Semiconductors, Vol. 36, No. 8, 2002, pp. 837-840. Translated from Fizika i Tekhnika Poluprovodnikov, Vol. 36, No. 8, 2002, pp. 897-901.

Original Russian Text Copyright © 2002 by Preobrazhenskii, Putyato, Semyagin.

ATOMIC STRUCTURE AND NONELECTRONIC

PROPERTIES OF SEMICONDUCTORS

M easur ements of Parameters of the L ow-Temperature
Molecular-Beam Epitaxy of GaAs

V. V. Preobrazhenskii, M. A. Putyato, and B. R. Semyagin

Institute of Semiconductor Physics, Sberian Division, Russian Academy of Sciences,
pr. Akademika Lavrent’ eva 13, Novosibirsk, 630090 Russia
e-mail: pw@isp.nsc.ru
Submitted December 24, 2001; accepted for publication December 28, 2001

Abstract—Phase diagrams of GaAs (001) surface structures were used to calibrate sensors of the substrate
temperature and As flux in molecul ar-beam epitaxy systems. The sublimation temperature of amorphous layers
of As adsorbed on GaAs was measured. It was shown that this temperature is constant and does not depend on
the rate of substrate heating, layer thickness, or the degree of vacuum in the system. The sublimation tempera-
ture of amorphousAs can be used as a reference point to calibrate the substrate temperature in the range of low
growth temperatures. © 2002 MAIK “ Nauka/lInterperiodica” .

INTRODUCTION

The use of molecular-beam epitaxy (MBE) to grow
GaAs layers with preset parameters requires accurate
determination of the temperature of a substrate (T,) and
the flux density of As incident on the substrate. The
problem of accurately measuring these parameters has
existed since the inception of MBE, and it till remains
urgent.

The widely used methods of measuring T, (optical
pyrometry and the use of a thermocouple that has no
direct contact with a substrate) have a number of seri-
ous drawbacks. One of the major drawbacks of optical
pyrometry is that it can be used only in alimited tem-
perature range. Commercial infrared (IR) pyrometers
make it possible to reliably measure temperatures no
lower than 400°C [1]. In addition to this, the accuracy
of IR pyrometers depends on how accurately the emis-
sivity of the object of measurement is determined.
Therefore, in order to increase the accuracy of pyromet-
ric measurements, the measuring instruments should be
systematically calibrated.

One of the drawbacks of the thermocouple method
is the significant difference between thermocouple
readings and actual substrate temperatures. This differ-
ence can be as large as 150°C [2]. Therefore, asin the
case of pyrometry measurements, a thermocouple
should be calibrated in order to accurately measure the
substrate temperature.

In order to calibrate thermocouples and IR pyrome-
ters, reliably determined temperatures of some pro-
cesses are used. Among these are (1) the melting of sub-
stances deposited on the substrate surface (for example,
the melting temperatures T, of InSb and In are 525 and
163°C, respectively) and (2) the formation of eutectics
Al-Si (at 577°C) and Al-Ge (at 424°C). However, this
technique cannot be used under the conditions of radi-

ative heating of asubstrate. Thereisan increasein light
absorption in areas where substances are deposited,
which results in significant local overheating of the
substrate [3]. Most often, the temperature at which an
oxide layer evaporates from a GaAs substrate is used to
calibrate T,. Before carrying out MBE, it is necessary to
thermally clean the substrate surface. The process of
thermal cleaning is monitored by reflection high-
energy electron diffraction (RHEED). This makes it
possible to calibrate each substrate. One of the draw-
backs of this technique is the heavy dependence of the
sublimation temperature of the oxide on the method of
itsformation and on the period of time during which the
oxidized substrate is stored. The oxide sublimation
temperature can range from 515 to 640°C [3, 4].

Recent intensive studies of GaAs grown at low
(below 300°C) temperatures (LT GaAs) have revealed
another drawback that isinherent to all the above-men-
tioned methods. Namely, none of these methods makes
it possibleto accurately determine T, in the temperature
region below 350°C.

A flux of Asin any MBE system is commonly mon-
itored by a vacuum ionization gauge. However, it is a
rather difficult task to derive the values of flux density
from ionization gauge readings. Therefore, the value of
the equivalent pressurein an Asflux is usually reported
in the literature, rather than the value of the flux itself.

In this study, we suggest a method for evaluating
both the As flux incident on a growth surface and the T,
value in MBE systems. The proposed method is based
on phase diagrams (PDs) of GaAs (001) surface struc-
tures (SSs). It is shown that the temperature of subli-
mation of amorphous As from the substrate surface is
250 £ 2°C. Thisvalueis constant and can be used as a
reference point to determine the substrate temperature
in the temperature range below 350°C.
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Table 1. Expressions used to describe the position of boundaries in the static PD of a GaAs (001) surface

Transition Expression
c(4 x 4) (2x4) Jass = 5.25 x 10%*exp(-3 x 10%/8.31T)
(2x4) (3% 1(6)) Jpes = 8.25 x 10**exp(-3.5 x 10°/8.31Ty)
(3% 1(6)) (4x2) Jpes = 7.25 x 103 exp(-3.19 x 10°/8.31T)

Note: Jag istheAs, flux density (molecules cm2 s‘l); Ts is the substrate temperature (in K).

Table 2. Expressions used to describe the position of boundaries in the dynamic PD of a GaAs (001) surface

Growth rate of GaAs,

monolayers's Boundary between SSs Expression
0.95 C(4 x 4) —— (2 x 4) Jass = 5.25 x 10%*exp(-3 x 10%/8.31Ty)
+1.47 x 10 x 180exp(-2.5 x 10%8.31T,) + 1.47 x 10
0.95 (2x4) (3 x 1(6)) Jags = 8.25 x 103*exp(-3.5 x 10%/8.31T)
+1.47 x 10™ x 75exp(-2.5 x 10%/8.31T) + 1.47 x 10*
0.95 (3% 1(6)) (4%2) Jaes = 7.25 x 1031 exp(—3.19 x 10%/8.31T,)
+1.47 x 10" x 50exp(-2.5 x 10%/8.31Ty) + 1.47 x 10™

Note: Jag istheAs, flux density (molecules cm2 s‘l); Tsis the substrate temperature (in K).

DETERMINATION OF ARSENIC FLUX
AND SUBSTRATE TEMPERATURE USING
SURFACE PHASE DIAGRAMS
OF GALLIUM ARSENIDE (001)

The PD of a GaAs (001) surface subjected to MBE
shows areas where SSs exist. The position of bound-
aries between SSs depends only on T, and the densities
of incident fluxes. This makesit possible to use the PD
of the GaAs (001) surface to calibrate sensors of tem-
perature and As flux in MBE systems.

Let us consider how to determine the T, and the As
flux density using PDs of GaAs (001).

We previously obtained [5] static PDs (for the case
when only an As flux is incident on the surface) and
dynamic PDs (both Asand Gafluxesareincident) using
direct measurements of the substrate temperature and
incident fluxes. The position of boundaries between
SSsin the static and dynamic PDs can be described by
expressions obtained in [5]. These expressions are
listed in Tables 1 and 2 for static and dynamic (the
growth rate is 0.95 monolayers/s) PDs, respectively.

The Asflux can be monitored either by the position
of ashutoff valve (if avalve source of Asisused) or by
readings of an ionization vacuum gauge. The gauges
are either installed on the walls of the vacuum chamber
or clamped on manipulators and thus can be placed in
the Asflux. In any case, there is a relation between the
As flux and the valve position or the readings of the
vacuum gauge. The problem is how to derive thisrela
tion. The same problem arises when T is measured: it
IS necessary to determine the relation between temper-
ature sensor readings and actual substrate temperatures.
Thevalue of T, can be monitored by a pyrometer and/or
a thermocouple at the substrate heater (the value of a

current passed through the heating element can also be
used if there is no thermocouple).

In order to determine these relations for any MBE
system, the phase diagram of the GaAs (001) surface
should be plotted on the basis of experimental data. The
measured values of the Asflux density and T, should be
plotted on the axes. A GaAs substrate can be mounted
on the manipulator heater in any convenient way. In
order to increase the calibration accuracy, the location
of boundaries between all SSs on the static PD should
be determined for as wide a range as possible for As
flux densities and T, values. In the case of the dynamic
PD, it is sufficient to determine the location of the
boundary between any two SSs and one value of the
growth rate. By rescaling the X and Y axes, the obtained
PDs can be unambiguously related to the PDs plotted
using the expressions from Tables 1 and 2. This makes
it possible to determine the relations between the read-
ings of sensors of flux density and temperature and the
actual values of these quantities.

Figure 1 shows an example of bringing into corre-
spondence the SSs obtained for a Katun' MBE system
with SSs, which was plotted using the expressions from
Tables 1 and 2. A thermocouple (that was not in direct
contact with a substrate) was used to measure T,. The
As flux was measured from the position of the As
source valve.

When the size of a substrate and the method of its
mounting change, the thermal parameters of the
holder—heater system change as well. This requires the
recalibration of T. It ismuch easier to make anew cal-
ibration when the relation between the readings of a
vacuum gauge and the actual values of As flux are
known. Inthiscaseg, it issufficient to determinethetran-
sition temperature for one pair of SSsin the static PD
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(for one known value of Asflux) and then to correct the
calibration of T using this point. The use of severa
such points increases calibration accuracy.

Thus, the method of phase diagrams can be used to
determine the As flux density and T in growth cham-
bers of MBE systems, including those that have no sen-
sors for directly measuring these parameters. The val-
ues of T, and As flux density can be determined by this
method with an error of £10°C and +20%, respectively.

The authors of [6] suggested using the temperatures
of transitions between SSs on GaAs (100) as reference
points for the calibration of thermocouples. It was
found that, if a substrate is heated at arate of 1 K/min,
the transitions between SSs from c(4 x 4) to (2 x 3),
from (2 x 3) to (2 x 4), from (2 x 4) to (3 x 6), and from
(3x6) to (4 x 2) occur at T,= 354, 395, 500, and 549°C,
respectively. This technique has the following signifi-
cant advantages: the method of heating (radiative or
conductive) does not affect the transition temperature;
there is no need to deposit other substances on the sub-
strate surface; each substrate can be calibrated before
the growth; and the RHEED technique (conventional
for MBE systems) can be used to observe transitions.
One of the drawbacks of the suggested technique is the
influence of the rate of substrate heating on the transi-
tion temperature, which was observed in [5]. Modern
toolsfor heating control make it possibleto easily main-
tain the preset heating rate; therefore, the temperatures of
trangitions between SSsin the absence of incident fluxes
can be used for the rapid determination of T

DETERMINATION OF THE TEMPERATURE
OF SUBLIMATION OF AMORPHOUS ARSENIC
FROM THE SUBSTRATE SURFACE

Passivation of surfaces of structures by depositing
layers of amorphous As on them is widely used in the
production of semiconductor devices (see, for example,
[7]). Many authors reported the value of 250°C as the
temperature of sublimation of an amorphous As layer
from the substrate surface. This fact, together with the
simplicity of deposition of amorphous As layers on
substratesin 111-V MBE systems, prompted usto study
the sublimation of amorphous As from the surface of
GaAsin order to use the value of the sublimation tem-
perature for the cdibration of T, in the temperature
range below 350°C.

Experiments were carried out in an updated PMA-12
(Shtat) MBE system. Semi-insulating GaAs (001) sub-
strates were used. The surface condition and the pro-
cesses of deposition and sublimation of amorphous As
were monitored by RHEED.

The substrate was mounted on a special-type holder
(Fig. 2). A thermocouple, mounted on the holder, was
in good thermal contact with the substrate. The latter
was installed on a massive Mo base using indium. In
accordance with the data reported in [8], the difference
in the temperatures of the thermocouple and substrate
was less than 0.2°C.
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Fig. 1. Correlation between a PD of GaAs (001), obtained
in experiments in a Katun MBE system, and a PD, plotted
with the use of expressions from Tables 1 and 2. Dots,
squares, and triangles mark experimentally obtained bound-
aries between SSs; solid lines indicate the boundaries
between SSs, which were plotted using expressionslisted in
Table 1; and the dashed line indicates the boundary between
(3 x 1) and (2 x 4) SSs, which was plotted using an expres-
sion from Table 2.
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Fig. 2. Layout of a system for temperature measurements,
including (1) substrate, (2) thermocouple, (3) Mo holder,
and (4) heater.

In al experiments, in order to obtain an atomically
smooth surface, abuffer GaAs layer of thicknessin the
range of 0.1-0.5 um was grown on the GaAs substrate.
After the buffer layer was grown, the substrate was
cooled to 50-80°C in As, vapor. After that, the super-
structure disappeared but clear strands of main reflexes
remained. Then, the cracking zone of the As sourcewas
heated to supply a flux of As, molecules to the sub-
strate. We chose As, because its adsorption rate exceeds
that of As, [9, 10]. Theflux density was 2—8 x 10> mol-
ecules cm? s Under these conditions, a layer of
amorphous As condensed on the substrate surface. In a
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Fig. 3. Calibration curves for a thermocouple on a manipu-
lator heater in a Katun MBE system; the curves were
obtained from a PD of GaAs (001) (solid line) and from
transitions between SSs without As flux and sublimation
point of amorphous As (dashed ling). Squares (1) corre-
spond to the temperatures of transitions between SSs and a
triangle (2) corresponds to the sublimation temperature of
amorphousAs.

period of 3-5 min, all featuresin the diffraction pattern
disappeared and a uniform diffuse background arose
which was stable in time. Then, the flux of As, mole-
cules was switched off; the As source was cooled; and,
after the pressure of residual gasesin the growth zone
was reduced to about 107 Pa, the substrate was heated.
The sublimation temperature of As was determined
from the appearance of diffraction features in the
RHEED pattern. In the experiments, different exposure
times of the substratesto As? vapor and different (from
4 to 20 K/min) heating rates were used. Under al
experimental conditions, the sublimation temperature
of Aswas constant and equaled 250 + 2°C.

Thefact that the sublimation temperature of Asdoes
not depend on the heating rate and layer thickness is
probably caused by the phase transition that occurs at
250°C between amorphous (black) As and Asin one of
the crystalline phases (gray As). During this transition,
the saturated-vapor pressure of Asabove the crystaline
phase can greatly exceed that above the amorphous
phase. This results in the fast sublimation of As from
the substrate surface at 250°C. As is known, the phase
transition between black and gray As occurs at 270°C
under norma conditions [11]. The disagreement
between the datain the literature and our results may be
due to the fact that we determined the temperature of
the phase transition in vacuum.

When radiative heating is used, the calibration of the
temperature sensor should be carried out taking the fol-
lowing into account. The deposition of athick (greater
than 50 nm) layer of amorphous As on a substrate
makes the substrate absorb radiation more intensively
from the manipulator heater. This may result in alarge
error in determining T,

Figure 3 shows calibration curves for a thermocou-
ple positioned on a substrate heater in a Katun' MBE
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system; these curve were obtained using either PDs
(solid line) or transitions between SSs without an As
flux or sublimation point of amorphous As (dashed
line). The experiments were carried out on a GaAs
(001) substrate mounted on a Mo holder with the use of
In. Ascan be seen, thereis good agreement between the
calibration curves obtained by these two methods. Such
agreement cannot be aobtained in the low-temperature
range without using the sublimation temperature of
amorphousAs. Therefore, the calibration obtained using
transitions between SSs and the sublimation point of
amorphous As can be used to determine T, Then, the
sensor of the As flux can be calibrated using PDs of
GaAs (001). In order to do this, it is sufficient to plot a
boundary between two neighboring SSsin the static PD.

CONCLUSIONS

Theresults of this study show that the substrate tem-
perature and As flux density in MBE systems can be
determined using PDs of GaAs (001) surface struc-
tures. The substrate temperature can be measured with
an error of £10°C, while the As flux density can be
measured with an error of £20%. The sublimation tem-
perature of amorphous As deposited on the surface of
GaAswas measured. It was shown that thistemperature
is constant and does not depend on the heating rate, the
thickness of the deposited layer, or the degree of vac-
uum in the MBE system. Therefore, this value can be
used as areference point to calibrate the substrate tem-
perature in the region of low growth temperatures.
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Abstract—For the first time, a contactless local photoacoustic technique based on the spectroscopy of laser
beam deviation was used to estimate maximal values of elastic shear strains ¢, in micrometer-sized surface
regionsof Si and GaAs; the val ues obtained fall in the range of 10° < ¢, < 1074 The development of irreversible
inelastic processes in the surface layers of semiconductors subjected to a series of focused laser pulses under
photoinduced quasi-static strains ¢ > ¢ is demonstrated. Studying the diffuse and Raman scattering of light
near the thresholds ¢ suggests that the early stage of theinelastic cyclic strain photoinduced in the surface lay-
ersis accompanied by the generation and spatia redistribution of point rather than extended defects (e.g., dis-
locations). A number of threshold values, such as the photoinduced increase in the temperature and the mean
shear stresses that appear in the surface layers of Si and GaAs samples exposed to local submicrosecond radi-
ation, are estimated. The physical nature of thelow-threshold effectsis discussed. © 2002 MAIK “ Nauka/nter-

periodica” .

INTRODUCTION

A variety of photoacoustic methods, including those
involving totally reversible elastic strain of the surface
[1, 2], for the nondestructive diagnostics of the surface
layers of solidsarewell known. Along with this, special
attention should be drawn to the controllable irrevers-
ible processes that can develop in inelastically strained
irradiated surface layers of semiconductors. In our
opinion, the most practicaly important of these pro-
cesses are the laser-induced formation of point defects
and, likely connected with this, the development of
more sizable surface damage.

The most attractive aspect of the dosed laser effects
isthe possibility of controlling the photoinduced strain
by varying a number of the parameters of pulsed laser
radiation. As was previously shown [3-5], the pulse
power fluences W suitable for such an effect rangefrom
the linear reversible photoacoustics region (the lower
thresholds W) to the values that cause uncontrollable
damage processes with an abrupt decrease in the reflec-
tivity of the surface (the upper thresholds W,). The
number of pulses N used for the local laser-induced
effects also plays an essential role.

The method of photothermal straining of the surface
(PTSS) [2] was used to demonstrate that the multiple
(N = 10°) photoinduced inelastic strain of semiconduc-
tors (Ge, Iny3Gay ,,AYINP) [3, 4] and metals [3, 5]
resultsin heavy local damage, in other words, catastro-
phes. At the final stage of damage under the action of a
series of submicrosecond irradiations, microcraters as

deep as several microns [6, 7] appear on the surface
within a single-mode Gaussian spot (with the radius
w = 10-100 pum) if the energy density W exceeds arel-
atively small threshold value W, = 0.1 Jenm??. It should
be noted that, at N > 106, in the conditions of a “size”
effect [8, 9], the thresholds W, and W, are close to each
other [3] and the range of W values that are suitable for
the controllable inelastic processes is narrow.

It isnatural that, in order to clarify the mechanisms
behind the photoinduced catastrophes, one should
study theinitial (rather than the final) surface changes,
which occur long before the visible sites of damage
appear at the surface, i. e., far from the thresholds W.
The results of such studies may be of use for scanning
laser microscopy of semiconductor materials and struc-
tures, for the analysis of the low-threshold degradation
of semiconductor devices operating in the mode of
pulse-repetitive local Joule heat release, as well as in
cases when strains and thermal stresses appear in semi-
conductor microwave structures operating in the milli-
meter wavelength region [10, 11].

The initial stages of inelastic photoinduced strains
in semiconductors (at W= W, and N < 10°) were inves-
tigated by electrical (field effect) [12] and optical (pho-
toluminescence of the adsorbed molecules, light scat-
tering) [13] methods. In the vicinity of the elasticity
deformation thresholds ¢ (W) = (dU/dr) o, Where U,
is the normal displacement of the surface and r is the
distance from the center along the beam radius [2], a
considerably enhanced point defect formation was dis-
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Fig. 1. For Si samples, W-dependences of (1) elastic photo-
induced strain ¢ = (dU,/dr)max, (2) the intensity of diffuse-

scattered light 15/ SC normalized to the scattering intensity

| 2C at W=0, and (3) specular reflectance of the probe beam
Ry in PTSS method.

covered at the actual germanium surfaces near the
Ge/GeO, interfaces [12, 13].

This study contributesto theinvestigation of theini-
tial stages of microplasticity in semiconductors; in par-
ticular, the lower thresholds W, of inelastic strain for-
mation in the Si and GaAs surface layers are measured
by PTSS technique, as well as by the diffuse and
Raman scattering (RS) methods.

EXPERIMENTAL

As experimental samples, we used (111)-faced
high-resistivity (p = 2—4 kQ cm) didocation-free n-Si
single crystals doped with phosphorus and Gunn-type
n—n*-GaAs structures consisting of a2.4-um-thick film
with an electron concentration n = 10 cm=3, The crys-
tals were grown by liquid-phase epitaxy on the (100)
surface of a heavily doped (n* = 10'® cm) substrate
with athickness of ~250 um. The GaAs surfaces were
preliminarily cleaned [7]; the silicon samples were
etched in a CP-4 fluorine-containing etchant [14].

Similarly to [12, 13], the scanning laser beam (A =
0.53 um, 2w =70 um, T = 0.4-0.5 us) was incident on
the ~(20 x 5 x 0.25)-mm sample surfaces and pro-
duced irradiation zones corresponding to different
energy densities at the center of the incident laser
beam W [mJ/cm?] = E/Tto¥, where E isthe total energy
of the pulse. After that, each zone (with an area of =5 x
3 mm?) obtained through scanning and characterized
by a certain number of irradiation events N < 10° was
studied by Raman and diffuse scattering of light meth-
ods according to the technique outlined in [13]. Fur-
thermore, the PTSS method [2—4] was used to measure

VINTSENTS et al.

the W-dependences of the intensity of a probing beam
reflected specularly from the semiconductor surface
and the maximal (in timet and along the radiusr of the
beam) elastic surface strains ¢ = (dU,/dr).., which
attained their maximums ¢, [3] at the thresholds W,

RESULTS AND DISCUSSION

As an example, Fig. 1 presents the results of study-
ing the Si samples by PTSS and diffuse scattering of
light methods. Similar to the case with Ge [12, 13], at
small W such that W< W, = (130-140) mJ/cm?, one can
easily notice the existence of an dastic (or quasi-€las-
tic) range of the irradiation dose at which the quasi-
static (dow) strainsdU,/dr(r, t) induced at the semicon-
ductor surface are still reversible (up to N = 108 [2, 3])
and increase almost linearly with W up to the threshold
$o=6.5x 107 (Fig. 1, curve 1). The diffuse component
of the scattered light remains constant and relatively
small (=107%) since the defect-formation processes in
the elastic strain range considered (corresponding to
the linear photoacoustics W < W) still have alow effi-
ciency [1-3] (Fig. 1, curve 2). Upon exceeding the
threshold strain (dU/dr) . > §o(W,), the devel opment
of inelastic processes setsin at the Si (and GaAs) sur-
face layers and, similar to the case of Ge[3, 13], at N >
10° and the threshold values W, an abrupt drop of the
reflectivity R, occurs, thus indicating a rapid degrada-
tion of the surface-layer structure (Fig. 1, curve 3).

The relatively smooth rather than abrupt growth of
the diffusive scattering at W > W, isworth noting (Fig. 1,
curve 2). Such behavior of the scattering intensity may
be associated, asin the case of Ge [13], with a gradual
accumulation of microplastic changesat theinitial stages
(N < 10% of the indlastic photoinduced strain. Note in
this context that the shape of curves2 and 3in Fig. 1 near
the thresholds W, primarily depends on whether the ini-
tid (curve2, N < 10°) or thefinal (curve 3, N > 10°) stages
of the inelastic change are considered.

A possible origin of the above-mentioned distinc-
tionsisillustrated by Fig. 2, from which it is seen that,
a N < 10° a considerable energy gap should exist
between the lower threshold of inelastic strain W, and
the energy density W, corresponding to profound sur-
face damage. In this case, at the energy densitieswithin
the range W, < W< W, one should expect fairly smooth
(and, hence, controllable) changesin the characteristics
of the modified layer (Fig. 1, curve 2). In the other
mode, when N > 106107, the transition from an elastic
(W) to adamaging (W,) action should be rather sharp,
implying the fast development of considerable changes
a W>W, (Fig. 1, curve 3). The distinctions indicated
above can be attributed to the known phenomenon of a
decrease in the values W, with N and their asymptotic
approach to the lower thresholds Wy at N — o [3, 6,
8,9, 15] (Fig. 2).

Asaresult of the Raman studies on the silicon sam-
ples subjected to laser radiation with an energy density
SEMICONDUCTORS  Vol. 36
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in the range W= (10-250) mJcm? < W,, we obtained a
Raman line with anearly constant spectral positionv =
520 cm™ and a half-width v,, = 4 cm™, both corre-
sponding to those of the optical phonons of single-crys-
tal Si with low dislocation density. At constant parame-
tersv and v,,, an increase in the Raman line intensity
did not start until W= 240 mJ/cm?. Note that one result
of the intensive generation of dislocations in silicon
would be a considerable broadening of the Raman sig-
nals due to the influence of the local inhomogeneous
fields of compression and tension, which are necessar-
ily present near the extended defects [16]. In our case,
the absence of such a broadening of the Raman signal
supports the conclusion previously suggested by the
electrical [12] and luminescence [13] studies of germa-
nium that, at the initial stage (N < 10%) of the photoin-
duced inelastic strain and at a temperature below the
brittle point, the main role in the modification of the
semiconductor surface layer is played by point-defect
formation and the redistribution of point rather than
extended defects [15, 17].

Thetable lists the values of ¢, and W, measured for
Si, GaAs, and some other semiconductor materials and
structures. Silicon proved to be the most stable against
cyclic strain in the micrometer-thick (o = 10-100 um)
surface layer. It should be noted in this context that sil-
icon features not only higher values of ¢, and W, com-
pared to those previously obtained for germanium [13],
but also displays radically different behavior in its
Raman spectra (see above). Recall that, in germanium,
which has a significantly higher initial (at W = 0) con-
centration of defects [14, 17], a change in the Raman
spectra was observed in both the elastic (quasi-elastic)
and elastoplastic modes and, in line with the “vacancy
pump” model [17], was associated [13] with the possi-
bility of an effective cyclic migration of the point
defects from the surface to inherent sinks (microinclu-
sions, dislocation loops, nanopores). Such migration is
apparently hampered in dislocation-free single-crystal
silicon, which is characterized by a structure of greater
perfection. According to our data, the changes in the
Raman spectra are not directly related to the strain
thresholds ¢, and appear more readily (i.e., at lower W)
in the surface layers with an initially higher concentra
tion of defects. Note also that, apart from the inherent-
defect factor, the presence of stressed interfacesin het-
erostructures (e.g., thin-film In, 53Ga, ;A 1NP samples
[3]) may aso lead to areduction in the strength of the
active semiconductor layers (see table).

Along with the experimental values of the critical
strains ¢, = (dU/dr),.a thetable also presents the max-
imal possible (attained at the threshold W,) surface
shear strains ¢, = Uy/w, where U, isthe amplitude of
the so-called “quasi-one-dimensional” normal dis
placements of the surface corresponding to conven-
tional thermoelasticity and an ideal “instantaneous’
(i.e., reproducing the laser pulse shape) surface heat
source with a Gaussian distribution along ther axis, as
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Fig. 2. Qualitative dependence of the threshold Wy (in Wy
units) in metals and semiconductors on the number of laser
pulsesN[3, 6, 8, 9, 15].

calculated by the method described in [5, 18] (variation
of this technique for bulk characteristics can be found
in [19, 20]). As one might expect [18], the quasi-one-
dimensional configuration of the normal displacements
is not realized in full measure in our experimental
space-and-time conditions mainly due to the latera
(parallel to the surface) diffusion of heat; however, the

estimates ¢, (which are obviously larger than ¢, [5] in

the sense specified) comply with the experimental val-
ues ¢, within one order of magnitude.

In view of the qualitative correlation obtained
between ¢, and ¢, it turns out to be possible to esti-

mate [3-5] the maximal values of the photoinduced
local heating AT, (at the center of the laser beam, at
the inélastic strain threshold) and the mean shear
stresses g, that arise in the surface layers at the thresh-
olds W, on the assumption of theideal heat source spec-
ified above. The estimated maximal values are listed in
the table. It should be emphasized that, at rather low
(though inhomogeneous over the radial cross section of
the beam) heating AT, the shear stress g, in the surface
layers attains several megapascals and, as was shown
previously for germanium [12, 13], is sufficient to ini-
tiate point-defect generation near the insulator/semi-
conductor interfaces in a fairly thin (and, hence, low-
strength) oxide layer on the actual semiconductor sam-
plesurfaces; i. e., the cyclic shear stresses ¢ > 6, can no
longer be considered small in this context.

Thus, we applied amethod of contactless photother-
mal surface strain (PTSS) [2, 3] to study the lower
thresholds (10° < ¢, < 10 of inelastic strain initiation
in silicon and gallium arsenide samples under the repet-
itive laser irradiation of their surface regions, which are
micrometer-size. Silicon turned out to be the most
resistant to pulsed periodic photoinduced shear strains
and stresses (see table). Relatively low values of the
local laser-induced heating AT, = (10-100)°C corre-
spond to considerable shear stressesin the surface lay-
ers g, = (10%-107) N/m?, which can give rise to point-
defect formation at the initial stage of the repetitive



844

Thresholds of the inelastic photoinduced strain formation in the surface layers of semiconductors under multiplelocal pulsed

VINTSENTS et al.

laser irradiation (A = 0.53 um, T = 0.5 ps, N = 10°, 20 = 70 pm)

Thresholds
Material Experiment Calculation
Wy, mJ¥em? do = (dU/dr) s by = Up/w AT e, °C 0g, N/m?
S 130140 6.5x 10° 1.1x10* 50 4.0 x 108
GaAs 100-105 5.5x 10° 0.7 x 10 50 3.3x10°
Ge* 65-70 4.7 x10° 9.0 x 10°° 30 2.0 x 10°
1Ny 55Gag 47ASINP 35-40 35x10° - - -

Note: Wy isthethreshold energy density at the center of theincident beam, ¢ isthe maximal shear elastic strain, ¢, isthethreshold strain
corresponding to the “ quasi-one-dimensional” mode of the surface displacements[5, 18], AT IS the maximal (at W = W) photo-
induced heating of the semiconductor at theinitial stage of inelastic changes, and oy is the mean value of the threshold subsurface
stresses. The data on Ge and Ing 53Gag 47AS/INP structures are reproduced from [3] for the sake of comparison.

(N < 103) inelastic (W > W,) deformation of the surface
layer without producing additional heavy damage (the
extended defects) in the crystal lattice. This is likely
due to an increase in the concentration of the point
defects produced and the development of instabilities
[21], so that the further growth of W or N may result in
the spatial redistribution of the point defects and their
transformation into extended structures in the surface
layer, which manifest themselves in the observed
enhancement of the diffuse reflectivity of the surface.
Thisgivesevidence of the defect—deformation nature of
the low-threshold phenomena that take place at the ini-
tial stage of the inelastic changes.
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Abstract—Reactions of annealing of A centers (VO) and complex centers consisting of interstitial carbon
atoms and substitutional carbon atoms (C,Cy) in n-Si irradiated with fast electrons or ©°Co gamma quanta were
analyzed. The kinetics of isochronous annealing of the above centers was evaluated. By comparing the results
of calculations with published experimental data, which were obtained by measuring the concentration of cen-
terswith the level E. —0.17 eV in the course of isochronous heat trestment of irradiated n-Si, the dissociation

energy E for the C,C; complex was estimated at 1.10 + 0.05 eV. The activation energy for annealing of this cen-
ter was found to be equal to E,¢ ¢ = 2.0 eV. The dissociation energy for the A center was estimated at Ex =

1.94 eV. © 2002 MAIK “ Nauka/Interperiodica” .

The fabrication of silicon-based semiconductor
devices is accompanied by a number of technological
treatments, including irradiation. It is of interest to
know the electrical parameters of defectsintroduced by
irradiation into the silicon bulk.

When siliconisirradiated with fast electrons or °Co
gamma quanta, electricaly active defects are intro-
duced into the crystal bulk. The most important of these
defects are the complexes consisting of a silicon
vacancy and either an oxygen atom VO (the A centers)
or adonor VD (the E centers), divacancies (VV), or car-
bon-containing centers: interstitial carbon atoms C; and
the complexes composed of interstitial carbon and
either substitutional carbon (C,C/) or interstitial oxygen
(C,0). The C,C, and VO complexes introduce acceptor
levelsin thevicinity of E.—0.17 €V, and, thus, it is dif-
ficult to differentiate between these complexes using
electrical measurements. For example, the level at E; —
0.17 eV that was observed by Vasil'ev et al. [1] was
assumed to belong to the A center. The C; and C,C, cen-
ters introduce the acceptor levels at E. — 0.12 €V and
E.—0.16 eV, respectively [2, 3].

According to Medvedevaet al. [4], radiation defects
with a level a E;. — 0.17 eV are annealed out in two
stages: at T = 200—240 and 300-380°C. The C,C, com-
plexes and the A centers are anneal ed out at thefirst and
second stages, respectively. The kinetics of annealing
of the A centers was studied in detail by Svensson and
Lindstrom [5]; the experimental data on the isothermal
heat treatment of silicon irradiated with 2-MeV elec-
trons were used to determine the activation energy for
annealing of the A centers. E_, = 2.27 eV.

In this study, we compared the results of calculat-
ing the kinetics of annealing of defectsin silicon with
experimental data that were obtained in the course of
the isochronous heat treatment of n-Si irradiated with
fast electrons or gamma quanta and we determined the
dissociation energies for the C,Cs complexes and A
centers.

Wefirst consider the annealing reaction for the C,C,
complexes. We assume that the reaction proceeds via
dissociation of the complex into its constituents with
subsequent migration of the released interstitial carbon
atom over the crystdl; i.e.,

\Y)
CcC, 2% c+C, (N
where v¢ ¢ isthe rate constant of this reaction. Thus,
we have

T = VoeNec, @

where N c_isthe concentration of complexesand t is
time.

Boyarkina[6] suggested that it is possible to define
the rate constant for the dissociation reaction of the
C,C, complexes as

—Ecc,~Wec

VCiCS = VOeXp kT : S1 (3)

wherek isthe Boltzmann constant, E ¢_ isthe dissoci-

ation energy for the C,C, complex, and ngcs is the

1063-7826/02/3608-0845%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Dependences of concentration of defects with alevel
at E.—0.17 eV on the temperature of a 30-min isochronous
heat treatment of irradiated n-Si. The lines represent the
results of calculations, and the dots correspond to experimen-
tal data [4]. (8) The phosphorus concentration is Np = 5 x
103 cm~3, the oxygen concentration is Ng = (6-9) x
107 cm™3, and the carbon concentration is N = (1-5) x
10% cm3; the sample was irradiated with Co gamma
quanta at room temperature (see Fig. 1in [4]). (b) Np =5 x
10% em 3, Ng = (1-3) x 10 cm 3, and N = N; the sample
was irradiated with fast electrons at 0°C (see Fig. 3in [4]).

energy contribution of the electronic subsystem of the
crystal to the reaction rate,

Wg,cs = €cc.fee,—&cfc- (4)
Here, ecc =0.16 eV and ¢ =0.12eV aretheion-
ization energies for the C,C, and C, centers in n-Si,

respectively; and fcc and f arethe probabilities of
finding these centers in the negatively charged state.
The preexponential factor v, in expression (3) is
defined as (see formulas (1.30), (1.21), and (1.6) in[7])
-We

_WCi i
Vo = 6D¢, = eDocicseXpW = oc,cseXpW-(s)

BOYARKINA et al.

Here, 6 depends on the vibration frequency of the
components of the complex and on its size and mass;

D, isthe diffusion coefficient of the released carbon
interstitial atom; and W, is the activation energy for
the migration of this atom. According to [8], W, =
0.87 eV, whereas it was earlier stated that W =0.77 £

0.05eV [1].

Thus, we obtain the following expression for the
rate constant of reaction (1):

Ve, = Voc,c,BXP KT . (6)

The activation energy for annealing of C,C, com-
plexes can be calculated as

Eacc, = Ece, t ngcs +We. (7)

Thekinetics of annealing for the A centersisdefined
by the following equation:

dN
= Voo T2N ®)

The concentration of defects Dg;7(Ng17), wWhose
level isin the vicinity of E, — 0.17 €V, is equal to the

sum of concentrations of the G;Cs (N¢,c ) complexes

and the A centers (N,). The kinetics of annealing of the
D, 17 defects is described by the equation

dNos17r _ dNCiCs dN,
at . at ©)

We determine the dissociation energy for the C,C,
complex by comparing the cal cul ated data on the kinet-
ics of annealing of the Dy,; defects with the data
obtained in the experiments with isochronous heat
treatment of n-Si irradiated with electrons or gamma
quanta. As a result of this comparison, we determined
the dissociation energy for the C;C; complex: Ecc =
110+ 0.05eV

In Fig. 1, we show the dependences of N, ;7 on the
temperature of the isochronous heat treatment of irradi-
ated n-Si; these dependences were calculated by solv-
ing Eq. (9). It was assumed that the annealing of the
C,C, center occurs by the decompoasition of this center
into the substitutional carbon C, and interstitial carbon
atom C;, which migrates through the crystal with an

energy of W, = 0.87 eV. The dissociation energy for

the C,C, center was assumed to be equal to 1.05 eV
(Fig. 1a) and 1.13 eV (Fig. 1b). The annealing-activa-
tion energy for the A center was assumed to be equal to
2.27 eV. The dots represent the experimental data
obtained using the isochronous heat treatment of n-Si
irradiated with ®Co gamma quanta (see Fig. 1a) and
4-MeV electrons (see Fig. 1b). Agreement between cal-
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culated curves and experimental data supports the
assumption that the dissociation energy for the C,C,

complexis Ecc =110+ 0.05€V.

The activation energy E,cc, for annealing of the

C,C, center, on the assumption that this complex
decomposes into its constituents (7), is equal to 1.10 +
0.87+0.02=199eV =2.0€V.

Knowing the activation energy for annealing of the
A center E_,, we can estimate the dissociation energy
for this center E, in the following manner. We assume
that an A center is annealed out by decomposing into an
interstitial oxygen atom O, and a vacancy V, which
migrates through the crystal; i.e.,

A2 0+ V. (10)
Then, similarly to (7), we have
E.x = Ep+ WS +W,. (11)
Therefore,
Ep = Ea—Wa-W,, (12)

where E, is the dissociation energy for the A center;

Wa = gy, fy +eafa (13)

is the energy contribution of the electronic subsystem
of the crystal to the rate of reaction (10); and

W, = Wy fy +Wo Ty (14)

is the migration energy of the released vacancy. After
simple algebraic transformations, we obtain

WS =-039%x10°+0.17x3x 10"
= 051x10° eV,

SEMICONDUCTORS Vol. 36 No. 8 2002
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W, = 0.18x10°+0.33x1 = 0.33 eV,

E, = 227+051x10°-0.33 = 1.94 eV.

Thus, the dissociation energy for the A center is
equal to E, = 1.94 eV.
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Abstract—The results of the investigation of the initial stages of growth of diamond island films, which were
formed by hot-filament chemical-vapor deposition on optically polished crystalline silicon, are reported.
Atomic force microscopy was used to study the evolution of islands, formed at the initial growth stages, during
annealing. It was found that at the initial growth stages the island density changes due to the coal escence of
closely spaced islands. Then, after the islands increase in size up to the critical value, Ostwald ripening of the

islands setsin. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In the last 20 years, considerable progress in the
technique of growing diamond polycrystalline films by
chemical-vapor deposition (CVD) has been attained
[1]. The use of different modifications of CVD made it
possible to form films with a high diamond-phase con-
tent on different substrates. Much attention is now
being paid to the formation of diamond and diamond-
like films on silicon substrates for field-emission cath-
odes[2]. Aswas noted in [3], diamond films grown on
silicon substrates consist of hemispherical diamond
islands of a few microns in size and have the highest
emissivity and most uniform distribution of emissive
centers. Since the field-emissive properties of films
depend on their phase composition, surface density, and
island size, the investigation of the growth mechanisms
of island films is a necessary stage in the development
of methods for manufacturing field-emission cathodes
based on diamond films [4, 5].

It is worth noting that, in most studies of the initial
stages of growth of diamond films on silicon, much
attention was commonly paid to the effect of substrate
pretrestment on the density of diamond nucleation cen-
ters[6] and to the phase composition of diamond nuclei
[7, 8]. The mechanisms of interaction between islands
have been virtually unexplored.

In order to determine the mechanisms of growth of
diamond idland films at the initial stages, we investi-
gated the interaction between carbon islands on crystal -
line silicon using the technique suggested in [5]. We
studied the evolution of the size and surface density of
carbon islands, formed at the initial stages of diamond-

film growth, during isothermal annealing in the absence
of an external source of carbon.

2. EXPERIMENTAL

Diamond island films were formed by hot-filament
chemical-vapor deposition (HFCVD) from a hydro-
gern—methane mixture [9] at 850°C. The content of
methane, the gas pressure in the reactor, and the gas
flow rate were 1%, 48 Torr, and 500 cm?3/min, respec-
tively. The growth duration ranged from 15 to 30 min.
Optically polished Si(100) substrates were used. In
order to study the mass transport mechanism, films
were annealed in an Ar flow at 850°C, i.e., a the same
temperature at which HFCV D was carried out. In order
to suppress evaporation of material from the substrate,
the Ar pressure was chosen as 760 Torr. Annealing was
carried out in a quartz cell; the annealing time ranged
from 1 to 61 hours. Samplesweretemporarily extracted
from the cell in order to carry out measurements, and
then the annealing was continued.

The morphology of the film surface at the initial
growth stageswas analyzed using aBurleigh ARIS-3500
atomic-force microscope (AFM) with an ARIS-3005
scan module. We used the constant-force mode (aforce
of 5 pN was applied to the probe). In this mode, the ver-
tical and horizontal resolutionswere about 0.1 and 1 nm,
respectively. The images of the diamond film surface
were computer-processed using a software package
that made it possible to determine the average island
size and surface density. Raman spectra were recorded
using a Ramanor U-1000 monochromator. An Ar laser

1063-7826/02/3608-0848%22.00 © 2002 MAIK “Nauka/Interperiodica’
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with a wavelength of 488 nm was used as a source of
excitation light.

3. RESULTS AND DISCUSSION

The following stages of the heteroepitaxial growth
of diamond films are commonly considered as the ini-
tial ones. incubation period, formation of diamond
nuclel, final stage of nucleation, and incorporation of
nuclei into crystallites [6].

During the incubation period, a set of carbon islands
is formed on a substrate [4, 10]. It was shown in [11]
that both islands consisting of sp® carbon (diamond
phase) and islands consisting of sp? carbon (graphite
phase) are present. During the growth, a structural
phase transition from sp? carbon to sp® carbon is possi-
ble [12]. Since the size of the idands is less than the
critical value, they are not stable. At the nucleation
stage, diamond islandsincreasein size dueto their coa-
lescence, the adsorption of carbon from the gas phase,
and the migration of carbon atoms over the substrate
surface. When a diamond island reaches a critical size
(i.e., theisland becomes stable), it turnsinto adiamond
nucleus[13]. During the next growth stage (final nucle-
ation stage), the diamond nuclei increase in size and
crystallize [6]. The authors of publications on HFCVD
refer to the density of submicrometer islands at this
growth stage as the density of diamond nucleation cen-
ters, suggesting that in the course of time these islands
increase in size and form a continuous polycrystalline
diamond film [4].

Figure 1 shows AFM images of C islands after
15-min growth, unannealed (Fig. 1a) and subjected to
61-h annealing (Fig. 1b). As can be seen, due to the
annealing, the islands increase in size, their shape
becomes smoother, and the density of islands
decreases. Since AFM measurements do not make it
possible to distinguish diamond from graphite and
amorphous C, the phase composition of the observed
islands remains unknown. At the same time, the com-
plex use of different measurement methods (Raman
spectroscopy and X-ray diffractometry) is not very
effective during the initial growth stages because the
thickness of the aobjects under investigation is small.
Figure 2 shows the dependence of the average height
and density of islands on the annealing time. As can be
seen, the average idand height ranges from 5 nm for an
unannealed sample to 22 nm for a sample annealed for
61 hours. The surface density of islands decreased in
the course of annealing from 3.5 x 10° to 1 x 10° cm.

The experimental dataindicate that the morphol ogy
of the film surface changes during the annealing as fol-
lows. At some initidl moment (approximately after a
10-h annedling), the density of idlands drastically
decreases. Then, the density of islands decreases at a
lower rate. Such behavior is typical of island films.
Thus, at theinitial moment, when the density of islands
ishigh, they coalesce (merge), whereupon Ostwald rip-
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Fig. 1. AFM images of C idands formed after 15-min
growth on asilicon substrate (a) before and (b) after anneal -
ing at 850°C for 61 h.
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Fig. 2. Surface density Ng and average height (HOof C
islands (growth time is 15 min) as functions of annealing
time.
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Fig. 3. Optical microscopy image of diamond island film
after 8-h growth.
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Fig. 4. Raman spectrum of diamond island film after an 8-h
growth.

ening (OR) of islands sets in. This dependence of the
density of isands on the annealing time is in good
agreement with the data reported in [5]. The essence of
OR isthat theislands, forming a set, interact with each
other via a generalized diffusion field. The islands
whose radii exceed some critical value increasein size
in the generalized field, while those with radii below

FEOKTISTOV et al.

the critical value dissolve. Under the OR, a universal
distribution of islands over their sizes arises. If the sys-
tem in which OR occurs contains several phases or dif-
ferent chemical compounds with common components,
not only does relaxation of the excess surface energy
occur but thereis also evolution of the phase composi-
tion of the idands. The islands of thermodynamically
stable phases increase in size, absorbing material from
less stable compounds.

The authors of [5] developed a theory that made it
possible to plot phase diagrams of island films formed
during OR. However, in order to carry out aquantitative
comparison between predictions based on theory and
experimental data, it isnecessary to know the exact val-
ues for anumber of constants, such as the coefficient of
diffusion of C atoms over the substrate surface and the
equilibrium concentration of C atoms on the substrate.
Consequently, we have omitted thisissue in this publi-
cation.

In order to determine the morphology of the dia-
mond-film surface after the formation of micrometer-
sizeislands (Fig. 3), wea so investigated diamond films
using optical microscopy. After an 8-h growth, sepa
rately positioned diamond particles shaped as hemi-
spherical segments were observed on the silicon sub-
strate. The diameter of the particles was about 30 um,
they were virtually monodisperse, and their surface
density was on the order of 10° cm2. Thus, the concen-
tration of idands after the 8-h growth was 4 orders of
magnitude lower than that of C islands after the 15-min
growth. Such a difference indicates that not all islands
that formed after the 15-min growth serve as diamond
nucleation centers, in spite of the fact that, as was
shown in [4], the density of nanosized diamond islands
considerably exceeds that of micrometer-sized ones.
Since, after 8 hours of growth, islands are located at a
large distance from one another, they virtually do not
interact via the generalized diffusion field and grow
separately from each other.

The Raman spectrum of an island film after the 8-h
growth (Fig. 4) contains a 1332-cm! peak, which is
indicative of arather high content of the diamond phase
inthefilm [14]. A broad peak located at about 1580 crmt
isrelated to sp? C. An analysis of the areas between the
micron-sized islands showed that these areas contain
nanosized islands. It seems likely that these nanosized
islands contain a considerable amount of sp? C and that
their contribution to the 1580-cm™ peak in the Raman
spectrum is the largest.

4. CONCLUSION

An explanation has been suggested for changes in
the size and surface density of C idands at the early
stages of growth of diamond films. It was shown that
changesinthe size and surface density of islandsduring
theinitial growth stages occur dueto coal escence. After
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islands attain acritical size, their growth isgoverned by
Ostwald ripening.
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Abstract—The positions of zinc impurity atoms formed in lead chal cogenide lattices (PbS, PbSe, and PbTe)
after the radioactive decay of ’Cu and ’Ga isotopes are defined by the positions of parent atoms. Therefore,
stabilization of the zinc centers is possible both at the cation and interstitial sites. In both positions, the zinc
centers are either electrically inactive or the impurity energy level has alow ionization energy and recharging
of theimpurity does not affect theisomeric shift of the M 6ssbauer spectrum. In zero-gap Pb; _,Sn, Te solid solu-
tions, changes in local symmetry of the cation sites and in the electron density at these sites are not observed.
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Superconductivity with a critical temperature
extraordinarily high for semiconductors has been dis-
covered in Pb, _,Sn,Te solid solutions with a high con-
centration of indium impurity [1]. At present, there is
no explanation of this phenomenon within the micro-
scopic theory of superconductivity. First of al, thisis
connected with the fact that the traditional methods of
semiconductor physics cannot provideinsight into vari-
ations in the electron structure of a materia during the
semiconductor—superconductor transition. Hence, any
assumptions on the nature of the phase transition to the
superconducting state in the Pb, _,Sn, Tealoysare, toa
large extent, speculative.

M 6sshauer spectroscopy is a promising method for
studying the electron structure of the solid-state. In par-
ticular, measurements of the temperature dependences
of the centroid of the M 6ssbauer spectrum Sat temper-
atures higher and lower than the superconducting tran-
sition temperature give information about the forma-
tion of Cooper pairs and Bose condensation [2]. How-
ever, the choice of the objects for research should take
into account the necessity of introducing a M 6ssbauer
67Zn probe into the lattice sites. If we use the Moss-
bauer emission spectroscopy of ¢’Cu(®’Zn) and
87Ga(®7Zn) isotopes, this condition can basically be ful-
filled for the lead chalcogenides. It is possible to intro-
duce the parent isotopes both into the cation (6’Ga) and
interstitial (7Cu) sites of the lead chal cogenide | attices.
As a result, the daughter 67Zn isotope will aso occur
either at the Pb sites or in the interstitial position (it is
well known that Ga substitutes Pb in the lead chalco-
genides, and it acts as an acceptor with low ionization
energy, whereas Cu in the interstitial sites forms shal-
low donor levels[3]). In other words, thereis an oppor-
tunity to study the spatial nonuniformity of the electron
density caused by the Bose condensate of the Cooper
pairs.

This study is devoted to the identification of the
position of the Zn impurity atomsin lead chal cogenide
lattices (PbS, PbSe, and PbTe) using emission Mdss-
bauer spectroscopy of ¢’Cu(®’Zn) and ¢’Ga(®’Zn) iso-
topes. The Pb; _,Sn,Te system is represented by a con-
tinuous series of solid solutions with an NaCl-type lat-
tice in which the band inversion and zero-gap state
occur for x=0.62and 0.40 at T = 295 and 80 K, respec-
tively [3]. We employed the M éssbauer spectroscopy of
the 6’Ga(®’zn) isotope for the study of possible varia-
tionsin the local symmetry of the cation sites in zero-
gap Pb; _,Sn,Te solid solutions (0 < x <1).

Initial PbS, PbSe, and PbTe samples and the
Pb, _,Sn,Te solid solutions were grown using powder
metallurgy. These compounds were synthesized
through the melting of the components, which had a
purity typical of semiconductor materials, in evacuated
quartz cells. First the ingots and then the pressed sam-
pleswere annealed at T = 650°C for 120 h. The charge
was prepared taking into account that the homogeneity
region of the solid solutions, enriched with PbTe, cor-
responds to the tellurium excess in reference to the sto-
ichiometric composition (~50.1 at. % of Te [3]). An
X-ray diffraction analysis of the crystal structure showed
that all samples under study contained a single phase
(they had a structure of the NaCl-type). The samples of
PbS, PbSe, and PbTe were either of the n-type (with
excess of Pb; the electron concentration n ~ 10* cm3) or
of the p-type (with excess of chal cogen; the hole concen-
tration p ~ 108 cm3), while the Pb, _,Sn,Te solid solu-
tions were of the p-type (the hole concentration var-
ied from 107 cm= in PbTeto 102 cm3in SnTeat T =
80 K). We prepared the M dssbauer sources through dif-
fusion doping of the samples with radioactive ’Ga and
87Cu isotopesin evacuated quartz cellsat T = 650°C for
2h; the concentration of the parent isotope did not
exceed 5 x 10'° cm 3.
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For measurements of 6Zn Mdssbauer spectra, we
used an MS-2201 commercial spectrometer with an
updated system of transport. A piezoelectric transducer
on the basis of PZT ceramics was used as a modulator.
The maximum sweep velocity V was £150 pum/s. The
spectrometer was calibrated against the metallic 67Zn
spectrum with a ®Cu source. The semiconductor
Ge(Li) detector, having a maximum sensitivity at the
energy of 100 keV, was used for the detection of gamma
guanta. The Mdssbauer spectra were recorded with the
67ZnS absorber (its temperature was equal to 4.2 K).
The centroids of the experimental spectraare shownin
reference to the absorber. Typical ¢’Ga(®’Zn) and
67Cu(57Zn) Mossbauer spectra for PbS are shown in
Fig. 1. The results of the Ga(®"Zn) spectra processing
for the Pb, _,Sn,Te solid solutions are shown in Fig. 2.

The spectra of 9’Ga(6’Zn) for the lead chalcogenide
consist of single lineswith awidth at half-height whichis
closeto the instrumenta resolution (2.6 + 0.3 um/s). The
isomeric shift of these lines increases in the following
series of compounds: PbS (S= 2.2 £ 0.4 um/s), —~
PbSe (S= 10.3 + 0.4 um/s), — PbTe (S=33.7 £
0.3 um/s). The spectra are related to isolated impurity
centers of Zn at the lead sites. The increase in the iso-
meric shift in the above-mentioned series is caused by
variation in the ionicity of the chemical bond between
the zinc atoms and the atoms in its first coordination
sphere. Theisomeric shift of the spectraisamost inde-
pendent of the type of sample conductivity, and, there-
fore, the impurity center of Zn is either electrically
inactive or recharging the shallow center does not affect
the isomeric shift.

The spectra of ’Cu(®7Zn) for lead chalcogenides
also consist of single lineswith the width at half-height
close to the instrumental resolution. Their isomeric
shift is appreciably displaced to the metallic Zn spec-
trum: S=31.1 + 0.4 pm/sfor PbS, S=32.5+ 0.4 pm/s
for PbSe, and S=41.2 + 0.4 um/sfor PbTe. The spectra
correspond to isolated Zn centersthat formed asaresult
of the radioactive decay of the interstitial parent Cu
atoms in the lead chalcogenide lattices. At the same
time, lead and chalcogen atoms occur as the nearest
neighbors of theinterstitial impurity atoms of Zn. Since
the isomeric shift of the spectra is independent of the
type of sample conductivity, we may conclude that, in
this case, the Zn centers are also electrically inactive.

The Mossbauer spectra of 6’Ga(®%’zZn) for the
Pb; _,Sn,Te solid solutions consist of single lines
which are related to the Zn atoms at the sites of the cat-
ion sublattice. The line width in all spectrais close to
the instrumental resolution. It dightly increases with x,
approaching the maximum valuefor SnTe (Fig. 2). This
fact is quite expected since the homogeneity region
expands as the Sn content increases in the aloy. This
causes an increase in the concentration of structural
point defects and, asaresult, anincrease in the width of
the Md&ssbauer spectrum. A similar effect was also
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Fig. 1. Emission Mdssbauer spectra of the impurity atoms:
(a, b) Ga(®"zn) and (c d) 67cu(®"zn) in (a, ¢) n-PbS and
(b,d) p-PbSat T=4.2K
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Fig. 2. The dependences of isomeric shift S(in reference to

PbTe:"Ga) and the spectrum width G on the composition
of the Pby _,Sn,Te solid solution at T = 80 K. Dotted line

indicates the composition withazerogap at T = 80 K.

observed for the Mdsshauer spectrum of °Sn and
129Te(*201) in the Pb, _,Sn,Te solid solutions [4].

The isomeric shift of the Mdssbauer spectrais gov-
erned by the chemical nature of atomsin thelocal envi-
ronment of the M éssbauer probe. Since the variation in
composition of the Pb, _,Sn, Te solid solution does not
affect the symmetry of the local environment of zinc
atoms (tin atoms only substitute lead atoms in the sec-
ond coordination shell), aweak dependence of the iso-
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meric shift of the ’Ga(6’Zn) Mdsshauer spectra on the
composition (Fig. 2) is quite expected.

It is essential that anomal ous changes in both the
isomeric shift and the spectrum width in the zero-gap
state do not occur. In other words, we did not observe
variation in the local symmetry of the cation sites and
in the corresponding electron density in zero-gap
Pb; _,Sn,Te solid solutionsat T = 80 K.

Thus, we have demonstrated that the position of zinc
impurity atoms which formed in the lead chal cogenide
|l attices after the radioactive decay of ’Cu and ¢’Gaiso-
topes is defined by the position of parent atoms. The
stabilization of zinc centersispossible at cation sites as
well as at interstitial ones. In both positions, the zinc
centers are either electrically inactive or the impurity
energy level has a low ionization energy. Due to this
fact, recharging of the impurity atom does not affect the
isomeric shift of the M 6ssbauer spectrum. Variationsin
local symmetry of the cation sites and in the electron
density at these sites were not observed in zero-gap
Pb, _,Sn, Te solid solutions.
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Abstract—Theinfluence of tellurium impurity on the electrical properties of Ga, _ xInyAs,Sh; _y (X=0.22 and X =
0.24) solid solutions grown by liquid-phase epitaxy from lead-contai ning sol ution—meltswas studied. Defect healing

was shownto take place at low tellurium doping level s ( X#e <2 x 107 a. %) ininhomogeneous highly compensated
p-type solid solutions. Thus, it is possible to produce dightly compensated p-type materias with alow density of
impurities and structural defects. High doping levels allow production of n-type materials with the electron density

n= 10Y-10" cm3. Electroluminescence spectra of n-GalnAsSb/p-GaSb heterostructures are promising for the
development of light-emitting diodes with awavelength A = 2.0-2.5 pm. © 2002 MAIK “ Nauka/l nterperiodica” .

1. INTRODUCTION

Solid solutions of Ga, _ xInyAs,Sb; _v (X>0.22) with
aband gap E, = 0.4-0.5 eV can be used to develop opto-
electronic devicesin thewavelength range A = 2.5-3 um.
The fabrication of such devices requires both n- and
p-type materials with high electron and hole mobili-
ties. Previoudly [1], we have shown that epilayers of
Ga, _xInyAs,Sh; _y solid solutions with a high indium
content (X = 0.22-0.27) in the solid phase (E; = 0.5~
049 eV a T = 77 K) can be produced only when
using lead in a solution—melt as a neutral solvent. As
in Ga, _xInyAs,Sh, _y solid solutions with a lower
indium concentration, undoped layers aways had the
p-type conduction. To produce n-type layers, tellurium
is most commonly employed as a donor impurity.

We studied tellurium asadopant in Ga, _yInyAs,Sb; _y
(X = 0.10) solid solutions in [2]. A high temperature
(650°C) of epitaxial growth made it possible to grow
solid solutions about 100 pm thick on an-GaSh: Te sub-
strate; thus, the latter could be removed for the study
of galvanomagnetic effects. It was shown that tellu-
rium isreadily dissolved in the solid solution (the seg-
regation coefficient is C = C,/C,;, = 0.7) and gives
rise to two donor levels: a shallowchydrogen-like one
(Ep; = 0.005 eV), inherent to tellurium impurity, and a
deeper one (Ep, = 0.04-0.05 eV), whose origin remains
unclear.

In [3], it was shown that tellurium always diffused
into thin undoped epilayers of solid solutions 3-5 um
thick grown on n-GaSh:Te substrates. In this case, on
the one hand, tellurium gave rise to shallow donor lev-
els. On the other hand, interacting with native defects
(with activation energies E,, = 0.035 eV and E,; =

0.07 eV) inherent to gallium antimonide, tellurium pro-
duced new acceptor levels with the activation energy
Ex, = 0.1 eV, which is related to the formation of a
structural defect (Vg—Te).

Sincetellurium can interact with vacancies and defects,
it is of interest to study its behavior in Ga, _yInyAs,Sh; _y
solid solutions with E, = 0.4-0.5 €V, which may have a
wide application. In this study, we report the results of
studying the transport and photoelectric properties of
Ga, _xInyAs,Sh; _y solid solutions with X = 0.22 and
0.24, which were grown from lead-containing solu-
tion—-melts at various tellurium doping levels. Studies
of the electrical conductivity o, Hall coefficient R,
Hall mobility p in solid solutions in the temperature
range 77-300 K, as well as electroluminescence in
Ga, _xInyAs,Sh; _y (X = 0.22 and 0.24) heterostruc-
tureswith an active layer, alow usto analyze the impu-
rity energy spectrum, determine the carrier scattering
mechanism, and reveal the influence of tellurium on the
properties of the solid solution.

2. SAMPLE PREPARATION

Epilayersof Ga, _xIn,As,Sh; _y solid solutionswith
an indium content X > 0.22 were grown by liquid-phase
epitaxy from lead-containing solutions—-melts at the
temperature T = (560 + 3)°C [1]. Single-crystal n- and
p-GaSb wafers with the (100) orientation were used as
substrates. As charge components, we used GaSb and
INnAs binary compounds, as well as In, Sb, and Pb of
99.999%, 99.999%, and 99.9999% purity, respectively.

1063-7826/02/3608-0855%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Table 1. Characteristics of the studied samples of Ga; _ xInyAs,Sb; _y solid solutions with X = 0.22

o T=300K T=77K
no?le X#e: a. % | Conduction g, n, p, H, Conduction g, n, p, U,
type Otem? | 10 em™ [em?V1s?|  type Otem? | 10 em=2 [cm?Vist

1 Undoped n 13 0.3 3500 p 0.7 0.2 220
2 1.31x10° p 23 2.8 500 p 26 0.7 2200
3 | 1.75x10° P 50 6 520 P 27 0.46 3600
4 2.2x10° n 15 3 300 p 0.46 0.5 60
5 1.09 x 107 n 125 1.8 3500 n 60 20 180
6 22 x 10 n 130 3 3700 n 75 1.2 4000
7 1.9 % 1072 n 2390 59 2526 n 1900 40 3050
8 6.9 x 102 n 4550 170 1650 n 6000 180 1900

Note: X#e is the Te impurity concentration in the melt.

As a result, two types of samples were prepared,
with and without a GaSb buffer layer, to study thetrans-
port and el ectroluminescence properties, respectively.

2.1. Samples with a Buffer Layer

To avoid tellurium diffusion from the n-GaSh:Te
substrate into the solid solution epilayer and the corre-
sponding influence of this process on the electrica
properties of the material, an additional buffer layer of
p-GaSb with a low carrier concentration and a high
resistivity (p =6 x 10" cm=, p = 400 Q cm) was pre-
liminarily grown on the substrate from lead-contain-
ing solution—melts [4]. The GaSb buffer layer thick-
ness was 4-5 um. Then, 1- to 3-pum-thick epilayers of
Ga, _yInAs,Sh; _y (X =0.22 and 0.24) solid solutions
were grown on this buffer layer from lead-containing
solutions—melts. The solid solutions were doped with
tellurium (as the donor impurity), which was intro-
duced into the liquid phase in elemental form (with the

concentration X#e < 1072 at. % in the melt) and as a
weighed n-GaSh:Te portion (X5, < 2.5 x 10 at. %).

2.2. Samples without a Buffer Layer

To study the electroluminescence properties,
Ga, _yInyAs,Sh, _y solid solutions (X = 0.22 and 0.24)
were grown from lead-containing solution—melts
directly on the p-GaSb substrate with (100) orienta-
tion and were doped with tellurium to produce a free
electron concentrationn=1.2 x 101108 cm3at T =
77 K. Conventional photolithography was used to pro-
duce mesas 300 um in diameter at the surface of the
n-Ga, _yInyAs,Sh; _/p-GaSbh heterostructures.

3. TRANSPORT PROPERTIES
OF Ga,_,InAs,Sb,_, SOLID SOLUTIONS

Theélectrical conductivity a, Hall coefficient R, and
mobility p = Ro were measured in rectangular samples
with six indium contacts in the temperature range of
77-300 K inamagnetic field of 0—20 kOe. Wewill con-
sider the influence of tellurium doping on galvanomag-
netic effects in samples with X = 0.22 and 0.24 sepa-
rately.

3.1. Tellurium-Doped Samples
with an Indium Content X = 0.22

The characterigtics of the studied Ga, _ xInyAs,Sb; _y
(X =0.22) samples in relation to the tellurium doping
level are listed in Table 1. The temperature depen-
dences of the Hall coefficient R and the mobility p are
shownin Figs. 1 and 2, respectively.

One can see from Table 1 that the undoped solid
solution (sample 1) at the liquid nitrogen temperature
has p-type conduction with low density and mobility of
holes. The temperature dependences of the Hall coeffi-
cient (Fig. 1a) and the mobility (Fig. 2) at T< 150K in
sample 1 indicate conduction over shallow acceptor
levels. At T > 150 K, the Hall voltage changes sign and
the Hall mobility drastically increases, which can be
caused by the onset of thetransition to intrinsic conduc-
tion. At T > 250 K, the Hall coefficient R decreases and
the high Hall mobility p > 2000 cm? V! s is totally
controlled by electron conduction; i.e., intrinsic con-
duction sets in. However, the dependence of RT%2 on
inversetemperature at T > 250 K is not exponential and
does not correspond to the band gap of the solid solu-
tion. Such a nonexponential dependence in the case of
intrinsic conduction, as well as the low temperature of
the transition to intrinsic conduction (T = 150 K), may
indicate deep “tails’ of impurity states, which distort
the valence and conduction bands. Such tails are char-
2002
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acteristic of highly compensated materials with a great
number of nonuniformly distributed impurities and
structural defects[5]. The properties of such solid solu-
tions are drastically changed as a result of doping with
tellurium and depend heavily on the doping level.

Light doping (X, < 1.75 x 10°5 at. %) causes acer-
tain inhomogeneity of the material. However, all the
grown samples had p-type conduction both at T = 77
and =300 K with low density and high mobility of holes
(see Table 1, samples 2, 3). The temperature depen-
dence of the Hall coefficient (Fig. 1a, samples 2, 3) was
controlled by three energy levels. the shallow impurity
level Eo; < 0.01 €V (T < 120 K), which is related to
uncontrollable impurities, as well as the deeper levels
Ex, = 0.03 eV and E»; = 0.07 €V, which can be related
to the structural defect (Vg Gag,)™ inherent to GaSh
and solid solutions close to GaSb in composition. The
temperature dependence of the mobility in these sam-
ples (Fig. 2, samples 2, 3) is characteristic of the transi-
tion to scattering by impurity ions () at T< 100K and,
at higher temperatures, by lattice vibrations (). Set-
ting the experimental mobilities |1, at 77 K equal to I,

and comparing them with the calculated values 1, [6],

we can estimate the concentration of ionized shallow
impurities; i.e.,

I\||77 = P-: P77/ U7

For shallow impurity levels, we have N/” = 2Ny + p,,,
from which the donor concentration N can be found.
We set the hole concentration p,; at 77 K equal to
Paepl = Naz —Np, Where pqg, isthe hole concentration at
depleted shallow levels, and estimate the quantity Np;.

In sample 2 with X5, = 1.31 x 10 at. %, we have
Na; = 1.5 x 107 cm3, Np = 10'® cm3, and the compen-
sation factor is K = Np/Na; = 0.07. In sample 3 with
Xk, = 1.75 x 1075 at. %, we have Ny, = 8 x 106 cm3,
Np = 10 cm3, and K = 0.12. The above values of N,;
and N, indicate that we have grown anormal low-com-
pensated p-type material asaresult of light doping with
tellurium. This may be attributed to “healing” of
defects, where tellurium interacts with charged clusters
of impurities and defects and neutralizes them. The
potential fluctuations at the valence band bottom dimin-
ish, and the concentration and mobility in the sample
are mainly controlled by holes at shallow impurity lev-
elswith the activation energy E,; = 0.01 eV and by dou-
bly charged structural defects with E,, = 0.03 eV and
Ea; = 0.07 eV, whose concentration islower than that of
shallow impurity levels (N, = 10 cm™) by an order of
magnitude.
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Fig. 1. Dependences of the Hall coefficient on the inverse
temperature in the (a) p-type samples at T = 77 K (open
symbols) and (b) n-type samples (closed symbols) of
Gay _ xInyAsySby _y (X = 0.22) solid solutions. Numbers
at curves correspond to sample numbersin Table 1.
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Fig. 2. Hall mobility versus temperature in the p-
(open symbols) and n-type (closed symbols) samples
of Gay _ xInyAsySh, _ v solid solutions with X = 0.22. Num-
bers at curves correspond to sample numbersin Table 1.
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Table 2. Characteristics of the studied samples of Ga; _ xInyAs,Sb; _y solid solutions with X = 0.24

Sampl T=300K T=77K

pie L - ;

no. Xte» & % | Conduction g, n, p, H, Conduction g, n, p, U,

type Otem? | 10 em™ [em?V1s?|  type Otem? | 10 em=2 [cm?Vist
9 Undoped p 140 14 550 p 190 4 2800

10 9.9x10° p 200 23 540 p 205 4.8 2680
11 1.98x 10 n 950 30 2000 p 420 18 1460
12 1.3x 1072 n 550 13 2660 n 327 74 2760
13 34x1072 n 1400 43 2000 n 1430 26 3300

Note: X#e isthe Teimpurity content in the melt.

Thus, tellurium, as a dopant introduced in small
amounts, improves the properties of Ga, _yxInyAs,Sb; _v
solid solutionswith X = 0.22 and, while retaining the p-
type conduction, alows production of a material with
high hole mobility and low density of structural defects.

Heavy doping with tellurium (X5, > 2 x 105 at. %)
causes overcompensation of impurities in the solid
solution. One can see from Table 1 that the p-type con-
duction is till retained (but with very low mobility) at

the tellurium content X#e =22x10%a. %insample4
aT=77K.AtT=300K, the solid solution beginsto

exhibit n-type conduction. At X5, = 1.09 x 10 at. %

(sample 5), the material becomes n-type bothat T =77
and 300 K. Inthis case, the electron mobility at T=77 K
is very low, which may be caused by high compensa-
tion of the material and by impurity clusters. The tem-
perature dependences R(T) and p(T) (Figs. 1b, 2,
curves 5) exhibit a steep increase of the Hall coefficient
and the mobility with temperature, as well as a peak at
T = 200 K. Thisrun of the dependences R(T) and p(T)
istypical of atransition to conduction over the impurity
band at low temperatures. The anomalously small Hall
coefficient R and low mobility u at the liquid nitrogen
temperature may be explained by high compensation of
the material, in which casethe distribution of impurities
becomes significantly nonuniform; the latter gives rise
to a distortion of the conduction band bottom and a
“tail” of the density of statesin the band gap [5]. Elec-
tronsarelocalized in the deepest valleys of the potential
relief, which are surrounded with high potential humps.
The Hall coefficient is defined by the volume-average
concentration n [7]. The conductivity ¢ in an inhomo-
geneous sample is defined by the concentration at the
percolation level; at high compensation, this concentra-
tion depends on temperature as

0 Er— By
O kT [

n. O exp

where Ep isthe energy at the percolation level and Eqis
the energy at the Fermi level [8]. The effective Hall
mobility p = Ro in aninhomogeneous material does not
represent the behavior of true (drift) mobility and dif-
fersfromit by thefactor n/n < 1, which decreases dras-
tically as the temperature is lowered. It is evident that
the difference of the measured Hall mobility from the
drift one will increase with the magnitude of sample
inhomogeneities.

At ahigher doping level (Xt > 2.2 x 10 at. %), the
electron concentration increases, the compensation fac-
tor decreases, and the potential relief is smoothed. The
Hall coefficient is related to the electron density in the
conduction band. One can see from Table 1 (samples 6,
7) that the solid solution both at T = 77 and 300 K
always has the n-type conduction and high mobility.
The temperature dependence of the Hall coefficient
(Fig. 1b, samples 6, 7) exhibits adecreasein Rat T >
250 K, which indicates that there is a donor level with
an activation energy E; = 0.05 eV. Thisdonor level was
previously observed in n-Ga _yIncAs,Sh,_y solid
solutions (X = 0.10) at low electron densities [2]; the
origin of it remains obscure.

The temperature dependence of the mobility (Fig. 2,
sample 6) is characteristic of scattering by impurity
ionsa T < 200 K and by lattice vibrations at higher
temperatures. By comparing the experimental mobility
at T =77 K with the theory [6], the impurity compensa-
tion factor in samples 6 and 7 was estimated asK = 0.2.

At avery high doping level (Xt, = 6.9 x 102 at. %,
sample 8), an electron density above 10'° cm can be
attained. In this case (see Table 1), the Hall coefficient
remains virtually unchanged in the entire temperature
range from 77 to 300 K, which is typical of high
degeneracy. The Fermi level position is Ex = 50 meV
aT—0.

We notethat the Hall coefficient does not increasewith
temperature a any concentration in n-Ga, _4In,As,Sh; _v
solid solutionswith X = 0.22, in contrast to n-GaSh and
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n-Ga, _yInyAs,Sh; _y with X =0.10. Thisindicates that
there is no second (111)-type conduction subband
dlightly above the (000) minimum [6] (E{"™ — E? =
0.08 eV for GaSh).

Thus, the use of tellurium as a dopant in
Ga; _ xInyAs,Sh, _y solid solutions with X = 0.22
makes it possible to “heal” existing defects with light
doping (Xt =< 1.75x 10-5 at. %) and to produce ap-type
material with alow concentration and high mobility of
holes (p;; = 4 x 10'° cm3, P, = 3600 cm? V1 s1). At

heavy doping (Xt, > 2 x 10 at. %), n-type material
with a high electron mobility may be produced in a
wide concentration range from 10 to 10'° cm=.

3.2. Tellurium-Doped Samples
with an Indium Content X = 0.24

The characteristics of the studied samples are listed
in Table 2. The temperature dependences of the Hall
coefficient and the mobility are shown in Figs. 3 and 4.

The initial undoped samples of Ga, _xInyAs,Sh; _y
solid solutions (X = 0.24) were p-type at T = 77 and
300 K and had higher hole densities and mobilities
(sample 9, Table 2) than in solid solutionswith X = 0.22
(sample 1, Table 1). The high hole mobilitiesat T = 77
and 300 K indicate that the impurities are compensated
only dightly (K = 0.1) and the impurity clusters are
absent. Overcompensation of this material occurs at a
higher tellurium content. In particular, at the tellurium

content X+, = 9.9 x 105 at. % in the liquid phase (sam-
ple 10), the material remained virtually unchanged and

retained p-type conduction at T =77 and 300 K, in con-
trast to sample 5 with X = 0.22 at the same doping level.

Itisevident from Fig. 3athat the temperature depen-
dence of the Hall coefficient for undoped sample 9 and
lightly doped sample 10 exhibits slopes typical of
p-type samples with an activation energy of 0.02 eV.
The mobility in these samples (Fig. 4) is lowered as
temperature increases and is controlled by scattering by
impurity ionsand lattice vibrations. The high mobilities
at T =77 K indicate alow impurity-compensation level
in these samples (K = Np/N, < 0.1).

With doping at the level Xy, = 1.98 x 10 at. %
(sample 11), the temperature dependence of the Hall
coefficient (Fig. 3a) exhibits a conduction-type inver-
sion at T = 100 K, which is typical of atransition to
intrinsic conduction. The dependences of RT ¥2 on the
reciprocal temperature at T > 250 K is exponentia
(Fig. 5). The activation energy calculated from the
exponential dependences corresponds to the band gap
E, = 0.42 eV, which agrees closely with the values cal-
culated in [1]. Thisresult confirms the absence of fluc-
tuations of the conduction band bottom and the valence
band top, in contrast to sample 1 with alower indium
content in the solid solution.
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Fig. 3. Dependences of the Hall coefficient on the inverse
temperature in the (a) p-type samples at T = 77 K (open
symbols) and (b) n-type samples (closed symbols) of
Gay _xInyAsySh, _y solid solutions with X = 0.24. Num-
bers at curves correspond to sample numbersin Table 2.
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Fig. 4. Hal mobility versus the temperature in

Gay — xInyAsySb, _y solid solutions with X = 0.24. Num-
bers at curves correspond to sample numbersin Table 2.

In samples 12 and 13 with X%, = 1.3 x 102 and

34x 102 a. %, complete overcompensation is
observed. The temperature dependence of the Hall
coefficient (Fig. 3b) in these samples, as in the n-type
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Fig. 5. Dependence of RT¥2 on the inverse temperature for
sample1lat T > 250 K.

samples with alower indium content (samples 7 and 8)
at T> 200 K, exhibits slopes with the activation energy
Ep = 0.05 eV. The temperature dependence of the elec-
tron mobility (Fig. 4, sample 13) is characteristic of a
degenerate material when there is scattering by impuri-
ties and lattice vibrations. The electron mobility at T =
77 K alows us to estimate the compensation factor for
shallow impuritiesas K = 0.1.

Thus, in Ga, _InAs,Sh, _y solid solutionswith X =
0.24, in which there are no fluctuations of the valence-
and conduction-band edges, tellurium manifests itself
as an ordinary donor impurity, which compensates
holes and allows production of the n-type materia in a
wide concentration range.

4. ELECTROLUMINESCENCE
OF n-Ga, _xInyAs,Sh, _/p-GaSb
HETEROSTRUCTURES (X = 0.22 AND 0.24)

Electroluminescence spectra of n-Gay _yInyAs,Sb; _v/p-
GaSb heterostructures (X = 0.22 and 0.24) emitting inthe
spectra region of 2-2.5 ym were studied at T = 77 and
300 K. Epilayers of n-GalnAsSh: Tewere grown from a
lead-containing solution—melt at various levels of tellu-
rium doping. The possibility of developing LEDs based
on these was studied.

The samples were prepared on the basis of
n-Ga, _«InyAs,Sb; _v:Te solid solutions grown on a
p-GaSb (100) substrate with a hole concentration p =
10 cm3 without a buffer layer. The sample consti-
tuted amesa with a continuous contact to p-GaSh and
a point contact to the n-GalnAsSb layer. The spectral
characteristics of LEDs were measured with an
MDR-2 monochromator using a synchronous detec-
tion scheme. The measurements were carried out in a
guasi-continuous mode by applying meander-type
pulses with arepetition rate of 400 Hz to the p—n junc-
tion.

The spectra of the most intense signals of radiative
recombination were measured for the samples grown at
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Xk, = (2 x 102 x 10?) at. % (Figs. 6a—6c). Accord-
ing to the data obtained using the Hall effect, the free
electron density inthelayer at T=77 K wasn=1.2 x
10Y cm3 (sample 6, Table 1) and n = 4.0 x 108 cm
(sample 7, Table 1). The spectra exhibit a number of
peaks corresponding to recombination mechanisms
that involve interband transitions and various levels.

First, we analyze the emission spectra of LEDs
based on the material with X =0.22 (Figs. 6a, 6b). Fig-
ure 6a (T = 300 K) displays the spectrafor two samples

with different doping levels: X\, = 2.2 x 104 a. %

(curve 1) and X5, = 1.9 x 1072 at. % (curve 2). The
emission peaks at the wavelength A = 2.35 um (E; =
0.525 eV, curve 1) and A = 2.24 um (E; = 0.55 eV,
curve 2) may be related to the interband recombination
of free carriers. The shift of the peak in curve 2 is
caused by the higher position of the Fermi level in the
conduction band due to a higher doping level. The peak
related to the recombination level E,, = 0.035 eV is
observed at A = 2.5 um in the case of a lighter doped
sample (curve 1). Thisis probably the first charge state
caused by the native structural defect Vi, Gag,, which
distinctly manifests itself in the temperature depen-
dence of the Hall coefficient in the p-type material. The
run of curve 2 indicates that there is a center with an
ionization energy E,; = 0.07 eV. This is the second
charge state of the same acceptor. The first charge state
Ex, = 0.035 eV does not manifest itself in curve 2. The

introduction of tellurium with X#e =2x102%a. %

probably changes the charge state of the doubly
charged acceptor, and the first level disappears. This
effect was observed in [9] in the case of tellurium-
doped GaSh. According to the peak of radiative recom-
bination observed at A = 1.99 um for the same sample
(Fig. 6b) at the liquid nitrogen temperature, the band gap
is Eg = 0.62 eV. Thesgnals at A = 2.04 and 2.18 pm,
observed in the same spectrum, can be caused by the
donor levels Ep; = 0.01-0.012 eV (detected in [9]) and
Ep, = 0.05 eV. It may be assumed that hole injection
into the narrow-gap region increases at arather high (at
T =77 K) current of 200 mA through the p—n junction,
the acceptor levels E,; and E4, become saturated, and the
0.012- and 0.05-eV donor centers begin to participatein
recombination. The same level with Ey, = 0.05 eV
manifests itself in the temperature dependences of the
Hall coefficient (Figs. 1, 3). Shallow acceptor centers
can also beinvolved in this process.

Now, we consider the emission spectra of the mate-
rial with X = 0.24 (Fig. 6¢). Its tellurium content was
X5, =1.9x 102 at. %, asin the solid solution with X =
0.22 considered above. Theband gap at T = 77 K was
0.6 eV. Two peaks are also easily detected in the spec-
trum at wavelengths longer than 2.1 um. In this case,
both charge states of the doubly charged impurity
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Fig. 6. Spectral dependences of the electroluminescence
yield of LEDs based on n-Gay _xInyAsySh, _y/p-GaSb
with X = (a, b) 0.22 and (c) 0.24, measured at T = (a) 300 and

(b,©) 77K; Xk, = (1) 2.2 x 104 and (2-4) 1.9 x 1072 at. %.

acceptor manifest themselves, in contrast to the sample
with X = 0.22 with the same concentration (curve 3 in
Fig. 6b). This indicates that the total concentration of
acceptors was higher in the initial undoped material
with X = 0.24; hence, compl ete compensation of accep-
tors requires a higher tellurium concentration, which
conforms to the Hall measurements.

Thus, the radiative recombination spectra, which
were measured when studying the el ectroluminescence
of n-Ga, _xInyAs,Sb; _/p-GaShb (X = 0.22 and 0.24)
heterostructures, have revealed levelsidentica to those
detected when studying the transport properties of tel-
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lurium-doped n-type solid solutions; moreover, they
have shown the prospect of developing LEDs based on
these structures.

5. CONCLUSION

The influence of atellurium impurity on the el ectri-
cal properties of Gg; _yInyAs,Sb; _/p-GaSb (X = 0.22
and 0.24) solid solutions grown from lead-containing
solution—melts were studied for the first time, as were
the electroluminescence spectra of heterostructures
based on these solid solutions. These studies allow the
following conclusions.

(i) The Te-undoped Ga, _yInAs,Sh; _y solid solu-
tion with X = 0.22 (E4 = 0.5 eV) represents a compen-
sated p-type inhomogeneous material with alow con-
centration and mobility of holesat T =77 K: p;, =2 x
10 cmr® and Yy = 200 cn? V- st At light doping

(X%, <1.75 x 105 at. %), defects are “healed”; thus, it
becomes possible to produce alow-compensated p-type
material with alow concentration and high mobility of
holes (p; =5 x 10 cm™ and Y, = 3500 cm? V-1 s, as
well aswith alow density of structural defects.

(i) In contragt to solid solutions with X = 0.22,
undoped solid solutions with X = 0.24 are always charac-
terized by a higher concentration and mobility of holes at
T=77K (p,=4x10" cm3 and - = 3000 cm? V1 s,
are more homogeneous, and do not involve significant
fluctuations of impurities and defects. Therefore, light

doping (X5, < 10 at. %) of Ga,_yInyAs,Sb; _y (X =

0.24) solid solutions does not appreciably change the
properties of the material.

(iii) At high doping (X7 > 10 at. % and Xt >
2 x 10 at. % for compositions with X = 0.24 and
0.22, respectively), ordinary overcompensation of
acceptor levels occurs in Ga; _xInyAs,Sb, _y solid
solutions. Thus, it becomes possible to produce
n-type epilayers in a wide concentration range from
n = 10Y to 10'° cm= with a high electron mobility
H;7 = 4000 cm? V-1t st,

(iv) In contrast to n-GaSh, the second (111)-type
conduction subband does not manifest itself in n-type
Te-doped Ga, _xInyAs,Sh; _y solid solutions (X = 0.22
and 0.24) up to concentrations n = 10*° cm3; i.e., these
solid solutions can be used as direct-gap semiconduc-
torsin awide concentration range.

(v) The studies of the electroluminescence of
n-Ga; _xInyAs,Sh; _/p-GaSb (X = 0.22 and 0.24) het-
erostructures confirm the data obtained from the galva-
nomagnetic effects and show the prospect of develop-
ing LEDs with awavelength A =2-2.5 um.
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Abstract—The electron band structure of Ga,In; _,P bulk solid solutions was calculated by the local model
pseudopotential method taking into account lattice mismatch. The resulting local strain of the lattice was taken
into account in calculations of effective mass and deformation potential. The main optical characteristics of
Ga,In, _,P aloys can be explained by the presence of internal local strains and antisite defects. In comparison
with bulk samples, the concentration dependences of the spectral peaks E; and E; + A, in pseudomorphic thin
films were found to be more sensitive than the fundamental absorption edge E, to deformations caused by the

substrate. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In recent years, Galn, _,P aloys have been attract-
ing particular interest in connection with their applica-
tioninvariousdevices. Inthiscontext, it isimportant to
study the strain dependences of the optical properties of
both bulk and epitaxial samples. In particular, unique
heterostructural properties have made Ga,ln, _,P-based
systems attractive for the devel opment of electronic and
optical devices such as bipolar and field-effect hetero-
junction transistors, solar cells, light-emitting diodes,
as well as semiconductor injection lasers of the visible
region of the spectrum [1, 2].

However, the basic parameters of Galn, _,P have
not yet been studied in sufficient detail. This is due to
difficulties encountered in the production of high-qual-
ity crystals, since the mismatch of the GaP and InP lat-
tice constants (5.424 and 5.869 A, respectively) is
7.6%, which is the highest value among Il1-V com-
pounds.

Ternary semiconductor 111-V-based alloys with a
zinc blende structure are typically crystallized as unor-
dered aloys, where one of the two fcc sublattices
(anionic or cationic) ischemically unordered. The stud-
ies [3] of the crystal structure of I11-V-based ternary
solid solutions using the extended X -ray absorption fine
structure (EXAFS) method allowed for the determina-
tion of distinctive features in these materials. On the
one hand, the sublattice, which contains atoms of two
types, is structurally closeto avirtual crystal and obeys
the Vegard law. On the other hand, the other sublattice
issignificantly deformed; therefore, the distancesto the
nearest atoms depend only slightly on the solution com-
position. Local internal stresses arising in this case can
cause phase transformations: destruction on the one

hand and superstructure formation on the other [4].
Furthermore, it is well known that deformations often
give rise to optical activity in semiconductors [5]. Itis
common knowledge that biaxial deformation in epitax-
ia filmsfrom the substrate side also has an effect on the
optical characteristics of an alloy. Isotropic deforma-
tion causes shifts of the valence and conduction band
energies, whereas anisotropic deformation lowers the
crystal symmetry and, hence, splits degenerate bands of
heavy and light holes at the point I". Although the strain
dependence of the band gap E, was studied in detail [6],
the experimental data on the strain dependences of the
spectral peaks Ejand E, [7] have not yet been ade-
guately explained. Therefore, in this study, we analyze
the effect of internal local and biaxial deformations on
E, and E, in Galn, _,P bulk and epitaxial samples. The
€l ectron band structure was cal cul ated by the method of
the local model pseudopotential including a strain-
dependent correction [8]. This allowed us to calculate
the real and imaginary parts of the dielectric function,
as well as to study the dependence of the main peak
positions for the imaginary part of the dielectric func-
tion on the solution composition for both abulk sample
and for thin pseudomorphic films on GaP and GaAs
substrates.

ELECTRON BAND STRUCTURE

The conventional empirical pseudopotentials v(q)
which are specified only for discrete wave-vector val-
ues cannot adequately represent experimentally mea-
sured effective masses, deformation potentials, and
other electronic characteristics of various semiconduc-
tor structures. Therefore, in this study we used the local

1063-7826/02/3608-0863%22.00 © 2002 MAIK “Nauka/Interperiodica’
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Table 1. Pseudopotential parameters used in the calcula-
tionsfor GaP and InP

GaP InP

Parameter

Ga P In P
ay, eV 1.485 0.0587 0.692 0.0406
ay, 4re/a? 6.268 7.644 5.820 9.010
a, 62.023 1.217 14.049 1.204
ag, 8?41t 0.0406 0.126 0.0798 0.114
ay 79 0 3.32 0
AS eV 0.0001 0.00203
M eV 0.00034 0.0005

Note: aisthe lattice constant.

model pseudopotential method, which, on the basis of
plane waves, leads to the secular problem [9]

hZ
Ot gk + G)' ~ E(k) s, o0
®

+V,(IG = G)3, ¢ + Vio(G, G)| = 0,

where G and G' are the reciprocal lattice vectors. The
first and second terms correspond to the kinetic energy
and the local model pseudopotential V(|G — G'|); the
third term accounts for the spin—orbit coupling

Veo(G, G') = (G xG')os
x {—iA3cos(G —G')t + A sin(G - G},
where s and s are the spin states, T = (a/8)[1,1,1], ais
the | attice constant, o are the Pauli matrices, and ASand
M2 are the adjustable parameters of the spin—orbit cou-
pling.
We take into account local strainsin aloys by sup-

plementing the atomic pseudopotential v,(G) with the
factor [1 + dv,(€)] (see[8]); then we have

)

VoG = 53 (vallGDIT+ Bve(@l

x exp(iGRq,p),

where € is loca strain, Q is the unit cell volume, and
Ry n isthe position of the nth atom of type a.

In the approximation that is linear with respect to
strain,

OVy(e) = z &j€ij (4
i

the conditions

i = ayy = Qg

5
a; =0 a i#] ®)

VYKLYUK et al.

are met for the zinc blende structure.
Then, (4) can be rewritten as

5V 4 (€) O Tr(e). (6)

The choice of the functional form of the screened
pseudopotentia is governed by the condition of its suf-
ficient versatility when describing the largest possible
number of physical characteristics. In this case, the
number of pseudopotential parameters should bewithin
reasonable limits and the parameters themsel ves should
not vary significantly when optimizing the electronic
structure. We chose the foll owing pseudopotential form
(see[10]):

— (Gz_ala)
VC((G) - aOaazanp(a3aGZ)_1 (7)
with
OVq(€) = asTr(e). (€S)

Table 1 lists the pseudopotential parameters a,, a,,
a,, g, 4, as well as AS and M. The pseudopotential
determination procedure amounted to fitting the equi-
librium band structure for InP and GaP binary semicon-
ductors. Thereafter, the coefficients a, for cations were
selected in such away so as to fit the calculated hydro-
static deformation potentials to the experimental ones.
Table 2 lists the calculated energy interband distances
of InP and GaP at several high-symmetry points of the
Brillouin zone in comparison with those found by the
nonlocal pseudopotential method [9] and experimental
values. One can seethat the calcul ated effective masses
of the electrons (m,) at the conduction band bottom and
those of heavy holes (m,,) adequately conform to the
experimental data.

The hydrostatic deformation potential of the band
gap (E) at the point I" is given by

ay = QO—QQ’. 9

The deformation potential a, of the valence band
maximum is determined in a similar way; then, the
deformation potential of the conduction band minimum
is written as a, = at‘h+ a,. Our calculations exhibit a
rather good fit of the deformation potentials to the
experimental ones [11] both in magnitude and sign.

The influence of the temperature on the band struc-
ture of Galn,_,P solid solutions was taken into
account using the Brooks-Yu theory [9] and was
described in our preceding publication [20] in detail.
According to the Vegard rule and the virtual crystal
approximation (VCA), the lattice constant and pseudo-
potentials in a Galn, _,P solid solution are defined as

linear combinations of the corresponding valuesfor InP
(@&np Vinp) and GaP (agap Voup):
= X+ ap(l-X),
s = Agap np( ) (10)
Vss = VGaPX + VInP(l - X),
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Table 2. Interband-distance energies at some symmetry points of the Brillouin zone, effective masses of electrons (m,) and
heavy holes (my,), and deformation potentials at 0 K for GaP and InP

GaP InP
Parameter Calculated data Experimental Calculated data Experimental
our data [9] data our data [9] data

FecT ay 3.06 2.88 2.86[12] 1.51 1.50 1.46 [16]

—a 4.50 4.89 5.05[13, 14] 4.42 4.50 4.62[16]
Lec—La sy 353 3.85 3.91[13, 15] 3.06 3.13 3.22[17]
XeeT gy 252 2.16 2.35[14] 2.84 2.44 2.38[16]
JAYS 0.211 - 0.377 - —
Me 0.17 - 0.127[18] 0.068 - 0.077[19]
My, [100] 0.42 - 0.45[18] 0.45 - 0.56 [19]
a -9.3 - —9.3[11] 6.4 - —6.4[11]
a, ~10.4 - —10.6 [11] -116 - ~11.6[11]
a. -19.7 - ~19.9[11] ~18.0 - —18.0[11]

Note: The energies, deformation potentials, and effective masses, are given in electronvolts, electronvolts, and free-electron masses my,

respectively.

where a and Vg are the lattice constant and the
pseudopotential form factor of the substitutional solid
solution.

The dlight difference between the anion pseudopo-
tentials (P) in InP and GaP compounds confirms the
experimental fact of the weak dependence of the anion
sublattice parameter on the ternary solid solution com-
position [3].

All of the aforesaid alows us to determine the
dielectric function and optical characteristics using the
calculated Galn,_,P band structure and taking into
account internal local strains.

OPTICAL CHARACTERISTICS

The calculated electron band structure is closely
related to the complex dielectric function €(E) = €,(E) +
ig,(E) of a semiconductor, which describes the optical
response of a medium for any photon energy E = Aw.
The complex dielectric function alows the determina-
tion of other optical characteristics, in particular, the
refractive index of the medium (n), absorptivity (a),
reflectance (R), and other related values. Theimaginary
part of the dielectric function is given by (see[9])

4t
8 = e
(11)
xS 2% 10 0m, (k)2BLE.(K) — E, (k) ~E],
(2m
where
eEM vc(k) = Ij-I-’cklepltukar (12)
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e is the polarization vector, and p is the momentum
operator. Summation is carried out over theinitial indi-
ces of the valence bands (v) and the final states of the
conduction bands (c). Eight upper valence bands and
four lower conduction bands were also taken into
account. Integration was carried out over the first Bril-
louin zone using the method of tetrahedra[21]; the Bril-
louin zone was partitioned into 3000 equivoluminar tet-
rahedra. The matrix elements (12) were calculated for
the obtained pseudowave functions and controlled
using the selection rules [22]. In the calculation of
&,(E), exciton effects were neglected. Since GaP is an
indirect-gap semiconductor compound, indirect inter-
band transitions were taken into account when cal cul at-
ing &,(E). Then, in the case of phonon absorption 7,
(see[22]), we have

e (E) _ 4T[2h2e2 2dk1dk2
2 mE? I] (2n’(2n)®
ZBZB

% DlJcklep(q, r) UJBklthé/z El|»'[3k1|ep| quklE'2
Ep(k1) —Ey(ky) -E |

x O[Ec(kz) —E, (k1) —E—f0y],

where n, are the occupation numbers of the phonon
states involved in transitions.

Thereal part €,(E) of the dielectric function was cal-
culated using the Kramers—Kronig relation. Figures 1
and 2 display the results of calculations of €;,(E) and
&,(E) for InP and GaP in comparison with the experi-
mental dependences [23]. The interband transitions
were analyzed in detail, and the main peaks were iden-
tified in our previous publication [24].

(13)
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E, eV
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h

Fig. 1. Real (g1) and imaginary (g,) parts of the InP dielec-
tric function at 300 K: (1, 3) our calculations and (2, 4) the
experimental data of [23].

Asisknown from the general theory of optical inter-
band transitions, the €,(E) spectrum is quantitatively
defined by the correctness of the band dispersion calcu-
lations, the probability of electron transitions, and con-
sideration of all Brillouin zone points.

BULK CRYSTAL

Having obtained agood fit of thereal and imaginary
parts of the GaP and InP dielectric function with the
experiment, we pass on to the consideration of the
behavior of the imaginary part €,(E). First, we study
variationsin the E; peak position, which we accurately
determined by analyzing the second derivative
d?(e,)/dw? (the E, behavior was studied in [20]). Using
the Vegard law, we found that the linear dependence
E,(X) (see Fig. 3) significantly differs from the experi-
mental one. The latter can be approximated as E;(x) =
3.18 + 0.58x + 0.86x(x — 1) [25]. To explain the curve
deflection, we initialy took into account the fact that
the alloy lattice constant varies by the nonlinear law
[26], which is caused by local strains[8]. The latter, in
turn, can be taken into account by the modified pseudo-
potential (3) with the relative change of the unit cell
volume given by

AQ
Tr(e) R

One can see from Fig. 3 that this contribution to the
deviation of the dependence E;(x) from the linear one
isinsignificant. The significant difference between the
InP and GaP lattice constants is also caused by antisite

(14)
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Fig. 2. Redl (g1) and imaginary (g,) parts of the GaP dielec-
tric function at 300 K: (1, 3) our calculations and (2, 4) the
experimental data of [23].

defects [27], whose effect on the alloy band structure
was taken into account in our previous paper [20]. Anti-
site defects give rise to the deflection of the depen-
dences E;(x) and E;(x) + A, which conforms satisfac-
torily to the experimental data[24] (seeFigs. 3,4). The
results of calculations of E,(X) and E,(X) + Ay(X) are
presented in Fig. 4. In this case, the deflection is less
pronounced than that of E;(x) and E;(X) + A;(X) and its
minimum is at the point x = 0.5. Furthermore, A, < A;.
This is explained by the fact that the splitting of the
upper valence band at the point X is dlighter than that at
the point L [20]. A detailed analysis of the interband
transitions showed that the transitionsin the direction A
of the Brillouin zone (where the valence and conduc-
tion bands are ailmost parallel) mainly contribute to the
peaks E; and E; + A;. Thetransitions at the point X and
in the direction Z contribute to E,.

EFFECT OF BIAXIAL DEFORMATION IN FILMS

The epitaxial growth of semiconductor alloys with
lattice parameters differing from those of the substrate
causes mismatch deformation in the epilayer. The mis-
match strain can elastically relax dueto tetragonal dis-
tortion on condition that the epilayer is not too thick
(pseudomorphic film). As the mismatch between the
layer and substrate | attice constants increases, the layer
will relax in the direction of its bulk structure; as a
result, the misfit dislocations are generated.

The optical characteristics of thin pseudomorphic
InGaP films determined experimentally [7, 28, 29] dif-
fer from those of bulk samples, depend on the substrate
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E., eV

Fig. 3. Concentration dependence of the E; peak for the
bulk alloy taking into account (1) only the Vegard law,
(2) the lattice constant nonlinearity, (3) the lattice constant
nonlinearity and antisite defects, (4) the approximation of
the experimental data of [25] (triangles).

material, and have singularities in the concentration
dependence E;(x). To explain these singularities, in
addition to the abovementioned factors taking place in
bulk samples, we considered the epilayer biaxia strain
caused by the substrate. The chosen pseudopotential
also allows for the consideration of film biaxial strain.
Inthis case, the strain tensor components can be written
as (see[1])

yw = O,

2C
€, — a]lzé,

(15

where & = (ajncap — Bsu)/@su; 8N &yncap aNd 8y are the
lattice constants of the bulk aloy and the substrate,
respectively.

As our caculations and the theoretical studies [1]
have shown, biaxial deformation changes the band
structure in the following way. Under compressive
deformation (the substrate lattice constant is smaller
than that of the film), the band gap increases due to a
rise of the conduction band, while the position of the
upper valence band is virtually unchanged. The case of
tensile deformation is opposite: the lower conduction
band goes down, while the position of the upper
valence band is also virtually unchanged, and the band
gap Narrows.

We studied GaAs and GaP substrates. In the case of
the GaP substrate, compressive strains arise in the
InGaP alloy, since the lattice constant of the film
exceeds that of the substrate. As indicated above, the
compressive strain widens the band gap, which in turn
shiftsthe peaks E; and E, to higher energies. Hence, the
E,(x) and E,(x) deflection will be dighter for the case

SEMICONDUCTORS  Vol. 36

No. 8 2002

867

{El’ El +A1, Ez, E2 +A2}, eV
5.0r
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4.5+

Fig. 4. Concentration dependences of the pesks E;(x),
E1(x) + Aq(x), Ex(x), and Ex(x) + Ay(x) for Ga,ln, _ P bulk
samples; dots are the experimental data of [25].

of the GaP substrate than that for bulk samples. Figure 5
shows the results of our calculations in comparison
with the experimental data of [7] for GaIn, _,P/GaP.

The case of GaAs substrate is somewhat different.
The lattice constant of the alloy coincides with that of
the substrate at x = 0.4815. Hence, compressive and
tensile strains arise in the substrate at x < 0.4815 and
x > 0.4815, which shifts the E; and E, peaks to higher
and lower energies, respectively. Thisresultsin that the
deflection of the concentration dependences E,(x) and
E,(x) significantly decreases in the film relative to that
of the bulk sample, while the peak E, and E, + A, posi-
tions remain virtually unchanged at x = 0.45-0.7. This
range is much wider for E; and E; + A, x = 0.2-0.9,
which isalso confirmed experimentally [7] (seeFig. 6).
Thus, the optical characteristics, as well as the band

(E\,E,+ 1}, eV
3.7r

[

3-6M

[ ]

3.5

34r E,

33 1 1 1 1 1 1 1
0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.7
X

Fig. 5. Concentration dependences of the peaks E;(x) and
E1(x) + Aq(x) for Ga,ln, _,P/GaP; dots are the experimen-
tal data of [7].
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Ey . - 4
b e T, ¥
x=04815
3.1 1 1 1 ]
0.45 0.50 0.55 0.60

X

Fig. 6. Concentration dependences of the peaks E;(x) and
E1(X) + Aq(x) for the (1, 2) Galny _,Pbulk sasmpleand (3, 4)
Galn, _,P/GaAsfilm; dots are the experimental data of [7].

structure of thin films, significantly differ from those
inherent to bulk samples. Consideration of the biaxial
strain allows for a correct explanation of the specia
features of the optical characteristics of thin films.

CONCLUSION

The electron band structure of bulk Galn, _,P solid
solutions was studied using the local model pseudopo-
tential method taking into account the lattice mismatch.
The arising local strain of the lattice was taken into
account when calculating the effective masses and
deformation potentials. The consideration of interna
local strains and antisite defects in Galn,_,P aloys
allows for an explanation of their basic optical charac-
teristics.

In comparison with bulk samples, the concentration
dependences of the peaks E;(x) and E;(X) + Ay(X) in
pseudomorphic thin films are more sensitive than the
fundamental absorption edge E, to deformations from
the substrate side.
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Abstract—Temperature dependences of the Hall coefficient R, electrical conductivity o, and thermopower o
areinvestigated in the range of 4-300 K. The specific features observed in temperature dependences R(T), o(T),
and oy(T) are interpreted in the context of a model with two types of charge carriers. © 2002 MAIK

“Nauka/Interperiodica” .

INTRODUCTION

Numerous studies have been devoted to the investi-
gation of the electrical and thermoel ectric properties of
Ag,Te[1-8]. It was demonstrated that the electron dis-
persion law for n-Ag,Teisgoverned by the Kane model
[1, 2]. Inthe range of 4-300 K, the fundamental mech-
anisms of charge carrier scattering are scattering by
ionized impurities and optical phonons [1-4].

In contrast with n-Ag,Te, electrical and thermoelec-
tric properties of p-Ag,Te have specific features which
are not observed for n-Ag,Te. Their analysis requires
more precise knowledge of the properties of charge car-
riersin p-Ag,Te. Despite the series of studieswhich are
devoted to this issue for p-Ag,Te [4-8], the problem
can not be considered as resolved.

This study is devoted to the investigation of temper-
ature dependences of the Hall coefficient R(T), conduc-
tivity o(T), and thermopower a(T) with the purpose of
determining a number of properties of charge carriers
inp-Ag,Te.

EXPERIMENTAL

The p-Ag,Te samples were obtained according to
the single technique [9] with the Te excess as high as
~1 at. % [10]. The homogeneity in the solid state was
investigated by the dilatometry technique [9]. For mea:
surements, the samples were fabricated in the form of
parallelepipeds2 x 3 x 10 mmin size. The experimental
data obtained on the temperature dependences of
kinetic coefficients R(T), o(T), and a,(T) are shown in
Fig. 1.

The temperature dependence of the Hall coefficient
R(T) is shown by curve 1 in Fig. 1. It can be seen that
R(T) isindependent of T up to T = 45 K. After that, it
decreaseswith increasing temperature; andat T = 65K,
it changesits sign to anegative one and attains the peak
absolutevalue |R| at T = 80 K. Further, |R|(T) decreases
gradually, and, in the temperature range of 200-300 K,

the decrease in |R| diminishes. The temperature depen-
dence of conductivity o is shown by curve 2 in Fig. 1.
From acomparison of o(T) and R(T), it can be seen that
o(T) a T < 45 K repeats the run of R(T). At the tem-
perature T = 65 K, which corresponds to the tempera-
ture of reversal of the sign of R, this curve passes
through a minimum and further increases as the tem-
perature increases, and at T = 200 K, it passes through
amaximum. Curve 3in Fig. 1 demonstrates the temper-
ature dependence of thermopower ay(T), which
increases linearly up to T < 45 K and then changesiits
sign. At T= 80 and 270 K, the peaks of the dependence
|otp(T)] manifest themselves.

R,em®C Lo, Q 'em ™ ap, pv- 1 K-!
2001

100

—-100

-200

Fig. 1. Temperature dependences of (1) the Hall coefficient
Rfor H =12 kOe, (2) conductivity o, and (3) thermopower
0. Solid lines represent the results of calculations.

1063-7826/02/3608-0869%$22.00 © 2002 MAIK “Nauka/Interperiodica’



870
DISCUSSION

Thetemperature dependences o(T), R(T), and ay(T)
for p-Ag,Te were discussed previously [5-8]. The
authors of [5] tried to explain the plateaus observed in
the R(T) dependenceintheregion T = 230-300 K. The
slopeof R(T) at T = 80 K was used [5] to estimate the
activation energy at 0.04 + 0.01 eV, assuming that local
energy levels emerge in the band gap. The presence of
the plateau in the R(T) curveis caused by the depletion
of these energy levels[5]. It was concluded [6] that the
charge carrier density for theregion of theintrinsic con-
ductivity of p-Ag,Te is governed by the power-law
dependence n; O T3. This dependence corresponds to
the band-to-band activation of charge carriers with a
substantially nonparabolic energy spectrum of elec-
tronsand holes. It isbelieved [6] that a sharp weakening
of the increase in the electron density, namely, the
emergence of the plateau in the R(T) curve in the tem-
perature range of ~250-300 K, can be explained by the
presence of an additional valence band with a higher
density of states.

It was assumed [ 7] that the presence of a conductiv-
ity peak and certain anomalies of thermopower in the
range T = 248-283 K could be associated with a possi-
ble phase transition. A decrease in the |o,| quantity at
T > 283 K is more characteristic of impurity conduc-
tion. In contrast with this, a decrease in |0y with
decreasing temperature is related to variation in the
scattering mechanism and phonon drag of charge carri-
ers. It has been demonstrated [8] that, in the tempera-
ture range of 140200 K, the ay(T) quantity varies
according to the law |a,| O T2 and that the charge carri-
ers are dragged by phonons in this temperature range.

The authors of [5-8], with the absence of low-tem-
perature investigations of R, o, and o, and with no
allowance made for the temperature dependence of
band parameters, made, according to our opinion,
unjustified conclusions. In order to clarify this issue,
the complex analysis of temperature dependences o(T),
R(T), and a(T) should be carried out with allowance
made for the dispersion law of the electron spectrum
and scattering mechanisms.

Such an analysis was carried out as follows.

The experimental data (Fig. 1) indicate that the low-
temperatures hole gas is degenerate at T < 50 K. The
Hall coefficient R and conductivity o are independent
of temperature, whereas the temperature dependence of
thermopower ay(T) is linear. Actudly, it is known that
the thermopower o, for each degree of degeneracy of
the charge-carrier gas in a conventional band is
expressed as follows:

s %

Fooo(n*)
r+1(p' ) IJ i| (1)

ALIEV et al.

Here, U is the Fermi level; p* = w/k,T, F(u*) is the
Fermi-Dirac integral, defined in [11] as

Im EREL

x = ¢&lk,T; and the subscript r isdetermined from the 1(g)
dependence, which is the dependence of the relaxation
time of charge carrier momentum on energy €:

w©) = WM - @

wherer =r, = 0 for scattering by acoustic phonons;
andr = r; = 2 for scattering by impurity ions. From for-
mula (1), for ui* = 10, we deriveo, O T.

Let us use the value for the effective mass of holes
m, = 0.12my, [3] and assume that the donor density N4 =0.
In this case, from the Hall coefficient at T < 50 K, we
find the acceptor density N, = 6.25 x 10 cm and the
temperature of eliminating the degeneracy of the hole
gas T,y =56 K.

At T = 60 K, the degeneracy of holes is eliminated
and intrinsic conduction manifests itself, which is
shown by the experimental data shown in Fig. 1. Using
the temperature dependence of the band gap for Ag,Te
[12, 13],

E,(T) = (0.035-7x107T) eV,

and the equation of neutrality N, = p —n for the region
of intrinsic conduction, we can make an estimation and
demonstrate that the intrinsic electron density n; at
approximately T = 200 K increases to such a degree
that the degeneracy of the electron gas manifestsitself,
which is characteristic of narrow-gap semiconductors.
Such an estimation is confirmed by the temperature
dependences R(T), o(T), and a(T) at T = 200 K.

In the region of intrinsic conduction, for two types of
charge carriers, the quantities R(T), o(T), and ay(T) ina
weak magnetic field H for (UH)? < 1, (UH)? < 1,
where U, and U, are the mohilities of electrons and
holes, are determined from the following formulas[14]:

_ 1 (1-9@-b)

= ©)
Nae  (1+bc)?
_ 1+Dbc
o= N""eU”_b(l—c)’ 4
_ Ogp0p—0on0y 5
0,+0,

Here, N, = p(1 — ¢) is the acceptor concentration; b =
U,/U, istheratio of mobilities for electrons and holes;
c =n/pistheratio of densities of electronsn and holes
p; and gy, Oy, Ogp, and 0y, are the conductivities and
thermopowers for holes and el ectrons, respectively.
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We now turn our attention to the determination of
the ratio of mobilitiesb(T). With thereversal of thesign
of the Hall coefficient R, the ratio of mobilitiesis equal
to b = 1/c?, whereas for the minimum |R(T)| = |Ryil
(T=80K), b=1/c[14], so that

(1-b)®
4beN,

Above T = 80 K, the value of b was selected so that the
calculated R values coincided with the experimental
data (see Fig. 1, curve 1, and Fig. 2). The dependence
¢(T) was calculated according to the relationship

| minl -

n;
Na+ pi.

If b(T) and c(T) are known, we can use relations (3)—
(5) and thedataon o(T) (Fig. 1, curve 2) to determinethe
dependences U,(T) and U(T) = Uy(T)/b(T) (Fig. 3).

The calculated temperature dependences of electron
mobility at T > 50 K, when the electron contribution to
kinetic coefficients beginsto become noticeabl e agai nst
the background of the hole conduction (Fig. 1), were
determined for two cases. These are the cases of nonde-
generate electron gas (at T < 200 K) and degenerate el ec-
tron gas, both for the conventional (parabolic) conduc-
tion band and for the nonparabolic one (at T > 200 K).
The temperature dependence of mobility has the form

eld (T, )0
m* '

u(T) = (6)
Here, 14 is the momentum-relaxation time and m* is
the effective mass of charge carriers. Averaging the
electrons by energy is denoted by broken brackets.

When two scattering mechanisms with the parame-
ters r; and r,. exist, the effective transport time for
relaxations is calculated using a representation of 1(€)
intheform of (2) [11];i.e,

To(MTox(NH £ [
Tr(T, €) = e M
TOI(T) + TOac(T)D( -I-D

When determining 14(T) for scattering by ionized
impurity atoms, we can use the formula

<2mn)”2(koT)”
T[e N;F

To(T) = (8)

Here, m, =0.025m, [1], x = 16 isthe dielectric constant
of the crystal, and N; is the concentration of impurity
ions,

F=in(l+d)-— &= 4Kr

1+¢&’
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Fig. 2. Temperature dependences of theratio of electron and
hole mobilitiesb = U,/U, and the ratio of electron and hole
densitiesc = n/(N, + p,)

where rgis the screening length defined for nondegen-
erate semiconductors as

DX kOT D]JZ

- Oyt

n isthe electron density; and k is the momentum of the
electron with the energy € = A2k%/2m,.

The formula for 1y,(T), which is the temperature
coefficient in formula (2) for electron scattering by the
deformation potential of lattice acoustic vibrationswith
a conventional band, has the form

n pu’

2 ¢c? (2m, koT)
where p isthe density of the crystal, C isaconstant, and
U, isthe velocity of sound in the crystal. It was found

[15] that the C quantity is related to the constant of the
deformation potential of the lattice E,4 as follows: E4 =
é C. Taking into account thevalues p = 8.32 kg/cm?3[9],
Uy =5 x 10° cm/s [16], and assuming that E; = 10 eV,
it is possible to calculate To,.(T).

Substituting expressions (8) and (9) into formula
(7), we determine T 4(T) = @ (T, €)for simultaneous
electron scattering by ionized impurities and acoustic
lattice vibrations, and, using relationship (6), we deter-

mine the temperature dependence of mobility Upn for a
nondegenerate electron gas (Fig. 3).

Using
12
1/2}

we can similarly calculate the mobility Uon for a
degenerate electron gas (Fig. 3).

Tou(T) = )

| Xt gnp
> | 4m 208
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Fig. 3. Temperature dependences of mobhilities of electrons
Uy and holes U, determined from the experimental data

using formulas (3)—(5). The calculated dependences for the
electron mobility: U'On for a nondegenerate electron gas,

U, for adegenerate electron gas and parabolic band, and

U, for adegenerate electron gas and a nonparabolic band
(expressions (10)—<12)).

When high degeneracy and the Kane dispersion law
for scattering by acoustic phonons (r,. = 0) and impu-
rity ions (r; = 2) are present, the charge-carrier mobility
isgiven by [17]

T RepUnh®n ™ 1

U, = -, (10)
@ EdkoT(m*)zfm
!

Ui = Zem T (11)

Here, f; are the factors which account for the influence
of nonparabolicity on scattering probability. These fac-
tors are calculated using the following formulas [18]:

_ 2_3_iB 10.3Pr?

fa(P/Po) =

12~ 20P, © 12 LPy"
f.(PIP,) = a- %+_(b +3¢)
sl
Here,
azln%+%g_liE :4+1Af§ ~8gIng + 1D,
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. . 48 2 10
C =2-12¢ + -+ 128 InFl+ —,
_ e .0
P=p2-15
_ o .0 _ m* 1
P, = , &= = ;
° = I, "0 w2 (3m) ¥ akir?

wherem* and m, arethe effective electron massesat the
Fermi level and at the conduction band bottom [1, 2],
and ki is the quasi-momentum at the Fermi level. The
calculated temperature dependences of mobility for a
degenerate electron gas with allowance made for (10)
and (11),

1+iD'

UNT) = B+ g

(12)

areshowninFig. 3.

It can be seen from Fig. 3 that the calculated depen-
dences Ug,(T) a T =< 200 K and Ug, (T), U, (T) at
T = 200K arein qualitative agreement with the depen-
dence U(T), which was determined from formulas (3)—
(5) and experimental data. The similarly determined
hole mobility U,(T) at T = 50 K isindependent of tem-
perature, as it should be for a highly degenerate hole
gas when there is scattering by impurity ions. With
i nglreasi ng temperature, hole scattering by phonons pre-
vails.

The comparison of the data on U, (T) with theoreti-
cal calculations demonstrates that the calculated elec-
tron mobilities are lower than the experimental ones.
This can be associated with the fact that the screening
length for Ag,Teis close to the lattice constant.

Taking into account the results of calculations of
c(T), b(T), and U,(T), and using formulas (3)—5), we
calculated the dependences R(T), o(T), and ay(T),
which are shown in Fig. 1 by solid lines.

Thus, at T < 50 K, the Ag,Te sample investigated
has p-type conductivity with a high degeneracy of the
hole gas. Thetemperaturerange 50K < T < 200K cor-
responds to the region of intrinsic conductivity, and the
temperature dependences of the kinetic coefficients
R(T), o(T), and a(T)) are determined by two types of
carriers.

At T > 200 K, the electrons start to make the main
contribution to the conduction and a progressively
higher degeneracy of the electron gas manifests itself
with increasing temperature. Correspondingly, the
signs of the Hall effect and thermopower correspond to
the n-type conduction (Fig. 1). In this case, the Hall
coefficient R= 1/en; it depends only slightly on temper-
ature. The dependence o(T) is governed by the temper-
ature dependence of electron mobility U,(T) O T2
when there is scattering by acoustic phonons. In the
range of 200 K < T < 270 K, the dependence of ther-
No. 8
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mopower on temperature is determined by expression (1)
if the nonparaboalicity of the conduction band is disre-
garded. In thistemperature range, the reduced chemical
potential u* = /KT isdetermined by arapid increasein
the value of 1 > 0, which is measured from the conduc-
tion-band bottom. In these conditions, formula (1) pre-
dicts a decrease in the magnitude of |ag|. On reaching
T = 270 K and with a sufficiently high degeneracy
(magnitude p* > 5), the chemical potential | varies
only dlightly with increasing temperature. As a result,
|ap(T)| O Yu* =KT/u[11]; i.e., the absolute value of the
thermopower increases linearly with temperature, sim-
ilarly to the region of low-temperature hole conduction.

CONCLUSION

Thus, the causes for decreasing o, the dependence
R(T), and the emergence of the |a,| peak in the temper-
ature range of ~200—-300 K are clarified.

From the aforesaid it can be concluded that the sug-
gested model with two types of charge carriers ade-
quately describes the electrical and thermoelectric
properties of p-Ag,Te.
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Abstract—The photoconductivity spectra of textured coarse-grained CdTe polycrystals grown by |ow-temper-
ature synthesis from deeply purified components are investigated. It is shown that photoconductivity is con-
trolled by complexes of extended defects with segregated impurities. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

For years, widespread use of polycrystalline semi-
conductors in microelectronics was hindered by the
presence of large amounts of extended defects (such as
grain boundaries and dislocations) in these materials. It
is known that not only are such defects responsible for
a significant reduction in the majority-carrier mobility
and in the minority-carrier lifetime, but, during growth,
may act as centers for secondary-phase formation and
impurity segregation as well. At one time, these sys-
tems became so well-studied that their polycrystaline
structure presented promise rather than problems[1].

Currently, it is understood that the properties of
these semiconductors can be altered considerably by
varying the grain size or the orientation of the grain
boundaries and by controlled doping, which, during the
growth, can lead to deviations from stoichiometry or to
changes in the impurity-segregation mechanism [2].
However, correct characterization of the local disorder
in elemental, as well as compound polycrystalline,
semiconductors is a problem that remains to be solved,
sinceit is difficult to distinguish between random clus-
ters of impurity atoms and extended defects. Fortu-
nately, extended defects, asarule, represent a source of
electric and eastic-stress fields in their vicinity; this
makes a considerabl e difference between the electronic
states of extended defects and those of local impurity
clusters. The problem is also simplified significantly
when crystals with alow impurity content are studied.

The electronic states of extended defects (mainly
those in silicon) were experimentally investigated by
the techniques of photoluminescence, optical absorp-
tion, double-spin resonance, high-frequency conductiv-
ity, and photoconductivity [3, 4]. In this paper, we
report the results of studying the steady-state photocon-
ductivity and itskinetics in coarse-grain textured CdTe
polycrystals grown by a new technology [5].

It should be noted that the photoconductivity tech-
nique holds an important place among different meth-
odsfor studying the physical properties of semiconduc-
tors, because, in addition to data on the energy levels of

local defects, it enables one to obtain information on
lifetimes and mobilities of nonequilibrium charge car-
riers in semiconductors with moderate concentrations
of impurities (about ~10%-10% cm3) [6].
Unfortunately, the interpretation of the photocon-
ductivity spectra becomes rather complicated in crys-
tals with various kinds of extended defects (disloca
tions and grain boundaries); as arule, the cutoff of the
intrinsic photoconductivity signal is shifted to longer
wavelengths in such crystals [7]. This indicates the
presence of local compressive and tensile strain fields
that may significantly alter the spectrum of deep elec-
tronic states in the band gap, the local distribution of
these strain fields over the crystal being inhomoge-
neous. Under such conditions, important parameters
characterizing the quality of the material are the life-
times and mobilities of the charge carriers, which can
be determined quite reliably from measurements of
steady-state photoconductivity and its kinetics.

2. EXPERIMENTAL

M easurements were carried out for high-purity sto-
ichiometric polycrystaline p-CdTe samples (resistivity
10°-10°% Q cm) having a textured structure with the
[111] growth direction of single-crystal grains. The
mean size of the grains was no smaller than 1.5-2 mm.
The samples were cut from polycrystaline ingots
grown at temperatures of 600-620°C in the course of
the final purification of CdTe. Samples with a size of
5x 5 x 1.5 mm3 were prepared by the mechanical
grinding and polishing of the {111} surface crosswise
to the growth direction.

After etching the samples in bromomethanol solu-
tion, contacts on the {111} surfaces were formed by
gold deposition from an auric chloride solution.

The photoconductivity was measured at 65 K in the
region of the fundamental absorption edge (in the pho-
ton energy range hv = 1.3-1.6 eV); the layout made it
possible to illuminate the sample from its two opposite
sides (A and B, see Fig. 1). It should be noted that the
photoconductivity of CdTe polycrystals is determined

1063-7826/02/3608-0874%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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by free nonequilibrium electrons, since the mobility—
lifetime product p,t, for holesis small [8].

3. RESULTS AND DISCUSSION

Figure 2 represents the photoconductivity spectrum
of one of the samples measured in the ac mode (the
incident light flux was modulated at 12.5 Hz). This
spectrum is typical of high-purity CdTe crystals. It
demonstrates, first, the high quality of the crystal sur-
face treatment asindicated by the low surface recombi-
nation rate (revealed by the fact that the signal drop
beyond the intrinsic absorption edge is small); second,
the absence of any significant amount of impurity cen-
tersforming energy levelsin the vicinity of the conduc-
tion and valence band edges (whose presence we
observed studying similar samples with a somewhat
higher content of impurities[9]); and, third, the absence
of the spectral structurein the signal beyond the funda-
mental edge.

It should be stressed that the spectra recorded under
the illumination of the sample from side A and side B
are identical. Also note that the estimation of the elec-
tron lifetime-mobility product from the ac photocon-
ductivity datayields 3 x 102 cm? V-2, which is charac-
teristic of high-resistivity detector-quality CdTe crys-
tals[10].

However, this spectrum does not provide complete
information about the electronic states of the defects
present in the material, since ac photoconductivity
measurements carried out at afrequency f cannot reveal
slow traps characterized by thetime of carrier exchange
with the allowed bands T > 1/f. Asarule, it isthistype
of traps which isformed by extended defects.

The photoconductivity spectra of the same sample
measured in the dc mode (without modulation of the
incident light flux) under the illumination of the sample
from side A and side B are shown in Figs. 3a and 3b,
respectively. These curves differ considerably from the
spectrum in Fig. 1: the maximum of the signal isshifted
to longer wavelengths and a spectral structure appears
in a photon energy range larger than the material band
gap E,. In addition, the spectrain Figs. 3aand 3b differ
from each other.

Interpretation of the results obtained presents cer-
tain difficulties; thisis related first of all to the absence
of similar data in the literature. Moreover, there are no
wholly convincing concepts on the processes of charge
accumulation at extended defects even for the case of
didlocations, let alone grain boundaries. Nevertheless,
we think that our results can be explained on the
assumption that the photoconductivity is controlled by
extended defects, which accumulate substantial charge
during illumination.

The following facts corroborate our assumption.

First, it is difficult to believe that residual substitu-
tional impurities or intrinsic point defects have such a
considerable effect on the band structure as to form
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Fig. 1. Typical configuration of the samples for the photo-
conductivity measurements.
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Fig. 2. The photoconductivity spectrum measured in the ac
mode (light flux is modulated).

local electron states in the conduction band, which
could explain the presence of the spectral structure in
the photoconductivity signal beyond the fundamental
absorption edge.

Second, the method that we used to grow and pre-
pare the polycrystals could not have resulted in such a
considerable gradient in the distribution of impurities
or intrinsic point defects, by which the differences in
the photoconductivity spectra obtained under illumina-
tion of the samples from the opposite sides might be
explained. These differences are, evidently, related to
the spatial variations in the structure of extended
defects [11], e.g., with the arrangement of the grain
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Fig. 3. The photoconductivity spectra measured in the dc
mode (light flux is not modulated); light is incident on the
sample (a) from side A and (b) from side B.

boundaries in the bulk of the sample or their different
orientation along the texture direction.

Using all data found in the literature to explain the
results obtained, we suggest the following model. It
was shown long ago [12] that charged dislocation tubes
cause local modification of the semiconductor energy
bands, which leads to the formation of potentia barri-
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Fig. 4. Suggested diagram of electronic transitions (see
text).
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ers for the capture or emission of nonequilibrium
charge carriers.

Apparently, dips in the photoconductivity spectra
beyond the fundamental absorption edge originatefrom
the capture of electrons excited to the conduction band
by the extended-defect traps, this process being possi-
ble when the electrons overcome certain barriers of
height E,, (see Fig. 4). We note that asimilar model was
proposed to explain the appearance of a Z band in the
photoluminescence spectra of CdTe[13].

In Fig. 5, we present the photoconductivity spec-
trum of the same sampl e after a 72-h annealing in a sat-
urated Cd vapor at 650°C. In this case, the structure of
the signal obtained under theillumination of the sample
from opposite sides is the same. However, annealing
leads to a significant change in the electronic states of
traps present in the sample.

First, one can seethat, in the energy range above E,
excited electrons can be captured only by one type of
traps, with the spread in their energy being insignificant
(note that the narrow dip in the signal cannot be
explained by excitonic absorption, since it is absent in
the spectra measured in the ac mode).

Second, the appearance of a clearly resolved shoul-
der in the photoconductivity signal indicates that the
second trap evolved into an el ectron capture center with
alevel a E, + (0.035 = 0.02) eV, which is aready
known for CdTe.

These results provide evidence that long-term
annealing leads either to the reconstruction of dangling
bondsin the region of extended defects or to the consid-
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Fig. 5. The photoconductivity spectrum of the sample
annealed in Cd vapor.
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erable redistribution of background impurities in the
vicinity of extended defects. It remains to be seen
which of the two hypotheses is more redlistic.

4. CONCLUSION

Until relatively recently, the use of polycrystalline
materials was limited to selenium rectifiers and powder
luminophors. However, the situation changed radically
during the last ten years. More and more applications of
polycrystals and polycrystalinefilms of 111-V and I1-V1
compounds have been found in micro- and optoelec-
tronics and solar-power engineering. Unfortunately,
reproducible manufacturing of polycrystalline semi-
conductors with desirable properties is severely ham-
pered by the structural features inherent to these mate-
rials, specifically, by the presence of extended defects
(grain boundaries and dislocations). Depending, for
example, on the type of the boundaries and the nature
of their interaction with background and dopant impu-
rities, the electronic properties of polycrystals may vary
dramatically. The cause of these variations has yet to be
established. There are two more or less clearly formu-
lated points of view. In [12], where germanium bicrys-
tals were investigated, it was suggested that the elec-
tronic states of extended defects, which induce electric
and stress fields in their vicinity, are determined by the
atomic structure of a defect, in particular, by the pres-
ence of dangling bonds; asimilar conclusion was made
in [2], where didocations in silicon were studied. On
the other hand, the authors of [1], who also studied dis-
locations in silicon, argue that the spectrum of elec-
tronic states is governed by the nature of interaction of
grain boundaries with background impurities.

Most likely, our results give evidence in favor of the
former suggestion. For its fina verification, more
sophisticated techniques (first of all, local structura
methods) should be used in future investigations.
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Abstract—The low-temperature time-resolved photoluminescence of polycrystalline GaN layers grown by
molecular beam epitaxy on metal substrates (Mo and Ta) was investigated. The photoluminescence spectra
observed include two emission bands in the ultraviol et spectral region. We assign one of these bands to recom-
bination processes inside cubic nanocrystallites, which are formed in the hexagonal polycrystalline GaN host.
The recombination radiation of cubic nanocrystallitesis enhanced due to predominant trapping of the nonequi-
librium electron—hole pairsin these crystallites. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

At present, Group |11 nitrides are being investigated
intensively in many research centersin connection with
prospectsfor their application in optoel ectronic devices
operating in the blue and ultraviol et spectral regions, as
well asin high-temperature electronic devices. Despite
certain advances in the development of a number of
devices, for example, lasers for the blue and violet
regions of the spectrum [1] and high-power microwave
field transistors [2], the technology of obtaining Group
[11 nitrides remains complex and very expensive. This
isassociated partially with the problem of substrates[3]
and partially with the specifics of the epitaxial growth
of Group 11 nitrides[4]. For this reason, the search for
ways of reducing the cost of obtaining Group IlI
nitrides and devices based on them is a very important
problem in the context of both applied and basic
research. Recent advances in the technigque of growing
layers of Group |11 nitrides using molecul ar-beam epit-
axy (MBE) madeit possibleto obtain GaN polycrystal-
line layerswith an efficient photoluminescence (PL) [5,
6]. Moreover, the preparation of n- and p-type conduc-
tion layers was demonstrated [7]. High-quality poly-
crystalline GaN layerswere a so obtained on metal sub-
strates (Mo, Ta, W, Nb) [8]. These results open up the
prospect of developing relatively inexpensive polycrys-
talline layers of nitrides. On the other hand, further
investigations of the mechanism for high-efficiency
luminescence of polycrystalline GaN are required.

In this study, the spectra and kinetics of the PL
decay for polycrystalline GaN layers grown by MBE
on Mo and Ta substrates are investigated.

2. EXPERIMENTAL

The GaN layers 0.4-0.5 um thick were grown on
metal substrates (Mo, Ta) according to the MBE proce-
dure described elsewhere [8]. The layers obtained were
investigated by X-ray diffraction and atomic-force
microscopy. The results indicate that the layers contain
mainly hexagonal crystallites 400-800 and 100-300 nm
in size for GaN/Mo and GaN/Ta, respectively. The
details associated with these measurements can be
found in publication [8].

The PL was investigated on a spectrometry installa-
tion which included a DFS-24 double-grating mono-
chromator, an FEU-100 photomultiplier, a BCI-280
box-car integrator, as well as a controlling and record-
ing computer system. The spectral resolution of mea-
surements was 3 meV. The time resolution of the sys-
tem was about 10 ns. The PL was excited by the radia-
tion of a pulsed N laser (A = 337 nm, T, = 6 ns). The
excitation intensity was ~10° W/cm?. The measure-
ments were carried out at 78 and 4.2 K.

3. RESULTS AND DISCUSSION

Typical PL spectrameasured at the peak of the laser
pulseat T = 78 K for the two types of investigated lay-
ers, namely, GaN/Mo and GaN/Ta, are shown in Fig. 1.
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The samples investigated produced PL mainly in the
violet and near-ultraviolet spectral regions. The PL
intensity for the yellow-green region was very low for
all samples investigated. For this reason, we consider
here only the high-energy part of the emission spec-
trum.

The spectra are characterized by two fundamental
emission bands with peaks at 3.465 and 3.259 eV in the
case of GaN/Mo, and at 3.470 and 3.260 eV in the case
of GaN/Ta. Theemission in both PL bandsis character-
ized by rapid decay (Fig. 2), which repeats the shape of
thelaser pulse. Thisindicatesthat the PL decay timefor
both bands is shorter than several nanoseconds. The PL
bands with peaks at 3.465 and 3.470 eV can be attrib-
uted to the edge emission of hexagonal GaN crystal-
lites.

Rapid decay of the second PL band (3.26 €V) does
not permit one to assign it to donor—acceptor recombi-
nation, aswasdonein study [8] based on measurements
of steady-state PL. It is known [9] that the donor—
acceptor recombination in GaN is characterized by a
nonexponential and relatively slow PL decay. In addi-
tion, the time-resolved PL spectra demonstrate no vari-
ationinthe position and shape of thisband with the pro-
longation of the delay time between the instant of
detecting the spectrum and the peak of the laser pulse
(Fig. 3). Thefact that the differencein the peak energies
of PL bandsfor 3.46-3.47 and 3.26 eV is close to 200—
210 meV has engaged our attention. This value corre-
sponds to the difference in band gaps of hexagonal
(h-GaN) and cubic (c-GaN) GaN [10]. Based on these
data, we assume that the band with the peak at 3.26 eV
isrelated to the edge emission from cubic GaN crystal-
lites. Thisemission is caused mainly by exciton recom-
bination.

X-ray measurements [8] have not revealed a cubic
phasein the GaN/Mo and GaN/Ta samples, which were
investigated in this study. This can be explained by the
small volume fraction of c-GaN in epilayers. However,
the PL from the cubic phase can be detected even if this
phase occupies much less volume when compared with
the hexagonal phase (see, for example, [11]). If c-GaN
consists of small nanocrystallites, which are sur-
rounded by considerably larger hexagonal crystallites,
preferential trapping of the nonequilibrium charge car-
riers, which are generated by external excitation, ispos-
sible in nanocrystalites of the cubic phase. Due to a
substantially narrower band gap for c-GaN, the carriers
will move from crystallites of the h phaseto crystallites
of the ¢ phase. This situation is similar to the preferen-
tial trapping of the charge carriers by quantum dots,
which are incorporated into the wide-gap host (see, for
example, [12, 13]). Due to such trapping, the PL of the
cubic phase can be considerably enhanced.

Let us consider a simple phenomenological model
which describes this effect of PL enhancement.

SEMICONDUCTORS Vol. 36 No.8 2002
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Fig. 1. Time-resolved photoluminescence spectra of GaN
epilayerson metal substratesat T= 77 K with the zero delay
relative to the laser pulse. (1) GaN/Mo and (2) GaN/Ta.
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Fig. 2. Kinetics of photoluminescence pulses for structures
(a) GaN/Mo and (b) GaN/Ta at 77 K. The wavelengths of
PL detected: (1) 3578, (2) 3800, (4) 3610, and (5) 3802 A;
(3) laser pulse. The curves are shifted relative to each other
along the ordinate axis.



880
PL intensity, arb. units

6

1 1 1
30 31 32 33 34 35
Photon energy, eV

Fig. 3. Time-resolved photoluminescence spectra of the
GaN/Mo structureat T =77 K. (1) The spectrum for the zero
delay between the instant of spectrum detection and a peak
of the laser pulse; (2) the delay is equal to 100 ns.

L et us write the balance equations for electrons and
excitonsin the crystallites of the hexagonal phasewhile
making allowance for carrier escape to neighboring
crystallites of the cubic phase. We assumethat the inter-
faces between crystallites areided, i.e., with no carrier
trapping, and the temperature is so low that it is possi-
ble to neglect the thermal decomposition of excitons:

dn n

Tt = 09BNt = = Vel (1)
dn n
T i U @

Here, ng, and n,, are the electron and exciton densities
in the h phase, respectively; aJ is the rate of electron
generation from the light; B is the coefficient of com-
bining the carriers into the exciton; v, is the frequency
of electron trapping by cubic crystallites; vy, is the fre-
guency of exciton trapping by cubic crystallites; 1, is
the exciton lifetime, including radiative and nonradia-
tive recombination processes; and 1, isthe electron life-
time, which accounts for the recombination processes
other than those combining into the exciton. In Egs. (1)
and (2), itisasoimplied that the excitation level ishigh
and the electron density is equal to the hole density. In
addition, relative to trapping into the ¢ phase, electrons
and holes are assumed to behave similarly. The solu-
tionsto Egs. (1) and (2) for the steady-state case, with
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the proviso that the excitation levels are high (aJ >
1/4@3212), have the form

al

Nen = Fl (3)
aJt,
nXh - 1+yx.l.x' (4)

If we write similar balance equations for the cubic
phase,

dn n

d_:c = GJ_Bnéc_T_e:"'yenehl (5)
dn n
d_{(c = Bn§c+yxnxh_T_XC1 (6)

X

and assume that the light generates electrons and holes
with the same efficiency asin the h phase, the electron
and exciton lifetimes become independent of the phase
of their location. With the assumption of high excitation
levels, we have for the steady-state case

aJ

Nec 0 'B‘ (7)
and, using expression (4),
— YxTx [ _ GJTX(1+ ZVXTX)
n, = aJrX%H 1+erXD = 15y, (8

Using expressions (4) and (8), we derive the ratio
between exciton densities in the cubic and hexagonal
phases:

= 142y, (©)

nxh

Assuming that the radiative lifetime of excitons is
the same for the ¢ and h phases and taking into account
different volumes (V. and V,)) of the luminescent mate-
rial, we can derive the following ratio of intensities of
the exciton PL 1, in the ¢ and h phases:

Cc
b= Ye142y,0y).

h V
Ip, h

(10)

The product vy,t, in expression (10) is the number of
exciton captures which were generated in hexagona
crystallites by the cubic phase during the exciton life-
time. This quantity can be substituted by theratio of the
exciton diffusion length L to the size of the hexagonal
crystallite L. For this reason, expression (10) can be
written as follows:

Iy _ VO %
£ = FO+2-70 (12)
o Ve L
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It can be seen from expression (11) that, for small
crystallite sizes and large enough exciton diffusion
lengths, the PL of the cubic phase can be comparable
with the PL of the hexagonal phase even in the case of
a small volume fraction of cubic crystalites. As was
noted above, the size of the hexagonal crystallites for
the GaN/metal layers, which were investigated in this
study, is several hundreds of nanometers. The exciton
diffusion length for GaN should be on the order of the
free-carrier diffusion length, which isaslarge as several
micrometers for high-quality GaN samples [14]. For
thisreason, the factor of enhancement of PL from cubic
crystallites (1 + 2(L4/L)?)? in expression (11) can be as
large as several tens.

The PL spectra of the GaN/metal samples at T =
4.2 K (Fig. 4) makeit possibletoidentify radiative tran-
sitions more exactly.

In the case of the GaN/Mo samples, the narrow PL
linewith apeak at 3.468 €V and ahalf-width of ~13 meV
is dominant in the emission spectrum of hexagonal
crystallites. The spectral position and rapid PL decay
allowed usto attribute this line to the recombination of
excitons bound at neutral donors (DX transition).
A certain low-energy shift of the peak of this line (of
about 4-8 meV) from the value 3.472-3.476 eV, which
is known from the literature for the DX transition in
hexagonal GaN [15, 16], is most likely associated with
strain effects in the polycrystalline structure.

In the emission region of cubic crystalites, two
emission lines with peaks at 3.264 and 3.187 eV and
half-widths of 30 and 60 meV, respectively, can be
observed. The line with a peak at 3.264 eV, which is
characterized by a PL decay time shorter than several
nanoseconds, can be attributed to the recombination of
excitons bound at neutral donors (D°-X) in the c-GaN
phase[16, 17]. In contrast with this, the emission of the
lineat 3.187 eV is characterized by asubstantially non-
exponential and slow PL decay. More specificaly, the
PL signal decaysfromthelevel of 0.9tothelevel of 0.1
in about 400 ns. In addition, time-resolved PL spectra
demonstrate the low-energy shift of the peak of thisline
with increasing delay time between the moment of
detecting the spectrum and the peak of the laser pulse.
These facts indicate that this line is related to the
donor—acceptor recombination in cubic crystallites.

In the case of GaN/Ta samples, two emission lines
from hexagonal crystallites, namely at 3.472 and 3.430eV
with a half-width of 18 and 30 meV, respectively, are
observed in the low-temperature PL spectrum (Fig. 4,
curve 2). Both lines are also characterized by rapid PL
decay. We attribute the line at 3.472 eV to the recombi-
nation of excitons bound by neutral donors (D%-X). In
contrast with this, theline at 3.430 eV can be caused by
the recombination of a hole with an electron bound by
adeep donor (h-DP transition) with abonding energy of
about 70 meV. Thisenergy E; can be estimated from the
relation hv = E; — E; + KT/2 taking into account that
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Fig. 4. Photoluminescence spectra of GaN epilayers on
metal substratesat T =4.2 K. (1) GaN/Mo and (2) GaN/Ta.

Ey~3.50eV for h-GaN [10]. The h-D° transition with
the participation of a donor with an energy of about
80meV was observed in many studies, and many
authors assign thisdonor to the O impurity in GaN (see,
for example, [18, 19]). It is possible that the donor cen-
ter in our samples has the same nature, and a decrease
in its bonding energy is explained by specific features
of behavior of the O impurity in polycrystalline GaN.
The emission of cubic crystallites in the GaN/Ta
samples at 4.2 K comprises an asymmetric line with a
peak at 3.261 eV and a half-width of ~27 meV. The
spectral position of this line allows one to assign it to
DX transitions in cubic crystallites. The asymmetry
of thisline can be caused by the contribution of an addi-
tional weaker emission line with apeak at 3.24 eV.

Variation in the epitaxial growth conditions for
polycrystalline GaN layers on metal substrates strongly
affectsthe structure of GaN crystallites. The PL spectra
at 78 K for two GaN/Mo samples, N1 and N2, are
shown in Fig. 5. The N1 sample was prepared accord-
ing to the procedure described in study [8] and was con-
sidered above. For the N2 sample, growth conditions
were varied; namely, we changed the source of acti-
vated N (N, for N1 and NH; for N2), and the tempera-
ture of growth and thickness of the buffer layer (3-nm-
thick layer grown at 400°C for N1 and 40 nm at 550°C
for N2). It can be seen that a change in the growth con-
ditions of the N2 sampleled to the almost complete dis-
appearance of theband at 3.26 eV and the emergence of
ashoulder at 3.43 eV for thelineat 3.465 eV. Theemis-
sionboth at 3.43 eV and at 3.465 eV is characterized by
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Abstract—Changesin the spectra of fluorescence of dye (rhodamine B) molecules adsorbed on a Ge surface and
modification of the parameters of Raman and diffuse scattering of light by a semiconductor surface subjected to
elastic and elastoplastic effects of pulsed laser radiation are studied. Using contactless photoacoustic measure-
ments based on the laser beam deflection technique, the amplitude of the threshold surface strain is estimated at
~5 x 107, An appreciable quenching of the fluorescence of the adsorbed probe molecules, an abrupt broadening
of the molecular spectra, and an above-threshold increase in the intensity of the diffusively scattered light are
observed upon the transition to the range of energy densities corresponding to the indastic strain formation. The
larger the laser-induced strain, the smaller the frequency and the width of the Raman lines, and the higher their
intensities. The physical nature of these effectsis discussed. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Previously, the final stages of the controllable dam-
age of semiconductors and metals exposed to multiple
laser pulses were observed at relatively low threshold
energy densitiesW, < 0.1 Jcm? [1-4], which, inthe con-
ditions of local (Gaussian beam radius w = 10-100 pm)
short-term heat release, are characterized by the so-
called size effect: W, 0 w [2, 5-8]. Most of the experi-
ments were based on the techniques that are sensitive
only to the macrodamage of semiconductors (see, €. g.,
[2, 3] and the references therein). It was not until
recently that the initial stages of microscopic changes,
whose accumulation within small regions (10-100 pum)
may cause macrodamage, have received the attention
they deserve [9-11].

It has been shown already that, under thelocal effect
of arelatively small number of laser pulses (N < 103),
the thermal stress produced in the surface layer of a
semiconductor results in plastic microstrains, which
cause (at the energy density W = W) a significant
threshold change in the parameters of theinsul ator slow
states (ISS) localized in the oxide layer on the germa-
nium surface [10]. However, in the conditions speci-
fied, the microscopic defect formation in the oxide film
is not the only result of the photoinduced deformation;
a considerable change in the microstructure of the
semiconductor surface layer, a radical restructuring of
the deeper layers[7, 8, 10], and the formation of super-
structures on the surface [3, 12] are also possible.

For a complex investigation of the early stages of
microplastic changes produced near the actua (i.e.,
covered with athin oxide film) germanium surface, we
combined several optical nondestructive techniques;
namely, molecular luminescence probing, diffuse and
Raman scattering, and photothermal deformation of the
surface were used.

EXPERIMENTAL

Similar to [10], we studied the (111) surfaces of
high-resistivity (resistivity p = 25-30 Q cm) n-Ge sin-
gle crystals doped with Sb and etched in H,O, at room
temperature. After the etching, the germanium samples
werekept in air for more than aday, during which a 20-
to 30-A-thick GeO, layer of hexagonal structure was
formed on the Ge surface. Then, the “real” surfaces
thus obtained were subjected to pulsed laser radiation
in air. A laser beam of micrometer size, similar to that
described in [10], was used in the scanning mode; for
the experimental techniques implying nonlocal action,
five-to-six regions of ~3 x 5 mm? areawere formed by
scanning the sample surface (we used the samples of
size 20 x 5 x 0.3 mm?). Each of the regions was charac-
terized by its specific energy density W of the laser radi-
ation with A = 0.53 um, the Gaussian spot of the size
2w = 70 um, the pulse duration 1, = 350 ns, and the
number of pulses N < 10°. The range of W variation
was chosen between 10 and 250 mJ/cm?, whichismuch

1063-7826/02/3608-0883%22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Kinetics of the spatial profiles of (a) quasi-static
strains dU/dr = f(r) and (b) the effective normal displace-
ments U,(r) of the actual Ge surfaces at the elastic stage
of the focused | aser-beam effect W= 8-10 mJcm? < W,
The profiles were measured at the time t counted from the
beginning of the laser pulses, which recurred within inter-
vals At = 100 ps and featured the following coordinate r
and time t dependence of the intensity [15]: I(r, t) =
Wexp(—+ZeP) (T3 )exp(—titg) with the characteristic time

constant 152 350ns.t=(1) 1, (2) 2, (3) 6, (4) 10, and (5) 18 ps.

lower than the melting threshold W, = 1.2 Jcm? [13]
calculated at 1, = 350 ns[13].

The fluorescence spectra were measured using a
hyperspectrometer, which is a system with a position-
sensitive sensor and ensures awavel ength resol ution of
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~0.8 nm and a spatia resolution aong a sample of
~10 um. As the position-sensitive device, we used a
microchannel plate and a CCD array for detecting the
fluorescence spectra and for studying the Rayleigh
scattering, respectively. A halogen lamp (1000 W) with
aninterferencefilter adjusted to 530 nm excited the flu-
orescence of the probe molecules.

Probe molecules were those of rhodamine B depos-
ited on the semiconductor surface from an acoholic
solution. The surface concentration of the dye mole-
cules amounted to 2 x 103 cm2, which corresponds to
a~0.2 monolayer according to the data obtained using
a piezo-resonance balance. Specia experiments indi-
cated that neither the adsorption of the dye at the sur-
face nor the radiation with intensities used in the exper-
iments changed the degree of homogeneity of the sur-
face or the spectrum of surface electron states (SES).

Additional study of Raman and diffuse scattering
spectra of the probing light was carried out using a
DFS-52 spectrograph for the germanium samples
excited by an argon laser with A = 0.488 um. The reso-
lution of the Raman scattering (RS) spectral measure-
mentswasimproved by using p polarization of the laser
beam incident upon the sample surface at the Brewster
angle with an intensity of ~0.5 W/cm?.

Instantaneous spatial profiles of the quasi-static
strains on the germanium surface dU_/dr = f(r) and the
effective normal elastic displacements U/r) were
detected using an advanced method of photothermal
surface strain (PTSS) in accordance with the technique
employed in [14, 15].

RESULTS AND DISCUSSION

The results will be outlined by proceeding mainly
from the lower to higher densities of |aser pulse energy W.

The profiles of dU/dr = f(r) and U/r) obtained in
germanium in situ under the nondestructive (elastic)
pulsed | aser effect at W= 8-10 mJcm? < W, are plotted
in Fig. 1. The profiles have the shape of a hump appear-
ing at the semiconductor surface and turned out to be
similar to those previously obtained for metals[14, 15].
The kinetics of the displacement profiles makesit clear
that the intervals between laser pulses (At = 100 ps) is
sufficient for the sample surface to cool entirely and
return to its unperturbed (unstrained) “horizontal”
state. When W increased to W, = 70 mJ/cm?, the dis-
placement profiles retained their smooth shape and no
small-size (on the order of micrometers) spatial fluctu-
ations U, appeared. Asin [2], the profiles at W, corre-
sponded to the largest (along the beam radiusr and for
the time t) shear strain ¢, = (dU,/dr) . = 5 x 10
(Fig. 2, curve 1). Note that the drop in the photostrain
signa at the thresholds W, is mostly caused by the
development of the final stages of damage in germa-
nium (at N = 10°) accompanied by an abrupt decrease
in the fraction of mirror-reflected light [2].

SEMICONDUCTORS  Vol. 36

No. 8 2002



LOW-THRESHOLD DEFECT FORMATION AND MODIFCATION OF Ge SURFACE LAYER

The results of studying the fluorescence of the dye
on the germanium surface are shown in Fig. 3. It is
clearly seen that, at small W (W < W), both the inten-
sity (I ) and the half-width of the rhodamine B spectral
line (Ay,) are nearly constant. This corresponds with
the data previously obtained from electrical measure-
ments of the slow statesin aninsulator [10], which sug-
gest that no dramatic changes are produced under the
thermoelastic local laser effect either in the germanium
layer (Ge) or inthe oxide film (GeO,). We observed only
adglight quenching of the fluorescence from the adsorbed
rhodamine B molecules (at W = 50-70 mJcm?), which
was attributed to the prethreshold laser-induced gener-
ation of asmall number of deep slow statesin the oxide
layer [10]. Such states may apparently arise from the
el astic bending flexure of the thin insulator films during
the multiple photostimulated expansion of the surface-
layer bulk with the vertical displacement amplitude
U, = 1-10 nm [2, 8]. Asis known [16], the deep traps
in an insulator can act as acceptors of the electron exci-
tation energy transferred from the probe molecules,
thus, promoting moderate quenching of the molecular
fluorescence observed at W < W,

The most abrupt changes in the rhodamine B
molecular spectra of fluorescence are observed at W=
70-85 mJcm?, i. e., at the thresholds W, [10]. These
changes comprise an appreciable (from five to ten
times) quenching of the fluorescence intensity (Fig. 3,
curve 1) and a simultaneous broadening of the fluores-
cence spectra of the probe molecules (Fig. 3, curve 2).
Let us emphasize that, at W = W, no shift of the fluo-
rescence peak (A, Was noticed at the threshold. In
our opinion, this may be explained by the fact that the
irreversible plastic strain induced at the energy densi-
tiesinthevicinity of W, (Fig. 2) resultsin the additional
electronic statesin the damaged oxide layer on the ger-
manium surface. Along with an increase in the concen-
tration of the deep electron traps (the | SS), we observed
a pronounced increase in the concentration of shallow
fluctuation states in GeO, in the vicinity of the allowed
band edges. The latter circumstance is indicated by an
abrupt drop in the I SS charging threshold upon the pho-
toinjection of charge carriers from Ge [10].

Similar to the deep traps in insulators [16], the fluc-
tuation states in GeO, are likely to be effective accep-
tors of the probe-molecule photoexcitation energy that
is nonradiatively transferred into the solid medium. In
fact, the critical radius of the energy transfer by the For-
ster—Dexter mechanism in such structures equals ~5 nm,
and the most intense generation of the fluctuation states
isin the oxide region (with a thickness =3-5 nm) that
is directly adjacent to the germanium interface; this
region is the most disordered [17]. It should be noted
that the local electric fields that appear upon the
recharging of such defects could produce only a slight
effect on the position of the fluorescence peak A, Of
the probe molecules, because the Coulomb charged
centers affect only the molecules which are located in
their vicinity, i.e., within 1 nm [18].
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Fig. 2. (1) Theincreasein thelargest (along theradiusr and
for the timet) elastic strain (dU/dr) s With increasing W

and the drop of the PTSS[2] signal at the thresholds W (1);
(2) W-dependence of the intensity of light diffusely scat-

tered from the Ge surface I o/ | 2C , Where | gc isthe intensity
of light scattered from an unirradiated surface (W = 0).

The considerable (from 1.5 to 2 times) broadening
exhibited by the fluorescence spectra of probe mole-
culesat thethresholds W, i. e., upon the transition from
the elastic to the elastoplastic straining of the semicon-
ductor, may be attributed to the pronounced growth of
the geometric heterogeneity of the surface, which pre-
sents direct evidence of theinitiated irreversible (resid-
ual) displacements AU, of the real germanium surface.
The amplitude of these displacements is apparently
close (within an order of magnitude) to the amplitude of
the maximal reversible el astic displacements of the ger-
manium surfaces U, ., ~ 1-10 nm, which were previ-
ously studied by the PTSS method [2, 8]. Note that, at
the thresholds W, the value U, .., is comparable to the
mean radius of the induction-resonant Forster—Dexter
transfer of the electron excitation energy ry = 5-6 nm
[16] and the inhomogeneous broadening of spectra is
maximal; therefore, the molecular probe technique
turned out to be especially effectivein this case.

A digtinct increase in the intensity of the diffuse
scattering was observed at W = 85-100 mJcm? and
tended to level off at higher energy densities (Fig. 2,
curve 2). In contrast to the short-range testing of the
surface by the luminescent molecular probes, the scat-
tered light allows one to probe the germanium surface
to adepth that is essentially larger than ry and can be as
large as R, ~ 100 nm for the excitation wavelength A
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Fig. 3. (1) Threshold quenching of rhodamine B molecular
fluorescence and (2) threshold broadening of the fluores-
cence spectra of the probe molecules on the actual germa-
nium surface that was preliminarily subjected to elastic
(W< W) or elastoplastic (W > W) strains as a result of

pulsed laser irradiation. Igl_ is the fluorescence intensity of
an unirradiated sample.

used in the experiment. In these conditions, the
enhancement of the diffuse scattering observed at W =
(1.2-1.5)W, most likely reflects the kinetics of the
gradual accumulation of the microplastic changes,
when the scattering inhomogeneities induced in the
surface layer grow with W and become comparable in
sizewith Ry or A.

We believe that, at the initial stages of the micro-
plastic changes (i. e., inthevicinity of W), theinhomo-
geneities grow mainly due to pulse-to-pulse accumul a-
tion and the subsequent diffusion of point rather than
extended defects[3]. Thisisbecausethelocal laserirra-
diation with an energy density near the threshold W,
induces the thermal stresses g, = 2-3 MN/m? [2, 8],
which are far below the minimal stresses that give rise
to the heterogeneous nucleation and motion of disloca-
tions at room temperature and the related dislocation-
related plasticity of germanium o > 20-200 MN/m?, as
determined from the experiments with contact loading
of germanium [19]. In fact, in our experimental condi-
tions, the local laser-induced heating does not exceed
AT = 100°C[2, 8] at thethresholds W, whilethe brittle
point in germanium is T = 500°C. In accordance with
the well-known classification of the microplasticity
phenomena ([19], p. 243), in the range of a relatively
low photoinduced stress, which is the case, the hetero-
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Fig. 4. Changesin the parameter of Raman scattering from
actual germanium surfaces subjected to preliminary pulsed
laser irradiation versus the energy density at the center of
the laser spot W: (1) Raman line frequency shift dv, (2) nar-
rowing of the linewidth dvy/,, and (3) an increase in the
intensity of Raman scattering.

geneous—dislocation mechanism of microplastic strain
gives way to a defect—diffusion mechanism: both the
initial nucleation of the plastic microstrains (disloca
tion loops) and their further growth are entirely gov-
erned by the diffusion processesin the field of the point
defects.

The significant role of the kinetics of defectsin the
observed microplastic processesisalsoindicated by the
somewhat unexpected behavior of the Raman spectra.
As W grows, the RS line (~301 cm™) shifts to lower
frequencies by dv, which is usually observed during
amorphization, when the degree of crystalinity
decreases and microcrystals appear in the material [20]
(Fig. 4, curve 1). Along with this, the full width of the
RS line at half maximum decreases with W by dv;;,
(Fig. 4, curve 2), which is typical of a growing degree
of order. It should be emphasized that the aforemen-
tioned changes in the RS spectra of the germanium
sampleswere observed in both the elastic (W < W) and
the elastoplastic (W > W;) modes of the multiple (N =
10%) laser-induced straining and did not feature a pro-
nounced threshold character (Fig. 4).

The RS spectrum narrowing observed in the entire

W range may be caused by the existence of an initial (at
W = 0) inhomogeneous broadening of the RS spectrain
the studied samples due to the overlapping of local
SEMICONDUCTORS  Vol. 36
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stressfields that exist in the vicinity of various growth-
related microinclusions and extended defects, e. g., dis-
locations. Isit well known that such local fields of com-
pression and tension of the crystal lattice in the vicinity
of defects give rise to a considerable broadening of the
RS spectra [21]. In fact, the initial RS linewidth for
unirradiated samples was v, = 7.5 cm?, whereas the
RS line of the reference germanium single crystal with
alow concentration of growth dislocations had awidth
of ~5.5 cm™. In the conditions of multiple laser irradi-
ation realized in our experiment (in both the elastic and
elastoplastic modes), an increase in W resulted in the
increase of the concentration of “frozen” vacancies
(“vacancy pump” model [19, 22]), whose migration to
dislocations or other sinks may effectively reduce the
fluctuations of microstresses existing before exposure
in the vicinity of defects. To illustrate such a positive
influence of defects, we may recall the well-known
relaxation of microstressesin the elastic model of inter-
titial precipitate, where the discrepancy in the size of
an inclusion and semiconductor void (for example, the
inclusion is larger than the void) is significantly
reduced because the “excess’ material of the host is
removed in the course of the diffusive absorption (emis-
sion) of point defects: vacancies, interstitial atoms, etc.
([19], p. 203).

Another argument in favor of the noticeable contri-
bution of vacancies (and other point defects) to the
observed defect—diffusion microplasticity [19] is pre-
sented by an increase in the intensity of RS (Fig. 4,
curve 3). According to the theory of RS for an anhar-
monic crystal containing vacancies [23], the presence
of vacancies should produce an additional polarization
of the lattice around the point defect, thus making addi-
tional contributions to the dipole moment and renor-
malizing the spectral width and position of both the
fundamental and combination absorption lines. Usu-
aly, the defects make only a moderate contribution to
these parameters, however, the laser-induced cyclic
thermal strains may cause a considerable accumulation
of defects (vacancies) [3], which can contribute signif-
icantly to both the frequency shifts and the increase in
the intensities of the Raman scattering and the funda-
mental absorption [23].

It should also be noted that, when the concentration
of the point defectsis high, varioustypes of instabilities
might develop and giveriseto the formation of amicro-
crystalline superstructure, which is possibly the casein
our experimental conditions [3, 12]. In order to verify
thelatter statement, one hasto perform adirect study of
the changes induced in the micromorphology of the
surface by the elastoplastic laser effect. This may be
done using scanning atomic-force microscopy, which
we are planning to perform.

CONCLUSION

(1) We studied the changesin the fluorescence spec-
tra of dye (rhodamine B) molecules adsorbed on a ger-
SEMICONDUCTORS  Vol. 36

No. 8 2002

887

manium surface and in the parameters of the Raman
and diffuse scattering of light, which were the result of
elastic (W < W) and eastoplastic (W > W) pulsed laser
effectswith athreshold strain amplitude of ~5 x 107°[2].

(2) Along with the deep traps in the insulator
(GeO,), the dow fluctuation states appearing in the
oxidelayer at the thresholds W, = 70 mJ/cm? [ 10] effec-
tively absorb the electron photoexcitation energy from
the adsorbed probe molecules and cause a pronounced
guenching of their fluorescence at W = W,. The energy
transfer to the fluctuation states near the insul ator/semi-
conductor interface is accompanied by a threshold
(with respect to W) broadening of the fluorescence
spectra of the dye, which suggests a steep rise in the
geometric heterogeneity of the germanium surface due
to irreversible (residual) surface displacements AU, ~
1-10 nm that arise at the thresholds W,,.

(3) The observed behavior of the Raman and the dif-
fuse scattering parameters indicates that a gradual
accumulation of microplastic changes occursin the sur-
face layer of the semiconductor (Ge). The initial stage
of modifications includes primarily the generation, the
accumulation (from pulseto pulse), and the diffusion to
sinks of the point defects (presumably, vacancies),
which, a W = (1.2-1.5)W,, (i) lead to the growth of
scattering irregularities thus enhancing the intensity of
the diffuse scattering and (ii) effectively reduce the
inhomogeneous broadening of the RS spectra caused
by local microstress fields.

(4) High concentrations of point defects in germa-
nium are attainable in the elastoplastic mode of multi-
ple loca laser effects; therefore, irradiation in this
mode may cause an instability in the point defect field
with the subsequent formation of periodic surface
superstructures.
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Abstract—A number of effectsin metal/(tunnel-thin SiO,)/p*-Si structures associated with electron tunneling
from the valence band of bulk Si into ametal have been studied. The tunneling occurs through two successively
arranged tunnel-transparent barriers: that of the depleted space charge region in Si and the SIO, barrier, with
the possible intermediate involvement of a quantum well formed by the Si conduction band. The current—volt-
age characteristics of the structures are calculated in terms of a simple model that considers these mechanisms
for the purely depletion mode, i.e., with the inversion layer charge neglected. The relationship between the
structure parameters (p-Si doping level and oxide thickness) and the relative contributions of nonresonant and
resonant (via quantum-well levelsin the Si conduction band) tunneling to the overall current through an MOS
structure is discussed. The conditions most favorable for the observation of resonance effects are formulated.

© 2002 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

In [1], we reported on the experimental observation
of stepsand peaksin current—voltage (I-V) characteris-
tics of metal/SiO,/p*-Si structures (N, = 10%° cnmr3, d,,, =
3 nm). These features were attributed to the resonant
tunneling transport of electrons along the path of the
(valence band of Si)—discrete levels in the quantum
well (QW) in the conduction band of Si)—metal.

Interest in these kinds of features of the electrical
characteristics of meta/oxide/silicon (MOS) tunnel
structures based on relatively heavily doped silicon is
stimulated by two different factors. First, the thickness
of the gate insulator in modern FETs may aready be
less than 3 nm [2], and the channel doping level may
exceed 10'® cm, so that the integrated study of the var-
ious operation features of tunnel MOS structures with
the corresponding parameters is of high practical
importance. Second, the above features allow us to
regard, under certain conditions, a MOS structure as a
resonant-tunneling nanostructure, which makes the
variety of its properties much wider and improves the
prospects for its application.

A necessary stage in studying electron tunneling
through a double barrier (first, in the depleted layer in
Si and then through SiO,, possibly viaa QW inthe Si
conduction band) consists in systematizing the effects
associated with this type of transport and the require-
ments for the structural parameters, which, when satis-
fied, allow observation of these effects. Thisisthe am
of the present study. We restrict our analysis to a con-

sideration of the depletion mode and ignore the build-
up of electronsin the QW.

2. POSSIBLE EFFECTS AND FORMAL
CONDITIONS FOR THEIR OBSERVATION

In a MOS structure based on p*-Si, the following
effects associated with tunneling transport of electrons
in the band gap of S may occur (Fig. 1):

() nonresonance tunneling of eectrons from the S
bulk through the tunnel-transparent barriers in the space
chargeregion (SCR) of Si and theinsulator (Fig. 1a);

(i) resonance tunneling of e ectrons from the Si bulk
through the double barrier viathe discrete quantum-well
levels in the SCR of Si and in the QW lying between
these two barriers. In previous experiments, resonant
tunneling manifested itself as a sharp rise in current,
which was observed when each new quantum level
became involved in the charge transport (Fig. 1b) [1];

(iii) resonance tunneling of electrons from the
metal, which is responsible for a current peak appear-
ing when one of the QW levels lying below the Fermi
level of the metal coincideswith the valence band edge
of thebulk Si [1];

(iv) ingress of tunneling electrons into the Si con-
duction band and their build-up in the QW, which may
presumably make the voltages corresponding to the
occurrence of resonances somewhat higher but does not
significantly change the general situation.

Thefirst two tunneling processes, nonresonance and
resonance transfer of electrons from the Si bulk to the

1063-7826/02/3608-0889%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. |-V characteristics of aAl/SiO,/p*-Si (111) structure at Ny = 2 x 10 cm=3 and dox=2.51€m under forward (a 1) and reverse
(b, 1) bias and the corresponding band diagrams (in scale) for aAl/SIOy/p*-Si structure with N = =10 cm3 and dox=2nm(a 2; b,
2): () at low voltages ensuring only nonresonant electron tunneling through the double barner V < 15V; (b) at higher voltages,

V> 1.8V, inducing resonant as well as nonresonance tunneling.

metal, are responsible for the high reverse currents,
making them close to the forward currents. In what fol-
lows, we discuss these two processes in more detail.

Apparently, the double barrier described above
exists in any MOS structure in any mode, with the
exception of the flat band case. In other words, if, for
example, the electron exchange between the Si valence
band and the metal isdiscussed with quantitative details
neglected, then it is E,;, and not E,, (Fig. 1), that
must be the upper limit of the energies considered.

A necessary condition for resonance tunneling from
Si isthat at least one of the QW levels should coincide
with or lie below the valence band edge in the Si bulk,
E,in- This condition can be satisfied for any N, and d,,
at a sufficiently high reverse bias V. Apparently, thisis
impeded in thick structures by the small band bending
gd, because virtually the entire applied voltage V falls
on the insulator [3]. However, the current flow into the
metal grows with increasing V, and, as soon as thisrise

can no longer be compensated for by thermal genera-
tion, q¢ becomes high enough.

For resonance tunneling from the metal to occur, at
least the ground level E; in the QW must be equal to or
lower than Eg,, at the instant of its coincidence with
E, . Analysis shows that this condition cannot be sat-
isfied in the Al/SIO,/Si system in the absence of charge
a the Si/SIO, interface: the E; level aways lies above
Er,. However, we can imagine a structure with a very
low work function of the metal, or with a strongly pos-
itively charged interface, in which the necessary condi-
tions could be fulfilled.

The above-mentioned build-up of electrons in the
QW invariably occurs even in the case when thermal
generation cannot maintain the inversion layer (d,, <
3.5 nm) and the structureis defect-free (tunneling is not
upset). Thefact isthat each tunneling electron makes a
contribution g|Y(2)[? to the two-dimensional density of
acharge (U isthe wave function, and z is the direction
of tunneling). There arises akind of analogue with the
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case of space-charge-limited current. This also occurs
in conventional resonant-tunneling diodes [4, 5].

3. SEMIQUANTITATIVE MODEL

The presented qualitative analysis does not suggest
any definite limitations, so that resonant and nonreso-
nant tunneling may occur in any structure. The model
presented below was devel oped and applied to the cal-
culation of the |-V characteristics and to the evaluation
of MOS structure parameters at which effective tunnel-
ing occurs.

In the framework of the model, we assume that the
device operatesin the depl etion mode and disregard the
build-up of electronsin the QW. A tunnel MOS struc-
tureitself isarather complex object, and we decided to
ignore charge build-up for the time being, the more so
asthe self-consistent consideration of it (asin [5]) may
proveirrelevant because of the use of simplified formu-
las for tunneling.

The energy levels E; in the QW and the correspond-
ing lifetimes 1; can be found using a quasi-classical
approach (from the relation 2J’pz dz= (i — 1Y/4)h, 1=

i{v;l dz, where p, is momentum and v, is velocity).

is leads, in the case of depletion, to the following
analytical expressions:
w+ W —a’ E ah
a 4D<2mn e
(€

2 2 2
wiw —a°—-a’ln——

A/2mn ZG w+a(E )

2 wW— O((E)

where w is the width of the depletion region, m, ,isthe
electron mass in the tunneling direction, and

2E'e € €oE4 2
az — W2— 2| 0 s, [?20 4] . (2)
g Na qq NA

The additional index n (n = he, le) is introduced to
distinguish the subsystems of levelsfor heavy and light
electrons. The degeneracy factorsare asfollows. v, =2,
Vvie=4for (100)Si; and v, =6, v, = 0for (111)Si. The
ground level E; always correspondsto the “ heavy” sub-

system (E; = E}°). Examples of band diagrams with
levelsfor (111)Si are presented in Fig. 1.

The energy levels are the levels of the quantity E —
Eq, which, as applied to a QW, is usually designated as
E,. HereE, E,, and E are, respectively, thetotal energy
of aparticle and its componentsin the tunneling direc-

tion and in the perpendicul ar plane. The designation E;'
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or E; (instead of E};) is used for brevity. The current
through the structure comprises four components:

j = jv0+jvdt+jvrez+jc01 (3)
where j,, and .o are the currents of electron tunneling
from the valence and conduction bands of Si only
through SiO,, and j, and j, ., are the currents of non-
resonant and resonant tunneling through the SCR and
oxide. The expression for j., is well known and has
been given, e.g., in [6]; actualy, j.o is limited by the
current of thermal generation.

In practice, j, o and j, can be calculated together:
E

vinf

Ztmpus J (B~ FulED
Evini —E 4
I Tox(E- ED)Tp n(E E,)dE, dEEll

Jv0+Jvdt -

In this case, the product of tunneling probabilities
T - Ts through, separately, SO, and Si is used as the
probability of “double” tunneling. T, depends on E and
E;[3], and T,,, only on the difference E — Ej. In calcu-
lating T,,, we assumethat electrons alwaysinteract with
the conduction band of the oxide. Asthe limits of inte-
gration with respect to energy, we take —o and E;,« for
E (seeFig. 1a), and zeroand E ;s — E for E. The Fermi
functions for the semiconductor bulk and the metal are
denoted by fp(E) and fy,(E). The summation includes
light and heavy electrons and holes (the distinction is

necessary, because T, depends on the mass 2( m;,lz +

m;ylz)”2 [3]). Theprincipal contribution to thecurrentis
made by tunneling from the light hole subband.

If j,oisto befound separately, E, o should be substi-
tuted for E,;; in relation (4) (naturally, Tg = 1 in this
case). It is in this form that the current between the
metal and the Si valence band is written with the “dou-
ble” tunneling disregarded. The resonant component is
the sum of currents via levels (for each level, the peak
value T, ismultiplied by the peak width AE):

Y The OEP

i=12,..

. _4mqed Vv
Jvrez = F;gnpljgn

]JZ(Evi nf = E|n)

]

0

(fo(El+ Ep) — fu(E' + Ep)) 5)

0
x exp(-AEp)d ED%L

The upper limitintheintegral (5) takesinto account the
conservation of E; Nevertheless, its significance
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should not be overestimated, because, in view of the
smallness of A = 21E,” (GhF(E))(m,, + my-,) Y2 (F

isthe average field for an electron with energy E = E;' +
Ejinitstunnelingin Si), only particleswith low E; can
overcome the barrier. Therefore, even replacing the
upper limit of integration by +oo leads to only minor
changes.

As follows from the above analysis, the probability
of tunneling in the maximum s

1

That = To(ENTS"(E], 0)———,
(1-b"") (6)

bP" = J1-To(ED1-TE"(E]. 0),
and the level broadening

pEP" =20 oh L ojpen, %
e

For all the cases of interest, AE" ismuch smaller than
the energy spacing between the two neighboring levels

(E'"* — E). The 1=V characteristics of MOS struc-

tures, calculated in terms of thismodel, are discussed in
the next section.

4. PRACTICAL CONDITIONS
FOR THE OBSERVATION OF EFFECTS

Apparently, the experimental study of tunneling
through a double barrier may be complicated if

(a) the probability of tunneling through the oxideistoo
small;

(b) the prabability of tunneling in the semiconductor is
too small;

(c) the necessary mode cannot be achieved owing to
structure degradation;

(d) thecurrent j, 4 isnot small, but ismuch smaller than
the currentsj, o + jo:

(e) the current j e, is much smaller than j,o + jeo + jvat
(in the theory of resonance tunneling, this sum is
called the excess current).

The calculation we performed answers the question
as to how these problems can be eliminated by the
proper selection of structure parameters (Fig. 2). Thick
structures with small T, are not considered here,
because aninversion layer, ignored in our model, would
be formed in such structures. Thus, d,, < 3.5 nmin al
cases and, therefore, the problem of the excessively low
probability of tunneling through the oxide is formally
resolved.

The probability of tunneling through the valence
band in the SCR of Si is governed by the doping level
Na. At N, < 5 x 10 cm® and under reasonable condi-
tions (V of several volts), the fields in the SCR and the
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probability T, are so small that the tunneling currents
(jvatr fvren) @re virtualy zero. However, at higher N, (up
to about 5 x 10*® cm2), tunneling of electrons with
energies close to E,;; from the valence band is also
nearly impossible: the barrier at the SCR boundary far-
thest from the interface is too high. Consequently, the
instants when the conditions for the occurrence of res-
onances, E; = E;, are satisfied may beindiscerniblein
the |-V characteristics (see below).

The breakdown of SiO, under an internal field of
=2 x 10’V cm™ places the upper limit for N, at 3 x
10'° cm for the case of resonant tunneling; at heavier
doping, the oxide degrades even at abias V correspond-
ing to the mode E; = E,;+. The lower “degradation
limit” N, = 2 x 10% cm3 is associated with the ava-
lanche in Si. The background on which the current j, 4
may or may not be discernible is mainly created by j o
(joissmall). Aslong asE, o < Egp, i€, QU < Eg + X —

X, the current j,, is also close to zero, because the

guantum states with energies below E,, are filled on
both sides of the oxide. With increasing V, the voltage
U grows, but g¢ grows too, which hampers the forma-
tion of the component j,o,. For a given bias V, an
increasein N, and/or d,, resultsin higher U and smaller
g¢., thus creating more favorable conditions for j,,
flow. In this context, mention should be made of a
seemingly paradoxical result: for the same doping level
(N, =10 cm®), the reverse current in the semiconduc-
tor (found with tunneling disregarded) increases, rather
than decreases, with d,, growing in a certain thickness
range (compare Figs. 2b and 2a).

A relatively large contribution of j, 4 to thetotal cur-
rent would be expected for the minimal thickness d,.
Asfor doping, raising itslevel favorsanincreasein j, 4
owingtoarisein T (at any d,,), but j,, grows simulta-
neously. As aresult, the component j, 4 is exceedingly
important at N, = 10'° cm~2 and d,, — 0 (Fig. 2b), and
taking it into account in calculationsyields high reverse
currents that are in agreement with the experiment,
whereas at higher N,, its role decreases somewhat.

Figures 2a—2c give an answer to the question of the
relative contribution of the resonant component com-
pared to that of the excess current. Figure 2d shows an
approximate ratio of the current j e, t0jo *+ jvo Hya: &
the instant when the first resonance (E; = E, ;) appears.
The current j ., was evaluated as aterm in relation (5)
and correspondedtop=1h, n=he, i = 1, with +c asthe
upper limit of integration. The contribution of j, ., t0
the total current grows with increasing d,,. Moreover,
as seen in Fig. 2c, the resonances are not always mani-
fested as clear steps. At N, < 5 x 10 cm3, they simply
provide an additional contribution, more or |ess mono-
tonic, to the total current j. In this case, they manifest
themselves at a voltage V higher than that correspond-

SEMICONDUCTORS ~ Vol. 36

No. 8 2002



ELECTRON TUNNELING THROUGH A DOUBLE BARRIER

10%

2

_
<

6

_
<

Current density j, A/cm?

Current density j, A/cm?

10—10 L

Voltage V, V

893
(b)
104\ T e
NE X\ -7 ’]/,..-;';:I';"::; -
Q . // ”_‘_._--/’ 4v
.<E‘ 100 | \\\\ // //
; Y /// Ji
= \\\ I/
z / SRRNY:
S 104\ | e 3 '
= 4
[0
g 3
© 1078 f
1 1 J
-1 0 1 2 3
Voltage V, V
6 _
10 (d)
) 10 3 nm
'\%ﬁ
g 2 nm
2 102+
= Practical doping range
&
100 L
102 —A R
1018 1019 1020

Acceptor concentration N, cm ™3

Fig. 2. (a—c) Calculated |-V characteristics of Al/SiO,/p*-(111)Si structures: (1) solid curves for j, o + jo With nonresonance and
resonance tunneling disregarded; (2) dashed curves for j, 4 +j,0 * jco ONly nonresonance tunneling taken into account; (3) dotted

curves for jre, + judt _jvo + Joo With account of both nonresonance and resonance tunneling. (a, b) At Ny = 1

0% cm and varied

oxide thickness d,,, nm: (1) 2.0, (2) 3.0, (3) 0.1, and (4) 0.5 nm. (c) At dy, = 3 nm and varied N, cm™: (1) 5 x 107, (2") 108,

(3") 5 x 108, (4") 10'°, and (5") 5 x 10*° cm 3. Arrowsiin (a) and (c) indicate the voltages V corresponding to the condition E; =
E, i for the given Na. (d) Calculated ratio of the resonance current j e, to the excess current je.. = j,0 + ico + vt @ the instant

when the condition E; = E . is satisfied.

ing to E; = E,;+ Therefore, the range of Si doping in
which resonance effects should be observed in the way
presented in Fig. 1b is rather narrow; for example, at
d., = 3 nm, it does not exceed 5 x 10'8-3 x 10%° cm3,
In this range, problems with the voltage resolution do
not arise, since the difference V, — V, between the volt-
agescorrespondingtoE, =E,;sand E; =E, ;s issevera
fractions of avalt.

5. CONCLUSION

The conditions for the observation of resonant and
nonresonant tunneling of eectrons from the valence
band of the Si bulk to a metal have been studied. The
tunneling occurs through a double barrier formed suc-
cessively by the tunnel-transparent barriers of the space
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charge region in a semiconductor and theinsulator. The
process also involves quantum-well levels in a QW
formed by the conduction band of the semiconductor in
Me/SiO,/p*-Si structures. A simple model that takes
this transport mechanism into account was devel oped,
and the 1-V characteristics of MOS structures (d,, <
3.5 nm) in the purely depletion mode were calcul ated
interms of this model. Nonresonant tunneling is shown
tobesignificant at Ny > 5 x 1017 cmr3, It playsan impor-
tant part in ensuring transport when N, = 10%° cm= and
when the oxide thickness is minimal (d,, — 0). Itis
demonstrated that the occurrence of resonant transport
does not necessarily lead to the appearance of stepsin
the current. For example, at d,, = 3 nm, the resonances
emerge in the range of 5 x 10Y-3 x 10% cm3, with
clear stepsexpected only at N, > 5 x 1018 cm 3. At lower
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N4 or d,,, the resonances are not distinct and merely
result in a smooth increase of current with voltage V.
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Abstract—The photoluminescence properties of type || GaAs/AlAs superlattices grown on the (311) surface
are determined by their polarity. Previous HRTEM investigations demonstrated a corrugation (with height of
1 nm and period of 3.2 nm) of both GaAg/AlAs and AIAS/GaAs interfacesin samples grown on the (311)A sur-
face. In the present study, a lateral periodicity of 3.2 nm is also revealed in HRTEM images of a superlattice
grown on the (311)B surface and in their Fourier transforms. However, this periodicity is poorly pronounced,
whichisdueto fuzzy corrugation and the presence of along-wavelength (>10 nm) disorder. Photoluminescence
spectra of the GaAs/AlAs superlattice on the (311)A surface are strongly polarized relative to the direction of
interface corrugation, in contrast to the (311)B superlattice, in which the corrugation is weakly pronounced. It
was found that the strong mixing between the I' and X minima of the conduction band, occurring only in sub-
lattices with strongly corrugated interfaces, allows generation of bright red luminescence at 650 nm up to room
temperature. The distinctions reveal ed between the superlattices grown on the (311)A and (311)B surfaces con-
firm that it is precisely the interface corrugation, and not crystallographic orientation, that governs the optical

properties of (311) superlattices. © 2002 MAIK “ Nauka/Interperiodica” .

Recently, much attention has been given to studying
the effect of periodic faceting of the (311)A GaAs sur-
face, which was discovered in 1991 [1]. Under typical
conditions of molecular beam epitaxy (MBE), the
(311)A GaAs surface is reconstructed into a periodic
array of microfacets (microgrooves) directed along the

crystallographic direction [ 233] with a period of 32 A

along the direction [011] [1]. The microgroove depth
is 10.2 A [1]. Heteroepitaxia growth of aternating
GaAs and AlAs layers on such a faceted surface yields
superlattices (SLs) with layers having a periodically
modulated thickness. Such superlattices are commonly
named lateral superlattices (LSLs), and the modulation
of the layer thicknessistermed “corrugation” of layers
or heterointerfaces. LSLs are quasi-one-dimensional
systems with strong quantum confinement of carriers.
This is important for studying quantum phenomena at
room temperature and creating devices that operate on
intersubband transitions at high temperature. Recently,
the polarization anisotropy of photoluminescence (PL)
[2—4] has been observed in structures of thiskind and it
was found that dissimilar kinds of polarization anisot-
ropy are observed at different GaAs layer thicknesses
[3, 4]. At thicknesses exceeding ~35 A, the nature of

polarization is mainly accounted for by the orientation
anisotropy of the (311) surface, and at thicknesses less
than ~35 A, predominantly by heterointerface corruga-
tion [3, 4]. The observed polarization anisotropy of PL
isin good agreement with data of high-resolution trans-
mission electron microscopy (HRTEM) [5], according
to which both GaAs/AlAs and AIAS/GaAs interfaces
are corrugated with alateral period of 3.2 nm and a cor-
rugation height of 1 nmin samplesgrown on the (311)A
surface. The present study is concerned with a compar-
ative analysis of the PL and structure of GaAg/AlAs
SLs grown on (311)A- and (311)B-oriented surfaces.

The GaAgAlAs SLs under study were grown by
MBE on GaAs substrates with (311)A, (311)B, and
(100) orientations. The directions A and B were deter-
mined from anisotropy of chemical etching. The period
of the SLs under study was 4 nm, with the mean thick-
ness of GaAs and AlAslayers being the same and equal
to 2 nm. The samples were studied using PL spectros-
copy in the temperature range 77-300 K. An Ar* laser
(488 nm) with atypical pumping power of 10-20 mW
(incident power density 5-10 W/cm?) served as the PL
excitation source. The PL spectra were recorded using
an SDL-1 double monochromator with a resolution of
0.4 nm and a photomultiplier with an S-20 cathode.

1063-7826/02/3608-0895%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. PL spectraof GaAs/AlAs SLsgrown on (311)A and
(311)B surfaces in a single run. The spectra of the (311)B
SL are enlarged by afactor of 50. T = 300 K. Polarization
of light emitted by the sampleswas analyzed inthe SL layer
plane for two cases; along (1—S component) and across
(2—P component) the corrugation grooves.

A Glan prism was used as the analyzer of light emitted
by the samples. A depolarizing wedge was placed at the
monochromator input. The SL structure was studied by
HRTEM, with the images processed to enhance the
contrast associated with different coefficients of elec-
tron extinction for AlAs and GaAs.

Figure 1 shows PL spectra of GaAg/AlAs SLs
grown on (311)A and (311)B surfaces in the same run
and, consequently, under identical conditions. The
measurements were done at room temperature. Effec-
tive room-temperature PL was observed from a
GaAg/AlAsSL grown on afaceted (311)A surface. The
red luminescence from this SL could be seen with the
naked eye, and itsintensity was 50 timesthat in the case
of an SL grown on a (311)B surface (the spectra of the
latter in Fig. 1 are multiplied by afactor of 50). The dif-
ference is accounted for by the formation in the (311)A
SL of well-structured corrugated layers of gallium ars-
enide, whose presence in the given sample was con-
firmed by direct electron-microscopic studies. Lateral
localization of electrons in LSLs (for the most part,
electron motion is only possible aong corrugation
grooves) reduces the nonradiative surface recombina-
tion, and it is this fact that results in high PL intensity
at room temperature. The light exciting this PL was
incident at some angle with respect to the plane of the
SL layers. The direction of the electric field vector E
(polarization of the exciting light) in the plane of the SL
layers made an angle of 45° with the direction of the

corrugation grooves ([233] direction). The PL was
recorded in the direction normal to the plane of layers.
The polarization of light emitted by the samples was
analyzed in the plane of the SL layers for two cases:
along (solid line—S component) and across (dashed
line—P component) the grooves. As expected, strong
polarization anisotropy is observed in the PL spectra of

LYUBAS et al.
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Fig. 2. PL spectra of GaAgAIAs SLs grown on (8) (311)A,
(b) (311)B, and (c) (100) surfaces in the same run. Tempera-
ture: (1) 77, (2) 295, (3) 117, and (4) 150 K. The spectrawere
recorded without an analyzer. The room temperature spectra
of (311)B and (100) SLsare enlarged by afactor of 5.

(311)ALSLs. Thedegree of polarization (S—P)/(S+ P)
is more than 60% for the peak at 1.69 eV and approxi-
mately 22% for the peak at 1.84 eV (Fig. 1). As seen
from the samefigure, the PL anisotropy is much weaker
(~10%) in the case of a (311)B SL (peak at 1.71 V).
The decrease in the polarization anisotropy for the
(311)B SL isquite understandabl e, being dueto the fact
that the corrugation in this SL is not so clearly pro-
nounced asthat in the (311)A SL. Thus, in the case of a
(311)B SL, the effect of heterointerface corrugation is
dight and the nature of polarization is mainly deter-
mined by the valence band anisotropy. It is noteworthy
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Fig. 3. Fourier transforms of HRTEM images obtained for (a) (311)A and (b) (311)B SLswith subtraction of the long-wavelength
component. (c and d) Fourier transforms of, respectively, the same SLs but without subtraction. A lateral period of 3.2 nm is
observed for both SLs but is much more obscure in the (311)B case, compared with (311)A, because of the strong overlapping by

the long-wavel ength component.

that the polarization anisotropy does not vary signifi-
cantly with temperature.

Let us consider the PL spectra of SLs with orienta-
tions (311)A, (311)B, and (100), which are presented in
Fig. 2 for different temperatures. The SLs were grown
in asingle run. A comparison of the spectra of (311)B
and (100) SLs(Figs. 2b and 2c, respectively) showsthat
they are closely similar to one another and, at the same
time, fundamentally different from the spectra of
(311)A SLs (Fig. 2a). In contrast to the latter, the spec-
traof (311)B and (100) SLs contain one peak each, and
the intensity of this peak grows with decreasing tem-
perature. The similarity of PL from (311)B and (100)
SLs means that, in contrast to the (311)A case, thereis
no pronounced modification of the electronic and opti-
cal properties of the (311)B SL as aresult of heteroint-
erface corrugation. This is due to the weaker corruga-
tion and the presence of along-wavelength disorder in
(311)B. At the same time, the additional quantum con-
finement of carriers, which appears due to the layer
thickness modulation in the (311)A LSL, leads to the
strong modification of |ts electronic, optlcal and quan-
tum properties. Mixing® occurs between the I' and X
minima of the conduction band. As aresult, two peaks
are observed in the PL spectrum of the (311)A LSL;
these are associated both with transitions involving the
X minimum of the conduction band and with those
from the mixed '—X states. It is noteworthy that such a
strong mixing, which was observed here for the first

1The phenomenon of mixing was first observed in [2].
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time, is due to clearly pronounced heterointerface cor-
rugation with a period of 3.2 nm and a height of 1 nm
in the (311)A LSL under study.

The strong difference between the PL spectra of
(311)A and (311)B SL s, revealed in the present study, is
in agreement with the results of direct HRTEM investi-
gations. Figure 3 shows the Fourier transforms of
HRTEM images obtained for (311)A (Fig. 3a) and
(311)B SLs (Fig. 3b) with the subtraction of the long-
wavelength component in order to revea the lateral
periodicity. Figures 3c and 3d present the Fourier trans-
forms of images for the same (311)A and (311)B SLs
but without subtraction. It can be seen that thereisalat-
eral period of 3.2 nm in both the (311)A and (311)B
cases. In (311)B SLs, this periodicity is much less pro-
nounced, being strongly overlapped by the long-wave-
length component, but an intensity peak still exists. The
existence of such alateral period for the (311)B SL isin
agreement with recent investigations using scanning
tunnel microscopy [6]. It is noteworthy that the 3.2-nm
lateral periodicity is not so clearly pronounced in the
(311)B SL, compared with (311)A, and is adequately
discerned only after the removal of the long-wave-
length component. Moreover, as follows from the
HRTEM image in Fig. 4, there is virtually no vertical
correlation of GaAs- and AlAs-rich regions in the SL
grown on the (311)B surface.

Thus, Fourier analysis of the HRTEM images of
(311)A and (311)B SLs shows that a 3.2-nm lateral
period is present in both SLs, but is less noticeable in
the latter case because of weaker corrugation and a
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Fig. 4. HRTEM image of the structure of (311)B SL heterointerfaces. Vertical direction—[311], horizontal direction—[011]. Light
layers—AlAs. Image height 16 nm. Weak corrugation with alateral period of 3.2 nm and long-wavelength disorder with a charac-

teristic lateral size of more than 10 nm are visiblein the figure.

large amount of long-wavelength disorder. The (311)A
SL shows a very distinct corrugation with a height of
1 nm and a clearly pronounced periodicity of 3.2 nm.
Strong mixing between the " and X minima of the con-
duction band occurs only for SLs with strongly corru-
gated interfaces and makes it possible to obtain bright
red luminescence at around 650 nm even at room tem-
perature. The PL spectra of the (311)A SL show strong
polarization anisotropy (the intensity of light polarized
along the interface corrugation grooves greatly exceeds
that for the transverse case). The anisotropy in the spec-
tra of (311)B SLs is much less pronounced. This con-
firms the conclusion [3] that for the (311)A LSL the
nature of polarization cannot be accounted for by only
the orientation anisotropy of the (311) surface, rather, it
ismainly determined by the corrugation of heterointer-
faces. In contrast to the (311)A case, corrugation does
not noticeably modify the electronic and optical prop-
erties of the (311)B SL, which is more similar to the
conventional (100) SL in its electronic properties. The
results presented above are important both for funda-
mental science and for the devel opment of devices that
may be used, e.g., in designing planar IR detectorswith
polarization-sensitive detection and normal incidence
of light (operating on intersubband transitions), IR
emitters, and planar Esaki—-Tsu SLs for microwave

applications (including three-terminal devices with a
gate, e.g., microwave amplifiers).
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Abstract—The spectral position of the peak of photoluminescence from an InGaAsN quantum well has been
studied as a function of the chemical composition of the quaternary compound. An empirical equation is pro-
posed which describes with good precision the experimentally observed dependences and allows prediction of
the composition necessary to obtain arequired wavelength. © 2002 MAIK “ Nauka/Interperiodica” .

The interest in light emitting devices on GaAs sub-
strates, which can operate at room temperature in the
1.3 umwavelength range, isdueto their potentially bet-
ter device characteristics as compared with conven-
tiona InP structures, and al so to the simpler technology
of fabrication of a vertical-cavity surface-emitting
structure [1]. In the last two years, vertical-cavity sur-
face-emitting lasers (VCSELS) for the 1.3-um range
have been fabricated using different approaches to the
creation of the active region: forming an array of
InAs/InGaAs quantum dots [2] or InGaAsN [3, 4] and
GaAsSb [5, 6] quantum wells (QW).

For InGaAs QWs, the wavelength range of interest
(1.3 pum) can be reached by adding a relatively small
amount of nitrogen (severa percent). As shownin [7],
the strong narrowing of the band gap in the quaternary
InGa, _,As; _ N, compound results from the interac-
tion between the conduction band states of the InGaAs
matrix and nitrogen states localized in a narrow reso-
nance band. The parameters controlling the emission
wavelength are the indium and nitrogen content, x and
y, in the quaternary compound, and also the QW width.
Raising any of these parameters must result in along-
wavelength shift of the emission peak. However, as
seen from the table, the presently available published
data show significant scatter. In this connection, inves-
tigation of the emission wavelength of InGaAsN QWs
as a function of the chemical composition of this qua-
ternary compound has not lost its topicality. It isworth
noting that the energy of an optica transition can be
calculated on the basis of certain models of the band
structure of a quaternary compound (see, e.g., [8]).
However, the lack of generalizing formulas hinders
practical calculations.

In this communication, we report the results of a
systematic study of how the wavelength of emission
from MBE-grown InGaAsN QWSs on GaAs substrates
depends on the In and N content; we also present
empirical relations allowing us to describe the depen-
dences we observed in asimple analytical form.

The structures under study comprised a single
6.2-nm-thick InGaAsN QW, or a 0.2-um-thick GaAsN
layer in a GaAs matrix, confined by thin (50 nm)
Aly3Gay,As layers. The structures were grown in a
Riber Epineat MBE machine equipped with an
Applied-EPI UNI-Bulb high-frequency plasma source
of active nitrogen. In al the structures, the active region
was deposited at a temperature of 450°C at a growth
rate of 0.35 nm s™. The photoluminescence (PL) spec-
trawere recorded at room temperature (20°C). The PL
was excited with an Ar*-ion laser (100 mwW) and
detected with a cooled InGaAs diode. The structural
properties were studied using double-crystal X-ray dif-
fractometry on a Bede D1 instrument.

We believe that the strong scatter of data on the
dependence of the wavelength on the InGaAsN compo-
sition is largely due to inaccurate evaluation of the N
and In content in the QW. Direct determination of the
chemical composition of the InGaAsN QW by X-ray

Interrelation between the indium and nitrogen content x and
y, QW width L in quaternary In,Ga, _,As; _,N, compound,
and emission wavelength A of aVCSE

X, % Yy, % L, nm A, um Reference
30 2 7 12 Larson [11]
35 18 6.5 1.28 Steinle [4]

34 1 6 1.295 | Choguette [3]
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Fig. 1. Double-crystal X-ray rocking curves near GaAs
(004) reflection for (a) 0.2-um-thick GaAsy gggNg 012 €PI-
taxial layer and (b) five-period Ing 35Gag gsAS (6 Nm)/GaAs
(48 nm) superlattice. Solid lines, experiment; dashed lines,
simulation.
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Fig. 2. Optlcal transition energy vs. nitrogen content in
GaAs; _yN, layers. Points, experiment; approximation:
(2) with Yelftion (2); (2) with relation (1), with the forbid-
den band parameter and the GaN band gap varied; and
(3) with relation (1), with only the forbidden band bending
parameter varied.
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diffraction is impossible, since addition of both N and
In changesthe strain in GaAs. Moreover, there remains
an open question of how indium in the InGaAsN layer
affects the efficiency of atomic nitrogen incorporation
from the plasma source, compared with the case of
GaAsN. It is commonly believed, when considering
guaternary QWs, that, at a constant total growth rate,
the molar fraction of nitrogen in InGaAsN corresponds
to the nitrogen content in GaAsN (see, e.g., [9]). How-
ever, some experimental facts cast doubt on the validity
of thisassumption. For example, it has been shown that
the efficiency of nitrogen incorporation into InAs is
much less than that into GaAs [10]. This fact indicates
that the efficiency of nitrogen incorporation into
InGaAs layers may depend on the molar fraction of
indium in this compound. On the other hand, the model
proposed below allows usto circumvent the problem of
determining precisely the molar fraction of nitrogen in
a QW and to relate the emission wavelength of an
InGaAsN QW directly to parameters that can be deter-
mined by preliminary calibrations. In what follows, by
the nitrogen content of a QW is meant the molar frac-
tion of nitrogen, which is determined by the X-ray dif-
fraction method for aternary GaAsN compound grown
under identical growth conditions at the same overall
growth rate.

In the growth of INnGaAs(N) QWs, the atomic flows
of In and Gawere chosen so asto maintain constant the
overall growth rate. The chemical composition of
GaAs, _ N, layers was determined from the distance
between GaAsN and GaAs(004) diffraction peaks, with
a lattice constant of 0.452 nm assumed for cubic GaN.
The indium content and the thickness of the InGa; _,As
QW were found by modeling the X-ray diffraction
spectra of structures containing a periodic sequence of
five QWs separated by 45-nm-thick GaAsbarriers. Fig-
ure 1 presents examples of experimental spectraand the
results of modeling.

Figure 2 shows an experimenta dependence of the
PL peak position on the nitrogen content y measured in
GaAs, _ N, layers. Theband gap in aternary compound
of this type is commonly described by a quadratic
dependence,

Ecaasv = EcanY + Ecaas(1—Y)
—Coan-caasy(1-Y),

where E¢g,y and Egaa s are the band gaps of binary com-
pounds forming the solid solution, and Cn_gaas iSthe
parameter of the forbidden band bending, which
describes the interaction of components in the solid
solution. Figure 2 exemplifies an approximation of the
experimental dependence with an expression of type
(2). As seen, the above relation describes the composi-
tional dependence of the PL peak position for ternary
compound GaAsN only at avery small nitrogen content
(<1%), which is insufficient for achieving the 1.3-pum
wavelength in InGaAsN QWs. At a higher nitrogen
content, the dependence of the PL peak position on

(D
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composition is weaker and tends to level off. This
means that, being dependent on the nitrogen content in
the ternary compound, the parameter of the forbidden
band bending is not constant over the entire range of
compositions.

AsshowninFig. 2, the experimental datacan befor-
mally described in the range y = 0-2% by a quadratic
dependence (1) if Eg,y is considered a second fitting
parameter. In this case, however, the physical meaning
of both Eggy and Cgoan_gaas iS 10st. Moreover, the pre-
dicted increase in the optical transition energy at y >
2.5% is not observed experimentally.

To describe the experimental dependence of the PL
peak position on the nitrogen content of GaAs,;_,N,
layers, we propose the expression

Ecaasv = Ecaas—A[1—exp(=Y/Yo)], (2

where A and y, are the fitting parameters jointly
describing the band gap variation at low nitrogen con-
tent (Egaasn = Ecans — (AY0)y) and the decrease in the
influence exerted by nitrogen at high nitrogen content
(Egaasy — Egans —4). The best fit in the entire com-
position range studied is ensured by the following
parameters: A = 321 meV and y, = 1.21% (Fig. 2).

The dependence of the PL peak position on the
nitrogen content y in the range 0-2.8% is shown in Fig.
3a by points for InGa, _,As,_,N, QWs with an In
molar fraction x of 21, 27, and 35%. In al cases, the
QW width was 6.2 nm. A similar dependence from [8]
is shown by the squares. We found that, similarly to the
case of bulk GaAsN layers, the experimental data can
be satisfactorily described by relation (2) if thewidth of
the GaAs forbidden band is replaced with the energy of
optical transition in a nitrogen-free InGaAs QW and if
the parameters A and y, are assumed to depend on the
In content:

Eincaasy = Eincaas—A(X)[1—exp(=y/yo(x))]. (3)

The results of approximation are shown by solid lines
in Fig. 3a, and the dependences of fitting parameters on
X, by pointsin Fig. 3b.

Asfollows from Fig. 3b, the extrapolation of A and
Yo to alow In content in a QW yields values coinciding
with those obtained for thick GaAsN layers. This
means that the parameters A and y, depend weakly on
the quantum confinement effects related to the QW
width and reflect the dependence of the forbidden band
width on the composition of the nitrogen-containing
compound. It is necessary to note that the parameter A
remains virtually the same, 310-320 meV, over the
entire In range studied. At the same time, y, strongly
grows with increasing In content, up to 2.8% at x =
35%, which reflects the decreasing effect of nitrogen on
the position of the PL line in indium-containing struc-
tures. This effect was described in [7, 8] in terms of a
decrease in the band-bending parameter with increas-
ing In content. On the other hand, the decreaseiny, can
also be accounted for by a decrease in the actual nitro-
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Fig. 3. (a) Experimental dependences of the optical tran-
sition energy on nitrogen content for 6.2-nm-wide
In,Gay _,As; _ Ny, QWSs with indium content x: (1) 0.35,
(2) 0.301[8], (3) )62/7 and (4) 0.21. Lines, approximation by
relation (3). (b) Points, parameters A and yq vs. indium con-
tent for the compositions studied experimentally; lines, lin-
ear interpolation.

gen content because of a decline in the efficiency of
incorporation of atomic nitrogen with an increasing
molar fraction of In. Therefore, the proposed empirical
dependence reflects the resultant influence of both
effects.

To verify the proposed approach to the description
of the PL peak positionfor InGaAsN QWsasafunction
of composition, we analyzed the experimental data for
1Ny 3Gay 7As, - N, QWs [8], which are represented by
squares in Fig. 3a. Based on the dependences of A and
Yo on the molar fraction of In (Fig. 3b), we found the
values of these parameters, corresponding to 30%
indium content, to be, respectively, 312 meV and
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2.56%. The dashed line in Fig. 3awas obtained by sub-
stituting these values in formula (3). As seen, the
obtained dependence is in good agreement with inde-
pendent experimental data, thus confirming the validity
of the empirical approach we proposed.

The three-dimensiona plot in Figure 4a demon-
strates the dependence of the PL line position on the
composition of an In.Ga, _,As; _ N, QW, which was
calculated using (3). The values of A and y, were
extrapolated to a lower and higher In content (x = 20—
40%) with respect to the range of experimental values
(27-35%). As seen, a wide spectral range from 1.1 to
1.37 um can be covered by varying the chemical com-
position of the In,Ga, _,As; _,N, QW.

Figure 4b shows the relationship between the nitro-
gen and indium content necessary for obtaining a pre-
scribed wavelength. To obtain emission in the 1.28—
1.33 umrange, which isimportant for fiber-optics com-
munication, both the indium and nitrogen content in a
QW should berather high. It is noteworthy that it isstill

unclear which composition is preferable from the
standpoint of the device characteristics of 1.3-um
lasers: raising the indium content allows reduction of
the required nitrogen content, thus precluding possible
damage to the surface from nitrogenions, but islimited,
however, by the formation of misfit dislocations and the
transition to island-growth mode. On the other hand,
the use of too strongly strained QWs may impair the
service life of devices based on these.

To conclude, we studied experimentally the PL from
epitaxial GaAsN layers and InGaAsN QWs as a func-
tion of the nitrogen and indium content. The empirical
relation we proposed can describe the emission wave-
length in a wide range of compositions (0—40% In,
0-3% N) with due account of the nonparabolic depen-
dence of the energy of optical transitionsin these com-
pounds on the N content and the decrease in the effect
of nitrogen on the forbidden band width with increasing
In content.
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Abstract—For the first time, the idea of a two-dimensional p—n junction formed as a contact between two
regions of aquantum-dimensional film with different types of conductivity is proposed. Under equilibrium con-
ditions, the potential distribution and the potential-barrier height were determined. An expression was derived
for the width of the surface-charge layer, which depends linearly on the contact potential (external bias) in con-
trast to the three-dimensional case. The specific capacitance of atwo-dimensional p—junctionisvirtually inde-
pendent of the applied potential and depends only on the ambient permittivity. It was shown that, in spite of the
fact that the junction electric field is screened only dlightly, the Schottky approximation can be used for a
description of the properties of such p— junctions. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In connection with recent developments in the phys-
ics of low-dimensional systems, the investigation of the
physical properties of various junctions formed near an
interface between two electronic systemswith adifferent
dimensionality (the so-called heterodimensional junc-
tions) [1-3] isof agreat interest. A particular example of
such alow-dimensional junction is the two-dimensional
(2D) p— junction formed, for example, by the molecu-
lar-beam epitaxy of thin quantum-dimensional GaAs or
GaAl; _,Asfilms on nonplanar substrates; the films are
doped with an amphoteric impurity (for example, S),
whose type (donor or acceptor) depends on the crystallo-
graphic orientation of the substrate [4].

In contrast to conventional p—n junctions, such 2D
junctions have a number of specific properties induced
both by the nature of a 2D gas and by features of the
junction-field screening by low-dimensional electrons.
Due to the fact that ionized donors and acceptors, as
well as free charge carriers, are in the plane of the 2D
gas, whereas the junction electric field is concentrated
in the environment, thisfield is weakly screened, while
the formed depleted domains of the “spatia” (more
precisely, surface) charge are relatively extended. Cor-
respondingly, the 2D p— junction must also be charac-
terized by a higher breakdown voltage than conven-
tiona p—n junctions. Due to the smallness of the effec-
tive cross section of the quantum-dimensional film, the
2D p—njunction must have avery low capacitance. Fur-
thermore, taking into account that the 2D electron gas
is, as a rule, very mobile, we may hope that the 2D
p—n junctions will open a new field of research in the
physics of 2D systems and lead to prospectsfor design-
ing a new family of high-frequency diodes, varicaps,
mixers, etc. [3].

The contact phenomena in a two-dimensional elec-
tron gas (2DEG) have already found a number of inter-
esting applications. For example, the metal-2DEG
junction was used as the basis of such devices as high-
electron-mobility field-effect transistors [5], photode-
tectors at a wavelength of 1.3 um with a record-wide
operating band [6], and varactor diodeswith avery high
capacitance ratio C,,,/C,, @nd a high breakdown volt-
age |7, §].

In this study, we suggest a 2D p—n junction and
investigate the voltage and electric-field distribution in
such ajunction without applying an external voltage.

POTENTIAL DISTRIBUTION
AND ENERGY-BAND DIAGRAM
OF A TWO-DIMENSIONAL p—n JUNCTION

In Fig. 1a we display the schematic diagram of a
2D p— junction, which congtitutes a thin gquantum-
dimensional film with a thickness d. One half-plane
(y =0, x> 0) of thefilm is doped with acceptors with a
surface concentration N,g (for example, by the d-dop-
ing). The other half-plane (y = 0, x < 0) is doped with
donors with a surface concentration Nps. The 'y axisis
directed along the normal to thefilm, and itsoriginisin
the film-symmetry plane. For the sake of simplicity, we
further assume that Nas = Nps = Ng. Also, we consider
the temperatures at which all the impuritiesareionized,
while away from the interface (i.e., in the quasi-neutral
regions) equilibrium concentrations ng, and pg, of elec-
trons and holes are equal to N

When ajunction is formed, a fraction of the elec-
trons passes from the n region into the p region, while
the holes, on the contrary, pass from the p region to the
n region. Owing to this fact, surface-charge depleted
layers are formed near the interface.

1063-7826/02/3608-0903%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. (8) Schematic representation and (b) energy-band
diagram of a two-dimensional p—n junction under equilib-
rium conditions. E1, and E;, are the levels of dimensional
quantization for electrons and holes, and Eg is the Fermi
level.

Duetotheelectricfield that arises, energy bands and
levels of dimensional quantification are bent until an
equilibrium state is established. This state is character-
ized by a constant Fermi level throughout the entire
semiconductor film (Fig. 1b). Correspondingly, the
potential barriers V. are formed along the x axis for
electronsand holes. Their height V. is equal to the con-
tact potential

)

1 ngm+m
V, = E[Eg+nﬁzg\ls+—m-—————p},

2d! mamy,

where e is the electron charge, E; is the semiconductor
band gap, and m, and m, are the effective electron and
hole masses. It follows from (1) that the potential-bar-
rier height always exceeds the band gap in contrast to
the case of the three-dimensional (3D) p—n junction.
From the band diagram of the p—n junction in Fig. 1b,
it can be seen that, due to the band bending, there is
always a certain region - < x < | where the dimen-
sional-quantization levels are arranged relative to the
Fermi level in the conduction valence bands so that

ACHOYAN et al.

there are no free electrons and holes in this region at
low temperatures.

First, we determine the potential distribution in the
compl ete-depletion approximation, in which case it is
possible to assume that the region of negative surface
charge is formed only by ionized acceptors located in
the layer 0 < x < |, while the region of positive surface
chargeisformed by ionized donorsinthelayer 4 < x<0.
These surface charges generate the built-in contact
eectric field, which is primarily located in the environ-
ment. In order to determine the potentia distribution
d(x, y, 2) for this field, we should solve the Laplace
equation

Ad(X y,2) = 0. 2

Itisclear from the symmetry of the problem that the
potential isindependent of the coordinate z (we assume
that the film size along the z axis far exceeds the sur-
face-layer width 2| and the edge effects can be
neglected).

It is necessary to solve Eqg. (2) in the complete-
depletion approximation with the following boundary
conditions;

[0, x<-,
0=l
D—Z—T[eNS, —-1<x<0, 3)
09(x0) _ O ¢
9y T[eNS, O<x<l,

Ue

where € isthe permittivity of ambient regions.

The formulated problem can be solved by the
method of conformal mapping using the function

W = 2|nz_i______ VI‘EZ_IZ 4)

which transforms the first quadrant of the plane & = x +
iy into asemiband of theplanew=u+iv(0sv <,
u > 0). It ismore convenient to find the solution ¢(x, y)
in the plane w(u, v) because we arrive at an identical
type of boundary conditions at the region boundaries.
In such away, it is possibleto find the function ¢(x, y),
which hasthe following form in the first quadrant (x> 0
andy > 0):

o0 1 TR y) —(E+ Y1)
B, y)—vcgl—ﬁarcsn[ - }

1%, x=G(X,Y)
_ET[I_Inx +G(X, y) ©)

0 2 2 2_ 0
.25 =y = 1” + F(x, yJ
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where we introduce the designations

F(xy) = JO&+y2 =12 + 413y,

JO¢ + Y)F(,Y) = (8 + )+ 1208~y
1./2

Similar expressions for ¢(X, y) can also be written for
other quadrants.

On the basis of the above formulas, it is easy to also
determine the width of the surface-charge region. Since
theregiony =0and x> | isequipotential, it is necessary
that the solution obtained satisfies the condition

2,(6)

G(xy) =

9% _
5 (h0) = 0. ()

Thelast requirement isfulfilled if the parameter | infor-
mula (5) is given by the expression

eV,
"~ 4meNg ®)

It can be seen that the thickness of the spatial-
charge-layer L,p = 2| in the 2D p-n junction also
depends linearly on the contact potentia as in the case
of ametal—2DEG junction [1]. With an external voltage V,
asimilar formulaisvalid for the quantity |; however, it
is necessary to write (V. —V) instead of V..

We obtained potential distribution (5) in the com-
plete-depletion approximation (the Schottky approxi-
mation). However, the screening of the built-in field is
known to be weaker in the 2DEG case than in the 3D
case [2], due to which the falloff of the potential isless
steep outside the surface-charge region. For thisreason,
on closer inspection, it is necessary to takeinto account
that there are potential-distribution “tails’ beyond the
pointsx = #I.

In the general case, we can write the following
expression for the surface-charge density in the 2D p—n
junction:

£,/KT

“Ty + 8(=)m, In(1 + 7"

p() = 2 [-m,In(1+ e
A 9)

+myIn(1+e* Ty —a()myIn(1+e*"")].

Here,
1 = =(Exn ted(x 0) —Eg),
&, = —(Ein—Ep),
€3 = —Eg—Ejp+edp(x 0)—Eg,
Ti°Ng
m

€ = Epp =
p
Astheenergy origin, wetake E, = (—0) =0, 8(x<0) =
0,and B(x>0) = 1.
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Inthis case, it is no longer possible to exactly solve
the Laplace equation analytically. However, we can use
(9) to write the following expression, which isvalid to
a high accuracy, for the surface-charge density at low
temperaturesin the region x > O:

emy (B0 (x,0) Ve, X21,

nﬁz%_EFp, O<X<I

The unknown length | is now determined from the con-

dition ed(l, 0) -V, = —Er, (see Fig. 1b).
Correspondingly, it is now necessary to solve the

Laplace equation in the first quadrant with the follow-
ing boundary conditions:

p(x) = (10)

Ve
¢Gw®=W,MQW=?
B aBprp, 0<x<l.
Here,
2
aBp = eh 2
m,e
isthe Bohr radius for holes, and
_ _Em
Vp - = e .

The problem can be solved again with the conformal-
mapping method using function (4). In the approxima:
tion| > ag,, itispossibleto represent ¢(x, y) asfollows:

O(x y) = do(xY)
X4y + 12— F(x,y)
12— P+ F(x y)

where ¢o(X, y) and F(X, y) are given by expressions (5)
and (6).

Again, using the requirement of continuity for the x
component of the electric-field strength at the point x =1,

Agp (12)
~Vegarctan

a"’(l 0) , (13)

X - |-

_ a9
= 22,0

X - |+

and taking into account that eV, > Eg,, we obtain the
following expression for |:

| = _\ﬁ’
4yp

Substituting the valuesfor y, and ag,,, we again arrive at
expression (8) for the length 1.

It should be noted that the potential distribution for
x < 0 can be given by an expression similar to (12) only
if we replace ag, and yj, by the corresponding electron-
gas quantities aBn and .

(14
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¢ (x, y = const)/V,

1.0F

N~
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1 1
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x/l

l\)—
~
(@)}

Fig. 2. Potential distribution ¢(x, y = const) at fixed dis-
tances y from the plane of the p—n junction: y = (1) 0, (2) I,
and (3) 2.

2. CAPACITANCE OF A TWO-DIMENSIONAL
p-n JUNCTION

Knowing the potential distribution and the surface-
charge value per unit junction length

Qs = IIP(X)IdX, (15)

we can also cal cul ate the specific capacitance of the 2D
p—njunction:

_ dQs
C= v, (16)
Taking into account (10), it is easy to obtain
_ & ) [
Qs = 4nV° T[z 22yp arctan mdx. 17)

As can be seen, the distri butlon of charge Qg diverges
logarithmically at large distances. The cause of such a
divergence is the slow falloff of potential outside the
surface-charge region. It is easy to show from (12) that
the drop of potential away from the surface-charge
region (x > |, y > |) follows the hyperbolic law:

o(xy=const) =V H - —H, x> 1,

v | (18)
— ~YJe 10 s
¢(x-const,y)~2%L+wj, y> .
However, it isclear that, in areal situation, there are
always physical causes leading to the “cutoff” of the

potential at acertainlength L > | > ag. For thisreason,
we can write the following expression for Qg

Qo= +In(B+ W—l)] (19)

€

o1t

VC[B arctan [32 =

ACHOYAN et al.

Here, 3 =LI/I.

Consequently, for the specific capacitance of the
junction, we have

— (B, (20)

2n2

where

f(B) = Barctan (21)

Jﬁj_lﬂnwwsz—l)

isanumerical factor that weakly depends on the param-
eter 3.

As can be expected, the specific capacitance of the
2D p—njunction isvirtually independent of the voltage
acrossthe junction and is determined only by the ambi-
ent permittivity.

3. DISCUSSION OF RESULTS

In Fig. 2, we show the behavior of the potential
along the x axis both in the plane (y = 0) of the 2D gas
and at certain distances fromit (y =1 and y = 2). Con-
trary to the conventional 3D p—n junction, the built-in
electric field of the 2D p—n junction also exists outside
the space-charge region (Jx| > I, y, 2), which is aresult
of aweak screening in the 2D case.

From relationship (8), it can be seen that, in contrast
to the conventional p—n junction, the width of the
space-charge region depends on the potential-barrier
height not by the square-root law, but by a stronger lin-
ear law. It isfor this reason that the capacitance (20) of
the 2D p—n junction isindependent of the external bias.

In its turn, the average electric-field strength E in the
p—n junction plane also depends weakly on the exter-
nal bias. It is easy to show that, in the Schottky

approximation,
Ve I+ JIZ =X

21 | /I 2 _ X2’
and the average value of the electric-field strength is
given by the surface density of ionized impurities

E.(x,0) =

(22)

21eN

|
- :I_LJ.EX(X’ 0)dx = — =const(V). (23)
0

As was mentioned above, the depletion-region
widthinthe 2D p—njunctionisalwayslarger (duetothe
weakness of the screening) than in the conventional 3D
case for comparable levels of bulk doping Ny = Ng/d.
From (8), it follows that

Liyp = <L
o= i = AT < Lo,

For example, according to (1) and (8), V. = 1.53V,
Lop = 2.2 um, and Ly = 0.1 um in the quantum-dimen-

(24)
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siona film of gallium arsenide (E, = 1.43 eV, € = 12.85,
m, = 0.067my, and m, = 0.48my,) for Ns = 10! cm? and
d =80 A. Since Eg, < Eg, = 3.6 meV in this case and
ag,= 100 A, the conditionseV, > Eg,and L,p > ag=d
used in deriving all of the above formulas are certainly
satisfied. In addition, we may conclude that the condi-
tion L,y > ag makes it possible to apply the Schottky-
layer approximation for describing various properties
of 2D p—njunctions, in particular, for calculating their
current—voltage characteristics.
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Abstract—The thermoelectric figure of merit of structures with multiple quantum wells (MQWSs) was calcu-
lated taking into account the variationsin the relaxation time of charge carriers compared to that in abulk sam-
ple. The mechanisms of scattering by acoustic phonons, at the short-range impurity potential, and the polar scat-
tering in the approximation of the isotropic parabolic dispersion law of the charge carriers were taken into
account. The model used is based on the assumption that the phonon spectrum in the MQW structures is no
different from the spectrum of the bulk crystal. In addition, the scattering is assumed to be elastic and the rel ax-
ation-time approximation was used for all three mechanisms of scattering. A comparison with the results of cal-
culations for a bulk sample shows that the expression for thermoelectric figure of merit is exactly the same for
aMQW structure as for abulk sampleif the decrease in the charge-carrier relaxation time in MQW structures
is taken into account. The magnitude of the figure of merit for aM QW structureis found to be equal to that for
abulk sampleif the chemical potential in each of the casesis chosen from the condition for the highest figure

of merit. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Intensive theoretical and experimental studies con-
cerned with quantum-well (QW) structures, which have
been performed in recent decades, have attracted atten-
tion to the possibility of using these structures to
increase the thermoel ectric figure of merit Z. The stud-
ies in this field started with the publication by Hicks
and Dresselhaus [1], in which it was shown by calcula-
tion that the value of Z can be increased by two-three
times or more by preparing athermoel ectric material in
the form of structures with multiple quantum wells
(MQWs). Themain gain in the thermoel ectric figure of
merit was attained owing to an increase in the density
of statesof the charge carriersin thevicinity of the band
edges in two-dimensional (2D) systems compared to
three-dimensiona (3D) systems. It was assumed [1]
that the dimensional quantization does not result in
changes in the charge-carrier mobility in the layer
planes. Layered structures consisting of PbTe-based
QWs separated by Ph, _,Eu,Te barriers were studied by
Hickset al. [2]. The mobility of charge carriersin QWs
was assumed to be the same asin abulk sample (aswas
donein [1]). The results of measuring the thermoel ec-
tric power a and the electron concentration n showed
that the a®n factor increases with increasing width a of
the QWSs. Based on these data, it was concluded that it
is possible to increase Z in such structures.

However, as was noted in [3, 4], the same effect of
an increase in the density of states, which ensures an
increase in concentration for the given chemical poten-
tia, resultsin an inevitable decrease in mobility; thisis
supported by numerical calculation for a specific semi-
conductor (PbTe). Thefigure of merit and the a?n quan-
tity were calculated numerically in [4]. The dependence
of a?n on ais consistent with experimental data[2]. At
the same time, numerical calculation of the figure of
merit [4] showsthat a corresponding increasein Z with
decreasing QW width is not observed. This indicates
that one should be careful while inferring about an
increase in the figure of merit based on the data on the
a2n quantity due to variation in the charge-carrier
mobility in such structures.

Therefore, it seemsworthwhileto consider again the
problem of the thermoelectric figure of merit for multi-
layered structures taking into account a decrease in
mobility using the simplest but realistic model, which
makes it possible to perform the calculation in an ana-
Iytical form for arbitrary parameters of the semicon-
ductor. This model is based on the assumption that the
phonon spectrum is not changed much when we per-
form the transition to a multilayered structure; i.e., it is
assumed that phonons remain the same as in the bulk.
In addition, the temperature is assumed to be suffi-
ciently higher than the Debye temperature, so that scat-
tering by the acoustic and optical phonons, aswell asby

1063-7826/02/3608-0908%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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the impurity centers, is elastic; this means that the
relaxation-time approximation can be used in all cases
under consideration. We will analyze the charge-carrier
scattering by acoustic phonons, polar scattering by
optical phonons, and scattering by the short-range
potential of impurity atomsin the approximation of the
conventional (isotropic parabolic) dispersion law for
charge carriers.

The main objective of the calculation was to clarify
whether a variation in the electron-state density under
the conditions of dimensional quantization can basi-
cally bring about an increase in the thermoel ectric fig-
ure of merit.

2. RELAXATION TIME IN THE CASE
OF SCATTERING BY ACOUSTIC PHONONS

If alayer is sufficiently thin and constitutes a QW
for electrons, all electrons are located near the bottom
of the lower dimensiona-quantization band. If the
potential barriers are fairly high, the electron wave
function can be represented as

2 el ke
asnDzDJQe ,

where k| is the wave vector of an electron in the QW
plane; the coordinate r has the components p (in the
QW plane) and z (in the direction which is perpendicu-
lar to the QW plane); and a and Sarethelayer thickness
and area, respectively. According to the deformation-
potential method, the potential energy of interaction
between electron and acoustic phonons can be
expressed as[5]

ka”(r) = 1

U(r) = g, divu(r)
i€, (2

TS e ).
0gq

where € is the deformation-potential constant; u(r) is
the displacement of the point r in the crystal (this dis-
placement accountsfor acoustic lattice vibrationsin the
continual approximation); N is the number of unit cells
in the crystal volume; M; is the unit-cell mass; q isthe
wave vector of a phonon; and a, are the complex nor-
mal coordinates. It isassumed that phonons are not sus-
ceptible to the effect of inhomogeneities, which give
rise to QWs for electrons; i.e., these are conventional
phononsin a 3D crystal with the volume V = Sa. Then,
using formulas (1) and (2), we can derive the following
expression for the matrix element of the electron tran-
sition between the states with the wave vectors k and

Ky in the lower subband of dimensional quantization
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with the participation of an acoustic phonon with the
wave vector q:

My

= [drIWENUN W] ©)

After integration, the matrix element is represented as
Mk za, = MY*(a,), (4)

where the indices (+) and (-) correspond to the transi-
tions of an electron to the state k| = k;; + g, with the

absorption of aphonon and to the state k;; = k;;—q; with
the emission of a phonon, respectively. The factor M is
equa to the conventiona matrix element, which
appears in the deformation-potential theory in the 3D
case, and the function Y*(q,) is the result of integration
with respect to the variable z; i.e.,

s 2" 2[TU[], #iq,2 e"™sinTix
Y'(q) = =fsn"Fze “dx = ———, (5
() a{ o i, ©
where the following designation was introduced:
- a
X = 2.,.[ z* (6)

The matrix element M is independent of the phonon
wave vector g and is given by

2
M = elkoTz, @)
ONM, V2

where k; is the Boltzmann constant, T is absolute tem-
perature, and v, isthe velocity of sound. The reciprocal
relaxation timein the 2D caseis expressed as

T = —%’T%|M|2ﬂ—§[lv*(qz)|26(s(k”+q”>—s(k”)zs)

_|Y_(Qz)|26(€(k||—q”) —e(k)],

where g(k,) is the energy of an electron with the wave
vector k;; and g, and k, are the components of the wave
vectors of a phonon and an electron along the vector %,
which determines the direction of the generalized force
(the electric-field vector or the temperature gradient).

Replacing summation by integration in (8) and per-
forming the latter, we obtain

_ 2T
Top = ?|M|2V92Dxa 9)

where g,p = m*/(21%42) is the 2D density of electronic
states, m* is the effective electron mass, and X is the
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guantity that is obtained from (5) by integrating with
respecttoq,; i.e.,

x= [
3.1

00 ) 2
g S g 3
a

2dg,
2T

Y*(q,)
(10)

Dk (1 =3 2

The derived expression for 1,5 coincides with that
reported previously [6-8] and should be compared with
the corresponding relaxation time for a 3D crystal,

2 _2n

TT
Top = - IMI*Vgsp, (11)
_ m*k
O3p = _2T[2ﬁ3. (12)

The comparison shows that, in a dimensional-quan-
tized layer, the relaxation time for scattering by acous-
tic phononsis proportional to the small thicknessa and
is much shorter than in a3D crystal; i.e.,

Tgp 370

In what follows, after obtaining similar results for
two other mechanismsfor scattering, we will show that
factor (13) completely compensates variations in both
the kinetic coefficients and the thermoel ectric figure of
merit; these variations are caused by modifications in
the form of the function of density of states under the
conditions of dimensional quantization.

(13)

3. RELAXATION TIME
UNDER THE CONDITIONS OF SCATTERING
BY THE SHORT-RANGE POTENTIAL
OF IMPURITIES AND DEFECTS

A variation in the density of states due to dimen-
sional quantization brings about an increase in the
charge-carrier concentration for a given chemical
potential, which necessitates an increase in the concen-
tration of the electrically active impurity. We assume
that the impurity atoms reside in conducting layers and
effectively scatter the charge carriers. Although thereis
a method for reducing the scattering at impurities by
doping the barriers between QWs[9] (so that the charge
carriers and impurities become spatially separated), the
specific realization of one or another scattering mecha-
nism is of secondary importance to us, since the main
objective of this study wasto clarify the issue concern-
ing the effect of a modification in the density of states
on the transport phenomena for various scattering
mechanisms.

In many thermoelectric materials (e.g., PbTe [10]),
the Coulomb potential of ionized impurities and point
defects has alow efficiency from the standpoint of scat-

PSHENAI-SEVERIN, RAVICH

tering; thus, scattering predominantly occurs at the
inner portion of the impurity-atom potential. We may
assume that the short-range potential U(r) has an effec-
tive radius ro, which is on the order of the interatomic
distance.

In order to calculate the matrix element of interac-
tion between an electron and an impurity atomin a 3D
sample with volume V, we use the Bloch function

W (k) = =&y, (r).

N

The matrix element of an electron transition from a
state with the wave vector k to a state with the wave
vector k' as a result of scattering by the short-range
potentia of an impurity atom, the center of which is at
the point r;, has the following form:

(14)

Mue = Gfde™ WU -r)e u(n]. (5)

Changing the variabler tor =r' + r; and using the
periodicity property of the Bloch amplitude u.(r) =
u(r"), we obtain

ik =k
e iri( )

My = V;

(16)
XJ’dsr'[e_ik'r'u,’(‘.(r')U(r')eik"uk(r')].

Since the short-range potential differs from zero
only in a small region, Q, ~ rg, in the vicinity of an
impurity atom, the domain of integration in (16) can be
replaced by Q,. Then, we have kr' < 1 for the scattering
of charge carriers with small k and for al r' < ry,
becauser, ison the order of the lattice constant. In this
case, all exponentia functionsunder theintegral in (16)
are close to unity. In addition, for small values of k, the
dispersion law for electrons is amost parabolic; there-
fore, in the same approximation, it may be assumed that
the Bloch amplitudes u, (k) depend only dslightly on k
and are equal to uy(r). Taking this into account, we
obtain

—ir (k' —k

\Y

My = C, (17)

wherethe quantity Cisindependent of the wave vectors
k and k' and is given by

C= J’ug(r')U(r')uo(r')dsr'. (18)
Qo
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Thus, the squared matrix element (as in the case of
scattering by acoustic phonons) is independent of the
electron wave vector and is expressed as

ICI
v

The reciprocal relaxation time for scattering by a
single impurity atom in abulk sampleis given by (11),
inwhich [M[? should be replaced by |C|?/V2. If electrons
are scattered independently by impurity atoms, which
are distributed uniformly over the sample volumeV, the
reciprocal relaxation time for scattering by a single
impurity atom should be multiplied additionally by the
number of impurity atomsN;; i.e,

M| = (19)

AL
3D = NI 7 |Mkk| Vgsp = |C|2nI93Da (20)
where n, = N,/V istheimpurity concentration and g is
defined, as before by formula (12).

Taking into account the Bloch factor, we can repre-
sent the wave function of an electronin a QW as

W (r) = @sin%%%seik"’uk(r).

The matrix element of transition for scattering by an
impurity atom residing at the lattice site r; within the
QW isgiven by

(21)

_ 2p o [ ke (TE

My = \—/Id pIdz[e I snE

[ 0 (22)
XUg(r)U(r—r)e “psnmzmuk(r)]

Performing the calculations similarly to the above-
considered case of a3D samplein the same approxima-
tion of small wave vectors of electrons, we obtain the
following expression for the squared modulus of the
matrix:

2 4|C| [T

—-sin EhZ'D (23)

| knki||

Here, z is the component of the impurity-atom coordi-
nate r; along the z-axis.

The reciprocal relaxation time of charge carriersin
the QW can be determined using expression (23) and
the formula

4 :‘_Id

2k

(24)
Xa(e(k”) e(k”»}
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where the vector X and g(k;) have the same meaning as
in (8) and n, is the volume concentration of impurity
atoms.

Since the dependence of 1,5 on the impurity-atom
coordinate appearsin (24) only in terms of matrix ele-
ment (23), then, for the uniform distribution of inde-
pendent scattering centers throughout the QW volume,
the integration over the coordinates of the impurity
atoms contributes to the reciprocal relaxation time in
the form of afactor which is equal to

Id r; %1 sm4DT DD
(29)

a

= nSJ’sm Ddz = § nV.

8

As aresult, by performing summation over k;; in (24),
we obtain

- 21 3.-
Tzé = 7|C|2nI92D§a ' (26)
A comparison of relaxation times for scattering by a
short-range potential in abulk sample (20) and in alay-
ered sample with QWSs (26) again yields formula (13);
i.e., the ratio between the relaxation times 1,5 and T5p
for scattering by acoustic phonons and by the short-
range impurity potential has the same form.

4. RELAXATION TIME IN THE CASE OF POLAR
SCATTERING BY OPTICAL PHONONS

In both above-considered cases, the matrix element
in a bulk sample was independent of the electron and
phonon wave vectors; therefore, it is of interest to clar-
ify theissue of whether the derived equality (13) for the
ratio T,p/T5p isaconsequence of the specific form of the
matrix element and to consider the case of polar scatter-
ing, for which the matrix element is inversely propor-
tional to the wave vector of the optical phonon.

Polar optical phonons are more sensitive to inhomo-
geneities, which arise in alayered structure with QWs.
Calculations of optical-phonon spectra with allowance
made for the spatial quantization of phonons were per-
formed in anumber of studies(see, for example, review
[11] and the references therein). A comparison of vari-
ous models of charge-carrier scattering by optical
phonons in structures with QWSs showed [12-15] that
discrepancies between the results obtained using the
optical-phonon spectra of the bulk type and those
obtained using the spectra calculated in accordance
with more sophisticated models are not large. Taking
this into account, we will consider the scattering of
electrons by the bulk optical phononsin alayered struc-
ture with QWSs using the continual approximation.
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In this approximation, the potential of interaction
between electrons and polar optical phononsis given

by 5]

. |4 920\)2 1 iqr % —iqr
u@r) =i | ’\T/s* 'za[aqeq —are™. (27)
q

Here, wy isthe highest frequency of longitudinal optical
phonons and

(e*)™" = e —gg,

where ¢, and €, are the high-frequency and static

dielectric constants, respectively.

The matrix element corresponding to scattering by
optical phonons and accounting for the variation (from

N, to N ) inthe number of phonons with the wave vec-

tor g can be expressed as
M, = N, KjlU(r)INg, k2 (28)

Using the electron wave function given by (1), we
obtain

Mknkh = i/\/4<[/es:ol Zé[ D\I‘(Q)laqlN(Q)DY+(qZ)
q

y éj.eukwq“—kiﬁpdzp — IN'(q) a3 N(@)D¥ (a,)  (29)
S

1o itk—ay=kjpp 2
x SI e dp],

S

where the functions Y*(q,) are defined, as before, by
formula (5); integration over the coordinate p yieldsthe
delta functions, which express the law of conservation
of the quasi-momentum in the plane of the layers; and

the matrix elements of a, and a;f , which arerelated to

the absorption and emission of a phonon, are different
from zero and are given, respectively, by

IN'(g)|ag|N(@)d = JANg/2w, for Ng=Ng—1

and

IN'(g)|af| N(a)O= JA(N, + 1)/2w, for Ng = N,—1.

As aresult, we obtain the following expression for
the matrix element:

My, xq, = M*(a)Y*(at,)-

Here, M*(q) isthe well-known matrix element for polar
scattering in the 3D case and is defined as

M*(q) = i /z—nezhw';%/m
S TVE AT

(30)

(31)
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where the sign + () and the upper (lower) line on the
right correspond to the absorption (emission) of a
phonon. At temperatures such that kT > 7wy, the num-
ber of phononsis equal to N, = kyT/Zw> 1; therefore,
the squared modul us of the bulk-related matrix element
can be represented as

_ 2me’k,T 1
G

IM*(a)|® = IM(q)? (32)

The expression for the reciprocal relaxation time
can be written similarly to (8), with [MJ? being replaced
by [M(g)|? from (32). The calculation of Tng presents
more difficulties than in the case of scattering by acous-

tic phonons because integration over the components g,
and g, of the wave vector in (8) cannot be separated

owing to the fact that g2 = g + ¢ appears in the
expression for the squared matrix element (32). How-
ever, by integrating first with respect to the direction
and magnitude of the vector q;;in the plane of the layers
and then with respect to q,, we can perform the calcula-
tions analytically. As a result, we obtained the follow-
ing formula:

ga_l.
Here, the expression for [M(K)[? is given by formula (32).
Therelaxation timefor polar scatteringin a3D sam-
pleisgiven by [5]
- 21
Top = ZIM(K)*Vgso.
A comparison of (33) and (34) again yields for-
mula (13). Thus, within the limits of the approxima-
tions employed, the calculations show that, for the
mechanisms of scattering by acoustic phonons, by the
short-range impurity potential, and by polar optical
phonons, the ratio between the relaxation times in the
2D and 3D cases is the same [see (13)], and T,p
decreasesin proportion to the (small) thickness a of the
guantum-dimensional layer.

- 21
o = ZIM(K)IVesp (33)

(34)

5. THE THERMOELECTRIC FIGURE OF MERIT

Using the above expressionsfor the relaxation times
T,p (9), (26), and (33), we can calculate the electrical
conductivity o, of a multilayered system, which con-
sists of QWs and the separating barriers. In the expres-
sion derived by ignoring the variation in the relaxation
time as a result of dimensiona quantization [1], the
electrical conductivity o,p is, in particular, inversely
proportional to a, which represents the main cause of an
increasein the thermoel ectric figure of merit. The pres-
ence of the parameter a in the formulas we derived for
T,p compensates this effect. Moreover, the expressions
for o, coincide with those for the electrical conductiv-
No. 8
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ity of a bulk sample o4, for each of the above-consid-
ered mechanisms of scattering.

Indeed, the expression for the electrical conductivity
of abulk sample can be written as

nof
O3p = 3m*ID asdaTngsDSde (35)
where f; is the equilibrium Fermi—Dirac distribution
function. The expressions for the reciprocal relaxation
time for al three scattering mechanisms are similar
[see (11), (20), (34)]; specifically, these reciprocal
relaxation times are proportional to the squared matrix
element and the density of states gp. Therefore, substi-
tuting in (35) therelaxation time given, e.g., by (11), we
obtain

_ 2e2ﬁwgaqu € de
0 3mmr) U oelm2y
0

(36)

In the 2D case, the following expression can be
derived for the electrical conductivity of a multilayered
system:

26 |:| aqu

Oop
Op = m* T GSD 2D

sds. (37)

Then, after substltutlng the expression for the relax-
ationtimet,p (9) into (37), weobtain aformulafor o,p,
which coincides with (36).

Expressions for the thermoel ectric power and elec-
tronic thermal conductivity (the Lorentz number) of a
multilayered system also coincide with the correspond-
ing expressions for a bulk sample.

For further presentation, it is convenient to rewrite
the expressions for the relaxation times in a bulk sam-
pleand in aMQW structure in the following form:

£
T3p _TOEkTE (38)
l
= 22T ey 2 (39)
20 7 3ms 0EkTD '

Here, r is the scattering parameter for a bulk sample;
and T, is a constant, which is independent of the elec-
tron energy. Distinctions between the scattering param-
etersinthe 3D (r) and 2D (r + 1/2) cases are due to the
different energy dependence of the density of states.
The parametersr and 1, are expressed as

21/ *MNV;
r = _%, = 2—003/2 (40)
1V (2m*k,T)
SEMICONDUCTORS Vol. 36 No.8 2002
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for scattering by acoustic phonons;
1 '’
r=-=, Tg= (41)
2" % |cPnmr onr kT
for scattering at the short-range potential; and
1 7%
r=z T9g= 0———— (42)
2 e [2m K, T

for polar scattering by optical phonons.

If the energy dependences of the relaxation times
obey the power law given by (38) and (39), we can use
expressions (40)—(42) for 1, and r to derive the expres-
sions

23/2e2(m*)112(k0-|-)3/2 aj
Tod + ==F . 12(§%) (43
pre off * 59+ 12(8*)  (43)
for electrical conductivity;
k0|j+5/2|:r+3/2(£ ) *L
e F+a02F, p(8%) 0 9
for thermoel ectric power; and
_ 23/2(m*)1/2(k0.|.)5/2kOT
3rtH° ° -

r +5/2)°Frva0(E)7
r+32 Fyqp(E*)

x Q1 + T12)F, ,5(E%) -

for electronic thermal conductivity.

Here, &* = &/k,T, where ¢ is the chemical potential;
and F,(&*) isthe Fermi integral of the vth order.

Expressions (43)—(45) are found to be valid both for
aMQW system and for abulk (3D) crystal if the corre-
sponding chemical potentials are used for the quantity
&* with the origin of energiesina2D system being cho-
sen at the bottom of the first subband of dimensional
guantization.

Thus, if we assume that the phonon-related thermal
conductivity K, isthe samein a2D system asin abulk
sample, the expressions for the thermoelectric figure of
merit Z = a?o/(k + K,), which can be derived using
(44)—(45), will have t%e following identical form for
both the 2D and 3D cases:

[E’ + %Fr+312(z*) _E*E + %Fr+ll2i|2

ZT = AT B

. (46)
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Here, theterms A and B in the denominator are given by

3T[2ﬁ3% + %Fr + 1/2(E* )Kph

23/2(m* )UZKO(kOT)S/ZTO
B = o+ 2+ T onlE)F (@)

- % + %Fr2+ 32(€%).

If, inboth cases, we now choose the chemical poten-
tial from the condition for the largest figure of merit, we
find that the optimal chemical potential &* and thelarg-
est value of Z for abulk sample and for a structure with
QWs are the same; however, the largest values of Z are
attained in a 2D structure at higher concentrations of
charge carriers and lower mobilities compared to what
istypical of abulk sample.

6. CONCLUSION

Thus, as the calculation of the figure of merit with
allowance made for the distinction between the relax-
ation times in the 2D and 3D systems showed, the
notion that it is possible to increase the thermoelectric
figure of merit in the form suggested by Hicks and
Dresselhaus [1] is unredlistic. Alternative consider-
ations are required in order to render this possibility
feasible.

In particular, such considerations were advanced by
Ivanov et al. [16]. It turns out that, due to the dimen-
sional quantization, inelasticity of scattering manifests
itself in 2D structures at higher temperaturesthanin 3D
crystals. In addition, the effects related to drag can also
become more important in multilayered structures.

Spatial quantization of phonons can also be
assigned to the factors that positively influence the
value of Zin 2D systems. Notwithstanding the fact that
adistinction between the phonon and bulk modes does
not appreciably affect the charge-carrier scattering in
QW structures, it can reduce the phonon-related ther-
mal conductivity, which, in turn, causes the value of Z
toincrease[17].

However, there are a number of factors that
adversely affect the thermoel ectric figure of meritin 2D
structures. Thus, for example, itiswell known that tun-
neling of electrons through barriers, which separate the
QWs, reduces the thermoelectric figure of merit; the
same is true for thermal conductivity over the layers,
which act as barriers. In addition, certain mechanisms
of the charge-carrier scattering, which are not possible
in the bulk samples, can give rise to moreintense scat-
tering in a 2D system. One of the scattering mecha-
nisms, which is characteristic of thin layers, consists

PSHENAI-SEVERIN, RAVICH

in the Coulomb scattering of charge carriersin QWs
by charged impurity centerslocated in the barrier lay-
ers[18].

We would like to draw attention to another specific
mechanism of scattering; this mechanism is operative
in the layers with a thickness which only dlightly
exceeds the lattice constant. If the layer thickness is
small, fluctuations of the thickness Aa are inevitable;
these fluctuations affect the charge-carrier energy at
ki = 0. The energy corresponding to the bottom of the
first (lowest) subband is equal to €, = T?A%/(2m*a%). As
the layer thickness increases by Aa, a decrease in this
energy amounts to

_Ar_ 1 1
Ag = 2m* |:(a+Aa)2 a2i| (47)

_#’r’Aa 1+Aal2a
m*a’ @ (1+Aa/a)®

A variation in the energy Ae acts as the scattering
potential for charge carriers. The effect of the scattering
mechanism under consideration on mobility depends
on the spatial scale of fluctuations and on the number of
regions in which changes in the thickness occur. If this
effect is pronounced, it results in the intensification of
scattering and a decrease in the thermoel ectric figure of
merit.
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Abstract—Nonlinear response and coherent generation in a resonant-tunneling diode within a broad range of
frequencies and field amplitudes are theoretically studied for real structures under dc bias voltage. The results
are shown to be in agood qualitative agreement with the idealized model if the widths of the resonance level I
areidentical for both quantum wells. Thus, the generation of high-power terahertz-frequency fields within the
guantum mode is possible under real conditions. It is explicitly shown that the transient time of current in res-
onant-tunneling diodes is equal to the reciprocal of I'. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Resonant-tunneling diodes (RTD) are believed to be
promising for numerous applications and for high-fre-
guency electromagnetic generation in particular. For
example, generation at the frequency of 712 GHz was
obtained in [1], but the power was rather low. The prob-
lem of power enhancement is related, in particular, to
the lack of theory on RTD generation.

An exact analytic expression for the polarization
currents in the linear approximation in a high-fre-
guency field was derived in [2] within a consistent
model. It was shown in [2] that there is no limit on the
generation frequency, and a new “quantum” maode of
generation at the frequency w, which significantly
exceeds the resonance level width I, can be achieved
under certain conditions. It should be recaled that
some authors assert (see, for example, [3-5]) that there
existsalimiting generation frequency, which is approx-
imately equal to I" (here and below 7% = 1).

A nonlinear analytic theory of RTD generation at
frequencies w < I was developed in [6]. A hysteretic
mode of generation was shown to exist. Polarization
currents were calculated, and the generation in a broad
range of frequencies and field amplitudes was
described by numerically solving the Schrédinger
equation in [7]. With good accuracy, the numerical
results comply with the analytic onesfrom [2, 6] in the
linear and low-frequency nonlinear cases. High-power
generation at the frequency w > I was shown to be pos-
siblein[7].

However, in [7], asimplified model of the structure
(delta-barriers) was considered, and the role of the dc
bias voltage was played by the energy of electrons
arriving from the emitter.

The aim of this work is to generalize the results of

[7] to the case of a real structure and to take into
account the externa bias electric field. We calculated

the response and generation so that the results will be
easy to compare with [7].

2. STATEMENT OF THE PROBLEM.
BASIC EQUATIONS

Let us consider a one-dimensional quantum well
(QW) with two rectangular barriers. A time-indepen-
dent flux of electrons with energy E, with an intensity
proportional to ¢?, isfed to the QW from the emitter on
the left (q is the value characterizing the electron flow
density). The ac electric field is present in the QW
region; the interaction energy of an electron with the
field reads

U evxcos(wt)

-————0(x), x<L
Vae(xt) = 0O L ()

E—evcos(wt), x>L,

where ©(x) is the unit step function, L is the structure
length, and v is the dc voltage amplitude. The one-par-
ticle electron wave function W(x, t) satisfies the time-

dependent Schrédinger equation
v _ 10w
ot 2m* gx? 2)
+[Vo(X) + V()W (X, 1) + V(X 1) WP(X, 1),
where
0 eVyx
- O(x), x<L
Ve = L o ©
D_eVO, X > L
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Here V(x) is the potential distribution across the
guantum structure, eisthe electron charge, and V, isthe
dc voltage.

The calculation of the dynamic characteristics of
RTD iscarried out similarly to [7]. The ac field induces
the polarization current

oW(x,t oW* (x, t)d
309 = e T - p T
(4)
= J.(X)coswt + Z J(X) coskwt.
k=2
The spatially averaged current is calculated [8] as
lL
J. = [IJC(x)dx. (5)

Boundary conditions for the Schrodinger equation
can be written similarly to [2]

EHJ(O t) +

l OW()(() b 2gexp(-iEt),

1 aw(L t) _ ©)
EHJ(L )5 = 0,

where k; = J/2m*E and k, = ,/2m*(E +eV,) are,

respectively, electron wave vectors to the left and to the
right of the structure, and m* is the effective electron
mass in the structure. The boundary conditions (6)
describe the incident from the left electron flow, aswell
as their reflection and transfer into the region x > L.
They arevaidif < E+eVyandev < E + eV,

For calculations we chose a structure which has
shown record-breaking experimental results for gener-
ation [9] (awell width of 45.2 A, abarrier thickness of
22.6 A, and abarrier height of 1. 2 €V). Theenergy E of
the monoenergetic incident electron beam is assumed
to equal 82 meV, the effective mass m* = 0.042m, (m,
is the free electron mass), and the voltage V, = Vg +
o,/e, where Vg = 280 mV is the resonance voltage at
which the transmission coefficient dependence on the
voltage V, has a maximum at the chosen energy E and
for the given structure parameters. The half-width of
theresonancelevel I equals 1.66 meV at the given volt-

age V= Vr

3. LINEAR AND NONLINEAR RESPONSE
OF THE RESONANT-TUNNELING DIODE

Thelinear response was shown in [2] to have a peak
atw=0("“classical” mode) if d<I' (O=E—-Eg). If 0>
I, a new peak at the frequency w(w, = & — ?)
appears, which corresponds to the “quantum” mode
[2]. This is caused by quasi-resonance transitions
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Fig. 1. Frequency dependence of the amplification coeffi-
cient JJ/v in the “quantum” and “classical” generation
modes.

between the states with energies E and Eg. If we fix the
energy of electrons arriving from the emitter and
change the dc electric field, then therole of & = E — Eg
in[7] is played here by &, = &V, — V). The resonance
level is known to be shifted approximately by half of
the voltage; i.e., we can assume that o, = 28. This is
why the “classical” mode is observed for &, < 2I'.

The dependence of the amplification coefficient JJv
on the frequency w for &, =1.8 and &, =8I at ev =
0.01I" (the weak field case) is presented in Fig. 1. The
choice of the parameter oy is similar to that in [7],
where d isequal, respectively, to 0.9 and 4I". It is seen
from Fig. 1 that there are peaks at the frequency w =0

for &, = 1.8 and at w,, which correspond to ooﬁ1 =

(6y/2)> — T2, for 3, = 8. Comparison of the plotsin
Fig. 1 and [7] (Fig. 3) indicates that their behavior is
qualitatively the same.

Mention should, however, be made of one essential
distinction in the behavior of amplification in the clas-
sical mode for a frequency exceeding I'. Indeed, the
current J, changesitssign at w=2I" (i.e., amplification
gives way to absorption), while in the model [2, 7] the
sign of the current does not change over the entire fre-
guency range. The sign changes because the bias field
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Fig. 2. Dependence of the amplification coefficient J/v on
the dc voltage amplitude v in the low-frequency range.
W/l =0.17.

not only reduces the resonance level energy, but also
lowers the collector-barrier height.

Nonlinear response was studied within a broad fre-
guency range. The dependence of JJ/v on the dimen-
sionless field ev/l in the low-frequency limit w =
0.17T ispresented in Fig. 2 (/' = 1.8 and 5,/ = 8).
One can see an essential distinction in the dependence
of JJ/vinthese cases, similarly to[6, 7]. Inthefirst case
(&,/T > 2), arise of the amplification is observed in the
beginning and, when the peak is reached, its descent is
observed. The dependencein Fig. 2 agrees qualitatively
with Figs. 4and 5in [6, 7]. The nonmonotonic behavior
of the amplification leads to the hysteretic generation
mode (see below).

A typica dependence of the amplification J/v on
thefield amplitude ev/T for high frequencies (w>T) at
the satisfied quasi-resonance condition oy = 2w, i.e., in
the quantum mode, is presented in Fig. 3. Noteworthy
are the features of these plots, which are qualitatively
similar to [7]: first, there is a steady amplification drop
JJVv withthefield; and second, thereisadecreaseinthe
rate of this drop with increasing frequency. This means
that high fields can be reached at high frequenciesin the
“guantum” mode.

ELESIN et al.

=70

0 2 4 6 8 10
ev/T

Fig. 3. Dependence of the amplification coefficient J/v on
the dc voltage amplitude in the “ quantum” generation mode.
D) M =2l =1;(2) &,/ =5 wl =2;(3)d,/ =82,
Wl =4;and (4) &/l =12, W =6.

4. GENERATION
IN THE RESONANT-TUNNELING DIODE
IN A BROAD FREQUENCY RANGE

Following [2, 7], wefind thefield generated by RTD
from the equation

= —J, a7

SHme
D
=

where 1, isthetime characterizing resonator losses, and
K isthe dielectric constant.

The dependences of the low-frequency (w = 0.17T)
generated field on the reduced pumping current Q is
presented in Fig. 4. It is seen that the field steadily rises
with Q at o, = 1.8I" (/" < 2). If 3/ > 2 (3T = 8),
the hysteretic modeisobserved. Theresultsareagainin
good qualitatively agreement with [6, 7].

The Q dependence of the generated field for alarge
collection of parametersis presented in Fig. 5. A com-
parison of the resultsfor the “classical” and “ quantum”
modes is given in Fig. 6. It is seen that the field in the
“guantum” mode (w = 4I") significantly exceedstheone
inthe“classical” mode (w=0.17T") at Q > 0.07. Again,
the results obtained are in good agreement with [6, 7].

The steady state generationisconsideredin [2, 6]. It
existsdueto thefinitelifetime of an electroninthe QW:
SEMICONDUCTORS  Vol. 36
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ev/T
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: 1 1 1 1
0 0.1 0.2 0.3 04 0
Fig. 4. Dependence of the generated field on the reduced
pumping current Q in the “classical” (1) and “quantum”

(2) generation modesin the low-frequency range. (1) &,/ =
1.8, Wl =0.17; (2) 8,/ =8.2, Wl =4.

ev/T
20

16

1

5,/T =8

0 01 02 03 04 05 06 07
Q

Fig. 6. Dependence of the generated field on the reduced
pumping current Q: comparison of the “quantum” and
“classical” modes. w/l" = 0.17.
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ev/T
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0.04 0.08 0.12 0.16
Q

Fig. 5. Dependence of the generated field on the reduced
pumping current Q in the “quantum” mode at high fre-
quency w and large parameter & (1) &/l = 12, W/l = 6;
(2) O /T =82, Il =4; and (3) O\/T =5, Wl = 2.

J(?), arb. units
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ol | !
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Fig. 7. Dependence of the electron current J through RTD
(solid line) ontime t for W/l =4 and &,/ =8.2 at ev/ll =
20. Dashed line: see text.
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T~ UTI. Itisof interest to study the transient process
and to determine the transient time for current in RTD.
The dependence of the electron current J through the
RTD (solid line) ontimet for w/l' =4 and 6,/ = 8.2 at
ev/l =20 is presented in Fig. 7. The frequency w and
parameter &, correspond to the “quantum” generation
mode. An external dc electric field was assumed to be
switched on at theinstant of timet = 0. The steady-state
current through RTD is depicted with the dashed line
under the assumption that there is no transient process
and that the steady-state current is attained instanta-
neously. It is seen that the real transient process occu-
pies amost three periods of the external harmonicfield,
i.e, the transient time T = 3(2rvw) = 3(24l) = UT.
Thus, the transient time of the current in RTD does not
depend on external field parameters, rather, it is deter-
mined by the halfwidth of the resonance level I and is
approximately equal to the electron lifetime 1 in aQW,
aswas assumed in [2, 6].

5. CONCLUSION

In this communication, coherent generation in RTD
within a broad range of frequencies and fields for a red
structure with rectangular barriers and with nonzero volt-
ageisdescribed by solving atime-dependent Schrédinger
equation with approximate boundary conditions.

It is shown that, in this case too, “classical” and
“guantum” generation modes occur in which high fre-
guency and power are achieved. We have ascertained
that the generation features are determined by the half-
width of the resonance level ' and not by the barrier
configuration.

It is found that the transient process in RTD termi-
nates during the time T = UT; i.e, again, it depends
onlyonT.

ELESIN et al.
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Abstract—Magnetotransport in aballistic wire under the conditions of integer and fractional quantization was
studied experimentally. A nonlinear magnetic-field dependence of filling factor (v) of the Landau level was
observed; this dependence arises if the self-consistent electrostatic potential of the wire has a specific form. It
is assumed that the observed effect results from the influence of interaction between electrons at the partially
occupied Landau level on this potential, which brings about a decrease in the el ectron concentration in the wire
as the magnetic field increases in the case of v < 1. © 2002 MAIK “ Nauka/Interperiodica” .

After the first relevant publication [1] and subse-
guent experiments, there is no doubt that, in a number
of cases, the charge transport under the conditions of
theinteger and fractional Hall effect iscontrolled by the
edge current states. These are represented by both the
broad bands (their width far exceeds the corresponding
magnetic length) of compressible electron liquid and
the much narrower incompressible bands located at the
sample edges. The effect of wide compressible bands
was first demonstrated by Hwang et al. [2]. However,
only thetwo-terminal resistance of thewirewas studied
[2], whereas an important and interesting issue con-
cerning the behavior of the Hall (R,) and longitudinally
dissipative (R ) components of wire resistance for mag-
netotransport effected by the edge current states whose
width is comparable with the wire width has remained
open. The quantities R, and R, were measured simulta-
neously for thefirst timein athick ballistic wire (Ly <<
W<, wherel, isthe magnetic length and | isthe free-
path length) by Kvon et al. [3]; a number of anomalies
in the behavior of R, and R_ were observed [3] and
attributed to the existence of compressible electron-lig-
uid bands, the width of which was comparable to the
wire thickness.

In this paper, we report on another anomaly which
arises in a wide ballistic wire under the conditions of
fractional Hall quantization; we refer to the nonlinear
dependence of thefilling factor v of the Landau level on
the magnetic field for v < 1. It is assumed that this non-
linearity is related to the effect of a magnetic field on
the self-consistent electrostatic potential of the wire,
which brings about a decrease in the electron concen-

tration in the wire with increasing magnetic field under
the conditions of the ultraguantum limit (v < 1).

The samples used in this study were wires with
potentiometric contacts. The wire structures were fabri-
cated using electron lithography with subseguent
plasma-chemical etching (schematic representation of
awire and its lithographic dimensions are illustrated in
theinset in Fig. 1). Asthe starting material, we used a
AlGaAs/GaAs heterojunction with two-dimensional

RL,l’l/€2 RH,h/e2
2.0+ -
e 1 4

1.5} i {3
| N F |

l—ll

0.5r = 11
P e 1 0

B, T

Fig. 1. Dependences of the Hall Ry(B) and longitudinal
R, (B) components of the wire resistance on the magnetic
field for Vy=-0.35V and T = 50 mK (the dashed line rep-
resents the dependence Ry = B/eNg). Schematic representa-
tion of the wireis shown in the inset.
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Fig. 2. The magnetic-field dependences of the Hall Ry(B)
and longitudinal R (B) components of the wire resistance at
Vg=-0.5V and T = 60 mK (the dashed line represents the
dependence Ry = BleNy).

(2D) electron gas, which had an electron mobility p =
105 cm?/(V ), an electron density N, = 2 x 101 cmr? (the
corresponding free path length was |, = 8 um), and was
located at a distance of 150 nm from the structure sur-
face. It is noteworthy that the etching depth was no
larger than 50 nm; as a result, the surface subjected to
the plasma treatment was separated from the 2D elec-
tron gas by a distance larger than the spacer thickness
(dg, = 60 nm). Consequently, an appreciable effect of
the fluctuation potential at the wire boundaries was
eliminated. After fabrication of thewire, ametallic gate
contact was formed by spraying TiAu on the wire sur-
face; the €ectron concentration in the wire was varied
by applying a voltage to the gate. Measurements were
conducted using the conventional four-point probe
method at temperatures of 0.04—1 K in magnetic fields
as high as 16 T. The current during measurements was
no higher than 1 nA, in order to eliminate the effects of
heating.

In Fig. 1, we show the results of measuring the dis-
sipative R, and the Hall R, components of the wire's
magnetoresistance for the gate voltage V; = -0.35V. At
first glance, Fig. 1 demonstrates a conventional pattern
of behavior of R and R, under the conditions of the
guantum Hall effect. In the magnetic-field range corre-
sponding to theinteger filling factor v, theminimain R
and the corresponding plateausin the Hall quantization
are observed, whereas, for filling factor v < 1, minima
in the dependence R, (B) and the plateaus in the depen-
dence R,4(B), which correspond to v = 1/3, are
observed. However, closer inspection reveals a devia
tion from this pattern. The dashed straight linein Fig. 1
corresponds to the dependence R, = B/eNg (N; = 1.2 x
10 cm™). It can be clearly seen that, in the range of
weak fields, the experimental data precisely fit this

KVON et al.

dependence, whereas, in the region where the plateaus
of the integer quantization are observed, the depen-
dence runs approximately through the middle of these
plateaus. It is this pattern that is observed for a macro-
scopic 2D electron gas under the conditions of both the
quantum Hall effect and the fractional quantum Hall
effect. However, it can be seen from Fig. 1 that, in the
magnetic fields corresponding to the ultraguantum
limit, i.e., for v < 1 (for the magnetic fields exceeding
5T), experimental dependence Ry(B) starts to deviate
from the straight line and runs above thisline. Thisfact
gives us cause to assume that, under these conditions,
the linear dependence of the occupancy of the Landau
level on the magnetic field, which is observed in al
macroscopic 2D systems, is upset. However, the very
fact that the dependence R, (B) is nonlinear cannot be
used to unambiguously advance the above assumption.
A valid conclusion can be made on the basis of the posi-
tion of the plateau of the fractional Hall quantization,
which makesit possible to determine the occupancy of
the Landau level unambiguoudly. In Fig. 1, awell-pro-
nounced plateau of the Hall quantization corresponding
to thefilling factor v = 1/3 can be clearly seen. The mid-
die of this plateau corresponds to the magnetic-field
strength of B = 11.7 T; the latter value is much smaller
than that following from the conventional linear depen-
dence, which yields B = 15 T. We note that a minimum
in the R (B) dependence is also located at B = 11.7 T,
rather than at B = 15 T. Thus, the above experimental
data on the fractional Hall quantization unambiguously
indicate that a nonlinear dependence of the occupancy
of the Landau level on the magnetic field comes into
existence in the wire. This nonlinearity givesriseto the
fact that a specific value of v in the ultraguantum limit
is attained at a smaller value of the magnetic field than
in the case of conventional linear dependence. This
behavior can be explained only if we assume that the
electron concentration in the wire begins to decrease
with increasing magnetic field as soon asthefilling fac-
tor becomes smaller than unity. This means that, under
certain conditionsfulfilled in our experiment (including
partial occupation of the Landau level), amagnetic field
can affect the self-consistent electrostatic potential of
the wire. This inference is also supported by experi-
mental data that were obtained at alower electron con-
centration. In Fig. 2, we show the dependences R,(B)
and R (B) measured at the gate voltage V, =-0.5V. The
dependence R, = B/eN, for a much lower electron den-
sity (Ng =7 x 10% cm) is also shown in Fig. 2 by the
dashed straight line. It can be seen that the dependence
R4 (B) starts to deviate from this straight line as soon as
the magnetic field becomes higher than 3 T, i.e., when
the occupancy of the Landau level becomes smaller
than unity. This is also supported by the positions of
both a plateau of the fractional Hall quantization (also
corresponding to v = 1/3) and aminimum in the depen-
dence R (B). In fact, the plateau is already distorted by
mesoscopic fluctuations, and the minimum is shifted to
higher fields in reference to the plateau. Nevertheless,
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this does not prevent one from determining the filling
factor with satisfactory accuracy and from recognizing
the same nonlinearity in the v(B) dependence. Thus,
irrespective of the electron concentration in the zero
magnetic field, a nonlinear dependence v(B) arises as
soon as the partialy occupied Landau level appearsin
the wire, with the degree of nonlinearity remaining vir-
tually the same for both values of N.. It is noteworthy
that the aforementioned nonlinearity is not observed in
al wires. In the wires with lower threshold voltages,
this effect was not observed and the behavior of thefill-
ing factor was the same as in the macroscopic case.
Hence, it follows that the existence of nonlinearity
largely depends on the form of the electrostatic poten-
tial well which is present in the wire under consider-
ation.

We now discuss the above results. They indicate
that, under certain conditions, the occupancy of the par-
tially occupied Landau level in a wide ballistic wire
increases with the magnetic field superlinearly (thelin-
ear dependenceistypical of macroscopic samples). The
most probable explanation for the observed effect is
based on the assumption that the 2D electron concen-
tration at the partially occupied Landau level in awide
ballistic wire starts to decrease with increasing mag-
netic field. Basically, it is hardly surprising that a mag-
netic field can affect N.. Qualitatively, the mechanism
of this phenomenon may be conceived in the following
way. Evidently, the self-consistent electrostatic poten-
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tial formed inthe wireisthe result of the summation of
electrostatic fields related to the charges of the spacer,
the metallic gate, the surface states, and, of most impor-
tance, the screening charge of electrons at the partially
occupied Landau level. It is these factors that give rise
to the compressible and incompressible electron-liquid
bandsin the wire. The formation of the af orementioned
self-consistent potential depends to a great extent on
the characteristics of the electron—electron interaction
at this level, which, in turn, depends on the occupancy
of thislevel and on N, It isthis effect that can giverise
to the effect of a magnetic field on electron concentra-
tion. However, an unambiguous solution of the formu-
lated problem can only be obtained by deriving a con-
sistent theory of the partially occupied Landau level in
a ballistic wire; this theory should account for all the
above factors.
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Abstract—The Kubo formula was used to derive a general expression for static electrical conductivity in a
magnetic field directed parallel to the surface of a parabolic quantum well. Conditions for the applicability of
the relaxation-time approximation for the calculation of the correlation functions were formulated using the
cumulant-averaging method. The tensors of longitudinal and transverse conductivities in the dimensionally
confined system under consideration, with allowance made for the interaction of electrons with acoustic and
optical vibrations, were calculated. It is shown that the transverse conductivity in quantum-well systems is
much higher (by several orders of magnitude) than in the bulk samples. The dependence of longitudinal con-
ductivity on the magnetic field was studied for a highly degenerate electron gas. © 2002 MAIK “ Nauka/ I nter-

periodica” .

1. Studies of transport phenomena in systems with
guantum wells (QWSs) areimportant because, dueto the
dispersion relation for the band charge carriers, such
quantum-mechanical systems are promising for the
development of deviceswith unique characteristics. For
a degenerate two-dimensional (2D) electron gas, the
kinetic coefficientsand optical characteristicsvary non-
monotonically with decreasing thickness of a spatially
confined system [1, 2]. The description of the electron-
transport phenomena in various dimensionaly quan-
tized systems (QWs, quantum wires, and superlattices)
has been mainly based on the solution of the Boltzmann
equation with allowance made for scattering of charge
carriers by point defects[3-6].

In this study, general relations for the conductivity
tensor were used to gain insight into specia features of
electrical conductivity in parabolic QWsin atransverse
magnetic field. We consider the cases of a degenerate
and a nondegenerate electron gas which interacts with
acoustic and optical vibrations. Some of the results are
compared with experimental data.

2. Using the secondary-quantization representation
and the Kubo formula [7], we can express the static
electrical conductivity as

[

Boe” (W) (i) . +
0, = —— dt[a, (t)as(t)a, az O (1
1] 2Vm2 Z p(xB pO(lBl_J; 0(( ) [3( ) o, 9B, ( )

apaypB;

Here, a; (a,) are the operators of creation (annihila-

tion) of the charge carriers with the charge e and the
effectivemassminthe state a; By = Lk, T (T isthetem-

perature expressed in absolute degrees); V is the vol-
ume of the quantum-mechanical system,
. At (A
ai(t) = expHHaiexp @
and [..0n (1) denotes averaging with the equilibrium
density matrix of the system under investigation, which

is described by the Hamiltonian H .
The matrix elements of the momentum operator

ps acting on the wave functions of an electron in a

parabolic QW in a magnetic field directed parallel to
the surface of the QW system [8, 9] are calculated
directly; i.e.,

pee = fikSyp, 3
W) _ 5 0T ma,
=% k,Oyz — O 1O 1
Pag Cood Y P /N Ko K=k Ky @)

><{'\/Flén,nl+l+ AN+ 16n,n1—:l} ’

where w is the dimensional -quantization frequency, w,
is the cyclotron frequency, A = mwy/%i, k, and k; are the

components of the electron quasi-momentum, and oog =
WP+ .

It follows from (3) that, for the electric field direc-
tion parallel to the magnetic field, the matrix element of
the momentum operator differs from zero if a = 3. For
transverse electrical conductivity, the matrix element of
the generalized-momentum operator has both diagonal
components [the first term in (4)] and nondiagonal
components with reference to the quantum number n.
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It is noteworthy that the diagonal matrix element
appears only in quantum-mechanicaly confined sys-
tems (for w —» 0, the corresponding term in (4) is
absent). It isthis circumstance that gives rise to special
featuresin the dimensionally quantized systems, i.e., to
asignificant increase in transverse electrical conductiv-
ity compared to that in the bulk materials.

We now consider the interaction of charge carriers
with phonons, i.e.,

Ho = Z E,a,a, + Zhwqb;bq, (5)

Here, b; () arethe operators of creation (annihilation)
of phonons with energy %, and the wave vector q, C,
is the coefficient function of the electron—phonon cou-
pling, and V,s(q) = [a|€%|BOs the matrix element of
€9 in the wave functions of the band electronsin apar-
abolic QW in amagnetic field,

R
« = om "

L 7Kg oo
2m LioJ

+ fioph + % (6)

According to (2), ag (t) satisfy the following equation
of motion:

(1) = LCE.a (1)
0
U

+ —iwq + i(A)q I:l
+3 CeVga(@)ag(t)bge b7 e ™ "
Ba

When writing Eq. (7), weignored the effect of electrons
on the phonon spectrum [10]; i.e.,
i, t

by(t) + b'y(t) =bge " + bl e

Inthisnatural approximation, the solutionto Eq. (7) has
the following form [11]:

a,(t) = ey a;
B
X<B‘expg;i(ﬁo+v)gexpg_i%ﬁg

Here,

(8)

0(>.

|:|o = |:|e+ zﬁ(&)qb;bW \7 = Zcqeiqr(bq"'btq)’
q

SEMICONDUCTORS Vol. 36 No.8 2002

925

where He isthe Hamiltonian for free charge carriersin
the coordinate representation (He W, = E,W,).

Similarly, we can derlve an expression for ag(t).
After substitution of a (t) and ag(t) into (1), the elec-
trical-conductivity tensor can be expressed as

(i) L)
Z Pap Pa,p,

Gij

2vm apyayBiys
«rady a> ©
Ik
Dt " v g . +
x( Blewiz(Ho+ VHY, d [2)2,,2q,85 .

When deriving (9), we ignored the polaronic effect.
This means that the operations of averaging over the
electron subsystem [..[J and the phonon subsystem
{...}o are performed independently.

In the lowest approximations with respect to the
electron concentration n., which is valid for a nonde-
generate el ectron gas, we have

+ + .0
|E\/ a\/laalaﬁlq} - nV6V B16V1°‘1’

where n) is the equilibrium distribution function for

the band charge carriers in a parabolic QW with width
gy inatransverse magnetic field; i.e.,

(10)

2R 2 a,w
nﬁ=% nhd3° Hexp(—BoEq).

0

(11)

We perform averaging over a system of a free
phonon field using the cumulant averaging procedure
[12] and restricting ourselves to the lowest approxima-
tion. If, for simplicity, we consider only the diagonal
matrix elements of the momentum operator (4), the
sought-for expression for the conductivity tensor (1) for
a nondegenerate electron gas can be rewritten as

- 50_“3‘2 () 1) 0
C)-ij - 2Vmggpaa pororn J'dtexp{ gaa(t)} . (12)
Here,
t 4
2
Oua(t) = —[dta[dtz ' [Cyl [Vay(A)]
h
0 o0 vq (13)

i 00 qt2

x el E(E, ~ E (N, + e ™+ Noe ™

whereN, =[e o _ 1]t isthedistribution function for
nonequilibrium phonons.
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Integration with respect to t; and t, in (13) is per-
formed easily. If we take into account that

jat
1-¢ = Tt §(a),
o’ |
we obtain
21t
Gea(®) = 205GV (PN, + 1)
va (14
_E — _ _
X Q(Eq —E,—fiwy) + NO(Ey —E, +h00y)} = =

where 1, corresponds to the relaxation time related to
scattering by the lattice vibrations.

Inview of (14), expression (12) can be rewritten as

(i 0

R
0-ij - szg Paa Paa N Ta- (15)

3. We now calculate the electrical conductivity in a
parabolic QW for the situation where acoustic (long-
wavelength) vibrations are involved in the process of
scattering; we have

_ Eihq

2
|Cq| - 2Bpv’

(16)

Here, E; is the deformation-potential constant, p isthe
guantum-system density, and v isthe velocity of sound
in the material. If electrons are scattered elastically
[i.e., if weignorethe electron energy 2wq = Aivqg in the
delta functions in (14)] and if we are concerned with
high temperatures, we obtain

kOT |j‘)d:|2k0T
z—_— > — <<
Ne fivq 1 and Ul 7., 1

(the charge carriers are at the bottom of the lowest
dimensionally quantized band; i.e., wehaven=0). Itis
then easy to obtain

i = 1' = /\/Z—Eimko-rwo (17)
o T N2 #%v%pw
Correspondingly, according to (15),
2
en,
oxx(H) - m T,
(18)

0. (H) OTHw> w),
0 (H) DT H (0> w).
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In the absence of a magnetic field (w, = 0), we use
formulas (17) and (15) to derive the following expres-
sion for electrical conductivity in a parabolic QW:

2 2
_ €ng 1 _ Eimk,T [mw

Consequently,

T(H) = 0, (0) (/o) ™. (20)
Since (wwy)¥? < 1, the eectrica conductivity
decreases in the presence of a magnetic field. Thisis
caused by the fact that the charge carriers are localized
in the QW to a larger extent in a magnetic field; as a
result, the scattering of charge carriers by phonons is
predominant. An effective intensification of electron
scattering with increasing magnetic field in the
ultraquantum limit was reported by Peterset al. [13]. A
decreasein electrical conductivity with increasing tem-
perature [as follows from (19)] was experimentally
observed in GaAs-GaAlAs heterostructures [14].

We can similarly calculate the transverse electrical
conductivity (the electric field is perpendicular to the
magnetic field); this conductivity is given by the first
termin (4); i.e.,

0yy(H) = 0, (0) (o) ™. (21)

Since (wWuy)? < 1, the transverse electrical conduc-
tivity is aways lower than the longitudinal one. Thisis
related to the fact that, according to the dispersion law
(6), the effective electron mass malong the k, direction
is smaller than the effective mass m* aong the k; axis
[ = m(wy/w)?].

Itiseasy to show that the contribution of the second
termin (4) to the transverse electrical conductivity (21)
isinsignificant if T > 1.

Using realistic parameters of a GaAdGa, _,AlLAS
parabolic QW, i.e., m=0.06m,, p = 5.4 g/lcm?, v = 3 x
10° c/s, and E; = 7 eV for a,= 103 A, T= 100K, and
W = W, We obtain Tw, = 10°. Consequently, the trans-

verse electrical conductivity is always much higher in
guasi-2D systems than in bulk semiconductor materials.

We now study the behavior of the conductivity ten-
sor in relation to temperature and magnetic field in the
situation where an electron interacts with optical
phonons. We have

21e h.60C, 1 1

2 = — —— —
|Cq| - q2 ! - 800 80’
where g, and g, are thelow- and high-frequency dielec-
tric constants, respectively; and £ is the highest fre-
guency of the optical phonon. At low temperatures
(hw > kyT), in which case electrons are located at the
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bottom of the quantum-dimensional band (n = 0), we

obtain the following expression if &, = fm;—z)lﬁwo <1
0

(in the resonance approximation):

1 2me2écoN0F2(2nl—3)!!
T(opt) - ﬁz 2\ n1!_2n1 .

Consequently, the conductivity tensor does not feature
any singularities in the resonance approximation if the
interaction of electrons with optical phonons is taken
into account; these singularities do arise in a three-
dimensional semiconductor material [15]. We now cal-
culate the longitudinal electrical conductivity in apara-
bolic QW for a degenerate electron gas. According to
the Wick theorem, the correlation function given by
(10) can be represented as

(22)

+ a; a
(0) Davay § Q(()3) (0) (23)
- ny(l n )6\/[31 n Ny 6YV16 ayp,r
where n( ) isthe equilibrium distribution function for
electrons,

0) _  Bo(E,=8) -1
n, =[e”" T+1]

For a degenerate €lectron gas (the chemical potential
& > 0), in which case the charge carriers reside in the
lowest quantum-dimensional band (the ultraquantum
limit), we can easily find that

£, = <In[e*—1]. (24)
0

Here, &, =& —fiwy/2 isthe chemical potential measured
from the bottom of the lowest band; and
i n(O)BOw
Ny = e
mawy

where n ) isthe surface densi ty of the electron gas. For
ny > 1, we have

T T[hz (0)
L

Bo mwo

(25)

Let us calculate the electrical conductivity o,, taking
into account the first term in (23). It is easy to verify
that the second term does not contribute to the longitu-
dinal electrical conductivity; thus,

(deg) _ Boe i

(a o Zkzn(o)(l nMr,.

(26)

In further calculations, we use the approximate equality
ng(1-ng") = 3{ Bo(Ea —E)}
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which is certainly valid for a degenerate electron gas at
low temperatures. As aresult, we obtain
e Tw,N,

oY = (27)

maBhi’w

If thereisno magneticfield (w, =0, wy = w), we can use
formula (27) to derive the following expression for
electrical conductivity in aparabolic QW in the case of
a degenerate electron gas:

2_(0)~

~ et 'n
0x(0) = 3
Tafyh (29)
. 1B,
o ="m

Consequently, for an equal concentration of charge car-
riers, we have

(deg)
~0xxeg — DEDM (29)
0,(0) oo

Since wy, > w, the electrical conductivity in a mag-
netic field is always lower than in the absence of this
field.

As directly follows from formula (27), we have
0% O wlwy, in the quantum limit; i.e., the specific
magnetoresistance increases with increasing magnetic
field. Such behavior of theresistivity inamagnetic field
for quantum-confined GaAg/Al,Ga, _,AS systems was
observed experimentally [16] at alow temperature (T =
1.3K).

Using formula (15), one can easily derive an expres-

sion for thelongitudinal electrical conductivity o' (H)

in abulk material in amagnetic field [15]. In the quan-
tum limit (BAw, > 1), we have

9200 _

“”(H) 3Bﬁwc,

(30)

where 0'2 (0) is the conductivity tensor for a bulk
semiconductor material in the absence of a magnetic
field [17].

It directly follows from expressions (30), (18), and
(19) that
O3 (0) > 0,4(0) > O3 (H) > 0, (H)
(for Bhw,>8./2).

Consequently, a decrease in the “dimensionality” of a
guantum system, i.e., an increasein the degree of local-
ization of charge carriers in the bands, brings about a
decrease in the longitudinal electrical conductivity.

(31)
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Abstract—Photoluminescence of GaAg/AlGaAs multiple-quantum-well structures incorporating positively
charged beryllium-impurity shallow-level acceptors (the so-called A(+) centers) wasinvestigated. A novel lumi-
nescence line, which originated from radiative recombination of free el ectronswith A(+) centers, was observed.
It was shown that its spectral position is determined uniquely by the binding energy of A(+) centers. It was also
ascertained that the binding energy of A(+) centers increases with a decrease in the quantum-well width when
the latter is comparable to the radius of A(+) centers. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It is well known by now that, at low temperatures,
neutral donor and acceptor impurities can capture,
respectively, an electron or a hole to form charged cen-
tersreferred to as D(—) and A(+) centers. Inabulk mate-
rial like GaAs, their binding energy amounts to a frac-
tion of a millielectronvolt; however, in two-dimen-
siona (2D) structures it increases considerably as
compared to the three-dimensional case, which makes
these centers easier to study. In addition, a stationary
population of D(-) and A(+) centers can readily be
obtained in 2D structures using so-called dual selective
doping (simultaneous doping of the quantum wells
(QWSs) and the barriers) [1]. Investigation of negatively
charged shallow-level donors (D(-) centers) was the
subject of quite a number of publications (see, e.g.,
[2, 3]). At the same time, studies of similar states of
shallow-level acceptors (A(+) centers) are limited to
just several theoretical papers [4]. Recently, we experi-
mentally observed A(+) centers in 15-nm-wide
GaAgAlGaAs QWs and carried out preliminary inves-
tigations of their properties. The energy and the Bohr
radius of A(+) centers were determined from measure-
ments of the Hall effect [5] and low-temperature hop-
ping transport via A(+) bands [6].

Significant additional information about the nature
of A(+) centers can be provided by the analysis of their
luminescence properties. In this paper, we report on the
studies of photoluminescence (PL) spectra of p-type
GaAgAlGaAs QWs incorporating A(+) centers, which
were obtained by dual selective doping with a Be shal-
low-level acceptor impurity.

2. EXPERIMENT

The GaAgAly;Gay-As multipleeQW structures
under study were grown by molecular-beam epitaxy.

The luminescence spectra of the structures with a well
width of 15 nm and those with a well width of 9 nm
were compared. In both cases, two types of selectively
doped structures were investigated: doping was intro-
duced either in the QWs only (then, the wells incorpo-
rate A(O) centers) or both inthe QWsand in the barriers
(then, thewellsincorporate A(+) centers). All structures
contained ten QWs separated from each other by
20-nm-wideAl,;Ga, /As barriers; the QWswere spaced
from the substrate by a 100-nm-wide Al,3Ga,7AS layer
and from the surface by a 200-nm-wide Al,;Ga,-AS
layer (to prevent the effect of the surface field on the
energy band structure of the wells). A 5-nm-wide layer
at the center of each QW (or at each QW and each bar-
rier) was doped with shallow-level Be impurity to a
density of (3-5) x 10" cm3. The impurity density was
chosen to be, on the one hand, lower than the critical
density for the insulator—metal transition but, on the
other hand, sufficiently high to observe the impurity
luminescence. The PL was excited by an LGN-215
He-Nelaser; the sample was exposed to the laser beam
and the luminescence was collected through a glass
optical fiber. The maximum power density on the sam-
ple at the output of the fiber was 10 mW/mm?. The PL
was detected by a cooled FEU-62 photomultiplier oper-
ating in the photon-counting mode. Measurements
were performed with the sample under study immersed
inliquid helium.

A typical PL spectrum of a structure with a well
width of 15 nm is shown in Fig. 1. Curve 1 represents
the spectrum of astructure with A(0) centers. Four lines
can be seen. The one at 1.5352 €V corresponds to the
free exciton; it isobserved only under the highest pump
level attainable in these experiments, which is due to
the quadratic dependence of its intensity on the pump.
Taking into account the QW width, the position of this
line agrees with the published data [7] and the binding
energy is 7.6 meV. The line at 1.5287 eV corresponds

1063-7826/02/3608-0929%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Photoluminescence of the structures with 15-nm-
wide quantum wells.

to an impurity-bound exciton with a binding energy of
9 meV. Its intensity depends linearly on the pump,
which is expected for the bound state. The line at
1.5136 eV originates from radiative recombination via
impurities. It is shifted to lower energies by ~ 14 meV
from the bound-exciton line and by ~ 21 meV from the
free-exciton line. Its intensity depends sublinearly on
the pump. Itsenergy position isdetermined by the bind-
ing energy of the A(0) center; the latter amounts to
~ 30 meV, which is in agreement with the published
data[8]. Theline at 1.4919 eV, which is present in al
spectra, corresponds to the PL of the bulk GaAs sub-
strate material. Curve 2 in Fig. 1 represents the spec-
trum of a structure with A(+) centers. A characteristic
feature of this spectrum is the absence of the conven-
tional impurity line. The free- and bound-exciton lines
are hardly observed; the main peak at 1.5278 eV is
~ 1 meV lower in energy than the bound-exciton peak.

A typical PL spectrum of a structure with a well
width of 9nmisshowninFig. 2. Here, curve 1 also rep-
resents the spectrum of a structure with A(0) centers,
and the spectrum of a structure with A(+) centers is
given by curve 2. In spectrum 1, the free-exciton peak
is fairly weakly exhibited; actually, one observes only
the bound-exciton line and, nearly 16 meV lower in
energy, the line of impurity-mediated radiative recom-
bination. Just as in Fig. 1, the impurity line seen in
spectrum 1 is not observed in spectrum 2. Also, simi-
larly to Fig. 1, spectrum 2 has only one peak; however,
in contrast to the case of 15-nm QWSs, the spacing
between this peak and the bound-exciton peak is
11 meV; i.e., it becomes 10 meV greater.

3. DISCUSSION

The absence of the usual impurity PL peak in the
spectra of the structures with A(+) centersis explained

IVANOV et al.
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Fig. 2. Photoluminescence of the structureswith 9-nm-wide
quantum wells.

by the absence of impuritiesin the neutral state. In other
words, the A(+) center represents a common multi-
charge center, similar to compensated Cu in germanium
[9]. Under nearly equilibrium conditions, only the
upper level of this center is important for its optical
properties. In the case of A(+) centersin 15-nm QWSs,
thislevel is spaced by 7-8 meV from the valence-band
edge, which we established previously from the Hall-
effect measurements [5]. Thus, the ground impurity
level, spaced from the valence-band edge by 30 meV,
cannot be seen; more exactly, it arises only under suffi-
ciently high excitation levels, when A(+) centers cap-
ture nonequilibrium electrons. However, there is uncer-
tainty in the nature of the peak related to A(+) centers:
it can originate from radiative recombination through
A(+) centers or be related to excitons bound to A(+)
centers.

As was mentioned above (and demonstrated in [5]),
due to the confinement, the binding energy of A(+) cen-
ters in the QWs is higher than that in the bulk and is
anticipated to increase with adecreasein the well width
in a certain range. One can expect that the binding
energy in 9-nm-wide QWs will be higher than that in
15-nm-wide QWs. In fact, we do find that the peak
related to A(+) centersis spaced from the bound-exci-
ton peak by 1 meV in the structures with 15-nm QWs
and by 11 meV in the structures with 9-nm QWSs, the
shift in the peak position in the two structures thus
being equal to 10 meV. It is reasonable to assume that
the PL peak in the structures with A(+) centers origi-
nates from the radiative recombination via this center.
Then, the optical binding energy of A(+) centers can be
determined from the peak position. This assumption is
corroborated by the data presented in the table, where
the positions of al peaks in the structures with 15-nm
and 9-nm QWs are listed. For each peak, the shift inits
position resulting from an increase in the band gap with
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Table

Well width, nm; peak energy shift, eV 9 15 Ae
Energy of the free-exciton peak €, eV 1.5564 1.5355 0.0209
Energy of the bound-exciton peak €, eV 1.5489 1.5289 0.0200
Energy of the impurity-mediated radiative recombination peak €, eV 15327 1.5136 0.0191
Energy of the A(+)-center-mediated radiative recombination pesk €, eV 1.5380 15273 0.0107

decreasing well width is given in the fourth column.
The energy difference for the free-exciton peak is the
largest, while that for the bound-exciton and impurity-
transition peaks is somewhat smaller. This can be
attributed to the more pronounced increase in the bind-
ing energy of impurity statesin comparison to the exci-
ton states. Indeed, according to the published data, the
free-exciton binding energy increases by 0.8 meV with
a decrease in the QW width from 15 to 9 nm [10],
whereas the Be-impurity binding energy increases by
about 2 meV [8]. At the same time, the shift of the
free- and bound-exciton peaks and the impurity peak
is, onthe average, two timeslarger than the shift of the
A(+)-center peak. If the above assumption, which
assigns this peak to radiative recombination of elec-
trons at A(+) centers, is correct, this means that the
A(+)-center level becomes deeper in 9-nm QWSs. The
Hall-effect measurements carried out previously did
indicate that the A(+)-center binding energy increases
to 14 meV in 9-nm-wide QWsin comparison to 7 meV
in 15-nm-wide QWs. It should be noted that the binding
energies obtained from the Hall-effect measurements
may differ from their true values by 1/2W (where Wis
the impurity-band width) [5]. Taking this into account,
we conclude that there is rather good agreement
between the values of the shift in the A(+)-center energy
position determined from luminescence and thermal
measurements.

These experimental resultsindicate that the PL peak
related to A(+) centers does originate from the radiative
recombination of electrons with these centers.

4. CONCLUSION

Thus, in this study we observed a new lumines-
cence line originating from the radiative transitions of
electrons to A(+) centers. Its energy position is deter-
mined uniquely by the energy position of the A(+)
center and depends heavily on the QW width when the

SEMICONDUCTORS Vol. 36 No.8 2002

latter is comparable to the hole localization radius at
A(+) centers.
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Abstract—The potentialities of vertical anisotropic etching of (110) silicon for the fabrication of one-dimen-
sional photonic crystal with ahigh refractive index contrast have been studied. It is shown that advances toward
the near-IR spectral range are limited by the mechanical strength of thin silicon walls. The device structures
obtained consist of 50 trenches, 114 um deep, with 1.8-pm-thick Si walls (structure period 8 um). Their reflec-
tance spectrain the wavel ength range 2.5-16.5 pum show good agreement with cal cul ation results, although the
main photonic band gap at A = 28 + 10 um remained outside the spectral region of measurements. © 2002 MAIK

“ Nauka/Interperiodica” .

Multilayer dielectric mirrors and Fabry—Perot reso-
nators are well-known optical elements. Recently, these
devices have aroused much interest in connection with
studiesin thefield of photonic crystals[1]. One-dimen-
siona (1D) photonic crystals can be obtained in the
form of a structure containing alternating layers with
high and low refractive indices, Ny and N, with the
optimal optical thickness of each layer equal to A/4,
where A is a prescribed wavelength. However, neither
the conventional methods of thin layer deposition, nor
the new technique, which creates|ayers of microporous
Si with varied porosity by electrochemical etching [2,
3], can ensure high contrast in refractiveindices, No/N, ,
whichisan essential characteristic of photonic crystals.
High contrast enables reduction of the number of layers
necessary for a wide band gap with sharp edges to be
formed, and it is al so advantageousin the production of
composite materials, since introduction of afiller with
N > 1 necessarily reduces the contrast.

The technology of etching vertical-wall trenches in
single-crystal (110) Si has been developed quite some
time ago [4], but it is not widely used in the production
of optical elements, despite the possibility of fabricat-
ing periodic structures with high index ratio (Ny/N, =
3.42) and mirror-smooth wall surfaces in the silicon
transparency range (A > 1.1 ym). The main problems
are associated with the formation of short-period struc-
tures and the input of light into the lateral face of the
structure. The goal of this study was to investigate the
applicability of deep anisotropic etching of Si to the
fabrication of 1D photonic crystals.

Anisotropic etching of (110) silicon wafers with
100-Q-cm resistivity was performed in a 44% aqueous
solution of KOH at 70°C for 14 h, depending on the
needed depth. A 0.8- to 0.9-um-thick layer of thermal
oxide, in which the device pattern was formed by stan-
dard photolithography with positive photoresist, served
as the etching mask. The photomask included three
types of device structures consisting of 2-mm-long
alternating bright and dark stripes of equal width. The
periods of stripe aternation were different (see table),

Parameters of device structures

Device Period Wistd:?p%f gr?r K Trench -Ic-nb gkcv?f
type of structure, photomask, depthL, | indevice
a, um Do, pm pum fagncar[ed,
Hs KM
1 16 8 43 5.6
114 53
232 4.8
2 8 4 43 25
114 18
232 0
3 4 2 43 0.25
114 0
232 0

1063-7826/02/3608-0932%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. SEM images of 1D photonic crystal structures: (a) plan view of atype-1 device structure with a period of 16 um, (b) cross-
sectional view of type-2 structure with a period of 8 um and atrench depth of 114 um, (c) cross-sectional view of the samekind of
type-2 structure with a period of 8 pm and a trench depth of 28 um, (d) type 3 structure with a period of 4 um.

but the number of periods was 50 in each type of
device. To ensure precise alignment of the stripes with
the (111direction in the wafer plane, we used prelim-
inary deep etching of special alignment marks arranged
at different angles to form afan [5]. The width of dark
stripes, Dy, varied between the different types of device
structures, being equal to 8, 4, and 2 um. Figure l1a
shows a plan view of a type-1 device. The depth of
trench etching and the thickness of silicon walls were
measured by optical and scanning electron microscopy
(SEM). Figures 1b and 1c present cross-sectional SEM

SEMICONDUCTORS  Vol. 36
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images of type-2 structures of different depths. Itisnec-
essary to note that the fabrication of small-period struc-
tures is hindered by lateral etching (“undercutting”)
and by the mechanical strength of silicon walls. The
walls are thinned both through undercutting of the pho-
toresist in the buffer etchant at the window-opening
stage in the oxide and because of a certain deviation
from verticality during the deep etching of silicon. Asa
result, walls were retained only upon etching to adepth
of <50 um in type-3 devices, and to <150 pm in type-2
devices. Thisisseenin Fig. 2, which demonstrates how
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Fig. 2. Thickness of silicon walls, Dy, vs. depth L of aniso-
tropic etching for device structures of different types. Dy
(1) 8, (2) 4, and (3) 2 um.

Fig. 3. Optical configuration used in studying a1D photonic
crystal.

the silicon wall thickness varies between devices with
different initial widths D, of the dark stripe in the pho-
tomask. The silicon wall thicknesses Dy, presented in
the table and in Fig. 2, and used in calculations of the
reflectance spectra, correspond to the thickness mea-
sured in the structure at a medium depth. In type-3
devices, which have the thinnest walls, we observed
partial wall destruction and sag, which leads to the
adhesion of adjacent planes (Fig. 1d).

TOLMACHEYV et al.

The parameters A and ¢ were measured on one of
the side walls of the structure using multiple-angle-of-
incidence ellipsometry on an L EF-3m ellipsometer (A =
0.63 pum). The null method used in the recording
allowed us to evaluate the degree of depolarization of
the reflected beam. No depolarization was observed at
any of the used angles of incidence (¢ = 60-78°), which
indicates high perfection of the surface of the vertical
walls produced by anisotropic etching. The measured A
and s values corresponded to the optical constants of Si.

The optical characteristics of 1D photonic crystals
were studied with a Bruker Fourier spectrometer. The
light beam was focused with a microscope onto a spot
60 pm in diameter and directed onto the lateral face of
the device structure, as shownin Fig. 3. Thereflectance
spectrawere recorded in therange A = 2.5-16.5 pm. Of
those fabricated, structureswith L > 100 pm were suit-
able for these studies. Reproducible results with nearly
optimal wall thicknesseswere obtained for the structure
with a period a = 8 um and a trench depth of 114 um
(Fig. 1b).

The reflectance spectra of such a 1D photonic crys-
tal were calculated using the method of characteristic
matrices [6] for Ny = 3.42, N_ = 1, and the absorption
coefficient k = 0 for both layers. The layer thicknesses
used in the calculation, Dy, = 1.8 pum and D, = 6.2 um,
corresponded to the fabricated structure. Figure 4a pre-
sents a calculated reflectance spectrum with a clearly
seen wide band of high reflectance at A = 18-39 um
(main photonic band gap) and several narrower second-
ary bands near A = 8 and 5 um. Figure 4b shows a nor-
malized experimental reflectance spectrum and a frag-
ment of the calculated spectrum. Good coincidence
between the calculated and experimental dependences
is seen in the accessible spectral range, which suggests
that the formulated problem has been resolved success-
fully.

In order to shift the main photonic band gap to the
near-IR range, it is necessary to reduce the structure
period. Among the untapped resources in this context
are the reduction of the length of trenches, which
would enhance their mechanical strength, and also the
diminishing of the undercutting by using dry etching
of the oxide mask. The micro-optical devices under
development are well compatible with standard sili-
con technol ogy, and they can be fabricated in the same
chip with the electronic components of an integrated
circuit. Moreover, p—n junctions can be formed
directly in their single-crystal walls. In contrast to
microporous silicon devices, they are not subject to
aging. Therefore, the above-listed properties indicate
that wet anisotropic etching is promising for the fabri-
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Fig. 4. Reflectance spectraof 1D photonic crystal with aperiod a= 8 umand aSi wall thickness Dy = 1.8 um: (8) overall calcul ated
spectrum and (b) (1) experimental and (2) part of the calculated dependence.

cation of such micro-optical devices asfilters, dielec-
tric mirrors, waveguides, anti-reflection elements, res-
onators, etc.
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Abstract—The conductivity of intrinsic amorphous hydrogenated silicon (a-Si:H) becomes higher upon
gammairradiation. This effect is due to an increase in the number of metastable D* states in the mobility gap.
At the sametime, the conductivity of extrinsic (undoped) irradiated a-Si:H decreases. Most likely, gammairra-
diation creates hydrogen-containing complexes in this material. The results obtained are discussed in compar-
ison with the known data for B- or P-doped a-Si:H. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

To date, a great number of studies concerned with
metastable defects in amorphous hydrogenated silicon
(a-Si:H) have been published. This is associated with
the important part played by defects of thiskind in the
material used to fabricate solar cells and other devices.
It isfor this reason that studies of the physical mecha-
nism of defect formationina-Si:H are still of much sci-
entific interest. Among the external actions used to cre-
ate metastable states in a-Si:H in scientific investiga-
tions are, mainly, exposure to visible light, which
causesfatigue (Staebler—Wronski effect), aswell asUV
irradiation, bombardment with electrons and ions, and
irradiation with X-rays and gamma rays. A relatively
small number of studies have been concerned with
gamma-ray-induced states in a-Si:H. This study
attempts, to a certain extent, to fill this gap. In contrast
to our preceding publication [1], which was devoted to
the study of the influence exerted by gammairradiation
on the properties of doped a-Si:H [a-Si:(B,H) and
a-Si:(PRH)], the present communication reports the
results of similar investigations on undoped a-Si:H.

2. EXPERIMENTAL

Thefilmsto be studied were prepared by the decom-
position of monosilane in high-frequency glow dis-
charge and the deposition of a-Si:H onto a quartz sub-
strate at 290-330°C. The content of hydrogen in the
films was, according to IR spectral data, 10-12%. The
film thicknesswas 0.2—0.5 um. In accordance with cur-
rently accepted concepts (see, eg., [2-4]), films of
undoped hydrogenated amorphous silicon can be
divided into two groups: those of intrinsic and undoped
(extrinsic) a-Si:H. Thereisno clear distinction between
their properties, and the existing difference is deter-
mined by the number N of defects formed in film dep-
osition: N ~ 10'-10% cm=3 for the intrinsic, and
~10Y cm for the extrinsic (undoped) material.
Selected basic properties of the samples studied in
these two groups are presented in Table 1.

The temperature dependence of the dark conductiv-
ity of the samples, o4 = f(1/T), was studied in the tem-
perature range 20—-230°C. Measurements of each sam-
ple were taken before and after its exposure to gamma
radiation. The type of conduction (n or p) was judged

Table 1. Basic parameters of films of intrinsic and undoped (extrinsic) amorphous hydrogenated silicon a-Si:H

State of asample
Parameters Intrinsic a-Si:H Undoped (extrinsic) a-Si:H
before gamma after gamma before gamma after gamma

irradiation irradiation irradiation irradiation
0., Slem 1.0x 101 1.0x10°8 5.0 x 1077 7.0x10°°
Ep eV 1.04 0.54 0.68 0.77; 1.5
Tg, °C* 208 208 162 156
Sign of charge carriers weak n-type p-type n-type

* Temperature of transition to thermodynamically equilibrium state [5, 6].
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from the room-temperature thermoel ectric power. Irra-
diation with gamma quanta was performed in a reac-
tor in air at room temperature under aflux W= 7.7 x
10* photon cm s from a ®°Co source. It was found
that heating a sample above 150°C compensates
(totally or in part) for the changes caused by gamma
irradiation; i.e., defects generated by gammairradiation
and those induced thermally are mutually exclusive.
Therefore, for experimental resultsto bereliable, it was
necessary to ensure continuous irradiation without
intermediate heating. For this purpose, samples were
prepared asfollows: a15 x 15-mm? a-Si:H film was cut
in two and contacts were deposited onto each half. The
dependences o4 = f(1/T) for such half-samples usually
coincided. Then, both halves of asamplewereplacedin
a reactor for irradiation. The irradiation doses were
determined from the time of sample residence in the
reactor. Thefirst batch of film halveswas removed from
the reactor after exposure to a dose of 5.1 x 10" pho-
ton cm2. The second batch of half-samples was l€ft in
the reactor until adose of 1.43 x 10 or 2.1 x 108 pho-
ton cm was given. Thus, both halves of each sample
were subjected to different doses of continuousirradia-
tion.

It was important to know the type of conduction of
the material. However, determining the thermoelectric
power by the standard procedure (temperature gradient
~20°, distance between probes ~0.5 mm) failed to
ensure reliable quantitative measurements of this
parameter. This is due to the low conductivity of the
undoped material, which results from the low carrier
mobility u < 1 cm?V-1 s We could only determinethe
type of conduction from the sign of the thermoelectric
power.

3. RESULTS

Figure l1a presents o4 = f(1/T) curves obtained for
intrinsic a-Si:H. It can be seen that curve 1 for an unir-
radiated sample at 20—208°C is characterized by a sin-
gle activation energy E, = 1.04 eV (the bend in the
curve at Tg = 208°C corresponds to a transition to a
thermodynamically equilibrium state [5, 6] with acti-

vation energy En = 0.43 eV). Thermoelectric power

measurements at room temperature revealed a weakly
pronounced n-type conduction in such samples. The
conductivity of the films growswith increasing irradia-
tion dose. Upon irradiation, the activation energy
decreases from 1.04 to 0.54 eV. According to thermo-
electric power measurements, the type of conduction of
the samples changes to p-type after irradiation.

The change in the type of conduction of the intrin-
sic a-Si:H as a result of gamma irradiation is also
accompanied by adecreasein the coefficient o, (Fig. 2)
in the expression for the electrical conductivity o =
0oeXp(—EA/KT). A similar decreasein g, upon achange
No. 8
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Fig. 1. Effect of gamma irradiation on temperature depen-

dences

of dark electrical conductivity oy = f(1/T) of

undoped samples of amorphous hydrogenated silicon: (a)
intrinsic a-Si:H and (b) undoped (extrinsic) a-Si:H. (1, 1)
Beforeirradiation; after irradiation with adose: (2, 2) 5.1 x
1017, (3) 1.43 x 10%8, and (3) 2.1 x 10'8 photon cm™. The
activation energies E, are indicated in the figure.
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ton cm™.
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Table 2. Defect state density distribution in the mobility gap of a-Si:H [3, 4]

State of asample
Type of defect Parameter Intrinsic a-Si:H Undoped a-Si:H*
aveded | IS | emeded | U CTg
D* E-E,, eV 1.28 1.28 ~1.36 ~1.22
N, cm 3.0x 101 6.0 x 1016 6.0 x 10'6 1.1 x 10V
DO E-E,, eV 0.78 0.78 0.78 0.78
N, cm™ 45x10% 1.0 x 107 8.0 x 10° 1.4 x 10V
D~ E-E,, eV 05 0.5 ~0.56 ~0.48
N, cm 3.0 10% 6.0 x 106 6.0 x 106 1x 107

* Substrate temperature Tg = 280°C.

of the conduction from n- to p-type was observed by
Spear [7].

The effect of gammairradiation on the conductivity
of undoped (extrinsic) a-Si:H has a different nature
(Fig. 1b). The dependence o4 = f(1/T) obtained prior to
irradiation (curve 1) is characterized by two activation
energies of 0.68 and 0.91 eV in the temperature range
20-162°C (the bend at Tp = 162°C corresponds to a
transition to an equilibrium state with activation energy

Ea = 0.3 eV). Measurements on irradiated samples of

this material (Fig. 1b, curves 2' and 3) reveded a
decrease in conductivity by approximately 2 orders of
magnitude, compared with its origina value, and an
increasein the activation energy t0 0.77 €V in therange
of 2097°C andto 1.5 eV in the range of 97-156°C. In
this case, atransition to the equilibrium state occurred
in irradiated samples at a lower temperature (Tz =
156°C) than in unirradiated samples, which may be due
to an increase in the number of defects as a result of
gamma irradiation. Noteworthy is the appearance upon
irradiation of the high activation energy of 1.5 &V,
which is untypical of a-Si:H. The type of conduction
remained electronic upon irradiation of extrinsic mate-
rial samples.

4. DISCUSSION

The change in the conductivity of a-Si:H films
under gamma irradiation can be attributed to defect
statesin the mobility gap of both intrinsic and undoped
(extrinsic) materials.

L et us eval uate the results obtained in terms of mod-
ern concepts concerning the distribution of the defect
state density g(E) in the mobility gap of undoped
a-Si:H. Despite intensive long-term studies (which
began in the 1970s), for quite some time ambiguity
remained over the question of energy states near the
midgap of a-Si:H, and data obtained by different

authors were contradictory. The situation changed in
the 1990s. It was revealed that charged defect states,
originally attributed to only doped a-Si:H, are aways
present in the mobility gap of the undoped material as
well. Three density-of-states peaks were found in the
gap [3, 4]: D*, DY, and D~. The corresponding defect
concentrations and peak positions are presented in
Table 2, which was compiled using the results of Wron-
ski et al. [3, 4]. It can be seen that, in the undoped mate-
rial, the defect concentration varies over anarrow range
(8 x 10%-10% cm~3); however, as shownin [3, 4], even
minor variations of charged defects markedly affect the
propertiesof a-Si:H, especialy its electrical and optical
properties. The reason is that silicon dangling bonds,
D°, which appear in a-Si:H in the course of film growth
or under external effects on the film, are easily con-
verted through interaction with free carriers into other
states by the reactions

D’+h— D, 1)
D’°+e— D, 2
D'+2e— D, (3)
D +2h —D". (4)

Thus, al three types of defects, D*, D° and D—,
may become traps both for electrons and for holes.

For intrinsic a-Si:H, we observed on irradiated sam-
plesan increase in the dark conductivity and adecrease
in the activation energy, as well as a change of the con-
duction from n- to p-type (Fig. 1a). Taking into account
the last circumstance, we believe that gamma photons
create holes in the material being irradiated and the
number of these holes grows as the irradiation dose
increases. Thisisin agreement with the results obtained
by Imagawaet al. [8], who established that gammairra:
diation creates silicon dangling bonds with a predomi-
nance of D* defects [see reactions (1) and (4)].
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Fig. 3. Energy distribution of the density of D*, DY and D~
defect states in the mobility gap established for undoped a-
Si:H in [3, 4]. Dashed lines show the assumed changes in
the concentration of D* and D™~ defects upon gammairradi-
ation of our samples with account of the data of [8].

If we now pass to a consideration of the band dia-
gram and take into account the data of [3, 4], it may be
assumed that the density of states at a deep acceptor
level increases in gammearirradiated samples (Fig. 3).
The energy difference E;. — E_. approximately corre-

spondsto the activation energies observed in our exper-
iments (~0.6 eV).

In the quasi-equilibrium state, the equality N_. =
N_- isvalid. Since D* defects predominate in the case

of gamma irradiation, it should be assumed that this
equality is broken down, so that N_. > N_. and the

Fermi level isshifted upwards. Figure 3 showsthe band
diagram of a-Si:H according to [3, 4]. The dashed line
in the diagram shows the assumed changes in the den-
sity of D* states as aresult of gammairradiation. Thus,
the whole set of data for intrinsic a-Si:H suggests that
gamma irradiation introduces asymmetry into the den-
sities of states of charged defects D* and D~ in the
mobility gap and leads to a more significant departure
of the sample from equilibrium (compared, e.g., with
the case of exposure to light).

Theresults of gagmmairradiation of extrinsic a-Si:H
(Fig. 1b) markedly differ from the above data for the
intrinsic material (Fig. 1a). Upon gamma irradiation,
the conductivity of the extrinsic sample decreases and
the activation energy exceeds 1 eV, with the conduction
remaining n-type. It may be assumed that the interac-
tion of gamma photons with the amorphous matrix of
a-Si:H givesriseto electricaly active centers that cap-
ture free carriers.
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Fig. 4. Staebler—Wronski effect in undoped samples of
extrinsic a-Si:H: (1) before exposure to white light and
(2-4) after exposure. Time of exposure: (2) 3, (3) 8, and
(4) 60 min. The activation energies are indicated in the
figure.

Along with studying the effect of gammairradiation
on the electrical conductivity of undoped (extrinsic) a-
Si:H, we previously investigated, on samples of the
same batch, the influence exerted by white light on the
dependence oy = f(UT) (Staebler—Wronski effect)
under conditionswhich are standard for the observation
of this effect (the light of a KGM-300 tungsten lamp
was filtered so as to pass photons in the wavelength
range 600-900 nm; the incident power ~50 mW cm).
The results obtained are presented in Fig. 4. Notewor-
thy is the similarity of the curves in Figs. 4 and 1b,
which describe the temperature dependence of electri-
cal conductivity. This suggests that the mechanisms of
defect formation are similar for these two kinds of irra-
diation. The nature of the Staebler—Wronski effect is
sufficiently well understood [3, 4, 8, 9]. It has been
established that a-Si:H exposureto visiblelight leadsto
the rupture of Si=Si bonds and, especialy, weak Si~Si
bonds to give D defects (Table 2) which favor the for-
mation of electrically active hydrogen-containing com-
plexes. Upon heating the samplesfor electrical conduc-
tivity measurements, such complexes completely disin-
tegrate and liberate hydrogen, since the o4 = f(UT)
curve returns to itsinitial state both for samples irradi-
ated with gamma quanta and for those exposed to light.

5. CONCLUSION

To conclude, we note the similarity of the results
presented in this communication with the data of our
previous study on gamma irradiation of doped a-Si:H
samples [1]. The effect of gamma irradiation on the
electrical conductivity of an intrinsic materia is quali-
tatively similar to its action on a boron-doped material:
in both cases, gamma quanta make the conductivity of
films higher (true, in different temperature ranges),
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leaving the conduction p-type. The qualitative similar-
ity of the results abtained for the intrinsic and doped
p-type materials gives reason to believe that gamma
irradiation leads to the recharging of dangling bonds,
with the predominance of D* states.

Another pair of materials being compared com-
prises undoped (extrinsic) and phosphorus-doped
a-Si:H. The effects of gammairradiation on the electri-
cal conductivity of these materials exhibit even more
pronounced similarities: (i) a substantial decrease in
conductivity, (ii) invariable type of conduction, and (iii)
appearance of a high activation energy (> 1 eV). It may
be assumed that the similarities of the effects produced
by gammairradiation on this pair of materialsis dueto
the formation of hydrogen-containing complexes and
their disintegration upon being heated above 150°C.

The aforesaid suggests that a more important factor
in gammairradiation of doped samplesis, presumably,
the presence of D*, D°, and D~ defects, aswell ashydro-
gen, rather than the presence of the impurity itself.
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Abstract—Boron carbide films were grown using glow discharge decomposition of C,BgH1, powder subli-
mation products. The film composition found as a-Bg 5,Cq 4g:H Using nuclear reaction and infrared spectros-
copy techniques was shown to depend weakly on the discharge gas (Ar or He) and the substrate temperature
(20-100°C). The optical band gap was found to be about 3.8 eV; the resistivity varied from 106 to 10° Q cm as
the substrate temperature increased. Weak photoluminescence with a peak at 475 nm indicates that there is an
acceptor level in the band gap which correlates with the conduction activation energy. © 2002 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

The crystal structure of boron-enriched solids con-
tains icosahedral fragments that are tightly bonded to
each other and form arhombohedral lattice skeleton. In
crystalline boron carbide (B,,C;), carbon plays an
important rolein the lattice skeleton formation, since it
eliminates three-center bonds between neighboring
icosahedral fragments and forms a rhombohedral skel-
eton with ordinary covalent bonds. In this case, carbon
atoms are considered as a component of the lattice
structure; as a result, the introduced carbon fraction is
limited to about 20% [1]. However, this limitation is
removed in amorphous boron carbide. AlImost any car-
bon composition can be obtained by plasmochemical
deposition. In specific cases, the carbon fraction can
exceed the limiting one for the crystal [2]. In this case,
therole of carbon issignificantly changed and itsincor-
poration into the amorphous boron network has differ-
ent effects on the optical and electrical properties of the
material. In the case of the production of hydrogenated
amorphous films of boron carbide, their structure con-
tainsagreat number of hydrogen atoms bonded to both
boron and carbon, which also has an effect on the phys-
ical properties of films.

In the synthesis of a-B,C,:H films, the method of
high-frequency (HF) glow discharge [3] is rather
widely used; a mixture of methane (CH,) and diborane
(B,Hg) is, asarule, employed asthe working gas. How-
ever, operation with highly toxic diborane is a disad-
vantage of this synthesis and imposes specific require-
ments on the vacuum system. Boron carbide films may
also be produced by the decomposition of the sublima-

tion products of C,B;4H;, powder in dc glow discharge
plasma[4-6].

FABRICATION TECHNOLOGY

In this study, amorphous hydrogenated boron car-
bide films were produced from the decomposition of
the sublimation products of C,B;oH;, powder (heated
to 45°C) in HF glow discharge plasma. Fragments of
the primary decomposition (sublimation) of the powder
were bombarded with HF plasma e ectrons; then, the
chemically active products of this reaction were depos-
ited onto a substrate. Argon or helium was used as the
carrier gas. The films were deposited in a conventional
capacitive system with a bottom HF electrode and a
heated grounded top electrode. The substrates were
placed on the grounded electrode with the temperature
being varied from ~20 to 100°C. The discharge fre-
guency and power were 40 MHz and 20 W, respec-
tively. The interelectrode spacing was 35 mm. Active
C,B,oH;, materia was introduced into the reactor cen-
ter through the bottom HF electrode. The deposition
rate (2-4 pm h) decreased as the substrate tempera-
ture was elevated. Single-crystal silicon wafers, fused
quartz, and glass were used as substrates. The typical
thickness of the studied samples was 1-3 pum.

RESULTS AND DISCUSSION

Figure 1 displays a typical infrared (IR) transmis-
sion spectrum of an amorphous hydrogenated boron
carbide sample produced by the described method.
Variationsin fabrication conditions, i.e., carrier gas (Ar
or He) and the substrate temperature, had an insignifi-

1063-7826/02/3608-0941$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Typica IR transmission spectrum of amorphous
boron carbide film produced by decomposition of the subli-
mation products of C,BgH1, powder in high-frequency
glow discharge plasma.
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Fig. 2. Spectrum ogfrotons and a-particles produced from the
nuclear reactions 2C(d, p)t3C, 19B(d, p)'B, B(d, p)B,
10B(d, 0)®Be, and 11B(d, a')°Be in the amorphous boron car-
bide film irradiated with deuterons of energy Eq = 1 MeV.
The proton detector is positioned at an angle 6 = 135° to the
beam and is covered by an aluminum absorber 11 pm thick.

cant effect on the spectrum. An analysis of the IR spec-
tra shows that a great amount of hydrogen is bonded to
both boron (the band at 2560 cm™) and carbon, which
isindicated by the broad absorption band in the region
of 2800-3500 cm™ with a peak at 3270 cm™?; this
band is related to the C—H,, bond stretching mode [4].
The absorption band with a peak in the region of
1350-1450 cm™ is also related to C—H,, bonds and is
interpreted as the bending mode. This is confirmed by
the data of [1], where a broad absorption band with a
peak near 1510 cm™ was observed in carbon-reach
samples; this band was related to either free carbon or
graphite-like inclusions. The pronounced absorption
band with a peak near 1200 cm is related to the B—C
bond. This band is usually observed in polycrystalline

ANAN’EV et al.

boron carbide samples [7, 8] and is explained by the
motion of boron and carbon atoms either in an isolated
B—C bond [1] or in the unit cell of the boride—carbide
icosahedron [9]. It is also worth mentioning that this
line is shifted to longer wavelengths in similar films
produced by glow discharge in a methane and diborane
mixture, which is explained by an increase in the car-
bon concentration in the material [9]. The “pure’ B-B
bond (an absorption band near 800 cm™) is adso
observed in the IR spectra of the studied films. In our
opinion, thisindicates the presence of boride icosahedra.
The hydrogen concentration in the films, which was
roughly estimated according to [10], is 40-50 at. %.

The elemental composition of the films was deter-
mined by deuteron nuclear reactions [11] at the energy
Ey = 1 MeV. The detector of the reaction products was
positioned at an angle of 135° to the deuteron beam
direction. The detector was protected against scattered
deuterons by an aluminum filter 11 pm thick. The mea-
sured spectrum of protons and a-particles is shown in
Fig. 2. One can see anumber of peaks corresponding to
deuteron nuclear reactions with carbon and boron iso-
topes. The carbon and boron concentrations were
determined from the >C(d, p)**C and °B(d, a,)®Be
reactions with cross sections o = 29 x 102’ and 0g =
3x 102" cm? sr* and peaks at 2.8 and 10 MeV, respec-
tively [11]. The ratio of the carbon and boron concen-
trationsin thefilm C/Cgz was determined from theratio
S/S; of the corresponding areas under the peakstaking
into account the 1°B and *>C abundances, which were
equal to 19.61 and 98.892%, respectively; i.e.,

Cc/Cq = 0.1961(Sc/Ss).

Thus, in the absence of accurate data on the hydro-
gen concentration, the film composition can be written
asa-BgspCogH.

The optical absorption edge a(w) (a isthe absorp-
tivity) was studied with atwo-beam spectrometer in the
wavelength range of 200-1200 nm. Figure 3 displays
the corresponding absorption spectrum as well as the
result of its processing by the Tauc law

(ahw)” = B(hw-EF).

The optical band gap determined with the absorptivity
a = 10% cm™, aswell as by linear extrapolation of the

dependence /o7iw onfw is Eg = 3.8€V.

The photoluminescence (PL) spectrum was mea
sured at room temperature using excitation with the
ultraviolet radiation of a pulsed nitrogen laser at a
wavelength of 337 nm and a pulse duration of 10 ns.
The spectra were measured using an MDR-3 grating
monochromator, a FEU-79 photomultiplier, and a pulse
synchronous detector. The spectrum has a pronounced
peak at awavelength of 470 nm (2.64 eV) and issimilar
to that with a peak near 490 nm, which we previously
observed in films of tetrahedral amorphous carbon [12].
The energy position of the peak does not correlate with
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Fig. 3. (a) Optical absorption edge of the amorphous boron
carbide film and (b) the spectral region approximation
according to the Tauc law.

the probable band-to-band transition and suggests the
presence of an impurity level in the band gap. This
assumption is confirmed by the low resistivity of the
films, which varied from 108 to 10° Q cm as the sub-
strate was heated from room temperature to 100°C. In
this case, the conductivity activation energy is 0.79 eV,
which also correlates with the impurity level position.

Based on the above experimental data, we attempt to
answer the following question: which subsystem—car-
bon or boron—controls the physical properties of the
produced films? Our studies of amorphous hydroge-
nated carbon films [12] show that samples with asimi-
lar band gap can be produced within this system by
glow discharge. However, all sampleshad high resistiv-
ity, and the problem of their doping has not yet been
solved. At the sametime, different stoichiometric boron
carbide films are characterized by a band gap no wider
than 3.8 eV [3]; therefore, it is difficult to explain the
observed properties only by the pure boron or pure car-
bon subsystems. The observed properties are probably
controlled by the composite structure of the produced
films, which may be conceived as a host of the carbon—
boron skeleton of icosahedra bonded by C—H,, groups
(n=2,3) and BH, groups. Thesefactorsareresponsible
for the formation of a material whose properties differ
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from those of the crystalline phases possiblein this sys-
tem. Thus, many problems, such asthe band gap forma-
tion and the conduction mechanism, call for further
investigations.

CONCLUSION

The properties of amorphous hydrogenated boron
carbide films produced in neutral glow HF discharge
plasmausing C,B,,H,, powder asthe boron and carbon
source were studied. The composition of the films pro-
duced depended only dlightly on the neutral gas (argon
or helium) and the substrate temperature (in the range
from 20 to 100°C). The film composition, which was
determined using nuclear reaction and IR spectroscopy
methods, was described by the formula a-B ,Cy 45:H.
Thefilms were characterized by a complex microstruc-
ture, which included icosahedra of both boron carbide
and boron, as well as a high hydrogen concentration in
the form of CH,, and BH,, groups.

REFERENCES

1. K. Shirai, S. Emura, S. Gonda, and Y. Kumashiro,
J. Appl. Phys. 78 (5), 3392 (1995).

2. K. Shiral, S. Ae, and S. Gonda, in Boron-Rich Solids:
Proceedings of the 10th International Symposium on
Boron, Borides and Related Compounds, 1987, Ed. by
H. Werheit, p. 336.

3. B. Silvester, Shu-Han Lin, and B. J. Feldman, Solid State
Commun. 93, 969 (1995).

4. J Ristein, R. T. Steif, and L. Ley, J. Appl. Phys. 87, 3836
(1998).

5. V. M. Sharapov, V. E. Golant, V. K. Gusev, and
A.N. Novokhatski, J. Nucl. Mater. 220-222, 730
(1995).

6. V. K. Gusey, V. E. Golant, E. Z. Gusakov, et al.,
Zh. Tekh. Fiz. 69 (9), 58 (1999) [Tech. Phys. 44, 1054
(1999)].

7. V. K. Gusey, S. V. Alexandrov, T. A. Burtseva, et al., in
Proceedings of the 18th Fusion Energy Conference, Sor-
rento, 2000, paper EXP0OL1/03.

8. H. Stein, T. Aselage, and D. Emin, in Boron-Rich Solids:
Proceedings of the 10th International Symposium on
Boron, Borides and Related Compounds, 1987, Ed. by
H. Werheit, p. 322.

9. Shu-Han Lin and B. J. Feldman, Solid State Commun.
107, 239 (1998).

10. N. A. Blum, C. Feldman, and F. G. Satkiewicz, Phys.
Status Solidi A 41, 481 (1977).

11. G. Giorginis, L. Persson, M. Hult, et al., Nucl. Instrum.
Methods Phys. Res. B 136138, 258 (1998).

12. O. I. Kon'kov, E. I. Terukov, and I. N. Trapeznikova,
Fiz. Tekh. Poluprovodn. (St. Petersburg) 30, 2183
(1996) [Semiconductors 30, 1138 (1996)].

Trandated by A. Kazantsev



Semiconductors, Vol. 36, No. 8, 2002, pp. 944-949. Translated from Fizika i Tekhnika Poluprovodnikov, Vol. 36, No. 8, 2002, pp. 1010-1015.
Original Russian Text Copyright © 2002 by Aidaraliev, Zotova, Karandashev, Matveev, Remennyi, Sius', Talalakin, Shustov, Kuznetsov, Kognovitskaya.

PHYSICS

OF SEMICONDUCTOR DEVICES

L attice-M atched Gal nPASsSb/InAs Structuresfor Devices
of Infrared Optoelectronics

M. Aidaraliev*, N. V. Zotova*, S. A. Karandashev*, B. A. Matveev*,
M. A. Remennyi*, N. M. Stus'*, G. N. Talalakin*, V. V. Shustov*,
V. V. Kuznetsov**, and E. A. Kognovitskaya**

* | offe Physicotechnical Institute, Russian Academy of Sciences,
Politekhnicheskaya ul. 26, S. Petersburg, 194021 Russia
e-mail: bmat@iropt3.ioffe.rssi.ru
** Q. Petersburg State Electrotechnical University, . Petersburg, 197376 Russia
Submitted January 23, 2002; accepted for publication January 29, 2002

Abstract—It is reported that a Gag gol Ng 0gPo.05A S0.08S00.87 quinary solid solution, which is lattice-matched to
InAs, with aband gap of 695 meV (77 K) and 640 meV (300 K) is obtained. It is demonstrated that a hetero-
junction of typell isrealized in the INASYGay g5l N 08P0.05A S.08S00 57 Structure. The solid solution obtained was
used for the development of prototypes of light-emitting diodes and photodiodes with the highest intensity of

emission and photosensitivity in the vicinity of 1.9 um. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Multicomponent ternary (InAsSh, InGaAs) and
quaternary (InGaAsSb, InAsSbP) solid solutions are
widely used for the production of optoelectronic
devicesfor the spectral range of 2-5 um. Quinary solid
solutions (for example, GalnPAsSb [1-9]) have been
investigated in substantially less detail, although their
obvious advantage is the possibility of the independent
variation of three parameters. The control of the band
gap, the lattice constant, and the coefficient of thermal
expansion permits one to develop heterostructures
without lattice mismatch under the growth temperature
and under the temperature of device operation. This
leads to a decrease in the probability of defect forma-
tion and, correspondingly, to the improvement of lumi-
nescence characteristics and extension of the service
life of the device. The control of the band gap, the lat-
tice constant, and the refractive index, apparently, will
be a fundamental prerequisite for the development of
|asers operating at elevated temperatures.

The purpose of this study was to obtain a
Galn, _,RAs,Sh, _,_, quinary solid solution with a
band gap of 600-700 meV on an InAs substrate and to
develop prototypes of alight-emitting diode (LED) and
aphotodiode with the highest intensity of emission and
photoresponse in the vicinity of 1.9 um at 300 K.

2. METHODS FOR FORECAST, GROWTH,
AND INVESTIGATION

The effective design of modern semiconductor het-
erostructures based on multicomponent solid solutions

is a methodologically complex process. The reliability
of calculations is determined by the correctness of the
models applied and the adequacy of the parameters
used. In this study, in order to forecast the technology
process, the following methodology was used. The
composition of the required quinary GalnP,AsSh,
solid solution was determined through the linear inter-
polation of the lattice constants of binary components
using the published data [2].

The band gap of the GalnPAsSb quinary solid solu-
tion was interpolated over the band gap of two
GaPAsShb and InPAsSh quaternary systems with the
substitution of components over the sites of the metal
sublattice while making allowance for the nonlinear
contribution of mixing effects [2].

The determination of the parameters of the liquid-
phase heteroepitaxial process for obtaining the Galn-
PAsSb solid solution in the range of compositions lat-
tice-matched to InAs was carried out based on an anal-
ysis of the liquid—solid phase equilibria in the context
of the model of simple solutions. The method for this
analysis and basic data for the calculations are given in
[2-6]. The choice of uncertain excess molar energies of
mixing (interaction parameters) was justified as fol-
lows. The parameters of interaction between the metal
and metalloid components are obtained from the analy-
sisof phase diagrams for corresponding binary systems
in the relevant temperature range. These parameters are
justifiably considered as self-consistent based on the
generality of the applied thermodynamic model [3].
However, the parameters of interaction between ele-
ments in the liquid phase have not been reliably deter-
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Table
o - Composition of the layer deposited
Composition of the liquid phase (1, calculation; 2, experiment)
| 3 | 3 [ 2 I
Xga % 107, Xp % 107, Xps % 107, Xg % 10, X, molar y, molar z, molar
atomic atomic atomic atomic fractions fractions fractions
fractions fractions fractions fractions
3.03 1.63 3.24 3.77 1 0.06 0.12 0.77
2 0.08 0.08 0.81
2 0.072 0.09 0.78
273 0.122 0.245 1.28 1 0.89 0.021 0.153
2 0.92 0.012 0.165
2 0.91 0.011 0.160

mined separately for Group |11 and Group V elements,
such as P-As, P-Sh, As-Sb, and, partialy, between the
components of the solid phase, namely, GaP-GaSh and
InP-InSh. In addition, for P-containing and Sb-contain-
ing systems, a considerable positive deviation from the
Raoult law is observed. This primarily affects the mag-
nitudes of the corresponding excess molar energies of
mixing and, consequently, the results of calculations|3,
6]. The situation is additionally complicated by the fact
that avery strong association of componentsin the lig-
uid phase is observed for the 111-Sb systems, which
restricts the applicability of the model.

In order to adapt the model used, the above-men-
tioned parameters were corrected using test experi-
ments for the GaygglNg.aPo.12AS) g0 0s SOlid-phase
composition (see table). We used reasonable values of
excess molar energies of mixing. This permitted us to
calculate the temperatures and compositions of thelig-
uidus and solidus in the temperature range of epitaxy
along the isoperiod of InAson both sides of the binodal
space. The results of calculations, in comparison with
subsequent experiments, are given in the table.

The epitaxy was carried out according to the follow-
ing procedure. The InAs substrates, which had a [111[]
orientation and were 400 um thick, were chemically
etched in HCI for 1-2 s before the process. After that,
the substrateswererinsed in distilled water and dried in
athermostat at 60°C.

For the formation of the liquid phase, the following
substances were used: Sb (SU-000); In (IN-000); Ga
(GL-000); InAs (IME-1); and undoped InP. In order to
remove the oxide film, In was etched in a mixture of
HNO; : HF at aratio of 8 : 1 at room temperature for
1-2 min. After rinsing in distilled water, al the materi-
als, except for Ga, were dried in the thermostat at 60—
70°C.

Components of the charge and substrates were
placed into atranglatory graphite cartridge. After blow-
ing with H,, the cartridge was heated to 993 K and kept
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for 90 min at this temperature in order to homogenize
the melt. After that, the temperature was lowered to
925-920 K and the liquid phase was brought into con-
tact with the substrate for 1-3 min. The thickness of the
layers obtained varied from 2 to 10 pm.

The compositions of theinitial charge were selected
so that the liquid phase was supercooled relative to the
liquidus temperature by 5-9 K at the temperature of

epitaxy.

In order to obtain a p—n heterojunction, the solid
solution was doped with Zn (acceptor) or Te (donor). In
the Te-In charge, Te was introduced directly into the
solution before carrying out the epitaxy. Doping with
Zn was performed from the gas phase by introducing
the In—Zn aloy into the reactor zone at a prescribed
temperature. The Zn content in the melt was governed
by the partial pressure of Zn vapors, which were con-
trolled by the temperature of the source zone. The
charge-carrier density in the layers obtained was 5 x
10 cm3,

The composition of solid solutions, which were
measured using a CAMEBAX X-ray microanalyzer, as
well as the compositions of the solutions—melts, from
which they were obtained, are given in the table
(entries 2, experiment). The content of the components
in the liquid phase in equilibrium with the given solid
solutions, which was calculated from the equations of
the phase diagram, are also given there (entries 1, cal-
culation).

The methods for the investigation of epitaxial struc-
tures included photoluminescence (PL), electrolumi-
nescence (EL), and spectral measurements of photo-
sensitivity. The measurements were carried out at tem-
peratures of 77 (PL and EL) and 296 K (EL,
photosensitivity). The EL and photosensitivity were
measured on chips 0.5 x 0.5 mm? in size with a point
contact to the epitaxial layer and with amassive contact
to the InAs substrate.
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Fig. 1. Photoluminescence spectra (77 K) of solid solutions
(1) with no intentional doping, (2) Zn-doped, and (3) Te-
doped; (4) the photoluminescence spectrum of n-InAs sub-
Strate.

3. RESULTS AND DISCUSSION

3.1. Photoluminescence
of the Gay g5l Ng 05Po 0524, 0sF0.57 Solid Solution

The PL spectra of the InAS/GalnPAsSSh structure
with a nominally undoped solid solution (curve 1),
doped with Zn (curve 2), and doped with Te (curve 3)
are shown in Fig. 1. The spectrum involves a PL line
from the solid solution with a peak energy hv = 580-
690 meV and a PL line from the n-InAs substrate with
apeak at hv = 400 meV (curve 4).

The Gay gl Ny 0sPo.0sA Sy 0sS00g; SOlid solution is
close to binary GaSh and Gay gl Ny ,A S 2,50, 75 quater-
nary solid solutions in its composition and band gap
[11, 12]. These latter are of p-type conduction due to
native structural defects of the Vg, or Vs.Gag, types,
which induce doubly charged acceptor levels with an
ionization energy of 30 and 90 meV in the band gap.
For undoped GaSbh and Gay gl Ny ,A ) 2,50 7g, it IS these
acceptor levels that are involved in recombination,
since al shallow levels, both donor and acceptor, are
ionized even at 77 K [13]. We believe that the PL inthe
quinary solid solution without intentional doping (hv =
690 meV) isalso determined by transitions between the
conduction band and a doubly charged acceptor. Thisis
confirmed by the large half-width of the spectrum
(Ahv = 100 meV).

Doping of the solid solution with the Zn acceptor
impurity leads to recombination at a deeper acceptor
level and to ashift of the spectral band to lower energies
by ~20 meV at the same spectrum half-width.

Doping of the solid sol ution with the Te donor impu-
rity leadsto the compensation of p-type conduction and
the emergence of weakly pronounced el ectron conduc-
tion. The electrons from the donor levels occupy the
shallow acceptor levels, which leads to the recombina-

AIDARALIEV et al.

tion via deeper acceptor states. For example, the radia-
tive transition between the conduction band and a deep
acceptor level with an activation energy of ~122 meV,
which is associated with Vg, Te complexes, was
observed for the Ga,glng,As,,Shyg quaternary solid
solution [12]. With respect to the band gap, this solid
solution is close to the material investigated. In our
case, the PL peak for the Te-doped solid solution is
shifted to energies (hv = 580 meV) that are lower by
110 meV relative to the nominally undoped solid solu-
tions. Thisis very close to the ionization energy of the
VaaTe complex in Gayglng,AS; 2250, 75 The band gap
of the Gay gyl Ny 0gPo.05A S.08S00 57 SOlid solution can be
estimated as 695 meV (77 K).

3.2. Electroluminescence of InAYGalnPAsSh
Heterostructures

In order to interpret the experimental data, we
accepted, as a basis, the luminescence mechanismin a
broken-gap heterojunction of typeIl. The solid solution
investigated is close to the GaSh binary compound inits
composition and band gap. The latter compound forms
a broken-gap heterojunction of type Il with InAs. In
this case, the valence band top for the wide-gap semi-
conductor is above the conduction band bottom for the
narrow-gap semiconductor. On both sides of the hetero-
interface, deep quantum wells (QWSs) are formed for
electrons and holes and their wave functions overlap
appreciably [13]. Applying an external electric field to
the heterointerface, we can vary the relative position of
energy bands closeto the heterointerface and the carrier
population of QWs. Under certain conditions, this can
lead to a high probability of indirect radiative recombi-
nation, which is caused by tunnel transitions through
the heterointerface. Due to the low effective mass of
charge carriers in the system under investigation com-
pared with, for example, GaAg/GaAlAs, the require-
ments for the abruptness of the heterointerface are less
stringent for the formation of QWSs. In this case, inter-
face radiative recombination is observed in the struc-
tures with the lattice mismatch Aa/a < 1073,

In order to investigate the EL, we used both sub-
strate—epilayer heterojunctions and structures with
p—n homojunctions in the bulk of the solid solution
itself: n-InAs/P-GalnPAsSb/N-GalnPAsSh. The cur-
rent—voltage characteristics of the structures p—P, n—N,
and n—P varied only slightly in the temperature range
of 77-300 K, which isindicative of tunnel current flow.
Isotypic p—P and n—N structures had rectifying charac-
teristics and showed EL in the range of 77-300 K,
whereas the n—P structure was characterized by the
absence of both rectification and an EL signal. This
indicates that a broken-gap heterojunction of type Il is
formed in the INAS/GalnPASsSD structure [10].
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Fig. 2. Electroluminescence spectra of an isotype p—P junction for forward bias (FB: “plus’ is at p-InAs, curve 1) and reverse bias
(RB: “minus’ is on p-InAs, curve 2) at 77 and 300 K (RB, curve 3). On the right: energy diagrams of the heterojunction for the

forward and reverse biases.

3.2.1. The EL of the isotypic P—p heterojunction

The EL spectra with forward (“+” on p-InAs) and
reverse (“—" on p-InAs) biases at 77 and 300 K are
shownin Fig. 2. The shape of the spectrafor both polar-
ities of the bias applied is similar, and the band posi-
tions actually coincide. For the forward bias, a band
with a peak at 395 meV (77 K) is observed (curve 1),
and for the reverse bias, two close bands at 405 and
395 meV are observed (curve 2). A broad (Ahv =
48 meV) line with a peak at 352 meV is observed at
300 K (curve 3). The coincidence of the spectrafor dif-
ferent polarities indicates that carrier recombination
occurs in the same region of the heterostructure. The
emergence of nonequilibrium electronsin the p—P junc-
tion can be explained by thefollowing model [14]. With
zero bias, thetwo-dimensional electron gasexistsinthe
QW ontheInAsside closeto the heterointerface due to
the electron transition from the valence band of the
wide-gap material to the conduction band of InAs. If
negative biasis applied, the energy bands at the hetero-
interface shift so that the energy bands of InAs ascend,
whereas the energy bands of the solid solution descend.
Space charge is mainly localized in the region of the
narrow-gap material. This leads to pronounced band
bending close to the heterointerface and the absence of
free holes closeto the interface, which could recombine
with localized electrons in the QW. The application of
negative bias leads to effective electron tunneling from
the valence band of the solid solution to the valence
band of InAs. A tunneled hole loses energy due to the
Auger process, which is accompanied by the excitation
of a nonequilibrium electron from the valence band of

SEMICONDUCTORS  Vol. 36
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InAsto the conduction band and a hole transition to the
valence band top. The electron in the conduction band
undergoes radiative recombination in the region of flat
bands of InAswith holes at the acceptor level (395 meV)
or in the valence band (405 meV). A broad peak is
observed close to 352 meV at 300 K, which corre-
sponds to the band-to-band transition. The temperature
variation of the peak energy agrees well with the coef-
ficient of temperature variation of the band gap for InAs
(3x10*eVIK).

Upon applying a forward bias which exceeds the
contact potentia difference, electrons can tunnel from
the valence band of the solid solution to the conduction
band of InAs and recombine at the acceptor level in the
bulk (395 meV). The energy diagrams of such transi-
tions are shown to theright of Fig. 2.

3.2.2. The EL of the isotypic N-n heterojunction

Let us consider the isotypic N—n structure, which
also demonstrates rectifying propertiesfor the case of a
misaligned junction. The EL spectraof such astructure,
which is biased in the forward direction at 77 and
300K, areshown inFig. 3. A single narrow band (Ahv =
20 meV) with a spectral peak at 402 meV (77 K) and
344 meV (300 K), which corresponds to band-to-band
transitionsin n-InAs, is observed.

The P—p structure exhibits metallic behavior in a
wide range of temperatures and currents. Thus, the |-V
characteristics and EL properties of the InAg/Galn-
PAsSh structure indicate that thisis a broken-gap junc-
tion of typell.
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Fig. 4. Electroluminescence spectra of the —-N-P structure
(77 K).

3.2.3. The EL of the P-N homojunction in the bulk
of the solid solution.

Let us consider the EL of the P-N homojunction
in the bulk of the epilayer of the solid solution. The
P—N junction was formed by introducing a Te impurity
into the p-type layer of the solid solution with no inten-
tiona doping. The EL spectra of the n—-N-P (77 K) and
n—P-N structures (77, 300 K) are shown in Figs. 4 and
5, respectively. In both cases, the spectra consist of two
bands. These are ashort-wavel ength band (685-695 meV,
Ahv = 40 meV, 77 K) and a long-wavelength band
(400 meV, Ahv = 35 meV, 77 K). The former band is
caused by radiative recombination in the solid solution,
and the latter band is caused by radiative recombination
in the substrate. At 300 K, the EL peaks are at 640 and
360 meV. The temperature shift of the peaks corre-
sponds to the temperature variation of the band gap for
InAs, namely, 3 x 10 eV/K. Thisisindicative of the
high crystalline quality of the epilayer. It is assumed
that the emitting region of the p—n homojunction of the
solid solution, similarly to InAs, is the p region, since

Wavelength, pm
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1.0 [T T T T T T
489(2)

§ A

£ |
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Sost | [

\

= '\
0 /N - |/ I N
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Energy, meV

Fig. 5. Electroluminescence spectra of the n—P—N structure
(1—77 K, 2—300 K).

the diffusion length of electronsis much larger than the
diffusion length of holes. Thisis also confirmed by the
coincidence of the PL spectra of the p-type material of
the solid solution with the EL spectra of the P—N junc-
tion.

Based on the p—n homojunction in the solid solu-
tions, LEDs with an emission peak wavelength of
1.9 um and a half-width of 0.3 um were fabricated.

3.2.4. Photoresponse of the P-N homojunction
in the bulk of the solid solution.

The photosensitivity spectra of the P-N homojunc-
tioninthe bulk of the solid solution at 300 K are shown
in Fig. 6. The photosensitivity peak coincides with the
EL peak (300 K) and correspondsto A = 1.94 um. The
shape of the spectral curve dependson the P-N junction
depth relative to the illuminated surface and becomes
2002
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Fig. 6. Photocurrent spectraof the n—P—N structure (300 K).

less steep in the short-wavelength region as the P-N
junction approaches the surface [structure s536(2)].

4. CONCLUSION

A Gay gl N 08P 05A S0, 060057 uinary solid solution
with aband gap of 695 meV (77 K) and 640 meV (300 K),

which is lattice-matched to InAs, was obtained for the
first time. It is demonstrated that a heterojunction of type
[l is redlized in the INASGayglNgesPo.osA S8 M0s7
structure. The solid solution obtained was used for the
development of prototypes of a LED and a photodiode
with the highest emission intensity and photosensitivity
in the vicinity of 1.9 um.
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PERSONALIA

Viktor II'ich Fistul’
(on his 75th birthday)

Viktor Il"ich Fistul’ celebrated his 75th birthday on
May 1, 2002. Heisafull member of the Russian Acad-
emy of Natural Sciences, Doctor of Physics and Math-
ematics, and professor at the Lomonosov State Acad-
emy of Fine Chemical Technology (Moscow).

After graduating in 1949 from the Physics and
M echanics Department of the Leningrad Polytechnical
Ingtitute, V.I. Fistul’ worked as a technical-control
inspector, an engineer, and a chief engineer at the labo-
ratory of the Uraléektroapparat plant in Sverdlovsk
(now, Yekaterinburg). From 1952 to 1964, he worked at
the Research Institute of the Electronics Industry, and,
from 1964 to 1977, he was with the State Research
Ingtitute for the Rare-Metals Industry (Giredmet), first
as a senior researcher and finally as the head of the
physics department.

Starting in the late 1950s, we observed a rapid
progress of semiconductor electronics in this country.
From 1959, the scientific interests of Fistul’ became
indissolubly and permanently centered around semi-
conductors. The latter represent a class of materialsin
the studies of which the linkage between the two most
important natural sciences—physics and chemistry—

manifests itself most clearly. The characteristics of
semiconductors depend on the type and amount of
impurities. This dependence attracted the attention of
Fistul’; as a result, his scientific activity became pre-
dominantly devoted to the studies of the state and
behavior of impurities in semiconductor crystals.

His studies of heavily doped semiconductors are
internationally known. These studies led Fistul’ to the
discovery and explanation of the polytropy of impuri-
tiesin semiconductors. The results of the relevant stud-
ies were generalized by Fistul’in two monographs:
“Heavily Doped Semiconductors’ (1967) and “ Decom-
position of Supersaturated Semiconducting Solid Solu-
tions’ (1977). Fistul’ supervised the studies of impurity
atomswith partially filled electronic shellsin diamond-
like semiconductors and in 111-V compounds. These
studies made it possible to ascertain the basic trends in
the behavior of the above impurities; the results were
embodied in the monograph “The Transition-Metal
Impurities in Semiconductors’ (1983) written jointly
by Fistul’ and E.M. Omel’yanovskii, his student and
follower.

Studies of gaseous impurities in the diamond-like
semiconductor crystals resulted in the discovery of a
deep level of hydrogen in the band gaps of germanium
and silicon (USSR Inventor's Certificate no. 259,
1983). A large contribution was made by Fistul’ and his
followersto the understanding of the behavior of ampho-
teric and isovalent impurities in the 111-V crystals. In
1992, Fistul’ published the monograph “Amphoteric
Impurities in Semiconductors.”

Starting in 1962, Fistul’ combined scientific activity
at Giredmet with teaching at the Moscow Institute of
Fine Chemical Technology, where, in 1977, he was
appointed head of the department “Technology of
Semiconducting Materials’. In 1985, Fistul’ initiated
the foundation of the department of “Physics and
Chemistry of Solids’ in the above institute; he was the
head of this department until 1991, and now continues
his activity at this department as a professor.

Fistul' showed himself as an outstanding teacher. In
fact, he became a founder of a scientificpedagogical
school in the field of semiconductor-materials science
at the Moscow Ingtitute of Fine Chemical Technology;
this school served as an excellent source of qualified
scientists and teachers.

Six doctoral and 47 candidate dissertations were
completed and defended under Fistul's supervision.
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VIKTOR IL’'ICH FISTUL’

Fistul’ is the author of 225 papers, 8 monographs,
4 textbooks for higher education, and a scientific text-
book for high-school seniors. Histwo-volume textbook
“Physics and Chemistry of the Solid State” (1995)
received wide recognition by speciaistsin thisfield.

For his scientific achievements, Fistul’ was granted
the title of “Renowned person involved in science and
technology in the Russian Federation.” He was also
awarded state prizes of the USSR in the field of science
and technology (1975, 1987); the medals named after
Academicians Kurnakov (1985) and Kapitsa (1995)
and Peter the Great (1996); and a diploma “For Scien-
tific Achievements® (2000) from the International Bio-
graphic Center. In 1998, the International Biographic
Center granted Fistul’ the honorary title of “Man of the
Year” He is a professor emeritus of Hanoi Technical
University.
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From the first volumes of “Fizikai Tekhnika Polu-
provodnikov,” Fistul' has been a member of the edito-
rial board of thisjournal.

At present, he is still active in science, the training
of specialists in science and engineering, and in pub-
lishing.

Fistul' isahighly educated and charming person and
is respected by all who work with him.

We wish Fistul’ health, optimism, and long years of
creative activity.

Colleagues from the M oscow I nstitute

of Fine Chemical Technology and the Editorial
Board of thejournal “ Fizikai Tekhnika
Poluprovodnikov.”

Trandated by A. Spitsyn



	837_1.pdf
	841_1.pdf
	845_1.pdf
	848_1.pdf
	852_1.pdf
	855_1.pdf
	863_1.pdf
	869_1.pdf
	874_1.pdf
	878_1.pdf
	883_1.pdf
	889_1.pdf
	895_1.pdf
	899_1.pdf
	903_1.pdf
	908_1.pdf
	916_1.pdf
	921_1.pdf
	924_1.pdf
	929_1.pdf
	932_1.pdf
	936_1.pdf
	941_1.pdf
	944_1.pdf
	950_1.pdf

