 8 x 10 cm due
to aFermi level shift to the limiting (steady-state) posi-
tion. For GaAs, thisvalueiscloseto E, + 0.6 eV [5]. In
this case, the irradiated material remains of the p-type
conduction upon further proton bombardment, in
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Fig. 2. Optical absorption spectra for the proton-irradiated
GaAs.Cr. Measurement temperature T = 80 K. Integrated

fluxesD = (1) 0, (2) 104, (3) 105, (4) 3 x 10'°, (5) 3x 1016,
(6) 1 x 10Y, and (7) 2 x 101" cm 2.

accordance with thermoelectric-power measurements
at about 300 K.

It is obvious that the variations in the shape of the
p(D) curvesfor D = 10* cm (at about 300 K) corre-
spond to the change in the mechanism of el ectron trans-
port. Instead of free-carrier transport, the charge is
transported according to the hopping mechanism over
deep states of radiation defects dueto their high density
in the overirradiated samples. Deep-level transient
spectroscopy (DLTS) measurements for n-GaAs dem-
onstrate that the total rate of introducing the E and H
traps into GaAs by protons with energy E =5 MeV is
about 10° cm™ [8]. For D = 10'® cm?, this allows for
the estimating of the total concentration of radiation
defects as approximately 10 cm™ and, correspond-
ingly, for D = 2 x 10% cm?, as approximately 10%° cmr3,
Thisimpliesaconstant rate of introducing the radiation
defects for large H* ion doses. In this case, the rate of
introducing the E5 deep traps (Ec — 0.90 eV), close to
which the Fermi level for theirradiated GaAsis pinned,
is about 50 cmL. This corresponds to the trap concen-
tration of about 10%° cm3 for D = 2 x 10" cm2,

In general, these estimates are confirmed by the data
of optical investigations, which demonstrate a high
density of states (DoS) in the band gap of proton-irradi-
ated samples (Fig. 2). Optical absorption curves a(hv)
take an exponential-like shape, except for specific fea-
tures closeto 0.5 and 0.1 eV. In this case, the contribu-
tion of band bending to the a(hv) quantity for the mate-
rial under investigation should be significant for the
edge absorption region only, since the Fermi level shift
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for the irradiated regions compared to the Fermi level
position for starting GaAs.Cr is less than 0.2 eV. One
would expect that the dependence a(hv), as a whole,
reproduces the DoS distribution in the band gap of the
proton-irradiated GaAs.Cr. Assuming that the cross-sec-
tion of absorption by deep levelsis about 5 x 10717 cm?
[9], we can use the value of a(hv) closeto 0.6 eV to
estimate the band-gap DoS as approximately 1.6 x
10% cm3for D = 2 x 10*" cmr2. By the order of magni-
tude, thisvalueis closeto the extrapolated val ues of the
density of E5 traps (E- —0.90 eV) obtained from DLTS
measurements.

A high density of deep local centers, whose energy
is close to the energy corresponding to F;,,, for the pro-
ton-irradiated GaAs.Cr, gives rise to hopping conduc-
tion (Fig. 3). Thus, for starting crystals, the activation
portion of the type p(T) = p,exp(E,/KT) at T > 200 K,
where E; = 0.67 €V, is pronounced in temperature
dependences of p. For low irradiation doses, E;
increases to the value close to Ey2 (Fig. 3, curve 2),
which corresponds to a certain deepening of the Fermi
level due to introducing the radiation defects. In this
case, the 1/p; = 10° Q' cm™ is close to the value of
the so-called lowest metal conductivity for GaAs g, =
550 Q- cm™ [9, 10]. This portion of p(T) is condi-
tioned by the thermal excitation of charge carriersfrom
deep levels(Cr, radiation defects), which are positioned
close to the Fermi level, to the conduction band of the
crystal. For lower temperatures, the second activation
portion p(T) is found. This portion is characteristic of
hopping conduction over deep-level centers. The con-
tribution of hopping conduction to the total charge
transport increases with increasing the proton dose. In
this case, the parallel shift of low-temperature curves
p(T) to the region of smaller p values is observed
(Fig. 3, curves 3-6). For these samples, the Fermi level
is aready pinned close to its limiting value F;,, = Ey, +
0.6 eV, whereas the material itself isalmost completely
compensated.

For D = 2 x 10Y” cm?, the hopping conduction is
dominant in the temperature range from =400 to 20 K
(Fig. 4). At least two regions of thevariationin p(T) can
be distinguished in curves p(T) for these samplesat T <
400 K. In the temperature range of 400-150 K, the
dependence of the form p(T) = pgexp(E4KT) is
observed, where p; = (1-2) Q cm and the E; value is
about 0.1 eV. This region corresponds to the hopping
conduction of carriers over the defect band with the
width of about E;. On decreasing the temperature
below 120 K, the local activation energy of electrical
conductivity E, = dlnp/d(KT)™ decreases, which is
indicative of the transition to conduction with variable-
range hopping.

In order to investigate the mechanism of hopping
conduction in the region of the variable activation
energy E;, the dependences p(T) O exp[(Ty/T)P] were
constructed. It was already noted in previous investiga
tions that the choice of the p exponent is a complex
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Fig. 3. Temperature dependences of resistivity p for the pro-
ton-irradiated GaAs:Cr. Integrated fluxesD = (1) O, (2) 5 x

10'2, (3) 4 x 10%, (4) 1 x 10%6, (5) 1.7 x 1016, and (6) 1.5 x
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Fig. 4. Temperature dependences of p [(1) p(T) O T4,
(2) p(T) O TY2, and (3) p(T) O TY4| for the proton-irradi-
ated GaAs.Cr at D = 2 x 10%7 cm2. Solid lines denote the
portions corresponding to p(T) O exp(0.1/kT) for curve 1
and p(T) O exp[(7 x 107/T)¥4 for curve 3. The current—
voltage characteristic for the sampleirradiated (T = 20 K) at
aload resistance of 350 Q is shown in the inset.
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Fig. 5. Isochronous 10-min annealing of proton-irradiated
GaAs.Cr. Measurement temperature is 300 K. Integrated

fluxesD = (1) 4 x10'®, (2) 1 x 10'®, and (3) 1.5 x 1017 cm™2.

problem [11]. Figure 4 demonstrates curves p(T) with
the p value equal to 1/4 (Mott’s law for randomly dis-
tributed deep states) and 1/2 (presence of the Coulomb
gap in the DoS close to the Fermi level due to the cor-
relation effect). The dependence p(T) with the expo-
nent p = 1/4 is observed in the range of eight orders of
magnitude of varying the p value in the temperature
range 120-20 K. However, the law of varying p(T)
remains unknown. The reason is that the curves p(U)
for high-resistivity samples deviate from Ohm’slaw for
the electrical field € = 90 V/cm at T = 20 K with
increasing external bias voltage (U) (see the inset in
Fig. 4). Thisvalue corresponds to the transition to the
region of high electric fields. It is close to the esti-
mated critical strength of the electric field €, = kT/ea=
10?V/cm for a= 1 nm (here, aistheradius of localized
states adjacent to the F;;,, level [12]). In the region of
low temperatures of about 20 K, the phenomena of
electronic switching are observed with increasing
external bias (¢ > é.). These phenomenaconsist in the
appearance of negative differential resistance of the S
type in the static current—voltage characteristic for the
overirradiated samples and in the appearance of hyster-
esis phenomena on applying and decreasing the exter-
nal bias. These circumstances did not allow for carrying
out the measurements of p(T) for thematerial irradiated
at liquid-helium temperature.

One would expect that, similarly to amorphous
semiconductors, Mott’s law is most probable for the
description of the low-temperature portion of p(T) for
anirradiated semiconductor, in which deep-level radia-
tion defects are distributed randomly. For this reason,

BRUDNYI, POTAPOV

we used the dependence p(T) O exp[(Ty/T)¥4] shownin
Fig. 4 to obtain the following estimate:

T, = A(R/a)*(Ex/k) = 7x 10" K.

Here, A= 21.2 isthenumerical coefficient of the theory
[12], and a = 1 nm was determined from the expression

a=h/2n(2m*E;)"?,

wherem* =my, = 0.08m,, and the energy level of the ES
trap (Ec —0.90 eV) istaken as the energy of the E; cen-
ter. Taking into account that the density of E5 levelscan
be estimated from the relationship N(E5) = 50 D cm,
thisyields a = 1.5 nm according to the expression

Ps = poanp(1-73/N]EJ§a) .

Thus, the radius of localization for the E5 trap, over
which the hopping conduction in the proton-irradiated
GaAs:Cr proceeds, is estimated as twofold or threefold
for the GaAs lattice constant equal to 0.565 nm. In this
case, the average hopping range in the high-tempera-
ture limit is approximately 6.5 nm and about 12 nm for
low temperatures (at about T = 20 K). These investiga:
tions demonstrate that the el ectrical propertiesinawide
temperature range, including 300 K for the proton-
overirradiated GaAs:Cr samples, are controlled by car-
rier hopping conduction over deep states of radiation
defects.

The specific features of recovery of eectrical prop-
erties for the proton-irradiated GaAs:Cr at isochronous
annealing in the temperature range of 20-750°C are
investigated (Fig. 5). For lightly irradiated samples, the
first stage of recovery of p in the range of 150-300°C
coincides with the anneal of E- and H-traps (suppos-
edly point radiation defects) and corresponds to the
return of the Fermi level to the initia preannealing
position. For the heavily irradiated samples, due to a
high density of radiation defects, the Fermi level,
apparently, remains pinned nearby F;;,, when the E and
H traps are completely annealed off below 300°C. The
recovery of p, which is observed in the temperature
range from =200°C to =600°C, corresponds to a
decrease in the contribution of hopping conduction to
the total charge transport due to a decrease in the radi-
ation defect density. In this case, the return of the Fermi
level to the position, whichisclosetoitsinitial position
for this material before irradiation, and the reverse n—p
conversion of the conduction type occur at annealing
temperatures above 600°C. This is attributed to a
decrease in the concentration of more complex radiation
defects in GaAs, so-caled P-traps [P1 (E; — 0.35 V),
P2 (Ec — 0.5 eV), and P3 (E; — 0.72 V)] [13]. These
defects keep the Fermi level close to the limiting posi-
tion F;, = E, + 0.6 €V in the overirradiated materia up
to the annealing temperatures of 500-600°C. The com-
plete recovery of the electrical properties of such mate-
rial is not observed even at an annealing temperature as
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high as 750°C. This fact is apparently associated with
the presence of complex, thermally stable defects of an
unknown nature in such material.

CONCLUSION

It is demonstrated that the p—n conversion of the
conduction type (which follows from the thermoelec-
tric-power measurements) and the further transforma-
tion of the semi-insulating GaAs.Cr into low-resistivity
p-type material are observed upon protonirradiation. In
this case, the main variationsin p (about seven orders
of magnitude at about 300 K) are attributed to the
appearance of hopping conduction of charge carriers
over deep levels of radiation defects. In such low-resis-
tivity layers, the hopping conductivity with the variable
activation energy is observed below 120 K, and elec-
tronic switching is detected at about 20 K. It is demon-
strated that the reverse transformation of the material
from a low-resistivity to a high-resistivity (starting)
state for the proton-irradiated samples occursin awide
temperature range. This transformation occurs due to
the annealing of the E and H traps at 200-300°C, and
the P traps in the temperature range of 400-600°C.
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Abstract—Relaxation of the dynamic gratings formed by nonequilibrium charge carriersin thin single-crystal
silicon films during femtosecond laser excitation was studied. The case of the ultimate concentration of carriers
(N=10% cm™3) is considered. Ambipolar diffusion and Auger recombination contributions to the grating decay
are estimated. The observation of along-lived grating at pump intensity above 5 x 10* W/cm? is reported.

© 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The dynamics of free carriers generated in semicon-
ductors during pico- and femtosecond laser pulse
action is attracting considerable interest. Thisis due to
the formation of highly nonequilibrium states of the
electron and phonon subsystems. Femtosecond laser
pulses with peak intensity | = 10 W/cm? may generate
a highly overheated electron—hole plasma with carrier
concentration N = 10?* cm3 [1-3]. These nonequilib-
rium states have the lifetime t, = 10210 s, deter-
mined by a number of competing mechanisms [1-7].
Our study of single-crystal Si filmsisaimed at evaluat-
ing the role of the main relaxation mechanisms in the
electron—hole plasma decay.

EXPERIMENTAL

We applied the technique based on probe beam dif-
fraction by dynamic gratinginduced inasample[4, 5, 8].

A femtosecond, passive mode-locked CPM (collid-
ing-pulse mode-locked), ring dye laser produced by
Avesta Ltd. was pumped by al spectral lines of an
LGN-512 argon laser. The output pulses propagated
through two six-pass FN-70 dye amplifiers pumped by
a copper vapor laser. The resulting pulses were band-
width-limited and had a pulse duration of 80 fs, arepe-
tition rate of 10 kHz, a pulse energy of 2—4 puJ, a peak
at 615 nm, and horizontal polarization. The amplified
beam was split in a 30/70 ratio. The smaller part was
fed to a computer-controlled optical delay line to form
aprobing beam I, (Fig. 1). The other part, in turn, was
split into two parts of equal intensity to form the pump
beams |, and |,. To compensate for the optical path dif-
ference produced by splitting, one of the pump beams
was delayed in its own optical delay line. Both pump
beams were focused by alens and crossed each other in
asample at an angle 8. Asaresult, the interference pat-

tern was formed over an area of about 100-um in size
according to the expression

1(x, 1) = 1o(t)[1+Vcos(2rx/A)], (1)

where I(x, t) is the intensity of light, x is the distance
along the direction perpendicular to the bisectrix
between |, and |, directions, V is the modulation depth,
A isthe wavelength, and A = A/2sin(6/2) is the grating
period.

The intensity of the probe-beam diffraction by the
grating was measured with a photomultiplier (R4220,
Hamamatsu) in the photon counting mode and was pro-
cessed by computer.

Pure silicon (p = 10 Q cm) was used as the sample.
Since the absorption of silicon at the laser wavelength is
high (o = 4 x 10° cm? at A = 615 nm), the thickness of
the samples was chosen so that their optical density D
was rendered close to unity. In our case, the 10-um-thick
sample has the optical density D = 1.1.

The diffraction grating is initiated by the light-
induced change in the refractive index (An) in theinter-
ference antinodes. According to the classical Drude
model [5],inSi, An=9x 102N for A = 1.06 um, where
N is the nonequilibrium free carrier density. In accor-
dancewith this, the phase modulation depth in the sam-
ples under study should depend on their thickness and
their excitation level. For sinusoidal phase grating and
inthe case of sufficiently thin samples (thicknessisless
than the skin depth), the first-order diffraction effi-
ciency F; can be estimated using the well-known for-
mula[4]

Fer U J1(9), (2)

where J;(g) is the Bessal function of the first kind, g =
TINANg,d/A is the Bessel function argument, Ang, isthe
change produced in the refractive index by an electron—
hole pair, and d is the sample thickness.
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The typically attainable density of nonequilibrium
carriersin silicon for nano- and picosecond photoexci-
tation amountsto N = 10'8-10%° cm3[4-6]. Using these
values and formula (2), we estimated F 4 at =5 x 10—
5 x 10 for 10-um-thick Si films. At such F values,
diffraction is confidently observed in experiments.

The structures under discussion decay via a humber
of competing mechanisms, the main ones being the
ambipolar diffusion and Auger recombination. To
investigate the relaxation kinetics, we varied the inter-
ference pattern period A by changing the angle 6
between the beams |, and |, (Fig. 1). In doing so, we
varied the ambipolar diffusion contribution and were
thus able to assess its effect on the relaxation process.
In the course of the experiment, the sample was kept at
room temperature, and the absence of irreversible
changes was assured.

RESULTS AND DISCUSSION

Normalized dependences of the diffraction effi-
ciency on the delay time between the pump and probe
pulses for three different periods of the interference
pattern areplotted in Fig. 2. The angles between thetwo
beams 6, grating periods A, and the grating lifetime
constants t, are listed in the table.

At small grating periods A, the results obtained are
adequately explained in terms of the diffusion modd.
Under the assumption of eectrical neutrality (N, = N, =
N), we have

d/dtN = Dy d*/dx°N, ©)

where Dy is the ambipolar diffusion coefficient.
According to thismodel, the grating lifetime is defined
by the expression

A = 21, /Dgqt,. 4)

Using formula (4), we determined the free-carrier
diffusion coefficients for A = 0.64 um. The resulting
value D = 14 cm?/sisin good agreement with similar
data obtained in other studies (D = 10 cm?/s [4, 5]).

As the grating period increases, its decay rate
decreases, but not asfast as predicted by Eq. (3). Hence,
it followsthat, in the casesillustrated by curves2 and 3
inFig. 2, thegrating decay is caused not only by the dif-
fusion but also by the free carrier recombination. Let us
evaluate the influence of Auger recombination on the
rate of decay for large values of N. Taking into account
both the diffusion and Auger recombination and assum-
ing that there is electrical neutrality, we describe the
relaxation of the electron—hole plasma grating by the
following equation [5]:

d/dtN = Dgd*/dx*N —yN°>. (5)
Here, yisthe Auger coefficient.
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Fig. 1. Schematic representation of the dynamic grating for-
mation.
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Fig. 2. Diffraction efficiency of the dynamic grating vs. the
probe-beam delay for three periods of interference pattern.

For large periods A, the dependence N(t) can be
approximated by a simple asymptotic expression
N(t = 0)
J1+2ty(N(t = 0))?

N(t) = (6)

Using formulas (2) and (6), with only the Auger
recombination considered, we can estimate the grating-
lifetime constant t, at large grating periods A\ as

t, = (2y(N(t=0))")". (7)

For N(t=0) = 10®° cm2 and y= 4 x 1031 cm%/s[7],
we obtain t, = 100 ps, which correlates well with the

Table
Period no. 8, deg A, pm t,, 10125
1 57 0.64 14
2 14 2.63 71
3 7 5.26 172
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Fig. 3. Diffraction efficiency of the dynamic grating with
small period vs. the probe-beam delay at | =5 x 101 W/cm?.

diffraction-signal behavior observed in experiment
(Fig. 2, curve 3).

One more special feature of the decay was detected
when the pump power exceeded 10" W/cn?. In this
case, we observed an approximately 12 ps delay in the
decay of grating with asmall period (A = 0.64 um). The
corresponding plateau can be seenin Fig. 3. We believe
that the delay is caused by the metallization of the semi-
conductor surface dueto the high-density electron—hole
plasma (N > 10t cm3); this case was analyzed in detail
by Kopaev [9].

In conclusion, studying diffraction by the dynamic
structures induced by light in thin semiconductor films
allows for the investigation of highly nonequilibrium
electron—hole plasma. We hope that subsequent experi-
ments will clarify the relaxation mechanisms consid-

GALYAUTDINOV et al.

ered above, including the formation and properties of
the metallized state of a semiconductor.
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Abstract—Photoluminescence from In; _,GaAs (0 < x < 0.16) solid solution epilayers LPE-grown on
(111)InAs substrates and el ectroluminescence from p—n junctions on their bases have been studied in the tem-
perature range 77-450 K. Despite the negative lattice mismatch between epilayer and substrate, radiative
recombination in epilayers occurs via direct optical transitions ensuring a high internal quantum efficiency of
luminescence (6% at 295 K). © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In, _,GaAs solid solutions of composition 0 < x <
0.2 can be used to fabricate optoelectronic devices
emitting in the 2.5-3.8 um spectral range. The struc-
tural and luminescent properties of InGaAs solid solu-
tions, with near-InAs compositions and L PE-grown on
InAssubstrates, were studied in [1-7]. InGaAsInAs het-
erostructures with a negative lattice mismatch between
the epitaxial layer and the substrate (ay,, > aq,) are
characterized by instabilities at the heterointerface,
which lead to “idand-type” layer growth and cluster
formation [8]. Thismay result in violation of the wave
vector conservation law and, correspondingly, in radi-
ative recombination via indirect optical transitions
[9]. Since the design of efficient light-emitting diodes
(LEDs) and lasers requires semiconductor materials
with direct optical transitions that can ensure high
guantum efficiency of luminescence, the question as
to whether the wave vector is conserved in the
INAS/INGaAs system is rather important.

The goal of this study was to reveal the contribu-
tion of direct optical transitions to radiative recombi-
nation at 77-450 K in epilayers of In,_,GaAs solid
solutions (0 < x £ 0.16) and p—n-structures on their
basis, which were L PE-grown on (111)InAs substrates.

2. OBJECTS OF THE STUDY
AND EXPERIMENTAL PROCEDURE

InGaAgInAs heterostructures, LPE-grown on
(111)p-InAs substrates, were studied. To fabricate p—n
junctions, the melt was doped with Mn in the concen-
tration range 10°-10* Doping with manganese,
which has alower diffusion rate and vapor pressure as
compared with conventional acceptors in 11V com-

pounds such as Zn and Cd, allowed fine control over the
doping level and the position of the p—n junction in
the structure. The activation energy of the Mn level
in In, _,GaAs solid solution (0 < x < 0.2) is about
20 meV and increases with afurther risein x [3]. Epil-
ayers of the n-type were nominally undoped and had car-
rier densities in the range n = 1-2 x 10 cm3; the hole
density in p-layers was 10'%-10% cm3, The thickness of
the InGaAs layer was 5-10 um. The band gap gradient
across the epilayer thicknesswas negligible [1].

Photoluminescence (PL) spectra were recorded at
T =77 K in the reflection configuration (with radiation
excited and detected at the surface of a solid solution
layer). An LPI-14 semiconductor laser (A = 0.8 pm,
Pouse = 50 W) was used for excitation. For electrolumi-
nescence (EL) studies, ~100-um-thick LED chipswere
mounted, p-substrate down, onto TO-18 packages, and
voltage was applied to the LEDs through a U-shaped
gold contact on the chip surface near the cathode (see
Fig. 1 in [4]), which ensured the absence of current
lines near the inactive p-InAs surface.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 presents PL spectraof n-type Ing ¢sGag osAS
and Iny g,Gay 16AS epilayers at 77 K. The peak position
and the short-wavelength wings of the spectra are well
described in terms of the model of direct interband tran-
sitions, spherical constant-energy surfaces, and ther-
malized minority carriers (dashed line) [5]:

m 2 m. E
(=[] B

g . 6h)
X%XPDWE”% ’
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Fig. 1. PL spectra of (1) n-Inj_qgosGagosASs and
(2) Ing g4Gag 16AS epilayers. T = 77 K.

Energy, meV
460

420

380

340

300

1 1
300 400
Temperature, K

1 1
100 200

Fig. 3. Temperature dependencesof (1) EL spectral peak energy
Wmax 8d (2) hvyg — KT/2 for an InAgIng g gsGag gsAS
LED.

where E is the electron energy reckoned from the con-
duction band bottom, m, = 0.03m, and m, = 0.4m, are
the electron and heavy hole masses, and { = 30 meV is
the Fermi level for electrons at n = (1-2) x 10 cm3.
The E, value obtained from spectrum processing corre-
lates well with the interpolation Ey(x) = 0.42 + 0.63x +
0.45x° [6].

Figure 2 shows EL spectra of LEDs based on p—n
junctions in In; _;osGay o5AS in the temperature range
77-450 K. Owing to the high electron mobility, radia-
tive recombination takes place in the p-region of the
p—n junction, so the spectrawere processed in terms of
the model of direct electronic transitions from the con-
duction band to the manganese acceptor level. The
short-wavelength wings of the spectra lines are
described by the dependence | O exp(—hv/KT), whichis
typical of direct transitions. The spectral half-width
increases with temperature from 20 meV at 77 K to

AIDARALIEV et al.

Intensity, arb. units

1.0

T
~
S}
¥
BN
n

300 350 400

450 500
Energy, meV
Fig. 2. EL spectraof InNAS/In; _ g 95Gag gsASLED. Temper-

ature: (1) 450, (2) 370, (3) 295, (4) 160, and (5) 77 K.
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Fig. 4. PL spectral peak energy of n-In; _,Ga,Asepilayers
with x: (1) 0.054, (2) 0.06, (3) 0.12, and (4) 0.16, (5) E,
(6) hv —kT/2 (x=0.12).

40 meV at 450 K. For optical transitionswith wave vec-
tor conservation from the conduction band to an accep-
tor level, the transition energy must be lower than the
EL peak energy (hv,) by KT/2, and its temperature
dependence must follow that of the band gap [by virtue
of (1)]. Temperature dependences of hv,, and hv,,,, —
KT/2 are presented in Fig. 3. Indeed, the slope of the
dependence, d(hv,, — KT/2)/dT = 3.8 x 10 eV/K, vir-
tually coincides with the temperature variation of the
band gap in InAs, the closest analogue of the solid
solution: (dE,/dT = 3.8 x 10*eV/K [7]). The EL inten-
sity falls by afactor of 70 with temperature increasing
from 77 to 300 K, which is comparable with the
decrease in the intensity of luminescence from the
binary InAs compound [9].

Figure 4 shows peak energies of the EL spectra of
In, _,GaAslayersfor the compositionsx = 0.054, 0.06,
0.12,and 0.16 (77, 295 K). With temperatureincreasing
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Fig. 5. Light—current characteristic and (insert) emission
spectrum of INAS/Ing g5Gag gsAS LED. T = 295 K. Pulse
width 5 ps, frequency 500 Hz.

from 77 to 295 K, the EL peaks are shifted by the same
amount, and the slope of the hv — KkT/2 dependence
(Fig. 4, straight line 6) coincides with that of the tem-
perature dependence of the InAs band gap (Fig. 4,
straight line 5).

Figure 5 shows the emission—current characteristic
and the emission spectrum of a p-INAS/1ny g5GaygsAS
LED (A = 3.3 um) at room temperature. The power
obtained in the linear portion of the light—current curve
(up to ~1 A) correspondsto external and internal quan-
tum efficiencies of 0.08 and ~6%, respectively.

4. CONCLUSION

The coincidence between the cal culated and experi-
mental PL spectra of n-type InGa, ,sASs and InGa, 16AS

SEMICONDUCTORS Vol. 35 No. 12 2001
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epilayers (77 K), the equal slopes of the temperature
dependences of the transition energy and band gap in
INg05Gay0sAS LEDs (77450 K) and in In,_,GaAs
LEDs(x=0.054, 0.06, 0.12, 0.16) (77, 295K), and the
high internal quantum efficiency of luminescence
indicate that the mechanism of radiative transitionsin
In, _,GaAs solid solutions obeys the wave vector con-
servation law and remains unchanged in the composi-
tionrange0< x< 0.16 at 77450 K.
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Abstract—Spectra of deep centersin alightly doped 6H-SiC substrate having regions with different degrees
of structural perfection were investigated. It isfound that the concentrations of the majority of deep centersare
independent of the dislocation density in a given region of the sample. The obtained results and published data
lead to the conclusion that the concentration of silicon vacancies is independent of the degree of the structural
perfection of 6H-SiC. © 2001 MAIK “ Nauka/Interperiodica” .

One of the main factors hindering the large-scale
manufacture of semiconductor devices on SIC sub-
strates grown by the modified Lely method is the insuf-
ficiently high quality of this material. The advances of
recent years substantially reduced the density of the
most undesirable structural defects with respect to
device applications, that is, micropipes [1, 2]. Presum-
ably, it will be possible in the near future to lower the
content of micropipes to such an extent that their effect
on the characteristics of SIC devices will become neg-
ligible. Investigations now aimed at lowering the dislo-
cation density are in the forefront. It was shown in [3]
that, at a dislocation density =10° over the working
area of a device, the breakdown voltage decreases and
reverse currentsincrease. At the sametime, the problem
of the influence exerted by dislocations on the type and
concentration of deep centers in SIC remains poorly
studied even though deep centers can strongly affect the
lifetime of minority carriers and their diffusion length,
transistor gain, etc.

Theaim of this study wasto anayze the spectrum of
deep centersin relation to the degree of structural per-
fection of 6H-SIC substrates.

Lightly doped substrates grown by the modified
Lely method were selected for measurements. The
structural perfection of the substrates was assessed by
X-ray topography and X-ray diffraction analysis. Topo-
graphs obtained by the back reflection method were
used to distinguish regions with strongly different
degrees of structural perfection in the substrates [4].

Figure 1 shows atopograph of such asample[(101.15)
reflection, CuK, radiation)]. Thetopograph revealsanon-
uniform distribution of structural defects over the sample
area and demonstrates regions with uniform distribution
of basa didocations with a density of <10° cm™ and
highly imperfect regions characterized by pronounced
misorientations, the formation of dislocation bound-
aries, and the presence of a great number of pores.

Schottky diodes were formed by magnetron sputter-
ing of Ni on the wafer surface (O = 600 pm) (Fig. 2).
X-ray diffraction patterns characterizing the local dis-
ordering of the sample structure were recorded at the
sites of Schottky diodes. The measurements were made
with Schottky diodes formed in areas with highly dif-
ferent degrees of structural perfection. The half-widths
of rocking curves (w) were measured in a double-crys-
tal arrangement for the (00012) reflection in CuK,, radi-
ation. The scatter of the half-widths ranged from 11" to
70", which is in good agreement with the topographic
data(Fig. 1).

Fig. 1. X-ray topograph of 6H-SIC sample. (101.15)
reflection, CuK, radiation.

1063-7826/01/3512-1372$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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Table 1. Parameters of observed deep levels

Energy position Electron capture Concentration,
Type of center Reference E.—E ev cross section @, cn? 101 cm3
B (8] 0.28 >2.4 % 10715
ES [8] 0.2 >55x 10715
Xy [*] 0.305 10712 0.1-2
X, [*] 0.206 4% 107 0.1-1.6
E, [5] 0.403 2x10713 1.7-3
E, [5] 0.455 2x 1013 1.3-25
Z,Z, [5] 0.65 4x 10715 0.7
R [7] 12 2x107° 3
* This study.

The DLTS measurements were performed using the
so-caled current DLTS (i-DLTS), sincethe seriesresis-
tance of the sample was too high below room tempera-
ture. The DLTS spectrum revealed five kinds of deep
centers, three of which are well known from the litera-
ture: E4/E, [5] (or Scenter [6, 7]), Z,/Z, (E. — 0.65 V)
[5], and R[E.—(1.1-1.2) eV] [6, 7], the other two cen-
ters, X; and X,, are new. It is noteworthy that the param-
eters of these two centers are close to those of the Ecl"+

and Eg/ " centers observed in [8]. According to the

model proposed in [8], these levels correspond to the
donor states of two negative-U centers, whose acceptor
states are the known centers E,/E,. The authors of [8]
0/+ 0/+

also mentioned that the signal from the E; and E,

centersonly appeared at thefilling pulseduration of t <
300 ns and aso upon illumination of the sample with
470 nm light before thefilling pul se. Without additional
pulsed illumination and at t = 100 us, the DLTS signal

from the EY* and E." centers disappeared, with a

peak corresponding to the E, center (E.— 0.2 eV, 0 =
1.2 x 10718 cm?) appearing instead. No illumination was
used in our experiments, and the filling pulse duration
wast=1ms. Thus, thereisno way of maintaining that
the X; and X, centers observed in this study and the

EY" and EY centers described in [8] are identical.

The parameters of all the observed centers and the
scatter of their concentrations over the sample area are
presented in Table 1.

The concentrations of E,/E,, X;, and X, centers and
also the densities Ny — N, in Schottky diodes with dif-
ferent degrees of crystal lattice imperfection (w) are
presented in Table 2. Asfollowsfrom the obtained data,
thereisvirtually no dependence of the concentration of
theE,/E,, R, and Z,/Z, centersand Ny — N, on the degree
of structural perfection, whereas for the concentration
of the X; and X, centers we have a nonmonotonic

SEMICONDUCTORS Vol. 35 No. 12 2001

dependence on w, with these concentrations varying
dramatically with w (see Table 2). It should be noted
that these variations, having the form of abrupt
changes, occurred in antiphase; i.e., we observed a
maximum in the concentration of the X; center and a
minimum in that of the X, center at w = 20"-22", and,
contrariwise, a minimum in [X,;] and maximum in [X,]
at 17" and 53".

Apparently, the varied degree of crystal structure
imperfection may affect the concentrations of silicon

Fig. 2. Map of the arrangement of Schottky diodes pro-
jected onto an X-ray topographic image. Circles show loca-
tions of Schottky diodes on the wafer. The numbers of
Schottky diodes in the map correspond to those in Table 2.
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Table 2. Concentrations of X3, X, E4/E, centers and Ny — N, valuesin relation to w

i 15 —3

Schottky diode . Ng—N,, Deep center concentration, 10> cm

no. (see Fig. 2) 105 cm=3 Ny Ny, N, N,
7 11" 7.45 2 21 17
2 17" 6.6 =0.2 13 18 13
8 i 8.23 =0.5 185 2.6 19
4 20" 11.6 12 =0.1 21 2.2
6 22" 8.83 16 0.8 2.7 2
9 28" 6.6 14 17 13
3 53" 8.3 =0.1 15 3 25

and carbon vacancies, V4 and V. It isknown from ESR REFERENCES

data that the structure of the Z,/Z, and R centersis a
Vg + V divacancy [9-11], and that of the E,/E, center,
a complex of silicon vacancies [12]. Since the concen-
tration of carbon vacanciesis several times that of sili-
con vacancies[13], the key factor in theformation of all
three centers is the concentration of Vg. The fact that
the concentration of the given centers was virtualy the
same at all points of the sample indicates that the Vg
concentration depends only dlightly on structural
defects.

Accounting for the observed variations of the con-
centrations of the X; and X, centers with increasing
half-width wis presently difficult because of the lack of
any data on the possible structure of these centers.

Thus, two new types of centers have been observed
in 6H-SIC, X; (E.—0.3eV) and X, (E. — 0.2 eV), and
their concentrations heavily depend on the structural
perfection of a crystal. For other deep centers—R,
Z,/Z,, and E,/JE,—that are more characteristic of
6H-SiC, there is virtually no dependence of this kind.
Taking into account the published data on the structure
of these centers, we may assumethat changesinthedis-
location density in 6H-SiC have no effect on the con-
centration of silicon vacancies in this material.

Itisof practical importance that the concentration of
deep centersthat are most typical of 6H-SiC isindepen-
dent of the structural quality of the material, since this
enables a better substantiated comparison of results
obtained in studying deep centers in different samples
(or in regions with different degrees of structural per-
fection within the same sample).
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Abstract—The results obtained in measuring the Schottky barrier height dJE for a chromium contact with 8H-,
6H-, 15R-, 27R- and 4H-SiC silicon carbide polytypes with n-type conduction are analyzed in terms of asimple

model. It is shown that the @, valueis proportional to the concentration of silicon vacancies in the polytypes.

The results of CDE measurements for palladium and platinum contacts to silicon carbide polytypes are dis-

cussed. © 2001 MAIK “ Nauka/Interperiodica” .

1. The question of how the Schottky barrier height

®, can be calculated for a metal—semiconductor con-

tact still remains a topical problem in the theory of
semiconductors despite many years of investigationsin
thisfield [1]. Of indubitable interest in this connection
are the surface-barrier structures based on silicon car-
bide (see, e.g., [2]). SIC crystals are primarily of inter-
est in that they form agreat number of polytypes differ-
ing from one another only in the ratio of the number of
hexagonal and cubic sites, which can be characterized
by the degree of hexagonality D [3]. The @, values for
various SiC polytypesin contact with one and the same
metal are different, which was convincingly demon-
strated in [4] for the example of the Cr—SiC system.

Basicaly, the purely cubic SIC modification (3C)
differs from the purely hexagonal modification (2H)
only in the arrangement of third neighbors. Since most
of the properties of a solid are determined by the inter-
action with nearest (at most, second-nearest) neighbors,
the polytypism of silicon carbide must affect its proper-
ties only in the crystallographic sense, i.e., it must
determine the number of irreducible tensor elements
characterizing a given physical quantity. It was, how-
ever, demonstrated in [4] that the Schottky barrier
height @, at the Cr-SiC interface is directly propor-
tional to the degree of hexagonality D. Since crystallog-
raphy bears no relation to thisissue, the dependence of
@, on D can only be accounted for using the long
known fact that the concentration of carbon (V) and
silicon (Vg) vacanciesin silicon carbide exertsastrong,
if not decisive, influence on its polytypism [3-6].

To account for the pattern discoveredin [4], thisstudy
relies upon the model originally suggested in [7, 8] and
modified in [9].

2. In terms of the model [7-9], a semiconductor in
contact with ametal is characterized by asurface defect
state |[dCwhose energy E, lies within the band gap. The
interaction of the level |[d00with the metal can be
described by the Hamiltonian

H = ZSKCEC“ E,d; d; +VZ(CEd +hc). (1)

Here g, isthe energy of electronsin the metal, V isthe
matrix element of hybridization of a metallic |kCand a

defect |dlstates, ¢, isthe operator of electron creation

in the state |k[) and d* is the operator of electron cre-
ation in the state |dCJ On the assumption that the level of
the localized defect state |ds overlapped with thewide
conduction band of the metal, its occupation number ny
can be readily found to be

ng = T tan [(Eq—Eg)/T], @)

where ™ isthe half-width of the defect quasi-level, and
Er is the Fermi level. The eectron tunneling between
the metal and defectsat the contact givesriseto a poten-
tial barrier

AQ = —4TIe’ AN, 3)

where 2 isthe thickness of the dipole layer at the con-
tact, N, isthe surface concentration of defect states, and
gq isthe chargelocalized in the |[dstate, i.e., qq = 1y if
the state |[dwas unoccupied before the contact forma-
tion and gy = 1 —nyif it was occupied (in the first case,
electrons pass from the metal to the empty defect level,
and, in the second, they go from the defect into the
metal).

1063-7826/01/3512-1375%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Input data and results of calculation
SiC polytype 8H 6H 15R | 27R 4H

(DB, ev 085 | 115 | 115 | 125 | 150
NS, 108 cm2 | 448 | 543 | 630 | 7.11 | 811
Ng, 103cm?2 | 246 | 358 | 357 | 394 | 486
N; /Ny 1.82 152 | 1.76 | 1.80 | 1.67
®p/Ng, eV cm? | 035 | 032 | 032 | 032 | 031
Er/Ey 070 | 062 | 062 | 057 | 0.54

Note: Eg values for all polytypes except 27R were taken from [4],
and for the 27R polytype, from [14]; qag was taken from [4];

the surface concentrations of silicon vacancies, N; , were
calculated using data reported in [6] for the bulk material.

The Fermi level position with respect to the valence
band top is given by

Er = X+ E;—@n—A0Q, (4)

where x isthe electron affinity, E; is the band gap, and
@, is the metal work function. The Schottky barrier
height is E for p-type semiconductors and (E,— E) for
the n-type.

3. Theresults obtained in [4] will be analyzed using
the following approach. We assume that the Fermi level
Er ispinned at the defect level Ey. Then, it followsfrom
(2) that ny= 0.5 and the state |[dCis originally (before the
contact with metal) unoccupied. The presence of such a
level, related to a silicon vacancy, has been confirmed
by calculation [10]. Thus, g4 = 0.5 in expression (3).

Now we take from [4] an experimental ®, value equal
in terms of the employed model to

Dy = @p—X + AP (5

(the superscript indicates the conduction type of SiC).
Then we subtract (¢, —X) from thisexperimental value.
The electron affinities for SIC polytypes are unfortu-
nately unavailable. Different authors use different x
valueslying withintherangefrom4to4.4eV (see, eg.,
[11, 12]). In what follows, we assume for all polytypes
that x = 4.4 eV (here we introduce a certain arbitrari-
ness due to the lack of appropriate experimental data).
The work function of chromium @,, = 4.58 eV [13] (we
usevaluesfor polycrystals). Using the above values, we
find Ny (see table). The calculated results seem to be
quite reasonable. First, the Fermi level is found to lie
higher than the midgap, as assumed in [4]. Second, the

Ng /N4 ratio remains approximately the same for all of

the polytypes considered. Thus, we are forced to admit
that, for the problem in question, the model d defects

DAVYDOV et al.

correspond to Si vacancies in silicon carbide (the fact

that Ng /Ny < 1 isnot surprising, since, as noted in [4],
the presence of athin SiO, layer at the contact interface
lowers the density of surface states). Hence, it follows
that silicon vacancies are primarily responsible for the
different heights of Schottky barriers in different SIC
polytypes. Moreover, it follows from the calculation

that ®p O Ny and, consequently, ®p O Ng . Unfortu-
nately, it is impossible to relate, within our approach,

the Schottky barrier height to the degree of hexagonal-
ity D and thereby substantiate theoretically the linear

dependence of ®;, on D observedin[4]. It should, how-
ever, be mentioned that D is proportional to Ng [3, 6].

In order to verify the results obtained above, let us
analyze the data of [15] where palladium and platinum
contacts to 4H-, 6H-, and 15R-SiC were studied. Since
the work functions of Pd and Pt are, respectively, 4.80
and 5.32 eV, then, taking N, values from the table, we
obtain the following results. For palladium contacts to

6H-, 15R-, and 4H-SiC, we have ®; = 1.37, 1.37, and
1.72 eV, respectively. Current—voltage measurements
give, respectively, 1.27, 1.22, and 1.56 eV; virtually the
same values are yielded by ballistic electron-emission
spectroscopy [15]. For platinum contacts to 6H- and

4H-SIC, calculation gives ®p = 1.89 and 2.24 eV,

whereas current—voltage measurements yield 1.26 and
1.48 eV, and ballistics, 1.34 and 1.58 eV [15]. The
agreement for palladium should be considered satisfac-
tory, whereas, in the case of platinum, our results
exceed the experimental values by a factor of 1.5.
Among the possible reasonsfor the discrepancy may be
both the different (for platinum and chromium) concen-
trations of defect states, Ny, and, possibly, the lowered
(by some impurities) effective work function of plati-
num.

Thus, we could relate, using a simple model, the

Schottky barrier height ®, at the interface between a

metal and a silicon carbide polytype to the concentra-
tion of silicon vacancies and, as aresult, obtain a satis-

factory calculated @y value for the Pd—SiC contact.

To conclude, we note that an alternative approach to
the problem of contact between silicon polytypes and
various metals, based on the adsorption concept, was
formulated in [16, 17], where the barrier height was
related to electronegativity. The obtained relationship
seems to be rather interesting, since aready in [3] the
direct proportionality of the effective charge of silicon
atoms to the degree of hexagonality D was established
empirically. On the other hand, it follows from calcula-
tions made in [18] for a defect-free crystal that theion-
icities of different SIC polytypes differ by less than
0.1%. Consequently, the electronegativity, effective

SEMICONDUCTORS  Val. 35
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charge, and ionicity are presumably related to the poly-
type imperfection. We are going to study thisissue fur-
ther using the approach developedin[1, 16, 17, 19].
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Abstract—We suggest a scenario for the formation of quantum dots during Ostwald ripening of three-dimen-
sional islands grown heteroepitaxially in the Stranski—K rastanow mode. We demonstrate that the size-distribu-
tion function narrows down and the variance decreases noticeably if the growth proceeds through dislocation
diffusion followed by the detachment of dislocations from island bases. Plausible reasons for termination of the
Ostwald ripening of the islands are discussed. © 2001 MAIK “ Nauka/Interperiodica” .

Quantum dots (QDs) are heterostructures in which
charge carriersare spatially confined in al three dimen-
sions. As aresult, the energy separation between elec-
tron levels far exceeds the thermal energy [1-3]. This
very important property and the real possibility of tun-
ing the energy spectrum by changing the geometric size
and shape of QDs are crucia factors in their device
application. QD-based light-emitting diodes and lasers
are expected to be developed in the near future. How-
ever, QDs are difficult to prepare, and this hinders their
widespread use.

One of the most common methods of QD prepara-
tion is heteroepitaxial growth in the Stranski—Krast-
anow mode: initially, the growth proceeds in the layer-
by-layer [two-dimensional (2D)] mode, and then 3D
islands form on the substrate covered with a wetting
layer of the deposited material [4—6]. The changein the
growth characteristics is explained by the fact that, as
the layer thickness increases, the elastic-strain energy
in lattice-mismatched systems tends to decrease viathe
formation of nanostructures in the form of isolated
islands (the Ostwald ripening). On the other hand, as
the wetting layer attains the critical thickness, plastic
deformation can occur via the introduction of matrix
didocations, which also lowers the strain energy.
Within thermodynamic approximation, the above-men-
tioned ways for strain relaxation in the wetting layers
are often considered to be mutually exclusive, since
completely formed QDs are strained, dislocation-free,
coherent islands. Actual QDs apparently form as a
result of acomplex self-organization process, involving
both equilibrium and nonequilibrium Kinetic processes
and their combination [2].

As the idands grow, the strain energy increases
owing to the lattice mismatch between the islands and
the wetting layer. Therefore, further strain relaxation
may proceed by elastic interaction between strain fields
of the islands and the matrix dislocations:. the disloca-
tions are captured and pinned near island bases. Thus,
under conditions of surface diffusion, the rather slow

process of the Ostwald ripening gives way to the faster
process of the island growth controlled by dislocation
diffusion. The growth rate of the islands growing via
didocation diffusion exceeds that of as yet unrelaxed
islands, which grow via surface diffusion. Because of
the difference in the growth rate, many of the growing
islands begin to dissolve, since the critical radius r,
increases to the value corresponding to the greater,
relaxed islands. As a result, the spread of particle radii
about a mean value (i.e., the variance) decreases, and,
consequently, the idand-size distribution narrows
down, which has been observed experimentally [7-9].

The heteroepitaxial nanostructures are nonequilib-
rium systems; therefore, they are described in the
kinetic approximation. It is repeatedly emphasized
[10-13] that the Ostwald ripening theory most ade-
guately describesate stages of theisland growth. Inthe
context of this theory [14, 15], we shall determine the
function of the island-size distribution. To simplify cal-
culations, we presume that the islands are disk-shaped
with constant height h and various radii r. Under
steady-state conditions, the islands grow (or dissolve)
owing to the diffusion flux of the material along thedis-
location grooves, which form when the dislocations
crop out at the surface of the wetting layer. We shall
presume that the number of dislocation lineswhich ter-
minate at the island base, Z, is the same for all islands
and is constant in time. Such a mechanism of growth
(dissolution) is possible if the matter flux due to dislo-
cation diffusion, j, is much greater than the flux due to
surface diffusion; i.e., if the following inequality holds:

D zd 4]

s g
ORD, . > D21r (1)

IjjH:JR:r.

Here, ng’ is the coefficient of diffusion along the dis-
location grooves, Dy is the coefficient of surface diffu-
sion, (dC/dR)R-, isthe gradient of concentration of the

deposited material at theisland boundary, Z isthe num-
ber of dislocations fixed at the island base, and d is the
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diameter of the dislocation groove (d = 2./2q/mt and
b? < q < 60b?, where q is the cross-section area of the
dislocation groove, and b is the Burgers vector). Ine-
quality (1) imposes a restriction on the size of the
islands growing by the mechanism under consideration.
From inequality (1), it follows that

ZdD:” @
2n Dy

The growth rate of an isolated island can be deter-
mined from the condition

r <<

d, 2. _ .
St = jv,, €

where the flux of the material j is given by the left-hand
side of inequality (1), and v, is the volume of an ada-
tom. Following Vengrenovich [16], we obtain

dr _ Al 1
dt e, @

2 5(d)
% Z?q r.isthecritical radius, k
isthe Boltzmann constant, T isthe temperature, o isthe
specific surface energy, C,, is the equilibrium concen-
tration at the island boundary, and | is the so-called
screening distance [C(R) = [Clk-,,, where| = 2 or 3].
The adatom concentration at the distance R from the

center of the island C(R) = S=C 1nR 4 ¢, where

In(l) r

[Clis the average concentration of atoms on the sub-

strate, and C' is the concentration on the island surface.
Equation (4) allows us to determine the maximum

radius of theislands growing viathe dislocation-related

mechanism, ry. According to Vengrenovitch [17], the

following condition should be met:

where A=

dool -
drl]l:'r:rg = 0. (5)
From Eq. (5), we obtain
4
rg = §fc- (6)
. _dr
Henceforth, f = It

Integrating Eq. (4) for r = r,, we determine, taking
formula (6) into account, the time dependences of r,
andrg

rg = %A% , @
3 1/4
ro= % Al ®)
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The function of the island-size distribution is writ-
tenas[17]

f(r,t) = ¢(rg)g(u), )

where g(u) is the distribution of the islands by relative

sizesu = rL . The quantity ¢(rg), appearing in (9), can

g
be determined from the law of conservation of the
island-condensate mass M

T

M = KJ'rzf(r,t)dr, (10)
0

where K = 1thp, and p is the density of the island mate-
rial. Substituting (9) into (10), we obtain

o(r,) = r%

g

(11)

M

whereQ= ———.
Kﬁuzg(u)du

To determine g(u), we use the continuity equation

0 0 N
Si(F(r D)+ 5 (F(r.B)F) = 0. (12)
Inserting values of f(r, t) and ¥ into Eq. (12) and going
from differentiation with respect to r and t to differen-
tiation with respect to u, we can perform the separation
of variables appearing in Eq. (12). Then, Eq. (12) takes
the form

39,+3% - 520
do(u) U U (13)
u 9 ’
g(u) u9,—2
u
A du_1

_ dr
Here, we take into account that —¢ = 8,—=, —— = =,
dt p2hdror

g g
du _ u o_¥fr’_4 _ 1
d—rg——rg,S— A —3u—1,and39—8|u=1—4.
Integrating Eqg. (13), we obtain
g(u)
sl 1 0,0 1 u+1m
u ex ex arctan =—— 14
PE3E—ap®Poy "0 pm (4

(1-u)™°(u* +2u+3)™"

In Fig. 1, we compare the size distributions calcu-
lated for various mechanisms of growth during Ostwald

ripening. Curve 1 [g;(u) = u(1 —u)™exp E—%LE] cor-
responds to the island growth controlled by kinetic
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&n(1)
1.0

Fig. 1. Size distributions cal cul ated for various mechanisms
of the island growth during the Ostwald ripening: the
growth controlled by (1) kinetic processes at the boundary,
(2) surface diffusion, and (3) dislocation diffusion.

processes at the boundary [16]. Curve 2 [g,(u) = u3(1 —

u)2&9(u + 2)—17/9exp%—12/—3d%] was calculated on the
assumption of surface diffusion [16]. Curve 3 corre-
sponds to the distribution (14). The values of the vari-
ance D = W2~ W3 are D, = 0.0254, D, = 0.0199, and
D; = 0.0127, respectively. Thus, distribution (14)
(curve 3) isthe narrowest and has the smallest value for
the variance. Curves 1 and 2 correspond to the distribu-
tions modified for the surface, which were obtained
previously by Wagner [15] and Lifshits and Slezov
[14], respectively.

The ripening of the islands under the conditions of
dislocation-related diffusion, as well as surface diffu-
sion, is, apparently, a fast process resulting in the for-
mation of faceted QDs at the final stage. Therefore, at
the considered stage of Ostwald ripening, the system
still has high strain energy. During the ripening, this
energy decreases further owing to changesin the lattice
constant of the island material, and this results in the
decrease in the lattice mismatch between the island and
the wetting layer [13]. The island lattice adjusts to the
lattice of the wetting layer. In turn, the decrease in the
strain energy leads to the weakening of the bond
between the dislocations and the island. The disloca-
tions start to break away from their pinning sites. Since
the adjustment of the island | attice proceeds slowly, the
strain relaxation at this stage is also a slow process.
This means that the dislocations detach sequentially
rather than simultaneously. Now, we cannot consider

VENGRENOVICH et al.

8n(u)
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u

Fig. 2. Size distributions described by (3) formula (14) and
(4) formula (20). The inset shows Gaussian distributions of
particles by sizes; curves 1-4 correspond to the four above-
mentioned growth mechanisms.

the number of didocations Z pinned at the island base
as being constant. Assuming that
d
Z= > (15)

we can write the rate of the growth (dissolution) of an
isolated island as

dr _ Al I

dt = e, (16
2 ~(d)
where A, = %E , Zyistheinitial num-

ber of dislocations, and d isthe diameter of the disloca-
tion groove.

Repeating the foregoing calculations, we obtain
from Eq. (16)

rg = 4rc, a7
1/5
rg = %‘%Al% , (18)
4 1/5
re = % At (19)
In this case, the distribution function takes the form
d4(u)
u4expE 0.2 Dexp% L arctan(0.65u+ 0.11%(20)
_ 1-H""Uge 2
(1-u)®(u+a)’(u’+bu+c)’ ’
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where a 01.65063, b [10.34937, ¢ [2.42332, o [12.6,
B 01.46, and y 01.47.

Figure 2 presents graphical representations of distri-
butions (14) and (20). The inset shows the island-size
distributions G(u) for various growth mechanisms;
these distributions were assumed to be Gaussian. The
values of the mean particle size and the variance are the
following: ;1= 0.3692 and D, = 0.0254 for curve 1,
[U,[= 0.711 and D, = 0.0199 for curve 2, [, = 0.8091
and D5 = 0.0127 for curve 3, and [,[1= 0.8644 and
D, =0.0081 for curve 4. We can see that the detachment
of the dislocations from the island perimeter during
strain relaxation results in further narrowing of the size
distribution. In addition, in transferring to the disloca-
tion-related growth mechanism, the most probable size
u' corresponding to the maximum of the g(u) function
increases, as does the most probable particle size r' =
u'rg. For example, u' = 0.57 and r' = 0.57ry for n = 1,
u=08landr =08lryforn=2 u =08 andr" =
0.89r,forn=3,andu'=0.93andr' = 0.93ryfor n= 4.
As U' increases, g(u") increases, which means that the
density of the islands of the most probable size
increases.

This growth mechanism is possible if the mass flux
totheisland along the dislocations still exceeds the flux
due to surface diffusion; i.e., in view of (15),

Zoddq dgy
(d) yzo= [ U > P
D¢ dZHrEUH]R:r > DSZT[rEUR]R:r' (21)
Whence it follows that
a [,of

If condition (22) is violated, in addition to the flow
due to didocation diffusion, we should also take into
account the flow of the material due to surface diffu-
sion.

At this stage, strain relaxation ultimately resultsin
the complete detachment of the dislocations from the
island perimeters followed by the take-up of these dis-
locations by the substrate. As a result, coherent, dislo-
cation-free idands form. They are dlightly strained,
because the lattices of the islands and the wetting layer
are not completely matched.

However, prior to the dislocation detachment, facets
of the ripening islands start to develop. Along with the
changein the lattice constant of theisland material, this
faceting leads to an additional decrease in the strain
energy of the island condensate on the surface of the
wetting layer. By the time when all dislocations will
have broken away, all islandswill have become faceted.
Thus, QDs are coherent, slightly strained, dislocation-
free faceted idands. As the facets develop, the rate of
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theisland growth should decrease noticeably, asin the
case of metal alloys subjected to dispersion hardening
[18]. If the islands are faceted with quasi-equilibrium
facets, then the size distribution is stable, and the
supersaturation with adatomsiis less than the effective
value [19] required for the formation of nuclei and for
their joining the island facets. Indeed, experimental
size distributions often have a fixed density. This
means that, at the final stage of the ripening, island
growth slows down, and the island facets are quasi-
equilibrium.

As found experimentally [20, 21], 3D islands can
have, and as a rule do have, a shape that is more com-
plex than a cylindrical one. It is also known that strain
in the wetting layer and in the QDs depends heavily on
the substrate thickness[22] and the distance to the wet-
ting layer/substrate interface [23], respectively. Our
scenario does not take into account these factors and,
from this point of view, gives only aqualitative descrip-
tion.
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Abstract—Time-resolved photoluminescence (PL) spectra have been measured at 90-300 K in the visible
spectral range for porous nanocrystalline silicon films fabricated by laser deposition. The energy and time
ranges in which the spectrawere taken were 1.4-3.2 eV and 50 ns-10 s, respectively. The correlation between
PL characteristics (intensity, emission spectrum, relaxation times and their temperature dependence), structure,
and dielectric properties (size and shape of Si nanocrystals, oxide phase of their coatings, porosity of films) has
been studied. A model of photoluminescenceisadopted, in which the absorption and emission of photons occur
in quantum-size nanocrystals, and in which kinetically coupled subsystems of electron—hole pairs and excitons
are involved in the radiative recombination. Possible mechanisms of the exciton Auger recombination in low-
dimensional silicon structures are proposed. © 2001 MAIK “ Nauka/lInterperiodica” .

1. INTRODUCTION

Nanocrystalline silicon (nc-Si) with high-yield pho-
toluminescence (PL) in the visible spectral range at
room temperatureis, at least, atwo-phase nanocompos-
ite, where silicon nanocrystals (NC) (with a size satis-
fying conditions for quantum confinement) are located
inamatrix, most frequently consisting of silicon oxide,
including the porous SiO, (porous silicon, por-S). Start-
ing from theworks by Canham and co-authors[1, 2], the
relation of the slow PL band in por-Si with radiative
exciton annihilation has been considered repeatedly
(see, e.g., [3, 4]). In the works by Keldysh with co-
authors[5], it was shown that excitons have large bind-
ing energiesin low-dimensional structures, because the
former are embedded in a medium with a dielectric
constant €, that is lower than €; in NC (g, < g,) (the
dielectric enhancement effect). The relation of the slow
component of thered PL in por-Si with the low-dimen-
siona phase Si:O:H at the NC/SIO, interface [6] and
with electronic states induced by the Si=O bonds for
small-size NC (d < 3 nm) is discussed in the literature
[7]. A model taking into account the modification of
guantum states in NC by the surface potentia have
been considered [8]. Thereisalso no agreement regard-
ing the nature of the fast component of PL and recom-
bination mechanisms responsible for the blue PL. This
luminescence is usualy traced back to silicon oxide
defects[2, 9], but the interband recombinationin NC is
also discussed [10]. The combined character of the
mechanism of visible PL in nc-Si, depending on struc-
ture features and PL measurement conditions, is dis-
cussed in many papers[2, 6-10].

The objective of this study wasto ascertain the visi-
ble-PL mechanism in the nc-Si films obtained using

laser-induced evaporation. To this end, we analyzed
interrelations between characteristics of the time-
resolved visible PL (intensity, radiation spectrum,
relaxation times and their temperature dependence) in
the 90-300 K temperature range and structural proper-
ties (size and shape of the silicon NC, oxide phase of
their coating, and film porosity). In addition, exciton
mechanisms of radiative and nonradiative recombina-
tion in nc-Si quantum structures and exciton Auger
recombination mechanisms are discussed. Finally, a PL
model in which both photon absorption and emission
occur in quantum-size Si NC is considered in order to
explain the obtained experimental data. Kinetically
coupled subsystems of electron-hole pairsand excitons
take part in recombination. It is believed that the exci-
ton recombination contribution is large and the PL
characteristics are related to the recombination of exci-
tons localized in Si NC, since the exciton ground state
binding energies in small NC can reach 1 eV. In addi-
tion, the nonradiative recombination in the case under
consideration is assumed to be determined by the exci-
ton Auger recombination. The high intensity of the nc-
Si PL in comparison with the bulk crystal silicon (c-Si)
results not only from enhancement of the radiative
recombination channel, but also from suppression of
the nonradiative one. The PL relaxation times lying in
the 50 ns—1 msrange, observed at 90-300 K, are shown
to be determined by the nonradiative times. The
enhancement of the PL intensity, the longer time of its
relaxation, and the red shift of the PL spectrum,
observed upon oxidation of nc-Si, are related to the
dielectric enhancement effect and to the more effective
suppression of the nonradiative surface recombination
channelsin larger Si NCs. It is shown that a character-
istic feature of the spectra of the fast PL component

1063-7826/01/3512-1383%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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(with characteristic time t < 50 ns) istheir wide energy
range from 1.4 to 3.2 €V and the presence of three
bands. a central- and two side-bands (low- and high-
energy ones). It is assumed that the high-energy (blue)
band emission may be related not only with the inter-
band recombination (between quantum levels), but also
with the SIO, matrix defects, whereas phonon-assisted
transitions a so contribute to the low-energy (red) band.

2. MEASUREMENT TECHNIQUE AND SAMPLES

The specific features of our experiment are the fol-
lowing: First, the PL properties of awide variety of nc-
Si samples, from silicon oxide films enriched in silicon
to por-Si viaintermediate structures containing Si NCs
of various sizes in an SiO, matrix of various porosity
and content. Second, the time-resolved PL method was
used. PL excitation was carried out using nitrogen laser
radiation (wavelength A = 337 nm, pulse duration 1, =
8 ns), the signal was detected in the photon counting
regime. The PL spectra of films were measured during
the excitation pulse action. The leading edges of the
strobe (duration 250 ns) and the laser pulse were
aligned, thus obtaining the PL spectrum at t < 250 ns;
then the strobe was shifted relative to the laser pulsein
order to measure times less than 50 ns. Subsequent PL
spectra were measured with the strobe delay of 250 ns.
When the por-Si PL spectra were measured, both the
strobe duration and its delay time were increased.

Threetypesof nc-Si samples served asthe objects of
the study: samples of the first and second kinds, i.e.,
films fabricated by pulse laser ¢-Si evaporation in vac-
uum; and, for comparison, samples of the third type,
i.e., conventional por-Si layers formed by stain chemi-
cal etching (type 3a) [11, 12] and by electrochemical
(type 3b) etching of c-Si. Films of the first type were
deposited from the forward beam of particles of the ero-
sion jet onto a substrate remote from the target in the
direction of the normal. Films of the second type were
deposited from the reverse beam of particlesonto asub-
strate located at the target plane [14]. Sputtering was
carried out by radiation from a YAG:Nd**-laser work-
ing in the Q-switched mode with the wavelength A =
1.06 um, pulse energy 0.2 J, pulse duration 1, = 10 ns,
and pulse repetition frequency 25 Hz. In the first case,
c-Si was sputtered in an oxygen atmosphere; the pres-
sure in the chamber was varied within the range 1.5 x
102-20 Pa. In the second case, ¢c-Si was sputtered in an
inert gas atmosphere, helium or argon, at a pressure of
about 65 and 6.5 Pa, respectively.

3. RESULTS OF TIME-RESOLVED
PHOTOLUMINESCENCE MEASUREMENTS
IN nc-Si

The analysis of the interrelation between character-
istics of the time-resolved PL and sample structure fea-
tures has shown that the PL properties of samples of the
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first and third type represent two limiting cases. The
first of these is the property of structureswith NC Si in
the form of quantum dots (QD) in the SO, matrix (x =
1-2) with minimum porosity (p = 1-2%). The PL was
characterized only by the fast component (t < 50 ns),
and the emisssion spectrum wasin the energy range hv =
1.6-3.2 eV. The PL intensity | grew with a decrease
inNC sized, and the emission peak shifted into the blue
region of the spectrum [13]. The second limiting case
consists of properties of por-Si (type 3b samples are
most characteristic) and structureswiththe Si NCinthe
form of quantum wires in the matrix of a very porous
SiO, phase (p = 70-85%). Along with the fast compo-
nent, a slow one with relaxation times up to afew mil-
liseconds was present in the PL. The slow component
was dominant, and its spectrum was shifted to lower
energies (Fig. 1a). Properties of samples of the second
type, which are S NC QDs in a matrix of medium
porosity, are intermediate between the above-men-
tioned limiting cases. Freshly fabricated samples of the
second type were characterized by a PL that was more
intensive than samples of thefirst type, but only the fast
component was also present in this case. The PL spec-
trum shifted to the blue region with increasing NC size
(Fig. 1b).

The sow PL component (T > 250 ns) appeared at
T= 150 K, and its intensity increased with decreasing
temperature (Fig. 1c). For samples of the second kind,
as distinct from those of the first one, the slow PL com-
ponent contribution increased, relaxation times reached
the microsecond scale, and the spectrum shifted into
the low-energy range upon oxidation (both in aging in
open air and as aresult of thermal treatment) (Fig. 1d).
For all samples of the second kind, only the shape of the
spectrum of the fast component changed with a temper-
ature increase from 90 to 300 K, and its low-energy
intensity increased with increasing temperature (Fig. 1€).
The spectra of the fast PL component (t < 250 ns) are
not simple: they can be decomposed into three Gauss-
ian bands (central- and side-bands) (Fig. 1b). The low-
energy band maximum spectral position hardly
changes upon aging in air, but its intensity visibly
changes. The central and high-energy peaks are shifted
into the red range of the spectrum. The further increase
of the observation time (t > 250 ns) leads to a dramatic
decrease in the intensity of the high-energy band, the
central peak is slightly shifted to lower energies, and
the PL spectrum shape is described by the single Gaus-
sian function (Figs. 1c, 1d).

A well-defined correlation between the PL intensity
increase and the increase of its relaxation time under
the action of various technological factors (temperature
or thermal treatment time) was observed both for por-S
and for oxidized films of the second kind. The PL relax-
ation times increased with decreasing measurement
temperature. The PL quantum yield for film structures
reached a few percent at 300 K. The PL relaxation
curves had the form of stretched exponentials similar to
those characteristic of por-Si [2, 6, 12].
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Fig. 1. Time-resolved PL spectra: (8) por-Si (maximum times,t = 100 ps); (b—e) samples of the second kind. (b) Freshly fabricated
sampleswith NC sized; > d, > d3 for 1-3 (1 < 50 ns); adecomposition of curve 3 into three Gaussian functionsis presented; inset:
the PL intensity dependence on the distance x from the sputtering point. (c) Freshly fabricated sample, measured at 90-150 K (T =
250-500 ns). (d) (1) Freshly fabricated sample, (2) sample aged in air, (3) that annealed at 900 K, and (4) that annealed at 1300 K;
measurement temperature 90 K; PL is measured as an integral over slow components. (€) Freshly fabricated sample; measurement

temperature 90-300 K (T < 250 ns).
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Fig. 2. (1) Broadened band gap Ey [18], (2, 2)) exciton bind-
ing energy E, [17], and (3, 3) exciton transition energy Ey,,
foreo,=1(2,3)andey, =2 (2, 3).

4. EXCITON MECHANISMS OF VISIBLE
LUMINESCENCE

According to nonequilibrium thermodynamics, the
following relation between the exciton n, and el ectron—
hole pair n densities and the exciton binding energy E,
isvalid:

2
n

M = ReeXp(—EJKT)’

where n, isthe statistical weight of the exciton state and
KT is the thermal energy.

In the case of the uniform absorption of the inter-
band monochromatic radiation, the continuity equation
for the generation-recombination flows of electron—
hole pairs and excitons reads as follows:

(1)

d(n+n,) n n,
—_— T =+ I 2
dt T, Ty al &)
where
_ 0 Ot
T, = ~*+=7 , (3)
"oh U
O
T, = —+=7 . (@)
S R

The following notation is assumed here: T, and T,, Tj,

and T, T, and T, are, respectively, total, radiative, and
nonradiative lifetimes of electron-hole pairs and exci-
tons; a isthe effective absorption coefficient of the excit-
ing light with account of multiple reflections in nc-Si;
and | isthe intensity of light.

In the case under consideration, the light-generated
electron-hole pairs form excitons due to the Coulomb
attraction; therefore, two kinetically coupled sub-
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systems coexist during the recombination process. The
so-called high excitation level case [15] is of particular
interest, i.e., when n, > n and the relaxation of excita-
tion proceeds mainly via the exciton subsystem. Asis
seen from (1) and (2), this caseismore likely the lower
the temperature and the higher E,. Thisis possible only
at very low temperature in the bulk silicon because of
E, smallness. Relation (1) must be satisfied not only for
free, but also for bound and autol ocalized excitons, for
which the binding energy is usually very large (see,
e.g., [7]). The condition for a high excitation level in
Si NCissatisfied even at room temperatureif E, islarge
enough.

The quantity E, depends on the size d and the shape
of NC and on the dielectric properties of the matrix in
nanostructures. The following data on this dependence
are reported in the literature. It is established in [16]
that the static dielectric constant of the silicon nanopar-
ticles abruptly fallsfrom 11.7 to 4 as the size decreases
from 62 nm to 1 nm. The Coulomb interaction in
guantum semiconductor wires is considered in [5]
within the constant effective mass approximation, and
an expression for E,(d, €, €,) is derived, which takes
into account the diel ectric constants of NC and its envi-
ronment. The exciton binding energy was cal culated [4,
17] for quantum wires in environments with different
dielectric constants. The calculation in [4] was carried
out using the variational method, whereas the authors
of [17] used the wave function expanded in a system of
linearly independent functions describing the longitu-
dinal (along the wire) and transverse motion of the
interacting electrons and holes. The cluster-size depen-
dence of the electronic spectrum of the Si cluster with
one Si=0 bond is calculated in [7]. Results of the cal-
culation of E,(d) functionfor e,=1and e, =2from[17]
are presented in Fig. 2 (curves 2 and 2). First of al, it
follows from Fig. 2 that exciton binding energy in
guantum wires can reach 1.0 eV at €, = 1, which, inits
turn, indicates the essential role played by the exciton
recombination in nc-Si. In order to show how essential
the effect of the exciton binding energy on the long-
wavelength shift of the PL spectral peak isin compari-
son with the absorbed energy, Fig. 2 presents energies
of related radiative exciton transitions E;,, (curves 3, 3.
They are abtained by taking into account the broadened
band gap E, calculated within the cluster approxima-
tion in [18]. It is noteworthy that the exciton binding
energy in QDs is larger than in quantum wires, and,
therefore, the exciton transition energy will be smaller
and its NC size dependence will be flatter, like the one
givenin[7].

Let us now discuss mechanisms of radiative and
nonradiative recombination in Si NC. Since silicon is
an indirect gap semiconductor, the probabilities of
band-to-band and exciton radiative recombination
essentially increase with decreasing Si NC size [19]
because of the partial violation of the momentum con-

servation law. The values T;, and T, become smaller
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than 1 pusat about 3 nm (for atransition from the singlet
level). However, the exciton radiative recombination
time is much longer for the transition from the triplet
state since this transition is forbidden to a first approx-
imation [2]. Thus, it is necessary to explain also the
increase in the nonradiative-recombination time in
order to understand the nature of the PL intensive red
band with the quantum yield of about 1-10%.

Asfor the “bulk” and “surface” mechanisms of the
nonradiative multiphonon recombination, they cannot
be unique. The volume of a nanoparticle with a mean
diameter of 3 nm is about 10 cm?®, and the surface
area is about 10** cm?. Therefore, deep local centers
participating in the multiphonon recombination are, as
a rule, in no way present in all nanoparticles. The
exception is provided by quantum wires with a large
number of dangling bonds on the surface, but the passi-
vation of these bonds reduces the surface nonradiative
recombination rate practically to zero. This occurs
when the concentration of dangling bonds is less than
1/mthd, where h isthe wire length and d is its diameter.
That iswhy the Auger recombination becomesthe main
mechanism of nonradiative recombination in silicon
nanoparticles. Nevertheless, the influence of even a
small concentration of surface states can be significant
because of the large internal surface of nc-Si.

Let us assume that the excitation level is high and
the PL in the nanostructures occurs by the exciton
mechanism. Then, according to (2), the steady state
exciton density is n, = alt,. We will first consider the
case when the Auger recombination is due to the inter-
action of the exciton and a free electron (or hole), i.e.,

T;l = An, where Aisaconstant. Taking (1) into account

with the PL quantum yield essentially less than unity,
we then obtain

exp(E,/3KT
T@J%ﬁ—l 5)

Since E/KT > 1in Si nanoparticles of the above-men-
tioned size, their Auger recombination time must be
much longer than that in bulk crystals. Thisimpliesthat
the PL quantum yield in nanosize silicon structures
must be essentially higher than in the bulk silicon. In
addition, E, and, therefore, 1, depend not only on the
nanoparticlesize, but a so on the dielectric properties of
the environment; this explains the influence of porosity
(due to the decrease of €,) on the T, magnitude.

The PL decay kinetics is determined in the present
case by the n (t) dependence, which reads

n(t) = exp(EX/k'_I'l)2 | ()
[At/2+n(0) ] ng

where

n(0) = [0( I noexp'i—EX/kT)TS
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is the electron—hole pair density at the instant of time
when illumination is switched off. Asis seen from (6),
the relaxation law is essentially nonexponential, and
the instantaneous recombination time increases rapidly
during the PL relaxation.

The dependence of the PL quantum yield n oniillu-
mination intensity is given in this case by
|23 _ 13
no— = I (7)

and coincides with the corresponding dependence in
the case when the nonradiative recombination is gov-
erned by the interband Auger recombination. The dif-
ference between the above mechanisms consistsin dis-
similar dependence of the relaxation times on excita-
tion intensity. For example, in the case of the exciton
Auger recombination, the relaxation time is propor-
tional to |73, while in the case of the interband Auger
recombination, it is proportional to 123,

Let us now consider the case when the exciton Auger
recombination occurs as aresult of theinelastic interac-

tion of two excitons. In this case, T;l =Bn,, whereB s

aconstant, and the relaxation law at high excitation lev-
els has the following hyperbolic character:

n(t) = [Bt+n(0)] ", ®)

where n(0) = (al/B)¥? is the exciton density at the
instant when the illumination is turned off.

In this case, the dependence of the n value on illu-
mination intensity is determined by the relation
|¥2 =7
nod T = . 9)
The various relaxation functions derived above and
the intensity dependence of the PL at different nonradi-
ative exciton recombination mechanisms can be used
for the analysis of the experimental dependences of the
PL innc-Si.

5. DISCUSSION OF EXPERIMENTAL RESULTS.
MECHANISMS OF VISIBLE LUMINESCENCE
IN FILMS UNDER STUDY

The increase observed on the freshly fabricated
films of the PL intensity and the spectrum peak shift
with the decrease of the NC size indicate a manifesta-
tion of size quantization in NC. The complexity of the
PL spectra, the presence of bands with different kinet-
ics, and the large width of the bands (Fig. 1b, 1¢) indi-
cate not only the scatter of the NC sizes, but also the
occurrence of several recombination mechanisms.

Itisknown fromtheliterature (see, e.g.,[2, 4, 6, 20])
that radiative recombination in the oxidized nc-Si pro-
ceeds via various channels including, along with the
singlet and triplet exciton transitions, transitions
between quantum levelsin NC with the participation of
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electron-hole pairs, with the PL relaxation times
decreasing with increasing emission energy. These are
as long as a few milliseconds for the triplet red band,
from a few hundred picoseconds up to a few hundred
nanoseconds for the blue band, and up to afew hundred
microseconds for the red band in the case of band-to-
band recombination. Another channel of recombination
is related to defects of the oxide layer [9, 10, 20]. For
example, its blue band, with apeak at hv = 2.7 eV, has
characteristic times of about a few nanoseconds [20];
the characteristic times for the other bands are in the
range from a few nanoseconds to a few microseconds
[10].

The “fastest” spectra observed by us during the
action of the laser pulse, i.e., the ones characterized by
times of about a few tens of nanoseconds, liein avery
wide range of energies hv = 1.4-3.2 eV and comprise
three bands (Fig. 1€). The “slowest” spectra with char-
acteristic times approaching a few microseconds could
be described by one Gaussian function at the energy
range hv = 1.4 (1.6)-2.8 eV (Fig. 1d). It is reasonable
to assume that the fast blue band is due not only to the
band-to-band recombination in the smallest NC, but,
possibly, also to the recombination on loca levels
related to defectsin SiO,. The band in the energy range
hv = 1.4 (1.6)-2.8 eV isdetermined by kinetically cou-
pled subsystems of electron—hole pairs and excitons.
The increase of the fast PL component intensity at the
low-energy range with the temperature increasing from
90to 300 K (Fig. 1e) istraced back to the contribution
of the phonon-assisted radiative transitions.

Since the quantum yield of all studied samples does
not exceed afew percent, and we observed a correlated
change of the PL intensity and of its relaxation time at
T > 150 K, the measured PL time is governed by the
nonradiative recombination at the studied temperature
range.

The presence of only the fast PL component with
small intensity in freshly grown films can be explained
by the prevalence of the fast surface nonradiative
recombination channel. In reality, the NC/SiO, inter-
faceis characterized in these films by a high nonunifor-
mity of the oxygen deposition and, unlike the perfect
c-SI/SIO, interface, contains a large amount of surface
defects. According to the experiment, the absence of
poresin thefilmsof thefirst type, asdistinct from those
of the second type, gives no way of changing the
recombination properties of the NC/SiO, interface by
means of oxidation.

A different situation takes place for the porous
films of the second type. First of al, the exciton bind-
ing energy increases due to oxidation since the diel ec-
tric constant of SiO, is less than the one for c-Si.
Therefore, the exciton radiative recombination proba
bility increases. The exciton transition energy decreases
(the red shift of the spectrum). The enhanced diffusion
of oxygen through pores favors the passivation of the
dangling bonds of Si atoms and a decrease in the num-
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ber of surface nonradiative levels. The number of these
states is greater in larger NC, compared with smaller
ones, and, therefore, the suppression of the surface non-
radiative channel manifests itself more effectively in
their PL and, thus, in alonger wavelength range of the
PL spectrum. Thisis an additional factor leading to the
red shift of the PL spectradueto oxidation (Fig. 1d) and
to the essential PL intensity increase. It is noteworthy
that the radiation energy observed for the long-wave-
length bandsfall within the range of calculated energies
for exciton transitions (Fig. 2). The experimental
results on the increase of the PL relaxation times are a
convincing manifestation of exciton recombination.

The nonradiative recombination mechanism related
to the drain of carriers from NC in tunneling through
potential barriers[21] ishindered upon oxidation, when
the oxide layer thicknessincreases. The size scatter and
the barrier height determine the piecewise-exponential
shape of the PL relaxation function. This nonradiative-
recombination mechanism aso accounts for the
observed relaxation times reaching a few milliseconds
in por-Si, but it is inconsistent with observed tempera-
ture dependence of relaxation times. Similarly large
times of nonradiative recombination and the nonexpo-
nential character of the PL relaxation are characteristic
for the exciton Auger recombination considered above.
In this case, the nonradiative recombination is deter-
mined by the exciton energy transfer to a free electron
(hole). The experimentally observed dependences of 1,
and E, on the NC size and shape and on the dielectric
environment point to this mechanism of exciton Auger
recombination.

The mainly excitonic nature of the visible PL in the
porous nc-Si films under study isindicated by the pos-
sibility of a consistent explanation, in terms of this
mechanism, of the whole set of observed features of
radiative and nonradiative recombination and their
dependence on fabrication and measurement condi-
tions.

6. CONCLUSION

Thus, the results of the study of films fabricated by
laser-induced evaporation are explained within the
framework of the model that assumes quantum confine-
ment in Si NC. It is proposed that both the absorption
of photons and the emission responsible for the visible
PL occur in NC. Both excitons and electron-hole pairs
participate in recombination upon excitation of elec-
tron—hole pairs by photons with an energy correspond-
ing to band-to-band absorption in Si NC. The porosity
of the films ensures the dielectric enhancement effect
and determines large exciton binding energies, which,
in turn, leads to the dominant role of the PL exciton
mechanism. The high efficiency of thevisible PL isdue
to the suppression of the surface nonradiative recombi-
nation channel and to the large times of exciton Auger
recombination.
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LOW-DIMENSIONAL SYSTEMS

Renormalization of Energy Spectrum of Quantum Dots
under Vibrational Resonance Conditions
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Abstract—The problem of modification of the energy spectrum of electronic and phonon excitationsin semicon-
ductor quantum dots (QDs) under conditions of vibrational resonanceisconsidered. Analytical expressionsfor the
energy of polaron-like statesin QDsin the form of a sphere or rectangular parall el epiped, taking into account the
size dependence of the el ectron—phonon interaction, are derived. Experimental dataon renormalization of the low-
est exciton statesin QDs based on CuCl inaNaCl matrix have been obtained with the use of two-photon secondary
emission resonance spectroscopy. Comparison with the calculated results demonstrates quantitative agreement
indicating the adequacy of the employed theoretical model. It is established that the vibrational resonance strongly
modifies the energy spectrum of small QDs. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The effects of renormalization of the energy spec-
trum of electron and phonon excitations dueto the el ec-
tron—phonon interaction in bulk semiconductors are
well known. The corresponding theoretical models
using “hybrid electron—phonon” or “polaron-like”
states as eigenfunctions of the system are also widely
known [1]; they predict an appreciable modification of
spectra under vibrational resonance (VR) conditions,
i.e., at an optical phonon energy equal to the energy gap
between the electronic states. However, the direct
experimental observation of the predicted renormaliza-
tion effects is practically absent. This is quite natural,
since such resonance can be observed in bulk materials
only in exceptional cases, e.g., in the presence of a
strong magnetic field [1]. The discrete energy spectrum
of semiconductor nanocrystals or quantum dots (QDs)
[2] makes them unique objects for studying the VR,
especialy in a system with a broad size distribution of
QDs. In this case, as aresult of the size dependence of
the electronic state energy, a pair of levels can always
be found for which the VR condition is satisfied. By
varying the phonon energy, one can successively excite
QDs so that the energy gap between this pair of levels
changes continuoudly in the VR range. This feature of
the QD ensemble was noticed in [3, 4], where a
Frohlich-type interaction in spherical QDs was studied
both experimentally and theoretically. A modification
of the spectra can be experimentally observed in the
resonance optical excitation of the renormalized states,
i.e., under double resonance conditions. Inthiscase, the
same excited state of a QD is coupled to the ground
state via electron—photon interaction and to another
excited state via electron—phonon interaction.

The resonance fluorescence and |uminescence, for
which the spectral position of bands is determined by
the QD electronic spectrum, are of particular interest
for observing the VR. For the secondary emission to be
reliably detected, optical transitions into absorbing and
emitting states must be resolved in the dipole approxi-
mation and the homogeneous broadening of the reso-
nance levels must not be too large. The latter assumes
that low-temperature experiments are to be carried out
when only the higher level in a pair of electron levels
resonantly coupled viathe el ectron—phonon interaction
is essentially modified. It is this state that must be
excited as a result of the interband optical transition.
The main part of the secondary emission isinduced by
interband transitions from a lower QD excited state as
aresult of the fast interband relaxation. Thus, the VR
will reveal itself most distinctly in luminescence spec-
tra formed by the two lowest size-quantization levels
for which the homogeneous optical transition line
width isthe narrowest. Since these states have opposite
“parities” two-photon excitation should be used
because all optical transitions are dipole-alowed inthis
case[5].

One of thefirst attemptsto observe the modification
of the exciton and phonon spectra in QDs was made
when one-photon-excited |uminescence was studied in
spherical CuCl QDs grown in a glass matrix [3]. How-
ever, the experimental data gave no way of making reli-
able estimates because of low spectral resolution. The
statement concerning the presence of hybrid exciton—
phonon states [3] was based, first of all, on an increase
of the luminescence intensity in the VR range. In
describing the effect, the authors of [3] restricted them-
selves to a genera definition of the problem. Degener-
acy lifting in the system “exciton + phonon” for a pair
of the lowest CuCl QD exciton states in the NaCl

1063-7826/01/3512-1390$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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matrix was observed in the two-photon-excited lumi-
nescence spectra[6]. However, the authors of [6] failed
to provide a satisfactory explanation of the observed
features and the problem remained unsolved. Numeri-
cal calculation of the energy renormalization of a
totally symmetric optical phonon, induced by VR
between exciton states of the same parities, was carried
out in [7] for spherical CuCl QDs. The results were
used to account for the longitudinal optical phonon
(LO) energy decrease observed in one-photon-excita-
tion luminescence spectra and in persistent hole-burn-
ing spectra. However, rather arbitrary simplifying
assumptions of an unclear physical nature were madein
these calculations.

In this study, the problem of the QD energy spec-
trum modification under the VR conditionsis solved by
the method of direct diagonalization of the electron—
phonon (exciton—-phonon) Hamiltonian. Analytical
expressions for energies of the polaron-like states in
QDs, in the forms of arectangular parallelepiped and a
sphere with sizes both larger and smaller than the Bohr
radius of the exciton in a bulk material, were obtained
using this approach. In solving this problem, matrix
elements of the LO phonon interaction with electrons
and excitonsin rectangular QDswere calculated for the
first time. The theoretical calculations are compared
with the experimental data on the modification of the
energy spectrum of the rectangular CuCl QDs in the
NaCl matrix under conditions of VR between the low-
est exciton states, obtained from spectraof the two-pho-
ton-excited (TPE) luminescence and resonance fluores-
cence a 2 K. The model proposed by us is shown to
describe quantitatively the VR-induced renormalization
of the exciton and phonon energy spectrain QDs.

2. VIBRATIONAL RESONANCE
IN QUANTUM DOTS

For describing VR, let us use the e ectron—phonon
Hamiltonian in the secondary quantization representa-
tion

H = He+th+He,phi (1)

where

He = ZEna;an, Hon = Zmp(b;bp+1/2) (2)
n p

are the Hamiltonians of noninteracting electrons (exci-
tons) and phonons, and
(P)* 4y +
He, ph = z (Vg’;,)nsz + Vn‘; nlbp)anla-n2 (3)
Ny, N, P
isthe operator of interaction between them. In Egs. (2)
and (3), a, and a, are electron (exciton) creation and

annihilation operators for the state with energy E,; b;
and b, are creation and annihilation operators for
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phononswith the energy 7Q,, belonging to the p-mode.
Under the VR conditions (eg., a E, — E, =17%Q,),

mixing of electron (exciton) and phonon states occurs
and the related wave functions cannot be represented in
the form of a simple product of electronic and vibra-
tional states. In this case, polaron-like states appear in
QDs, which are eigenfunctions of the total Hamilto-
nian (1) of the system “electrons + phonons.” Diago-
nalization of the Hamiltonian (1) cannot be carried out
exactly in the general case; therefore, we shall use sim-
plifying assumptions, which have a clear physical
nature. First of al, we take into account only LO
phonons coupled with the electronic subsystem viathe
Frohlich interaction, since it is the most effective in
semiconductor compounds (I-VI1, 11-VI, and 111-V)
used for fabrication of QDs which are now being stud-
ied extensively. We further use the zero-temperature
approximation and assume that the interaction satis-

fies the inequality V{*, /5Q, < 1; i.e., it is not too

strong. Thisallows usto restrict ourselvesto the zero-
and single-phonon basis of the unperturbed Hamilto-
nian He + Hyp!

In; O01= |E, DL,

where

In; pO= |E,0hQ,L (4)

IE,0= a0, [AQ,0= bylo0, (5)

and [OL], and [O[J are vacuum states of the vibrational
and electronic subsystems.

If the electron (exciton) energy level difference E, —E;
is near the longitudinal optical phonon energy #Q, o,
then zero-approximation states can be taken in the
expansion of the total Hamiltonian wave functions,
except for those with an energy not differing too greatly
from E,. Wave functions of the latter are linear combi-
nations of the almost degenerate states

[€.0= c{“]2; 00+ cI1; 10+ ... +c(pk11|1; o]
k=12..

(6)
,p+ 1.

Using basis (6), a set of linear homogeneous equations

for coefficients cfm’ can be easily obtained; i.e., we

have a standard eigenvalue problem that can be analyt-
ically solved only for k < 4. However, as will be illus-
trated by concrete examples below, of particular inter-
est is the case of interaction with a single vibrational
mode (k = 2), for which

1
[€,,,0= Cy,,|2; OOk ¢, 4|1; 10)
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where
¢, = (E,—E,—#Q, +8)/A, ¢, = 2VI/A, (8)
A = [(E,—E,—hQ, +3)2 + 4V ™ ©
5 = [(E,—E,—hQ,)% + 4V
It follows from (7) that at the exact resonance E, — E; =

7 Q, the degeneracy of |2; OUand |1; 1[istates is totally
lifted by the electron—phonon interaction so that the
energy level splitting equals 2|V(2,1’l | The lower-energy
state E; remains unchanged despite resonant coupling
to E,.

For simplicity, we take into account only one con-
duction (c) band and one valence (h) band for descrip-
tion of the semiconductor material and assume the
depth of the potential well for electrons and holes to be
infinite. Let us consider a QD in the form of a sphere
with radius R and a rectangular parallelepiped with the
edge lengths L;(i = X, y, 2). In the case when the Bohr
radius R, of the bulk excitonislarger than the QD char-

acteristicsize R ={Ror max(L/2)}, i.e, inthe“strong
confinement mode,” the size-quantization energy levels
and the envelopes of electron and hole wave functions
are given by

Efim = ﬁ;—:ﬁ' Enm = Eg+ f;:}:‘ (10)
() = f IS v, @

ES = Z:]( Eh = Eg+§:f, (12)
WM (x) = Lxlil_zsinknxxsinknyysinknzz, (13)

where m, and m, are, respectively, electron and hole
effective masses; E, is the band gap; &, is the nth root
of the equation j,(x) = 0; j,(x) and Y,(8, ¢) are, respec-
tively, the spherical Bessel function and the spherical
harmonic; | and m are the angular momentum and its
component; ky = &,/R; n = (n,, n, n); k, =mm/L;; and

Ko = (kn,, K n, s k,,) is the vector W|th length k, =
2 2 2 2 2 2 .
m(n, /Ly + ny/Ly + n;/L; )2 Applying the method

developed in [8], matrix elements of the Frohlich
interaction (3) of electrons and holeswith LO phonons
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in a spherical or rectangular QD can be easily calcu-
lated; i.e.,

(21, +1)(21 +1)
4m(2l, + 1)

nl; | Im,
X i nl, CIO 1,0CHm; 1;my»

(nlm) —
Vnzlzmz; nglym, _efnl

(14

nl —

Enljl+1(Enl) R Q—;_E—F} , (15)
nl; p - 2
Molzi Maly j|2+1(En2I2)jll+1(En1I1)

1 (16)
XIdxxzjlz(Enzlzx)j|1(Enl|1X)jp(Enlx)’

0

v = ef,G,G,G, (17)
1612 Q 1 1

f [—LOD D} (18)
"Ll €
nend1— (=1 Ngi + Ny + 1y

Gi = ﬂ'nZInllnl[ ( ) ] | - X, y, Z, (19)

TT /2 2 2,2 2 2
(N3 + Ny —ni) —4nyng;

where CIm ,m, arethe Clebsch-Gordon coefficients; €,

and &, are, respectively, the high- and low-frequency
dielectric constants of the semiconductor; AQ, o is the
energy of the limiting LO phonon; and quantum num-
bers with indices 1 and 2 stand for the electron (hole)
states, whereas quantities without indices are related to
the phonon mode. Expressions (14)—(19) indicate that
the size dependence of the Frohlich electron—phonon
interaction in scaling transformations is given by the

. ~-1/2
expression IR

The selection rules contained in the above matrix
elements restrict the number of phonon modes binding
the pair of electronic states. However, the number of the
remaining modesistoo large for obtaining an analytical
solution to the eigenvalue problem for polaron-like
states that appear under VR conditions. For example,
for spherical QDs, the selection rules are determined by
the rules of the vector addition of angular momenta and
are contained in the combination of the Clebsch—Gor-
don coefficients (14). At the same time, any restriction
on the optical-phonon principal quantum number n
stemming from the problem symmetry is absent. For
rectangular QDs, the selection rules are determined by
the functions G; (19) and reduce to the requirement that
the sum of quantum numbersny + n; + N, (I =X, Y, 2)
should be odd. Calculation of the electron—phonon
interaction matrix elements with the use of (14)—19)
shows that, in the most interesting case for the descrip-
tion of the experimental data of VR between lowest
electron (exciton) states, the coupling of one phonon
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mode to these states is an order of magnitude stronger
than that for other modes. The physical nature of this
restriction can be easily understood with the exampl e of
rectangular QDsif the nature of the G, functionsis con-
sidered. These result from integration of the related
spatial parts of the electron and phonon wave functions
along the QD edge. For sufficiently large lengths, such
integrals can be approximated by Kronecker deltas or
even by Dirac delta functions expressing mathemati-
cally the wave vector conservation law. Thus, G; func-
tions are discrete anal ogues of the Kronecker delta and
have asharp pesk at some values of the phonon quantum
numbers n,. In particular, G; functions are maximum for
the phonon mode n = (2, 1, 1) connecting the two lowest
electronic statesn; = (1, 1, 1) and n, = (2, 1, 1); they

asymptotically fall as n;> with increasing n;. A similar
analysis can also be carried out for spherical QDs. Itis
thisfeaturethat allows usto restrict ourselvesto thesin-
gle-mode approximation for the el ectron—phonon inter-
action in describing the VR.

The strong confinement in QDs occurs in semicon-
ductorswith alarge exciton Bohr radius R,. These con-
ditions are satisfied, e.g., for 111I-V compounds, in
which R, = 10 nm. However, VR isonly possibleinthe
valence band since the effective electron mass is very
small inthese materials. Estimates show that thisisalso
true for QDsbased on [1-V1 semiconductor compounds
(CdSe, CdS, etc.). Results of the calculation of the
energy €, , in accordance with (7), for the case when
the VR with LO-phonon occurs for a pair of the lowest
hole states, are presented in Fig. 1 in order to illustrate
the size-dependence of the energy spectrum renormal-
ization in spherical and cubic QDs. The related matrix
element of the electron—phonon interaction is given in
the insert as a function of the characteristic size of a
QD. The following values of InP parameters [9] were
used in the calculations: €, = 12.61, €, = 9.61, Q5 =
43.3 meV, m, = 0.079m,, m, = 0.65m, and R, = 10.3 nm,
where my, is the free electron mass. Energies E; + 2Q;
and E, crossing for a QD with a size corresponding to
theexact VR are shown alsoin Fig. 1. At the sametime,
the renormalized energies €, and €, do not cross. Such
behavior of the energy spectrais named anticrossing.

Under the weak-confinement conditions (R, < R),
the QD optical spectra near the fundamental edge are
determined by the Wannier exciton states, which are to
be classified using six, instead of three, quantum num-
bersfor the electron (hole) states. Three quantum num-
bers are related to the tranglation motion of the exciton
as a whole, and three numbers describe the relative
motion of the electron and holein the exciton. Thefol-
lowing expressions for the size-quantization energy
levels and the envelopes of exciton wave functionsin
spherical and rectangular QDs are usually applied for
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Fig. 1. InP QDsin the strong confinement mode: dependence
of the polaron-like state energy €4 , on QD size(R, L) for the
VR of apair of lowest hole stateswith the LO phonon. Solid
and dash-dot lines refer, respectively, to spherical QDs of
radius R and cubic QDs with edge L. Dotted lines show the
size dependence of the |2; OCand |1; 1[states. Insert: matrix
element of electron—phonon interaction as afunction of the
characteristic linear size of QD.

analytical calculations in the case of weak confine-
ment [4]:

2,2
_ Ry , fi'ky
Enlm; nl'm — Eg_F'i' 2Mn, (20)
¢n|m; n'I'm'(Xv X) = lI-Jnlm(x)l'IJn'I'm'(X)’
e _ e _Ry, 1K
motm T e 2 2M (21)

¢n; n'I'm'(Xv X) = lIJn(X)LPn'I'm'(X)‘

Here, the primed quantum numbers describe the rela
tive motion; Ry = pe?/2¢g#42 is the exciton Rydberg;
M =m, +my; L= mmy/M; Yy ,(X) and P,(x) are defined
by (11) and (13), respectively; and W,.(X) are the
hydrogen-like wave functions of Wannier excitons. The
Frohlich-type electron—phonon interaction in spheri-
cal QDswas studied by two of the authors previously
[4, 10]. Matrix elements of thisinteraction in rectangu-
lar QDs are given by

213 +1
Vﬁn)n'l'm"n njlimy — efnGxGsz —-.1—
2 MaloM; Ny limy 2|2+1

N (22)
150 15m; :
X Z (_1)q(4q + 1)C2q0; I'10C2q0; I'lm'l‘]z'zlj;qn‘ll'l!
q=0
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Fig. 2. CuCl QDs in the weak confinement mode: depen-
dence of the polaron-like state energy €, , on QD sizefor the
VR of apair of lowest exciton states with the LO phonon.
Solid and dash-dot lines refer, respectively, to spherical QD
of radius Rand cubic QD with edge L. Dotted lines show the
size dependence of the |2; OCand |1; 1[states. Insert: matrix
element of exciton—phonon interaction as a function of the
characterigtic linear size of QD.

wheref,, and G; coincide with (18) and (19),

[

Jnél'z: il ~ '!:dXX [js(phknx)_(_l) js(pcknx)] (23)

X Fnél‘z(x) Fn'll'l(x)!

F.(X) isthe radial hydrogen-like wave function, p;, =
m/M, and p. = mJ/M. Of particular interest for applica
tions is the Frohlich interaction of excitons in the
ground state of the relative motion of an electron and a
holen'=1,I'=0, m = 0. Matrix e ements of the exci-
ton—phonon interaction in spherical and rectangular
QDsarethen appreciably ssimplified and differ from the
strong-confinement expressions (14) and (17) only by
the additional factor

1 1

B(k) = - ,
(1+al4)’ (1+al/4)’

(24)

where ag” = (pyryRek)?, k = ky for spherical and k =
k, for rectangular QDs. The presence of this factor is
extremely important since it is sensitive to the energy-
band parameters of the semiconductor (electron and
hole effective masses) and affects the size dependence
of the interaction. In particular, if the effective masses
areequal, thispart of theinteraction vanishes. If kR, < 1,

then B(K) = k2RZ, (m, —m.)/2M and the matrix elements

are, therefore, proportional to R

Since the exciton—phonon interaction rapidly
decreases with increasing QD size, a semiconductor
material with not-too-high R, should be chosen to

FEDOROV et al.

observe VR in the weak confinement mode. CuCl QDs
(gp = 5.95, €, = 4.84, hQ, o = 25.6 meV, m. = 0.5m,
m, = 1.6m,, and R, = 0.7 nm [3]) are the most suitable
in this regard. The results of the calculation of the
energy spectrum renormalization for spherical and
cubic CuCl QDsin the case of VR between two lowest
exciton states are presented in Fig. 2. The insert shows
the size dependence of the exciton—phonon interaction
matrix element. It is seen that anticrossing also takes
place for VR in the weak confinement mode.

3. EXPERIMENT

In order to study the QD energy spectrum renormal-
ization induced by VR between low-energy exciton
states, we obtained and analyzed spectra of the two-
photon-excited emission (TPE) in the inhomoge-
neously broadened ensemble of CuCl QDsin the NaCl
matrix. The crystal matrix was used since the QD lumi-
nescence bands are narrower in it, compared with glass
matrices, and this allowed usto measure more precisely
the spectral positions of these bands. At the sametime,
the exciton parametersin CuCl QDsin the NaCl matrix
are sufficiently well known [11-13]. It has been estab-
lished that CuCl nanocrystals have a cubic shape [11,
12] or even that of a rectangular parallelepiped [13],
rather than a spherical one. It has been reliably estab-
lished that the size dependence of the lower exciton
states [13] iswell described by expression (21).

The CuCl-doped NaCl crystal was grown by the
transverse Bridgman method and annealed at atemper-
ature suitable for the growing of CuCl nanocrystals.
The sample had a QD mean size of about 2.4 nm and
was characterized by wide size scatter. The one-photon
absorption spectrum taken on this sample at the temper-
ature of 2 K isdepicted in Fig. 3a. The oscillating fine
structure modul ating the absorption band isrelated to a
layer-by-layer increase of the nanocrystal size [11].
A range of energy gap values between the lowest (111)
and next in energy (211) exciton statesis located in the
bulk CuCl LO phonon range and can be scanned in a
single sample without essential loss of the signal inten-
sity. Henceforth, we denote the exciton states by the
trandl ation motion quantum numbers (see the preceding
section).

The TPE spectrawere excited by the pulse radiation
of atunable titanium-sapphire laser pumped by the sec-
ond harmonic radiation of an Q-switched Nd*:YAG
laser. Thelinearly polarized excitation radiation had the
following parameters: pulse duration, 100 ns; repetition
frequency, 1 kHz; pulse power, 3 kW; and spectral
width, 1 meV. The radiation was focused by means of a
lenswith afocal length of 60 mm onto a sample placed
in superfluid helium. The secondary emission was col-
lected intheforward direction, spectrally analyzed with
a monochromator (0.25 m) with a single diffraction
grating (1200 grooves/mm), and detected by a liquid-
nitrogen-cooled CCD-camera in the spectral range of
the doubled incident-photon energy. The overall spec-
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Fig. 3. (a) One-photon absorption spectrum of CuCl QDs
grown in the NaCl crystal; sample thickness 0.3 mm, tem-
perature 2 K; Eg, isthe exciton energy in the bulk. (b) TPE
secondary emission spectraof CuCl QDsgrown inthe NaCl
matrix for different excitation energies (doubled photon
energies are given in eV). Abscissa: Stokes shift E — Egg of
the TPE secondary emission energy relative to the reso-
nance fluorescence band RF. (1, 2) Bands under analysis.

tral resolution of the experiment equaled 1.5 meV. The
excitation radiation passed through the sample was
absorbed by a filter based on a saturated aqueous
CuSOQ, solution. The TPE intensity was quadratic with
respect to the exciting radiation intensity, which con-
firmed the two-photon character of the exciton genera-
tion. The spectra were corrected for the absorption of
emitted light, since the optical density of the sample
changed rapidly in the spectral range being studied.

The QD-size-sel ective excitation of spectramakesit
possible to test the energy structure of QDs of various
sizes by changing the incident photon energy. A dia-
gram illustrating the formation of a spectrum of sec-
ondary emission from a QD ensemble with awide size
distribution is presented in Fig. 4. The incident radia-
tion with photon energy %w simultaneously generates
excitons in the lowest energy state of the QDs of an
appropriate size and in high-energy states of larger QDs,
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Fig. 4. Diagram illustrating the formation of a TPE second-
ary emission spectrum for the example of an ensemble of
cubic QDs with wide size distribution upon excitation with
radiation with doubled photon energy 2fiw L is the cube
edgelength, E,, isthe exciton energy inthe bulk. Solid lines
show the size dependence of the lower exciton state ener-
gies (for designations, see text), dashed line represents the
“exciton + LO phonon” state. Wavy lines show channels of
intraband relaxation of excitons from excited into ground
state. The VR region between the lowest and next in energy
exciton states is marked.

satisfying the equation 2iw = E,. oo, Where E,,. oo IS
defined by (21). The secondary emission spectra are
then formed due to the annihilation of the exciton inthe
lowest energy state (111), both excited directly by light
(Fig. 3b, band RF) and populated due to intraband
relaxation from the high-energy states. Analysis of the
dependence of band energies on the incident photon
energy, using (21), allows us to obtain data on the QD
energy structure. Thisanalysisis commonly performed
using the dependence of the energy gap (Stokes shift)
between the RF band and other bands, E — Ex¢, on the
energy shift of the lowest exciton state, E;;; — Eq.
induced by aspatial confinement where E,, = E;—Ryis
the exciton energy in the bulk material. It is clear that,
in the case of size-selective excitation, E;;; = 2hw. An
example of such an approach to determining the exci-
ton spectrum of the spherical CuCl QDs in the glass
matrix can befound in [14]. Here, we restrict ourselves
totheanalysisof thebandsrelated to 211 and 111 + LO
states upon the excitation of QDs in the range of VR
between the two lowest exciton levels (Fig. 4). As
shown above, the degeneracy of 211 and 111 + LO
statesislifted in the case of VR, which is manifested as
the anticrossing effect.

A representative set of TPE secondary emission
spectra corresponding to excitation with different pho-
ton energiesis shown in Fig. 3b. The symbols 1 and 2
denote the bands under analysis. It is seen that the spec-
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Fig. 5. Stokes shift of the TPE secondary emission bands
on 2Aw — E,, demonstrating anticrossing of the 211 and
111 + LO statesin VR between 211 and 111 statesin CuCl
QDs. Circle diameter corresponds to experimental errorsin
determining the band energies. Dotted lines show the ener-
gies of the corresponding states in the absence of exciton—
phonon interaction; solid lines represent calculation results
for QDs in the shape of arectangular parallelepiped.

tra essentially depend on the excitation energy. The
dependences of the Stokes shifts of these bands on
2hw—Eg,, clearly demonstrating anticrossing intheVR
range, are presented in Fig. 5.

4. DISCUSSION

We have compared the experimental data with the
calculations, carried out within the framework of the
model developed by us, of the VR between the lowest
exciton statesin QDs having arectangular parallelepi-
ped shape (21). The best agreement between theory
and experiment (Fig. 5) is achieved for the parallelepi-
ped with two equal edges, L, and L,, and thethird, L,, a
times longer. In this case, the polaron-like state ener-
gies are described by (7)—9), in which the lowest exci-
ton energies have the following form:

_ hore 0l
B = Fet et G
#2104 =
_ 0 .
B = Bt o LZEszJr%’

the matrix element of exciton—phonon interaction,
Vo1 = Vo Bkery), where Vi, and B(koy) are
defined by expressions (17) and (24), respectively. It
can be seen from Fig. 5 that the results of the calcula
tion of the Stokes shifts of the bands under consider-
ation are in agreement with experimental data at o =
1.45, which was found by the least-squares method.

Our model also describes similar experimental data
obtained in [6], which differ from ours only by the
sope of the asymptotic 211 (see Fig. 5). Excellent
agreement between calculation and experiment occurs

FEDOROV et al.

at a = 1.55. This means that CuCl nanocrystals in the
cited work had a rectangular parallelepiped shape with
along edge somewhat larger than that in our case. This
is quite natural since the conditions of sample prepara-
tion were different.

It isnoteworthy that, in accordance with the selection
rules, the phonon with quantum number 211 isinvolved
inthe VR. The energy of this phonon (24 meV), used in
calculations, was determined from the Stokes shift of
the 111 + LO band, measured in the limit of small
2hw — Eg,. Detailed analysis shows that far from the
resonance, at large 24w — E,, corresponding to the exci-
tation of small QDs, the energy of the polaron-like state
tends towards the asymptotic value E;;; + 7Q,,; @ a
much slower rate than that in the case of small 24w —
E... Such behavior is related to the strong size-depen-
dence of the electron—phonon interaction (see the insert
of Fig. 2). Thisdependence impliesthat the effect of the
VR on the energy spectrum isimportant for small QDs
even far from the VR. The exciton—phonon interaction

becomes proportional to R? withincreas ng QD size,
and the influence of VR on the energy spectra can be

neglected at large R.

5. CONCLUSION

In conclusion, we formulate the main results of this
study.

The problem of the renormalization of the semicon-
ductor QD energy spectrum, induced by VR, was
solved. Analytical expressions have been obtained for
energies of the polaron-like statesin spherical and rect-
angular QDs in the cases of weak and strong confine-
ment. Expressions for the matrix elements of the inter-
action of LO-phonons with electrons and excitons are
derived for rectangular QDs.

Renormalization of the QD energy spectrum under
conditions of VR between the lowest exciton states is
studied experimentally for the example of rectangular
CuCl QDs in the NaCl matrix at 2 K by means of TPE
resonance spectroscopy of secondary emission.

Quantitative agreement of the calculation results
with experimental data demonstrated the adequacy of
the model developed by usfor energy spectrum modifi-
cation in semiconductor QDs under VR conditions.

ACKNOWLEDGMENTS

Two of the authors (A. V. F. and A. V. B.) thank the
Russian Foundation for Basic Research (project
nos. 99-02-16323 and 01-02-17060) and the program

“Physics of Solid-State Nanostructures”  (project
no. 99-1136) for financial support.
SEMICONDUCTORS  Vol. 35 No. 12 2001



RENORMALIZATION OF ENERGY SPECTRUM OF QUANTUM DOTS

REFERENCES

. 1. B. Levinson and E. |. Rashba, Usp. Fiz. Nauk 111, 683
(1973) [Sov. Phys. Usp. 16, 892 (1973)].

. U. Woggon, Optical Properties of Semiconductor Quan-
tum Dots (Springer-Verlag, Berlin, 1997).

. T. Itoh, M. Nishijima, A. |. Ekimov, et al., Phys. Rev.
Lett. 74, 1645 (1995).

. A. V. Fedorov and A. V. Baranov, Zh. Eksp. Teor. Fiz.
110, 1105 (1996) [JETP 83, 610 (1996)].

. A. V. Fedorov, A. V. Baranov, and K. Inoue, Phys. Rev.
B 54, 8627 (1996).

. K. Edamatsu, M. Tsukii, K. Hayashibe, et al., Nonlinear
Opt. 18 (2-4), 295 (1997).

. L. Zimin, S. V. Nair, and Y. Masumoto, Phys. Rev. Lett.
80, 3105 (1998).

. M. C.Klein, F. Hache, D. Ricard, and C. Flytzanis, Phys.
Rev. B 42, 11123 (1990).

SEMICONDUCTORS Vol. 35 No. 12 2001

9.

10.

11

12.

13.

14.

1397

Landolt-Bornstein, New Series, Group I, Vol. 17a
Semiconductors, Ed. by O. Madelung, M. Schulz, and
H. Weiss (Springer-Verlag, Berlin, 1982).

A. V. Fedorov, A. V. Baranov, and K. Inoue, Phys. Rev.
B 56, 7491 (1997).

T. Itoh, S. Yano, N. Katagiri, et al., J. Lumin. 60-61, 396
(1994).

N. Sakakura and Y. Masumoto, Phys. Rev. B 56, 4051
(1997).

J. Zhao, M. lkezawa, A. Fedorov, and Y. Masumoto,
J. Lumin. 87-89, 525 (2000).

A.V. Baranov, Y. Masumoto, K. Inoug, et al., Phys. Rev.
B 55, 15675 (1997).

Trandated by S Ktitorov



Semiconductors, Vol. 35, No. 12, 2001, pp. 1398-1403. Trandlated from Fizika i Tekhnika Poluprovodnikoy, Vol. 35, No. 12, 2001, pp. 1460-1465.
Original Russian Text Copyright © 2001 by Zvonareva, |vanov-Omskii, Rozanov, Sharonova.

AMORPHOUS, VITREOUS,
AND POROUS SEMICONDUCTORS

Scanning Tunneling Spectroscopy of a-C:H and a-C:(H, Cu)
Films Prepared by Magnetron Sputtering

T. K. Zvonareva*, V. |. lvanov-Omskii*, V. V. Rozanov**, and L. V. Sharonova*:?

* | offe Physicotechnical Institute, Russian Academy of Sciences,
Politekhnicheskaya ul. 26, S. Petersburg, 194021 Russia

1 email: shar @nano.ioffe.rssi.ru

** |nstitute of Analytical Instrument Making, Russian Academy of Sciences,
Rizhskit pr. 26, . Petersburg, 198103 Russia

Submitted July 30, 2001; accepted for publication August 29, 2001

Abstract—Scanning tunneling spectroscopy was used to study a-C:H and a-C:(H, Cu) filmsunder atmospheric
conditions; these films were formed on semiconductor (Si) and metallic (Cr/Si) substrates using dc magnetron
sputtering of graphite or graphite/copper targets. The local density of electron states was determined from nor-
malized differential tunneling conductance with the aim of probing theindividual sp?-phase clusters. The well-
defined valence-band edge and the varying (i.e., dependent on the scanning coordinate) shape of the distribution
of the density of electron stateswithin the conduction band are characteristic of thea-C:H films; also, thelargest
experimental value of the band gap in these filmsis ~ 3 eV; finally, the tendency towards the stable position of
the Fermi level at alevel of ~ 1 eV above the valence-band top is observed in a-C:H films. The a-C:(H, Cu)
films are homogeneous with respect to the local density of electron states, which is accounted for by the forma-
tion of ahomogeneous surface layer in the course of growth. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Various modifications of amorphous carbon, includ-
ing amorphous hydrogenated carbon (a-C:H), continue
to attract attention as promising materials for numerous
applications. The possibility of using carbon films in
electronics (for example, for the development of single-
electron transistors [1] or cold cathodes for displays
[2]) has been discussed more and more actively. The
microstructure and nanostructure of the above materi-
als should be studied in order to efficiently solve appli-
cation-oriented problems.

Previoudly [3] (seeaso thelater publications[4-6]),
amorphous carbon has been considered as an inhomo-
geneous medium that includes the fragments of two
phases, i.e., atoms with tetragonal and trigonal coordi-
nation, which feature the sp® and sp? hybridization of
atomic orbitals, respectively. The volume ratio of the
phases depends on the methods and conditions of the
film growth. For the sp® phase, the electron energy
bands (the filled and empty ones) are formed by the o
and o* states, withthe HOMO-LUMO gap being equal
to ~ 5 eV. For the sp? phase, there are bands of the tand
T states (occupied and unoccupied) in addition to the
o and o* bands with an even smaller energy gap; the 1t
and 1t bands are located close to the Fermi level and
control the electronic properties (such aselectrical con-
ductivity or optical absorption) of these materials.

The presence of atoms in the sp? configuration and
the resulting emergence of the electronic 1T and T

states represent specific features that distinguish amor-
phous carbon from other amorphous materials of
Group 1V, in particular, amorphous silicon. As aresullt,
the model applied to amorphous silicon is found to be
inapplicable to amorphous carbon. According to this
model, tetrahedral coordination inherent in the crystal-
line analogue is preserved in amorphous material,
whereas the positional disordering of atoms is
accounted for in terms of the tails in the density of
states in the band gap [7]. Therefore, the model of a
two-phase mesoscopic medium, consisting of a system
of sp? graphite or graphite-like clusters, has recently
been used more and more frequently in order to inter-
pret the experimental data on amorphous carbon; these
clusters are assumed to be either embedded into the sp®
phase or connected to each other by the sp® bridges. The
model of graphite clusters has been used to interpret the
results of various experiments, for example, those
involving Raman scattering [6, 8] or the optical-absorp-
tion edge [9] in a-C:H. According to this cluster-based
model, the observed electronic effects should include
the additive contributions of individual clusters; how-
ever, these contributions are supposed to be nonsepara-
ble in macroscopic experiments, in which case the den-
sity of electron states manifestsitself asaspatially inte-
grated characteristic.

At the sametime, it iswell known that experimental
data on the local density of states (DoS) in the vicinity
of the Fermi level can be obtained using scanning tun-
neling spectroscopy (STS). In this method, the density
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of both occupied and unoccupied states (in the valence
and conduction bands) is probed; the band gap can be
determined aswell [10]. STS has been used recently to
study amorphous carbon (a-C) films[11, 12]. However,
only tetrahedral a-C (ta-C) films were studied; some of
the films were doped with nitrogen. From the stand-
point of the practical implementation of a-C films, the
issue concerning the electron-state spectrum as a spa-
tially varying characteristic (in particular, in the a-C:H
films) is of special interest; thisissue has not been con-
Sidered thusfar.

In this paper, we report the results of using STS to
study films of undoped a-C:H and a-C:H doped with
copper [a-C:(H, Cu)]. Similar a-C:H films have been
studied previously using various methods; in a number
of studies, as mentioned above, the model of graphite
(graphite-like) clusters was employed to interpret the
results. We included a-C:(H, Cu) filmsin our studiesin
connection with recent interest in the modification of
a-C using metals (embedment of metallic clusters in
carbon). On the basis of previous experiments, it was
concluded that copper can be partially incorporated
into a carbon network in the form of individual atoms
and, thus, can dope (intercalate) the graphite cluster. If
the copper concentration is high, Cu can precipitate in
the form of metallic drops; i.e., it can form its own sys-
tem of nanoclusters[13—16]. The objective of thisstudy
wasto measurethelocal DoSina-C:H and a-C:(H, Cu)
films by scanning their surface in order to assess to
what extent thelocal DoS, measured on a scale of tens—
hundreds of nanometers, varies from point to point.

2. EXPERIMENTAL

The a-C:H filmswere obtained by the dc magnetron
sputtering of a graphite target in an argon—hydrogen
plasma (80%Ar + 20%H,). In order to obtain the
a-C:(H, Cu) films, we covered the graphite target with
copper plates. Substrates for deposition of the films
were transferred to the sputtering chamber after they
had been heated to 200°C. Residual pressure in the
chamber was 107 Torr. The films were deposited in the
operating-gas flow under a pressure of 102 Torr and
with an ion-current density of 1071 A/cm?; the negative
self-bias at the substrate was no higher than 10 V.
According to our preliminary studies [17], the ratio
between atomic concentrations of copper and hydrogen
in the a-C:(H, Cu) films was [Cu]/[C] = 0.3-0.4 under
the employed technological conditions of sputtering.

The a-C:H and a-C:(H, Cu) films with a thickness
in the range of 70-130 nm were deposited on sub-
strates of two types: (1) chemically polished wafers of
silicon of the brand KEF-1 (n-Si:P, p =1 Q cm) with
a ~ 1.5-um-thick heavily doped surface layer (phos-
phorus was diffused from the surface; the el ectron con-
centration in the layer was ~ 10?* cm); and (2) chem-
ically polished wafers of silicon of the brand KDB-20
(p-Si:B, p = 20 Q cm) with a~ 200-nm-thick Cr layer
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deposited by high-frequency ion—plasma sputtering (in
this case, the actual substrate for the deposited film was
the Cr layer). The different types of substrates, i.e.,
semiconducting (Si) and metallic (Cr), were chosen
from considerations of the possible effect of the sub-
strate properties on the structure of the films.

The tunneling current—voltage (I-V) characteris-
tics I (V) were measured under atmospheric conditions
using a scanning tunneling microscope; the bias volt-
age V applied to the gap between the probe and the
sample ranged from —2.5 to +2.5 'V, with positive volt-
ages corresponding to a positive potential of the sam-
ple. A tungsten tip, fabricated using electrochemical
etching, was used as the probe. The functional capabil-
ities of the tunneling microscope employed have been
described elsewhere (see, for example, [18]).

The measurements were performed under condi-
tions of a constant tip—surface gap that corresponded to
the current of 1, =1 nA at abias voltage of +2.5V (the
reference current). We found from preliminary mea-
surements of the tunneling 1-V characteristics at vari-
ous reference currents in the range of 1, = 0.54.0 nA
(for different gaps) that the shape of |-V characteristics
and the general behavior of the derivative di/dV are
independent of the gap. However, in connection with
the fact that the current fluctuations amounted to
~0.002 nA (this corresponded to the accuracy of set-
ting the current), measurements at large gaps were
found to be insufficiently precise; therefore, al the
measurements were performed at the reference cur-
rent of 1, =1 nA.

We measured the |-V characteristics 25 times at
each point under scanning conditions with the step
ranging from 15 to 300 A; the scanned sites were cho-
sen within different areas of the film surface. The I-V
characteristic was averaged over 25 measurements and
was additionally smoothed using a Fourier filter; the
normalized differential conductance (dI/dV)/(1/V)
was then calculated. In order to eliminate the zero-
point anomaly in (dl /dV)/(1/V), a small quantity was
added to 1/V. According to [10], the dependence of
(dI/dv)/(1/V) on the bias voltage is representative of
the distribution of the density of electron states over the
energy E = eV (eisthe elementary charge); V = 0 cor-
responds to the Fermi level (Eg), negative bias voltages
correspond to occupied states (E < Eg), and positive
bias voltages correspond to unoccupied states (E > E).

3. RESULTS AND DISCUSSION

The obtained dependences of (dI/dV)/(1/V) on the
bias voltage V for the a-C:H films on the Si substrate
are shown in Fig. 1. Two of the most differing curves
were chosen from numerous measured dependencesin
order toillustrate most clearly the range of variationsin
the spectrum of electron states. In both cases, the edges
of occupied states (conventionally, in the valence band)
and of unoccupied states (conventionaly, in the con-
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Fig. 1. Normalized differential conductance asafunction of
the bias voltage; the dependences were derived from the
averaged tunneling current—voltage characteristics mea-
sured for a-C:H films on the Si substrate. Curves 1 and 2
represent typical dependences that illustrate the range of
variations in the local density of electron states at the film
surface.

duction band) are clearly observed; these edges are
approximated by the straight linesin Fig. 1. The cutoffs
at thevoltage axisat alevel of (dI/dV)/(1/V) =0 (the zero
tunneling current) makeit possibleto determine the band
gap E; E;= 1.45¢eV for curve 1, and E; = 0.5 eV for
curve 2. In other measurements, we obtained intermedi-
ate or identical valuesof E; i.e.,0.5eV = E; = 1.5€V.
The data represented in Fig. 1 were obtained under
scanning conditions with astep of ~300 A ; we note that
aternation of curves of the 1 and 2 types was observed
for this scanning step. Approximating curves to the
right and left of the Fermi level have the same slope;
i.e., theenergy distributions of electron statesfor E < E
and for E> E; areidentical. As can be seen from Fig. 1,
curves 1 and 2 differ not only in Eg, but also in the fact
that the Fermi level E islocated symmetrically in ref-
erence to the band edges for curve 2, whereas E; is
shifted to the conduction-band edge for curve 1. Thus,
the spectrum of electron states varies substantially in
the course of scanning. If werely on the concepts of the
previous model [3], the compact clusters consisting of
hexagonal (of the graphite type) rings may be formed
with high probability in the a-C films; in this case, the
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experimental curves of the local DoS may be consid-
ered as the characteristics of individual clusters of this
type. However, a more thorough analysis shows that
such asimplified model isinconsistent with experimen-
tal results. We now dwell in more detail on experimen-
tal spectra.

First, the lower boundary of the experimental values
of Ey (E;=0.5€V) istoo small avalue compared to the
optical band gap in the a-C:H films (see[3]). Thevalue
of E; = 1.92 eV has been reported previously [19] for
films grown similarly. At the same time, the value of
E,= 0.5 eV isinthe range of band gaps characteristic
of nonhydrogenated a-C. In the context of the model of
sp? clusters, the value of E;= 0.5 eV implies the exist-
ence of large clusters that consist of dozens of hexago-
nal rings, which are considered as characteristic of a-C
and as unlikely for a-C:H [3].

Second, the density of the T and 1t states in the
compact sp? clusters should be symmetric in reference
to the Fermi level. In fact, it follows from curve 2 in
Fig. 1 that the edges of the bands of occupied and unoc-
cupied states are symmetric with respect both to the
general form of these edges and to their location rela-
tiveto the Fermi level. The patternisalso symmetric for
curve 1 (the same slope of the left- and right-hand por-
tions of the approximating curves) if we consider the
form of the band edges; however, in this case, the Fermi
level islocated closer to the unoccupied-state band than
to the occupied-state band. We note that a shift of the
Fermi level to the conduction band has been observed
previously [11, 12], however, only asaresult of doping
of the a-C films.

Third, as was assumed previoudy [3], individual
hexagonal clusters with an energy gap between the
bands of the tand 1 statesequal to~ 5 eV should have
the highest probability of being formed. As was men-
tioned above, values of Eg larger than 1.5 eV were not
obtained in our experiments. However, a detailed anal-
ysis of the experimental data makes it possible to
reduce this discrepancy. The point is that, although we
are dealing with the local DoS, the measurements are
actually performed over afinite film areacomparable to
the grain size; thus, individual ringsmay ssimply remain
undetected. At the same time, when measuring a num-
ber of 1-V characteristics, disruptions of tunneling cur-
rent occur occasionally; it isbecause of thisfact that the
averaged |-V characteristics were reported above. It is
quite probable that the disruptions are related to insta-
bility of the current channels and to switching between
these channel s (switching from one cluster to another in
the course of measurements). If we consider a set of
individual (unaveraged) |-V characteristics, we find
among them those whose transformation into normal-
ized differential conductanceyields aband gap aslarge
as 3 eV. One of such curvesisshownin Fig. 2.

It is noteworthy that pronounced oscillations are
observed in the range of both positive and negative bias
voltages in the curves shown in Fig. 1; these oscilla-
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tions are regular and are not eliminated by smoothing.
As shown previoudy [10], such oscillations are charac-
teristic of amorphous carbon with a high concentration
of atoms in the sp? configuration; these oscillations
were identified phenomenologicaly [10] with the
localized Tt states. In the context of the cluster model,
such states may be attributed, for example, to dangling
bonds at the surface (at the outer shell) of graphite clus-
tersor tolocal distortions of the carbon rings.

The results obtained for a a-C:H film on the Cr/Si
substrate are shown in Fig. 3. Here, asin Fig. 1, two
typical dependences (dI/dV)/(1/V) = f(V) are shown. It
can be seen that these dependences differ markedly
from those shown in Fig. 1 for the films deposited on
the Si substrate: they are asymmetric; in addition, we
observe a sharp cutoff of (dI/dV)/(1/V) in the region of
negative bias voltages and a slow increase for positive
bias voltages. The difference between the curves in
Figs. 1 and 3 indicates that the structure of films grown
under identical conditions depends heavily on the sub-
strate material. We have shown previously [18] that the
substrate material affects the properties deposited on
the quartz and silicon substrates. We have observed
[18] differencesin the growth rate and in the refractive
index of the films; however, these differences have not
been great. By comparing the curvesin Figs. 1 and 3,
we may conclude that the use of metallic coating as the
substrate affects the film structure. It is not quite clear
so far which factor playsthe determining role—the dis-
tribution of potentialsin the growth chamber when a
metallic substrate is used, the chemical nature of the
metal, or the structura characteristics of the metal
coating.

Examination of the datain Fig. 3 and identification
of the curves with the DoS hardly gives us any indica-
tion of the band gap at all. A sharp edgein the region of
negative bias voltages can apparently be identified with
the valence-band edge. It is noteworthy that the Fermi
level (Ef) position in reference to the valence-band
edge for thisfilm (an a-C:H film on the Cr/Si substrate)
remains amost unchanged at various points of the
scanned surface and is close to Ex deduced from curve 1
in Fig. 1 and from Fig. 2; i.e, it is close to Ef for an
a-C:H film on the Si substrate, in which case the widest
band gap is observed. The conduction-band edge does
not manifest itself explicitly; only agradual, almost lin-
ear increase in the DoS from the Fermi level (curve 1)
or an increase with a step at V = 0 (curve 2) are
observed.

In spite of differences in the representative spectra
shown in Figs. 1-3, we can detect a number of special
featurescommon to the a-C:H films. Asarule, adrastic
changein the value of (dI/dV)/(1/V) isdistinguished in
the curves in the region of negative bias voltages (E <
Er); this change can beidentified with the valence-band
edge. Moreover, the intersection of the approximating
straight line with the line, (di/dV)/(1/V) = 0, yidds
almost the same val ues of the cutoff voltage (about —1 V)
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Fig. 2. Normalized differential conductance as afunction of
the bias voltage; the dependence was derived from asingle
current—voltage characteristic (without averaging) for an
a-C:H film on the Si substrate.
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Fig. 3. Normalized differential conductance as afunction of
the bias voltage; the dependences were derived from the
averaged tunneling current—voltage characteristics for an
a-C:H film on the Cr/Si substrate. Curves 1 and 2 represent
typical dependencesthat illustrate the range of variationsin
thelocal density of electron states at the film surface.

for most of the curves. This means that there isa dis-
tinct tendency towards a stable position of the Fermi
level at an energy of ~ 1 eV above the valence-band
edge. The shape of the spectrain the region of positive
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Fig. 4. Normalized differential conductance as afunction of
the bias voltage; the dependences were derived from the
averaged tunneling current—voltage characteristics for the
a-C:(H, Cu) filmson the (a) Si and (b) Cr/Si substrates.

bias voltages (E > E;) is more changeable; on the one
hand, the shape of the (dI/dV)/(1/V) = f(V) curves var-
ies appreciably if the scanning step is equal to 300 A,
whereas, on the other hand, this shape is different for
the films deposited onto dissimilar substrates. Appar-
ently, we may assume that the “true” edge of the
valence band (the band of delocalized states) is distin-
guishablein Fig. 2. Thisassumptionisbased onthefol-
lowing two circumstances: (i) the density of electron
states changes rapidly from the value close to zero, and
(ii) the band gap determined in this case has the largest
value determined from all experiments (E, = 3 €V). In
other spectra, the valence-band edge is di%fuse, which
may be naturally related to the localized states that are
distributed in energy, with the spectrum depending on
the coordinate of scanning. Apparently, curve2inFig. 1
represents the situation where a broad spectrum of
localized stated emerges not only in the vicinity of the
conduction band but aso near the valence band.

In Fig. 4, we show the dependences (dI /dV)/(1/V) =
f(V) for two a-C:(H, Cu) films grown on the Si and
Cr/Si substrates using the same technological process.
Theresults of the measurementsfor these films differed
radically from those for the a-C:H films; specifically,
the |-V characteristics were reproduced with a high
accuracy in the course of multiple measurements. The
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shape of the (dI/dV)/(1/V) = f(V) curves also differs
from that of the curves considered previously for
a-C:H: the spectrafor a-C:(H, Cu) are smoother and do
not feature any oscillations.

We have previously measured the macroscopic el ec-
trical conductivity in the films of the same type on the
silicon and quartz substrates; the results have been
interpreted using a high-resistivity matrix model that
contains the conducting clusters composed of either
graphite (or graphite-like material) or copper (if the
copper concentration is high) [20]. Based on these data,
we expected that scanning of the film surface would
lead to radically different tunneling 1-V characteristics
related to the clusters of dissimilar types. However, in
both cases (i.e., for the films on the Si and Cr/Si sub-
strates), wefailed to observe the aforementioned differ-
ences.

The bands of unoccupied and occupied states con-
centrated in the vicinity of the Fermi level (asin the
case of the bands in graphite) are observed in the
spectrum of the a-C:(H, Cu) film on the Si substrate
(Fig. 4a). Notwithstanding the fact that the shape of the
spectra varies somewhat with the coordinate of scan-
ning, it isimpossible to find the regions with a nonzero
band gap. According to the measurements of the tunnel-
ing |-V characteristics, it turns out that the a-C:(H, Cu)
films appear more homogeneous compared to the
a-C:H films. At first glance, this contradicts the previ-
ous data [21] on similar a-C:(H, Cu) films; these data
indicate that bulk structural inhomogeneities oriented
from the substrate to the surface are present in these
films. The absence of the effect of these inhomogene-
ities in the measured spectra of the density of electron
states suggests that a homogeneous surface layer is
formed in the course of growth of the carbon film with
the involvement of copper; thislayer differsinits struc-
ture from the bulk, and it is this layer that is probed in
the method of tunneling spectroscopy.

Even more smoothed dependences are observed for
a a-C:(H, Cu) film on the Cr/Si substrate (Fig. 4b);
these dependences are well reproduced at any scanned
area and feature a small amplitude of variation in the
vaue of (di/dV)/(1/V). Obviously, in the situation
under consideration, copper plays an even more impor-
tant rolein the formation of the structure of the film (or
the surface layer) than in the case of a-C:(H, Cu) film
on the silicon substrate.

4. CONCLUSION

Thus, we may advance the following conclusionson
the basis of the data obtained by using scanning tunnel-
ing spectroscopy to study the a-C:H and a-C:(H, Cu)
films produced by dc magnetron sputtering.

(i) Consistent with the results of our previous stud-
ies, we ascertained that the properties of a-C:H and
a-C:(H, Cu) films depend heavily on the substrate
material [semiconducting (Si) or metallic (Cr)]. In our
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experiments, this manifestsitself in the density of elec-
tron states.

(i) Thelocal density of electron statesin the a-C:H
films varies appreciably on the nanometer scale. Diver-
sity in the shapes of electron spectramay be considered
as a manifestation of the variability in the material’s
structure components represented by the clusters of
carbon atomsin the sp? configuration. Each spectrumis
related to an individua cluster.

(iii) The general pattern of the local density of elec-
tron statesinthea-C:H filmsisasfollows. The valence-
band edge (a sharp change in the density of electron
states in the region of E < Er) manifests itself in the
majority of the obtained spectra. For E > E, the energy
dependences of the density of electron states have vari-
ous shapes; however, these dependences are repre-
sented by a broad smooth distribution, without sharp
changes in the form of a step or jump, which may be
interpreted as the conduction-band edge. It is not often
that one encounters spectrain which both the valence-
and conduction-band edges can be clearly detected.
The band gap determined from such spectraisthe wid-
est and amountsto ~ 3 eV. Another special feature fol-
lowing from experimental spectra consists in the pro-
nounced tendency towards a stable position of the
Fermi level at ~ 1 eV above the valence-band top.

(iv) Inthe measurements of the local density of elec-
tron states, the a-C:(H, Cu) films appear homogeneous,
in contrast to the a-C:H films; i.e., clustersin the film
structure are not observed (we refer to both the Cu
drops and the clusters similar to those observed in
a-C:H). Thus, copper is conducive to the formation of a
homogeneous structure; presumably, copper acts as a
dopant or intercalating agent for the graphite compo-
nent of the film material. It islikely that ahomogeneous
surface layer (of the graphitized type) is formed when
the film is grown on a silicon substrate; the effect of
copper is even more pronounced in thislayer if thefilm
isgrown on ametallic substrate.
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Abstract—Our earlier reports concerning the fabrication by liquid-phase epitaxy and investigation of
INASSbP/INAsSh/INASSbP double heterostructure lasers emitting at 34 um are reviewed. The dependences of
spectral characteristics and the spatial distribution of the laser emission on temperature and current are dis-
cussed. Lasing modes are shifted by 0.5-1.0 cm™ to longer wavel engths with increasing temperature. The tun-
ing of the lasing modes by means of current is very fast (108-10712 s). With increasing current, the modes are
shifted to shorter wavelengths by 50-60 A at 77 K. The maximum mode shift of 104 A (10 cm™) is observed
at 62 K. The spectral line width of the laser is as narrow as 10 MHz. Abnormally narrow directional patternsin
the p—n junction plane are observed in some casesin the spatial distribution of laser emission. The current tun-
ing of lasers, due to nonlinear optical effects, has been modeled mathematically in good agreement with the
experiment. Transmittance spectra of OCS, NH3, H,0O, CH4Cl, and N,O gases were recorded using current-

tuned lasers. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Thefirst part of the review [1] was concerned with
investigations aimed at attaining the low threshold-cur-
rent density and high limiting temperature of lasing.
The present, second part discusses studies of the coher-
ent emission itself from the standpoint of the possible
application of lasers fabricated by the authors in high-
resolution spectroscopy. The following problems were
addressed:

(i) obtaining single-mode lasing in a single longitu-
dinal spatia mode;

~ (i) study of the spatial distribution of laser emis-
sion;

(i) tuning of the laser wavelength by means of cur-
rent and temperature;

(iv) measurement of the spectral line width;

(v) application of the lasersin high-resolution spec-
troscopy.

2. LASER DIODES

Details of the laser fabrication technique were
reported in [1]. INAsSh/INASSbP |asers were fabricated
by means of LPE on (100)InAs substrates doped with
Zn to a free carrier density of ~5 x 10 cm™=. The
n-type active region was nominally undoped and had an
electron concentration of (1-4) x 10 cm=. Then- and
p-type InAsSbP confinement layers were doped to

lsee[1].

(3-5) x 10 cm and (1-2) x 10'® cm3, respectively.
Thethickness of the active region and confinement lay-
ers was (0.5-3) and (2-3) um, respectively. The laser
design was based on a double heterostructure (DHS).

Thelasers under study emit in the spectral range A =
34 um. The emission wavelength A depends on the
cavity length L. Figure 1 shows how A grows with cav-
ity length [2]. Asis seen, the A(L) dependenceis linear
in a wide range of cavity lengths (200-800 um). The
sharp drop in the wavelength at small L (L <200 pm),
typical of quantum-confinement lasers, results from
gain leveling-off [3]. Asalready noted in [1], it may be
assumed that the coherent emission of these lasers
results from carrier recombination in quantum-size
wells at one of the interfaces of the structure. With
increasing L, the inter-mode distance AA decreases as
AN = N%2Ln*, where n* is the refractive index of the

A, Hm
34
3.3
3.2
3 1 1 1 1 1
' 200 400 600 800
L, ym

Fig. 1. Coherent emission wavelength A vs. cavity length L
aT=77K.
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cavity, and, therefore, the number of modes in long-
cavity lasersis greater.

Let us now consider laser tuning by varying first the
temperature and then the driving current.

3. TEMPERATURE TUNING OF LASER
EMISSION SPECTRUM

Temperature variation is the most obvious external
factor capable of shifting a spectral mode. The temper-
ature dependence of the spontaneous emission spec-
trum is due to a decrease in the band gap with increas-
ing temperature and the resulting shift of the gain spec-
trum to longer wavelengths, as well as its broadening.
Lasing modes correspond to cavity frequencies and are
shifted due to temperature variation of the refractive
index and cavity length.

In [2], the temperature tuning of the emission spec-
trum was studied in DHS lasers with a 60-um-wide
stripe and a~350-um-long cavity. The band diagram of
these lasers is presented in Fig. 2a. For studying the
temperature dependence, the lasers driven with current
pulses of > 300-puswidth exhibited, at T=77 K, single-
mode operation near the threshold current I, (Fig. 2b).
Commonly, lasing occurs at the peak of the spontane-
ous-emission band. Figure 2c shows that the intensity
of radiation passed through an external Fabry—Pérot
interferometer varies with time by the sine law. The
mode is stable during the current pulse, with the mode
wavelength changing by 0.5-1.0 cm™ to smaller wave
numbers v, owing to active region heating. The wave-
length grows virtually linearly with increasing temper-
ature, dA/dT = 0.002 um/K. For the lasers under study,
the estimated line width of coherent emission was
0.005 cm™ [4].

When these lasers were used as components of an
automated laser spectrometer [4], transmission spectra
of methane and ethylene were recorded with a resolu-
tion of no worse than 0.005 cm.

Thus, thetemperature-tuned INASSbP/INASSH/INASSHP
lasers emitting at A = 3.2-3.4 um, fabricated and stud-
ied in our works, can be used in high resolution molec-
ular spectroscopy. However, the tuning of lasers by
means of current is more promising owing to its faster
speed and wider spectral range. The following section
presents the results obtained in our studies of how the
spectral characteristics of our lasers depend on current.

4. TUNING OF LASER EMISSION SPECTRUM
BY MEANS OF CURRENT

4.1. General Concepts

Thetuning of thelaser emission spectrum by current
is enabled by the optical nonlinearity of the semicon-
ductor medium; in particular, by nonlinear refraction,
i.e., the dependence of therefractiveindex inthelaser’s
active region, n, on the emission intensity (F) and free
carrier concentration (N). Thefree carrier concentration
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Fig. 2. (8) Laser structure and layer-by-layer profile of the
band gap Egy; (b) laser emission spectrum at T = 77 K;
(c) oscillograms of laser emission passed through (1) air
and (2) Fabry—Pérot cavity. Starting temperature 80 K.

is, in its turn, affected by the emission intensity. This
factiswell known [5]. The effect of free carriers on the
refractive index has been taken into account from the
theory of the semiconductor laser [6, 7]. It has been
observed that, in the case of superluminescence, the
longitudinal mode frequenciesin a planar GaAs cavity
are shifted steadily with increasing driving current [5].
This shift is opposite in sign to the temperature effect.
The n(N) dependence is stronger in narrower gap com-
pounds, like InAs and InSh, compared with GaAs. The
variation of the refractive index with the concentration
of induced carriersin an InAs,; _,Sh, solid solution was
calculated theoretically by Paskov [8]. The dispersion
of An at the band gap edge was calculated for carrier
densities of 10'5-10% cm at room temperature. How-
ever, lasers emitting in the 3—4 um range usually oper-
ate at lower temperatures. We related the variation of
the refractive index to that of the absorption coefficient
by the following simplified formula

oﬂ _(2/3+KT/F))cq;

dN ~ 3N, Tw
where F; is the Fermi level position in the conduction
band, N; is the electron concentration on reaching the

population inversion, ¢ is the speed of light in vacuum,
0; istherefractive index in undoped unexcited material

B, )
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of the activeregion at i = Ey + F;, wisthe angular fre-
quency, and E, isthe band gap. The coefficient B, equal
to about 1.15, takes into account band gap narrowing
with increasing nonequilibrium carrier density, as well
as the influence of some simplifications. Plasma oscilla
tionsand other effectsraisethe overall dn/dN value by an
additional 15%. At T=77K, dn/dN = 0.3 x 108 cmq and
decreases nearly hyperbolically with increasing tem-
perature.

The tuning of spectra by current is, to some extent,
observed in any 3-4 um laser, but experimental studies
of this effect have not been reported yet.

To elucidate the physical mechanisms of laser tun-
ing by current, we investigated, along with the tuning
itself, dependences of the spatial distribution of emis-
sion on current (Section 4.2) and the effect of current on
single-mode lasing characteristics (Section 4.3).

4.2. Dependence of the Spatial Distribution of Laser
Emission (Spatial Oscillations) on Current

The spatial distribution of emission depends on the
geometrical characteristics of alaser. We studied lasers
with astripewidth of 10-13, 18-20, and ~40 um. Com-
monly, the cavity length was chosen as optimal for the
threshold current (225-350 um). The dependence of
the directional pattern on cavity length was studied at
L = 1252000 pm. At currents close to the threshold
value[9] and stripe width of < 13 um, only the longitu-
dinal spatial modeisgenerated, withitscontour in good
agreement with calculations for the cosine distribution
of the magnitude of the electromagnetic wave vector E

I/,
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Fig. 3. FWHM of directional pattern, A, vs. current | (1) in
the p—n junction plane and (2) in the plane perpendicular to
the p—njunction plane. V12192-1 |aser.
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at the output mirror of the cavity. The calculation was
made using the following simplified formula

F(O) = |

2
— 221 a= ™gne, (2
1-(2a/m) A
where 8 is the emission detection angle, A isthe emis-
sion wavelength, and b is the stripe width.

At astripe width of 18-20 um and adriving current
closeto the threshold value, a single longitudinal mode
is generated in some lasers, but, more frequent, the
superposition of the longitudinal mode and afirst-order
transverse mode is observed. For the first-order trans-
verse mode, the angular distribution of intensity was
calculated at asine distribution of the magnitude of the
light wave vector E, using the relation

1 2
F(O)=[ =]
1-(a/m)
Some of the lasers with an 18- to 20-um-wide stripe
demonstrated a directional pattern with two peaks; the
angular distance between these was ~11°, whereas for
the first transverse spatial mode it should be ~20°.

For lasers with an ~40-um-wide stripe, second-
order transverse modes were observed. The F(8)depen-
dence was calculated for the second-order transverse
mode using the formula

_[sinm[3/2—ab/A] , sinTi(2/3—ab/A)7?
F(e)*[ T(32—ab/\) | (32 +ab/) } @)

In the plane perpendicular to the p— junction plane,
no structure was observed in the directional pattern. In
this region, the beam divergence is defined by the dif-
fraction on the dlit, the active region being about 1 um
thick. The study of the spatial distribution of emission
inrelationto L demonstrated that the directional pattern
both in the p—n junction plane and in a plane perpendic-
ular to it becomes narrower with increasing L. For
example, with L growing from 150 to 2000 um, the full
width at half-maximum (FWHM) of the directional
pattern (AB) decreases from 28.18° to 6° in the p—n
junction plane, and from 83° to 40° in the perpendicular
plane. It was assumed that the narrowing of the direc-
tional pattern with increasing L may be a consequence
of the collimator action of the long cavity.

The dependences of the directional pattern on cur-
rent were measured for the same groups of stripes. Fig-
ure 3 shows AB(I) in the p—n junction plane (curve 1)
and in the perpendicul ar plane (curve 2) for the narrow-
est stripes(b=10 um, L =225 um, |, =12 mA a 77 K,
V12192-1 laser) [10]. At currents smaller than the
threshold value, AB in the p—n junction plane decreases
rapidly from 50° to 20° with increasing current, owing
to the growing share of the stimulated emission. As
already mentioned, AB corresponds near the threshold
to the F(B) dependence (2) with a cosine distribution of
the E vector at the output mirror of the cavity. AB reaches
its minimum value of ~17° at currents of (2-2.5)l,. In

©)
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this case, F(0) cannot be described by formula (2). In
all likelihood, the distribution of the E vector acrossthe
beam width ceases to be cosinein thisrange of currents
and becomes nearly uniform. Thisis possibly the result
of the fact that the contribution of the surface recombi-
nation diminishes with increasing current, and the
injection density at the stripe edges grows to a greater
extent than that at the center. For the uniform distribu-
tion of E, the theoretical curve is calculated using the
formula

F(9)=[ 30T ®

However, the uniform distribution of the electric vector
of the light wave at the output mirror of the cavity is
impossible since the wave amplitude at the stripe edge
must be virtually zero owing to the great difference
between the refractive indices of crystal and air. More-
over, the amplitude cannot change stepwise with the
coordinate. Therefore, the question of beam broadening
with increasing current in narrow-stripe lasers has
remained open. With the current increasing further, the
directional pattern broadens. This may occur asaresult
of light beam narrowing because of the strong lateral
optical confinement caused by an increase in the den-
sity of nonequilibrium carriers at the stripe edges and
its decrease in the middle of astripe. Therisein carrier
concentration leadsto adecreasein therefractive index.
If the refractive index at the stripe edges decreases by
more than (A/2b)?, then |lateral optical confinement aris-
ing within the stripe makes narrower the light beam in
the p—n junction plane. For the laser in question, the
narrowing of the light beam in the p—n junction plane
was estimated to be about 2 um at acurrent | = 4.65l,.
In the perpendicular plane, the light beam broadens at
currents | > 3.55ly,, owing to its penetration into the
wide-band-gap regions, which leads to a narrower
directional pattern. For narrow-stripe (b = 10 pm)
lasers, the directional pattern varies with current as a
result of variation of the longitudinal mode half-width,
which is defined by the distribution of the electric vec-
tor of the light wave at the output mirror of the cavity.
At the same time, for wider-stripe lasers, the structure
of the spatial distribution of emission changes with
increasing current. In lasers with an 18-20-um-wide
stripe, exhibiting asingle longitudinal mode at currents
near the threshold, the mode was split in two with
increasing current. If the directional pattern at a near-
threshold current has two peaks at an angular distance
smaller than that observed for the first transverse mode,
then the depth of the dip between the peaks decreases
with increasing current (Fig. 4), with the angular posi-
tion of the peaks hardly changing [11]. For lasers with
a40-um-wide stripe and a 3-um-thick activeregion, the
directional pattern is single-lobed, with a narrow peak
and broadened base, over the entire range of currents
[12]. As stated above, at currents near the threshold
>INy, = 1.2), AB = 23°, and the directional pattern peak
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Fig. 4. Directional pattern in the p—n junction plane of
V1109-3-39 laser at different excesses of current | over the
threshold Iy, I/l (1) 1.14 and (2) 1.8.

is pointed. The lobe becomes narrower with increasing
current. For example, A8 = 9° at /1, = 1.44, and the
directional pattern peak becomes even more pointed
(Fig. 5). In the plane perpendicular to the p— junction
plane, A6 = 63°, which is closeto the value given by the
relation AB = A/d, where d isthe active region thickness.

The existence of unusual directional patterns of
emission from lasers with different stripe widths shows
that a new approach to laser beam formation and inves-
tigations of the near- and far-field distributions of the
emission isrequired.

Intensity, arb. units
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Fig. 5. Directional pattern of laser emission (1) in the p—n
junction plane and (2) in the perpendicular plane. Current
/Ny, =144, T =77 K, V1109-1-15 laser.
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Fig. 6. Directiona patterns of laser emission in the p—n junc-
tion plane for different combinations of beams of spatial
oscillations: (1) single beam, (2) two antiphase beams with
equal light wave amplitudes, (3) two antiphase beams with
light wave amplitudes differing by afactor of 2, and (4) two
in-phase beams with equal light wave amplitudes.

Our calculations are based on the assumption that
the laser waveguideis a nonlinear optical medium. The
constant of electromagnetic wave propagation averaged
over the cavity length € isquadratic in the electromag-
netic wave amplitude owing to the approximately qua
dratic increase in the current density toward the mesa
structure edges. This was shown by calculations [13]
made by the method of conformal transformations, w =
sinz, for a finite stripe width (~16 pm) substantially
smaller than the substrate width (~500 pm). The solu-
tion is valid when the substrate resistance exceeds the
differential resistance of the p—n junction, which only
happens in lasing. The injection at the stripe edges
exceeds that in the middle of the stripe only in the case
of lasing, when the relative excess of the injection den-
sity above the threshold i = (Gt — Ny,)/(Ny, — No) (here
Gt is the density of the nonequilibrium carrier injec-
tion; Ny, and N, are the nonequilibrium carrier densities
a, respectively, the generation and inversion thresh-
olds) depends on coordinate y across the stripe width as

i = io[l + k%%%z}, (6)

where iy is the injection density in the middle of the
stripe, b isthe stripe width, and k = (c¢/2h) is the coeffi-
cient depending on the ratio of the substrate width ()
to its thickness (h) and equal to k = 1.5 for our lasers.

DANILOVA et al.

Such a k value gives a ratio between the current densi-
ties at the edges and in the middle of the stripe of ~2.5.
If we assume that multiple spatial modes are generated,
and, therefore, the emission intensity becomes nearly
uniform across the stripe width and is determined by
theinjection initsmiddle, iy, then, at negligible charge
spreading in the active region, the Helmholtz wave
equation is reduced to the equation of alinear harmonic
oscillator [13]

_Afdu
TD dyz

1, o (27 2
+22( 680)1+i0 oYY 7)

= (En—8)U,

where 8¢, is the change in the diglectric constant on
raising the excitation level from the inversion threshold
to the lasing threshold, and g, is the dielectric constant
at the lasing threshold. A solution to this equation can
be described in theform of eigenfunctions. Theintegers
in each of these define the order of the transverse mode.

Therefore, under the adopted conditions, a laser
beam can theoretically oscillate within the cavity as a
single light beam. The genera solution to the
Schrédinger equation for alinear harmonic oscillator is
aminimized wave packet oscillating around the origin
of coordinates at the center of the stripe. It isworth not-
ing that the obtained solution is valid for currents that
ensure wave localization through an increase in the car-
rier density at the stripe edges with increasing current.
The minimum stripe width necessary to confine the
waveto our structuresisevaluated to be 9 um [13]. The
linearity of the differential equation describing the
oscillating beam allows for its summation with another
beam having a different phase and amplitude. Figure 6
presents calculated [11] directional patterns of laser
emission in the p—n junction plane for asingle oscillat-
ing beam, two antiphase oscillating beams with equal
light wave amplitudes, two antiphase oscillating beams
with light wave amplitudes differing by a factor of 2,
and two in-phase oscillating beams with equal light
wave amplitudes. A time-dependent distribution of the
light wave at the cavity mirror was considered. To
obtain the averaged distribution, integration over time
is necessary. As seen in Fig. 6, asingle beam (curve 1)
and two in-phase beams (curve 4) give a single-lobed
directional pattern. For the case of two beams, the lobe
half-width is 1.7 times |less than that for a single beam.
Antiphase beams (curves 2 and 3) form a double-lobed
directional pattern, with adip at 8 = 0. The depth of the
dip decreases with increasing difference between the
light wave amplitudes of the beams.

For a laser with a 10-um-wide stripe at currents
exceeding the threshold by afactor of 2.0-2.5, the sin-
gle-lobed directiona pattern is similar in shape and
half-width with that calculated for the case of two in-
phase beams. The second beam favors narrowing of the
directional pattern and decreases the half-width of the
intensity distribution at the cavity mirror, which makes
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this situation the most probable in narrow cavities. The
double-lobed experimental directional pattern of alaser
with an 18-pm-wide stripeissimilar in shape and angu-
lar distance between the two peaks to the directional
pattern for the case of two antiphase beams. The depth
of the dip at the center of the experimental curve corre-
sponds to a 2—-3-fold difference between the light wave
amplitudes of the antiphase oscillating beams[11]. The
experimental directional pattern obtained for lasers
with a 40-um-wide stripe is consistent with that calcu-
lated on the assumption of two in-phase beams, but
with account taken of the existence of the second-order
spatial modes in the cavity of the laser with a wide
stripe [12]. Figure 7 shows calculated directional pat-
ternsin the p—n junction plane of alaser with a40-pm-
wide stripe for the case of beams with equal light wave
amplitudes and dependence of the refractive index on a
coordinate identical to that reported in [13]. Curve 1
corresponds to a radiation beam whose center of grav-
ity is shifted from the center of the stripe to the coordi-
nate of the first transverse mode. Curves 2 and 3 corre-
spond to beams oscillating between the extreme max-
ima of the second and third transverse modes,
respectively. The experimental directional pattern is
guite consistent with the calculated curve 2, in accor-
dance with the fact that the second-order transverse
mode is observed in lasers with a 40-pm-wide stripe in
the case of a single light beam propagation [9]. Side
wings appear in the directional pattern of wide-stripe
lasers, but their intensity is low.

Thus, al the anomalous experimental directional
patterns can be accounted for in terms of spatial light
beam oscillationsin the laser cavity; this may be either
asinglelight beam, or asum of two beams, in-phase or
antiphase, with equal or different light wave ampli-
tudes. These theoretical conclusions were arrived at
with account taken of the increase in the nonequilib-
rium carrier density from the middle of the laser stripe
toward its edges and the corresponding decrease in the
dielectric constant due to the increase in this direction
of the injection density and a decrease in the emission
intensity.

4.3. Sudy of Sngle-Mode Operation
in Relation to Current

Let us now discuss how the single-mode operation
of our lasers depends on current [14-18]. We have
determined the temperature and current ranges in
which the emission is single-mode.

Single-mode lasing may be accidental, occurring in
a situation when the amount of crystal defectsin antin-
odes of emission of one of the modes is |ower than that
in antinodes of other modes. However, single-mode
operation has its specific features. The principal condi-
tion for single-mode lasing is that the spectral positions
of the modes and the gain spectrum shift with current in
the same way. The photon energy of the emission
mode hv, changes with the nonequilibrium carrier
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Fig. 7. Directional patternsin the p—njunction planefor two
in-phase beamswith equal light wave amplitudes calcul ated
using formulas from [11]; deviation of beams from the
stripe center: (1) 5, (2) 8, and (3) 10 um.

density mainly owing to a variation in the refractive
index n:

dhv, _ Eydn
dN ~ ndN’ (8)

According to [16], the photon energy in the gain spec-
trum peak (hv,,) obeysthe relation

dhv,,
dN

_ 12 1 1. -0

= N_m|:§|:th + ékT + éAqu’ (9)
where F, and N, are the quasi-Fermi level position in
the conduction band and the electron density at the las-
ing threshold, respectively; AEy isthe band gap narrow-
ing under injection, related to the nonequilibrium car-
rier density by AE; ~ N,

According to (9), the magnitude and sign of
dhv,/dN at a given temperature is defined by the rela-
tion between Fy, and AE, (at T = const), with AE, > 0.
In the semiconductor of the active region of the lasers
under study, the effective electron mass is small com-
pared with the hole mass, with the result that |F| >
|AE,|, and, therefore, dhv,/dN > 0. The opposite sign
can aso be obtained in a mechanically strained active
region. Hence, the magnitude and the sign of dhv,/dN
can be controlled by means of internal mechanical
stresses. In the unstrained laser structures under study,
|AEy| < Fy,, AE; < 0, and dn/dN < 0. The derivatives
dhv,/dN and dhv, /dN are positive.
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Fmaxlz F; vs. current |.

In the single-mode lasers, the nearest neighbors of
the emission mode are suppressed. In [19], the suppres-
sion of modes was ascribed to scattering on electron
density waves occurring in a range of photon energies
that is significantly narrower than the inter-mode dis-
tances, and, therefore, thisis probably not the principal
factor. We have shown that taking into account the pho-
ton momentum yields a significantly wider range of
suppression [20]. The photon momentum makes the
radiative transitions indirect. The energies of carriers
involved in transitions become dependent on the angle
between the photon and carrier momentum vectors.
The time of carrier re-orientation via elastic scattering
is1073s. Consequently, asinglelaser mode reducesthe
carrier concentration in arather wide range of energies,
which define the depletion range. The modes in which
carriers from this energy range might be involved are
suppressed.

The photon momentum p, was defined in [21] as
_ Egn

c (10)

Pp
For our lasers, p, = 0.67 x 1022 (g cm)/s. For nearly
orthogonal directions, when the carrier momentum
magnitude remains unchanged in atransition, the elec-
tron momentum magnitude k., = 4.18 x 102 (g cn/s).
The depletion range in the conduction band AE, is
given by

- 2KnoPp

AE, ,
m, +m,

(11)

where m, and m, are the effective electron and hole
masses, respectively. The widths of the depletion range
are nearly equal in the valence and conduction bands,
the allowed bands being close to spherical for the ener-
gies in question. The boundaries of the frequency sup-
pression band are defined by the suppression in the
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valence band, because m, < m,. The long-wavelength
edge was calculated as the photon energy

_ 2KnoPy 2p, M,

m, m, m,+m,’

hv, =hv (12)

The short-wavelength edge of the suppression band
corresponds to the photon energy

hy + 2KnoPp N Z_pf, m,

hv, , = )
m, m, m, +m,

- (13)
As can be seen from (12) and (13), hv,, —hv >hv —hv,,,
i.e., the suppression range is wider on the short-wave-
length side of the mode, compared with the long-wave-
length side. Our estimates for the lasers under study are
hv,, —hv =177 meV and hv —hv, = 1.26 meV. At the
sametime, theintermode distanceis 0.5 meV. Thus, the
suppression of neighboring modes, because of the pres-
ence of the photon momentum, extends to three and
two inter-mode intervals on the short- and long-wave-
length sides of the generated mode, respectively. The
modes immediately adjacent to the principal mode are
suppressed to the greatest extent, because the depletion
rangein the valence band isinvolved in their generation
to a greater extent than that of distant modes. The
depletion range in the conduction band yields a sup-
pression range that is narrower than the inter-mode dis-
tance and, therefore, not involved in the suppression of
neighboring modes. Transverse spatial modes and the
corresponding frequency modes are suppressed in
lasers with atapered waveguide appearing as aresult of
an increase in the injection density across the cavity
width from its center to its edges, low emission inten-
sity at the edges, and weak spreading of carriers across
the active region. In the course of the spatial oscilla-
tions discussed above, the light beam moves from one
edge to the other through the center with lowered gain
and changes the gain spectrum, which maintains the
arising oscillations; i.e., the beam oscillations are self-
sustaining.

Figure 8 presents one of the experimental light—cur-
rent characteristics for the single-mode operation of a
laser with b = 10 um, L = 225 pym, and |, = 12 mA
(V12192-1 laser) at 77 K [14]. Thefraction of the dom-
inant mode in the overall emission of all the spectral

modes (F ./ Z F,) was measured at various currents.

As is seen, the F,/ ) F; ratio is current-dependent
and varies between 0.8 and ~1 in the range of currents
Ny, =158 At =l Frad z F, ~0.3. At high currents,

Iy, > 3.5, Fod ) Fi is independent of current and

equal to ~0.45. Single-mode lasing has been studied in
relation to current and temperature for aVV12191 laser
with a 16-um-wide stripe and a 375-um-long cavity
[16]. The operation was single-mode at currents
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exceeding the threshold value by 10 to 200—-300% in
the temperaturerange T = 12-90 K.

4.4, Fast Tuning of Laser Emission Wavel ength
by Current

Let us consider the tuning of our lasers by current.
The variation of the emission wavelength is defined by
the variation of the constant of electromagnetic wave
propagation along the stripe (€), characterizing the
velocity of the laser emission propagation along the
stripe and having a value intermediate between the
dielectric constant at the stripe edge and at its center.

The variation of A\ isrelated to that of € (A€) by

A
AN = Z_As
The nonequilibrium carrier density may signifi-
cantly exceed the threshold value at the stripe edges,
where the laser emission intensity is zero because the
wave nodes are located here; consequently, only spon-
taneous recombination occurs at the stripe edges. Far
from the edges, the carrier density may be even lower
than the threshold value owing to the high rate of stim-
ulated recombination. Therefore, the dielectric constant
decreases toward the stripe edges in an operating laser.
The higher the injection uniformity, the stronger is this
effect and the weaker is the carrier spreading over the
p— junction area.

As shown in [5], self-focusing is due to the depen-
dence of the dielectric constant € on the electromag-
netic wave amplitude. This is associated with the non-
linearity of the laser’s opticd medium. However,
dependence of € on current has not been revealed. We
considered a mathematical model for lasers in which
the current density is the same over the area and in
which no spreading occurs; i.e., the injection is uni-
form. With account taken of the dependence of the
dielectric constant on the nonequilibrium carrier den-
sity and the assumed time-independent densities of
nonequilibrium carriers and photons, the Helmholtz
wave equation takes the form

o N2 SR

(14)

(15)
i+1
1+ u’/D

where u isthe electromagnetic wave amplitude; €; isthe
dielectric constant at theinversion threshold; i istherel-
ative excess of current over the threshold; D =
hw8rvbtn?; B isthe differential gain; T isthelifetime of
nonequilibrium carriers; 8, = 2n(dn/dN)(Ny, —Ng); nis
the refractive index of the active medium; and Ny, and
N, are the carrier densities at the lasing and inversion
thresholds, respectively. The variation of € leads to
changes in the emission wavelength (14). It is worth

L2y
D)\D o0&y

u =0,
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noting that, in contrast to Eq. (7.4) from [5], Eg. (15)
includesthe quantity i initsthird term. Since € depends
on u?, Eq. (15) reflects the nonlinearity of the laser’s
optical medium.

The existence of the inflection point in the U = f(y)
curve makes it possible to express, in accordance with
Eg. (15), € in terms of the wave amplitude U, at this
point:

i+1
1+ Ui/D

€ = g +0¢g, (16)

It follows from thisrelation that at i < 1 and u’/D < 1
the inequality € < g, holds, where g, = €, + 3¢, and

0&;, < 0. The value of & decreases sublinearly with
increasing i. In this case, the wavelength of our lasers

decreasesby 8\_= 4.5 A.Ati > 1, when u’/D > 1, the

emission self-focusing resultsin € > g, and growswith

increasing current i. These two portions of the € (i)
dependence must be connected by a smooth curve with
a positive derivative. The increase in A can only be
observed in lasers with awide (20 pum) stripe, in which
emission self-focusing occurs, with AA, exceeding |AA |
severalfold.

If the injection is not uniform [13] (the stripe is
much narrower than the substrate, b = 16 um, and ¢ =
500 um), the excess of the injection density over the
threshold of i depends on the coordinate across the
stripe width y as (6), and the wave equation takes the
form (7); i.e, the light beam in the crystal oscillates,
then the constant of the el ectromagnetic wave propaga-
tion along the cavity, €, depends on the quantum num-

ber n on iy and, consequently, on current:
_ iok
£, = en—h+ 2o (- STy (D

The propagation constant €, decreases sublinearly

with increasing current and gradually levels off. The
maximum decrease in the wave packet propagation
constant with iy increasing from 0 to o is estimated for
our lasersto be Ag .., = 0.032. The cal culated maximum
decrease in wavelength, owing to the nonuniform
inflow of current into the stripe from the substrate, is
estimated to be A\, = 41 A for our lasers.

To evaluate the speed of current tuning, it is neces-
sary to keep in mind that the diel ectric constant depends
on the density of nonequilibrium carriers, which, in
turn, is defined by the rates of stimulated and spontane-
ous recombination. The influence of the spontaneous
recombination is due to the fact that the carrier density
grows to a greater extent at the stripe edges than it
decreases at the center. Thisis the main reason for the
enhancement of spontaneous emission with increasing
current abovethethreshold. In fact, the above-threshold



1412

(@)

1
2.0 1/l

Fig. 9. (a) Variation of the laser emission wavelength AA
and (b) variation of the directional pattern half-width A6 vs.
driving current to threshold current ratio I/1y, for lasers with
stripe width: (1) 16 and (2) 20 um.

risein the carrier density is at least three times weaker
than the below-threshold one. Consequently, the lasing
wavelength is affected to alesser extent by spontaneous
recombination than by stimulated recombination. The
photon lifetime in the cavity is~107'? s, and the carrier
lifetime in the case of spontaneous recombination is
~10® s. Presumably, the current tuning takes some
intermediate time.

Let us consider experimental data on the tuning of
our lasers by current.

Different driving modes were used: short pulses of
20-40 pswith the period-to-pul se duration ratio of 100,
square pulses with the period-to-pulse duration ratio of
2 and a repetition frequency of 36-80 Hz, direct cur-
rent, and direct current with a saw-tooth component
added [22, 23]. In the last case, the direct current was
set equal to the threshold current. The frequency of
the saw-tooth component wasin the range from 107 to
10* Hz. With the laser driven by saw-tooth pulses, the
coherent emission leaving the laser was passed through
an external Fabry—Pérot resonator, fabricated from a
47-mm-thick silicon plate that served as the amplitude-
frequency discriminator. Further, the optical signal was
passed through a monochromator, detected with an
InSb photodiode, and amplified by adifferential ampli-
fier with aresponse time of 0.2 us. A laser wavelength
resolution of 2 x 102 A was achieved by turning the sil-
icon Fabry—Pérot resonator to change its length. The

DANILOVA et al.

3.2830
3.2825

3.2820
3.2815

3.3135
3.3130
3.3125
3.3120
3.3115
3.3110
3.3105
3.3100
3.3095
3.3090

3.3085

3.3080 L
20 40

A, Um

60 80

100 120 140 16
I, mA

Fig. 10. Emission wavelength of V12152-71 laser vs. cur-
rent for pumping with (1) direct current, (2) short pulses,
(3) saw-tooth pulses, and (4) square-wave pul ses.

spectra were recorded with a DM R-2 monochromator
as the dispersing instrument. The measurements were
taken in the temperature range 1292 K.

Experimental studies of our lasers have shown that
the spectral modes of emission shift mainly to shorter
wavelengths with increasing current. However, several
lasers with a20-pum-wide stripe exhibited ashort-wave-
length shift at currents near the threshold and a long-
wavelength shift at currents of (1.5-2)I,,. The range of
the long-wavelength shift was several times wider than
that of the short-wavelength shift (Fig. 9a). The long-
wavelength shift was accompanied by emission self-
focusing manifested in the expansion of the directional
pattern, caused by diffraction on the dlit corresponding
to the light beam width at the cavity mirror in the p—n
junction plane (Fig. 9b). Such adependence AA(1) stems
from the € (i) dependence expressed by formula (16),
derived for lasers with uniform injection and negligible
charge spreading across the stripe width. For most of
the lasers, a small long-wavelength shift was observed
at small above-threshold currents, but a short-wave-
length shift appeared with the further increase of cur-
rent.

We studied coherent emission spectrawith different
types of driving current; direct current, short 0.04-ms
pulses with a period-to-pulse duration ratio of 100,
saw-tooth pulses with repetition frequencies of 107 to
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10* Hz, and square pulses with a period-to-pulse dura-
tion ratio of 2 and a repetition frequency of 36 Hz [13].
The measurements were done at 77 K. The laser stripe
width was 16 um, and the substrateswere 500 um wide.
The A(l) dependences behave similarly at different
kinds of injection (Fig. 10). At low currents, a shift to
longer wavelengths is observed by avalue no less than
10 A. At low currents, the emission is concentrated in a
singlelongitudinal spatial mode. Nonequilibrium carri-
ers at the center of the active region “burn out” under
these conditions, and their density decreases somewhat.
This increases the electromagnetic wave propagation
constant. With the current increasing further, the spec-
tral mode shifts smoothly to shorter wavelengths, this
shift greatly exceeding the preceding long-wavelength
shift. The maximum short-wavelength shift was~50 A.
The experimentally obtained A(l) dependence qualita-
tively correlates with the theoretical € (i) dependence
for lasers with nonuniform injection over the stripe
width, which is caused by a voltage drop in the sub-
strate bulk [EqQ. (17)]. The experimental A\ IS 22%
higher than the theoretical value. A possible reason for
thisis that not all modes of all orders are generated in
our samples, but the longitudinal and first transverse
modes are preferentially generated, which additionally
increases the carrier density at the stripe edges. Taking
this factor into account may give an increase in AA .
by 30%. At high currents, 3l;, the slope of A(l)
decreases, the spectrum ceases to be single-mode, and,
at | > 4l,, the wavelength becomes independent of cur-
rent. This behavior of A(l) also follows from the theo-
retical dependence € (i) (17). Modes with awavelength
shorter than that of the dominant mode, appearing at
| > 1y, shift with current in the same manner asthe dom-
inant mode (Fig. 10). The strongest emission wave-
length tuning to shorter-wavelengths was observed at
the same currents where the transverse modes appear.
The coincidence of the spectral characteristics for dif-
ferent types of injection indicates that the active region
is not heated by current and that the current tuning is
fast, as assumed in theory [24].

Thetuning of narrow-stripe (10 um) lasers with low
(~12 mA) threshold current was studied. Experimental
data are presented for alaser whose light—current char-
acteristic in single-mode operation is shown in Fig. 8.
The dominant mode wavelength, directional patternsin
the plane of the p—n junction and in the perpendicular
plane, and aso the relative integral emission intensity
were studied as functions of the driving current (Fig. 11)
[14]. Thelaserswere driven with square pulses. In these
lasers, the wavelength is shifted by current only to
shorter-wavelengths but at different rates in different
/14, ranges; the total mode shift with current was~55 A
at an intermode distance of ~60 A (Fig. 11a). There are
four current ranges differing in the rate of the mode
shift. Special attention was drawn to the fact that, for
currents between 1.5l and 2.8l,, when the operation is
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Fig. 11. (a) Spectral mode shift AA; (b) FWHM of directional
pattern, A, (1) in the p—njunction plane and (2) in the plane
perpendicular to the p—n junction plane; and (c) integral
emission intensity Fs vs. current. V12192-1 laser.

single-mode, F,,./ ) F; lieswithin 0.8-1, and the total

mode shift with current is ~2.5 A. In this range of cur-
rents, the directional pattern width A8 ~17°. Asalready
shown, such anarrow directional pattern may be due to
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Fig. 12. Wave number of laser modes vs. driving current at
laser temperature of (1) 77 and (2) 62 K.

the superposition of two light beams with equal light
wave amplitudes oscillating in-phase. Probably, the
spectral characteristics are also defined by these oscil-
lations. In the first range, between 1, and 1.5 I, the
shift rate is the highest. The total mode shift is ~30 A,

and the emission is not purely single-mode, F,,,,/ z F;

being 0.3-0.8 (Fig. 9). The directional pattern narrows
in the p—n junction plane and gets wider in the perpen-
dicular plane. The integral emission intensity grows
superlinearly with increasing current. Presumably, a
single light beam oscillates in this current range. In the
third range of currents, between 2.5, and 3.5, the
mode strongly shifts again to shorter wavelengths
(=20 A). Inthisrange, the single-mode operation is dis-

rupted; F../ ) F; changes from 1 to 0.5. The direc-

tional pattern in the p—n junction plane broadens some-
what (Fig. 11b, curve 1), and that in the perpendicular
plane remains almost unchanged (Fig. 11b, curve 2). In
the fourth range of currents, the emission wavelength
does not change with increasing current, which may be
due to the leveling-off of the electromagnetic wave
propagation constant € as a function of current, in
accordance with (17). The light beam in the p—n junc-
tion plane gets narrower, and that in the plane perpen-
dicular to the p—n-junction plane broadens and pene-
trates into the confinement regions; this causes narrow-
ing of the directional pattern in the perpendicular plane
and decreases the integral emission intensity.

The temperature dependence of laser-mode current
tuning was studied in [16, 18] for lasers with 16-um-
wide stripes and a 375-um-long cavity and driven by
square pulses at temperatures of 12-90 K. As stated
above, the emission was single-mode in this tempera-
ture range. At 77 K, the modes shifted by ~60 A to a
shorter-wavelength, which, for this laser, constituted
approximately two intermode distances. The laser
emission was single-mode over the entire tuning

DANILOVA et al.
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Fig. 13. (1) Oscillogram of signal U proportiona to the
intensity of laser emission transmitted through a cell with
CH3Cl gas at saw-tooth driving current and (2) its time
derivative dU/dt obtained after the RC-circuit.

range. The maximum shift of the spectral mode by
current (10 cm, 104 A) was obtained at 62 K. Figure
12 presents the emission wave number as a function of
current at 62 and 77 K [18]. At the boundaries of the
temperatureinterval studied, thetuning rangeishalf the
maximal value.

The dependence of the laser emission spectrum on
current was studied for lasers with a wider stripe
(40 pm). Theincrease in the stripe width from 10-20
to 40 pm did not impair the spectral characteristics of
the laser. The 24-A shift of the wavelength with current
at an intermode distance of 62 A (V1109-1-15 laser) is
the average value for InAsSh/InAsSbP heterostructure
lasers with a stripe width of 10-20 pm.

4.5. Emission Line Width in Tunable Diode Lasers

In high-precision studies of vibration-rotational
spectra of gas molecules, the spectral width of the
emission line is the principal characteristic of lasers.
The emission line width was studied in current-tuned
INASSbP/InAsSb/InAsSbP heterostructure lasers [25,
26]. The lasers were driven with direct current modu-
lated by a saw-tooth current in the current range of |, to
5y, a temperatures of 12-100 K. The emission of a
mode was directed into a cell filled with gas or into a
reference cavity. The detected signal was fed into adif-
ferentiating RC-filter and a digital oscilloscope. Fig-
ure 13 shows the oscillogram of alaser emission signal
transmitted through a cell with CH;Cl (curve 1) and the
time derivative of thissignal (curve 2). Therate of vari-
ation with time, T(v"), of the emission wave number v'
of alaser driven with saw-tooth current was determined
from the time interval between two signal minima cor-
responding to the known absorption lines of CH;CI.
When separate absorption lines were used, the rate v'
was determined from natural frequencies of the refer-
ence cavity. The linear average of the derivative Ug and
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its rms deviation [U,[Ifrom the mean value were
recorded by the second channel of the oscilloscope.
These quantities were measured at the inflection points
of the | curve, where they are at a maximum, and aver-
aged. The haf-width of the emission lines was found
using the relation

Af = 2ctv' U, [TUg. (18)

The experimental emission line half-widths Af
depend on the driving current | (Fig. 14). The line
half-width is the narrowest at some current | = 1.
Af increases steeply with current at | > I, and gradu-
aly at | i, = (34l Inthe described laser, Af iswithin
3218 MHz. In multimode lasers, the haf-widths of
several simultaneously generated modes differ by no
more than 20%. At a temperature deviation of +10 K
from the optimal temperature, when the tuning rangeis
the widest, the half-width of the emission line changes
in the same direction as the absolute temperature (at a
fixed | — 1, difference).

Along with experimental points, Fig. 14 presents
two theoretical curves (dashed and solid). The dashed
line is plotted for aVV12191-3 laser, using the formula
derived by Henry [27] for the half-width of the semi-
conductor laser emission line

Af = R(1+0a?’)/4mP, (19)

where Risthe average rate of spontaneousemission, d,,
istheratio of variations of the real and imaginary parts
of therefractive coefficient, and P isthe number of pho-
tonsin the cavity. Henry’stheory assumesthat the aver-
age density of nonequilibrium carriers N becomes cur-
rent-independent after the threshold value Ny, is
achieved. In this case, R, a,,, and Af are defined by the
variation of the number of photonsin the cavity P, and
Af is due to fluctuations of spontaneous emission into
the mode, in agreement with the Schawlow—Tawnes
theory [28]. A hyperbolic decreasein Af with increasing
| — Iy, has been observed experimentally [29]. Intunable
lasers, the nonequilibrium carrier density grows with
current. In this case, the emission line half-width is
defined by fluctuations of the natural frequencies of the
cavity, which arise from the fluctuation of the number
of carriersinside it, with the corresponding variation of
the refractive index.

In the absence of lasing, the probability function for
the natural frequencies of the cavity has awidth

f 2
Afy = 2;‘3%‘ (N +3N),

where V is the cavity volume, and N is the excess of
the nonequilibrium carrier density over the threshold
value attributed to the deviation &f of the lasing fre-
guency from its value at the threshold current,

of n
f (-=dn/dN)’

(20)

ON = (21)
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Fig. 14. Points: experimental laser line half-widths Af vs.
current, obtained with V12191-3 laser using the absorption
lines of CH3Cl and OCS gases; curves:. theoretical depen-
dences of Af on current, calculated on the assumption of
current-independent nonequilibrium carrier density (dashed
line) or that increasing with current (solid line).

In the case of lasing, the probability function becomes
narrower by a factor equal to the factor by which the
carrier lifetime decreases (from 1, to T,). The emission
line width is given by

Af = Af,E.

I (22)

At afixed injection rate and gain under the conditions
of bimolecular recombination typical of lasers, we use
the rate equation for N to obtain

To _ g, (/1) = (1+3N/N,)*
T, 2(1 = Ng/Nyp) (1 + 3N/Ny,)’

where N, is the nonequilibrium carrier density at the
population inversion threshold for the mode in ques-
tion, and Ny/Ny, = 0.75-0.80. The solid curvein Fig. 14
represents Af calculated using Egs. (20)—«23) for n =
3.6, dn/dN = 0.25 x 108 cm?, and N, = 9.4 x 10 cm3,
which is in good agreement with experimental data.
When the emission line width and its dependence on
current are governed by fluctuations of the cavity’s nat-
ural frequencies, arising from fluctuations of the num-
ber of carriersinit, the emission line width isinversely
proportional to the square root of the active region vol-
ume. This fact allows us to depress the emission line
width by making the cavity wider. An emission line
half-width of 10 MHz was achieved in lasers with a
100-um-wide cavity [26]. Thislinewidth is 15-50 times
smaller than the width of absorption lines of gases. The

(23)
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Fig. 15. Transmission spectra of OCS, NHs, H,0, and CH3Cl gases recorded with laser beam scanning.

laser emission was single-mode in the temperature
range 60-80 K, with the wave number tunable in the
range 24 cm . The achievement of single-mode, nar-
row-line emission from wide-cavity lasers demon-
strates the high perfection of LPE-grown epitaxial lay-
ersand, owing to their high power and narrow emission
line, makes lasers of this kind promising for spectro-
scopic applications. Our tunable lasers have been used
to measure the absorption lines of quite a number of
gases: N,O [18], CH4CI [16, 18, 25, 26], H,O [16, 18],
OSC[16, 26], NH; [16]. Figure 15 shows the transmis-
sion spectra of OSC, NH, H,O, and CH,CI.

5. CONCLUSION

Thus, we have fabricated and studied
INASSbP/INASSh/INASSbP  double heterostructure
lasers emitting at 3—4 um. The laser spectrum can be
tuned by varying the temperature and current. The

emission wavelength increases with temperature
amost linearly, dA\/dT = 0.002 um/K. The mode wave-
length changes by 0.5-1.0 cm™ owing to the heating of
the active region. The transmission spectra of methane
and ethylene have been recorded using the lasers. The
time of laser tuning by current is 108-10%s; i.e,, itis
virtually instantaneous. The operation is single-mode
intherange of currents|/l,, = 1.15-3 at temperatures of
12-90 K. The mode shift at T = 77 K is 50-60 A, the
maximum mode shift of 104 A (10 cm?) being
achieved at 62 K. An abnormally narrow directional
pattern of emission in the p—n junction plane was
observed in some of the lasers. The experimental data
have been analyzed theoretically for lasers with a non-
equilibrium carrier density that increases across the
stripe from its center to its edges, with negligible
spreading of carriers in the p—n junction plane. It is
shown that, in such a laser, the light beam oscillates
across the stripe width from one stripe edge to the other
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and back. This effect gives rise to a tapered waveguide
and results in the electromagnetic wave propagation
constant becoming dependent on the relative excess of
current over the threshold and on the squared amplitude
of the electromagnetic wave. This reflects the nonlin-
earity of the laser’s optical medium and allows tuning
of the laser spectrum. The emission line width
(FWHM) and its dependence on current have been
studied. A line width of 10 MHz was attained in alaser
with awide (100 um) cavity. The spectral line width is
governed by fluctuations of the natural frequencies of
the cavity, arising from fluctuations of the nonequilib-
rium carrier density. The lasers have been used for the
scanning of OSC, NH;, CH4CI, H,O, and N,O gas
media.
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