
PHYSICAL REVIEW B 15 OCTOBER 2000-IIVOLUME 62, NUMBER 16
Effect of indium doping on transient transport phenomena in semi-insulating GaAs
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The influence of defect structure on transient transport phenomena was investigated in semi-insulating
GaAs, undoped and doped with In, grown by the liquid-encapsulated Czochralsky technique. The change in
time after a strong laser excitation of the nonequilibrium photo-Hall effect voltage and the photomagnetoelec-
tric effect were used to reveal the influence of In doping in concentrations of up to>231020 cm23. We did not
find additional In levels in the band gap. Nevertheless In doping caused significant changes in the behavior of
nonequilibrium carrier mobility in the temperature range of 300–420 K, which were not observed in other
crystals, undoped or doped with other dopants. The effect of In becomes pronounced if its concentration
exceeds (6 – 9)31019 cm23. These changes could not be explained only by the reduction of the dislocation
density. We conclude that apart from this the rearrangement of the microscopic inhomogeneities must be taken
into account. It is supposed that lattice defects become distributed more homogeneously, and appear more
probably as small~short-range! inhomogeneities instead of large accumulations around dislocations. This leads
to the diminished role of the percolation phenomena. It was demonstrated that though doping with In reduces
the dislocation density, it can intensify the effect of smaller defects on transport phenomena.
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I. INTRODUCTION

Semi-insulating~SI! GaAs, a material of constantly grow
ing interest for the needs of modern microelectronics a
optoelectronics,1,2 is a typical representative of binary com
pensated semiconductors, in which the self-compensation
fect is clearly expressed. Investigating and applying s
semiconductors one must always face problems, arising
only from the existence of the numerous deep levels in
band gap, but from the existence of a spatially inhomo
neous defect distribution as well~see, e.g., Refs. 1–6!. Lately
significant progress in the growth technique of bulk Ga
was reached due to an appropriate thermal treatment, w
enables relatively good mobility values to be obtained. N
ertheless the dislocation density still remains relatively h
especially in liquid-encapsulated Czochralski~LEC! SI
GaAs. The problem of inhomogeneities also exists in rad
tion detectors based on SI GaAs. It is accepted that diffe
defects appear around dislocations, forming a well-expres
cellular structure with different dimensions usually in t
regions from tenths of a micron to hundreds of microns5,6

Such doping and compensation inhomogeneities occur
ing the growth process, and cause the appearance of th
tential fluctuations of both bands and subsequently of
band-gap potential relief.7–11 In such materials transport phe
nomena are directly influenced not only by scattering a
recombination centers but by inhomogeneity screening p
sibilities as well, which drastically depend on the number
charge carriers in the bands. In practice in semi-insula
material carriers are generated mainly by external pertu
tions, and their concentration usually exceeds a thermal e
librium value. Thus, effective free-carrier densities are giv
by a balance between generation and recombination~i.e., ex-
cess carrier lifetime!, which in its turn depends on th
amount of carriers. Therefore, the establishment of equ
rium can last significantly longer compared to a homo
PRB 620163-1829/2000/62~16!/10882~9!/$15.00
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neous semiconductor, and this can lead to a drift of measu
parameters with time.12–14

Doping by different dopants changes the character of
inhomogeneities and the density of dislocations, and thus
potential fluctuations. In particular doping by isovalent im
purities, mainly by In and Sb, can be effective in reduci
the dislocation density in LEC-grown SI GaAs. But, on t
other hand, such a procedure may lead to the appearan
deep levels in the band gap, furthermore, it causes a red
bution of other defects. These effects reflect themselve
the transport of the charge carriers. We demonstrated th
Ref. 13 on the example of Sb-doped LEC SI GaAs. Here
present an investigation of nonequilibrium carrier transp
in undoped and In-doped LEC SI GaAs.

Earlier we demonstrated that extensive information ab
transport and recombination properties of material, includ
the influence of its defect structure, can be gained by mak
simultaneous investigations of the nonequilibrium photoc
ductivity and the photo-Hall effect voltage deca
kinetics12–14 in a wide time region. This enables one to d
duce the type of scattering center and its charge state, as
as its change after excitation. The scattering and recomb
tion centers were found to have different influences at diff
ent time intervals. This was explained by the combined
fluence of point defects and potential fluctuations. W
proposed a complex ‘‘island’’ model of scattering and r
combination centers, consisting of defect clusters and t
associations around dislocations, surrounded by poten
barriers. At low excitations they are insulating for majorit
charge carriers, thus reducing the effective crystal volu
and causing percolation transport effects. At temperatu
higher than 330–360 K, the main barrier of the ‘‘island’’ ca
be recharged or screened by nonequilibrium carriers, an
fine barrier structure appears as an effective scatterer, c
ing a sharp decrease of the nonequilibrium Hall mobili
The investigation of the photomagnetoelectric effect~PME!
may give additional information, and be helpful in solvin
10 882 ©2000 The American Physical Society
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PRB 62 10 883EFFECT OF INDIUM DOPING ON TRANSIENT . . .
the problem of the bipolarity of the conductivity, becau
this effect is caused mainly by minority carriers.15–25

In this paper we present an investigation of nonequi
rium transport phenomena in SI GaAs, undoped and do
with In up to concentrations of>231020cm23. We demon-
strate that the effect of In doping cannot be explained o
by the reduction of dislocation density, the rearrangemen
the microscopic inhomogeneities of the band gap must a
tionally be taken into account.

II. SAMPLES AND EXPERIMENT

We investigatedn-type SI GaAs samples, undoped a
doped with In, and grown by the LEC technique using liqu
encapsulation with B2O3. To deduce dislocation density b
etch-pit-density~EPD! counting, the crystals were etched
KOH at 350 °C for 30 min. The EPD ranged from 53103 up
to 83104 cm22. The lowest values, as expected,26,27were in
the crystals doped with In. At room temperature all samp
were n type, with equilibrium concentration 53106– 3
3108 cm23, and an effective Hall mobility 3000–700
cm2/~V s! in the dark. A series of samples with different
dopings were investigated. They demonstrated similar
havior, depending on the In content. Therefore, in order
to overload the reader with a great deal of experimental d
we analyze further in detail typical results of the investig
tion of three samples: sample 1 was undoped, sample 2
doped with In to 631019, and sample 3 was doped to
31020cm23. In order to reduce the surface recombinati
rate, the samples, after initial mechanical polishing, w
etched for 2 min in a H2O2:H2O:H2SO4 solution~1:1:3!, and
finally were washed in distilled water. Such chemical tre
ment reduces the surface recombination rate to 103– 3
3104 cm/s, as also reported in Refs. 22–24, and minimi
its influence on transport phenomena. Indeed, to influe
the experimentally obtained values of bipolar diffusion co
ficient as well as of electron and hole lifetimes, the surfa
recombination rate should exceed 105 cm/s. PME measure
ments were performed by using He-Ne laser excitation w
photon energies of the two harmonics of 1.98 eVl
50.63mm) and 1.08 eV~1.15 mm!, respectively, and a
beam intensity of (1 – 1.2)31017 photons/~cm2 s). For high-
intensity excitation a pulsed neodymium laser with a pu
duration of 15 ns was used, the photon energy of which w
1.17 eV (l51.064mm), and the maximum pulse intensit
was;1026 photons/~cm2 s). The time transients of the Ha
mobility were registered from the beginning of the excitati
to the end of relaxation to the stationary values. A detai
description of the experimental procedure can be found
Ref. 12.

III. THEORETICAL BACKGROUND

It is generally accepted that a modulation of the band
~potential relief! takes place in SI GaAs. It is caused b
parallel fluctuations of the band edges, appearing due to
inhomogeneity of compensation and doping~mainly by shal-
low levels!, and is influenced by the presence of dislocatio
as well. The effect of inhomogeneities on Hall and photoc
rent data can be summarized qualitatively as follows:~1! The
relaxation to the equilibrium state after excitation is slow
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down because of the spatial separation of free or locali
carriers of different signs by potential barriers. That is pr
to the recombination, which occurs mainly via deep reco
bination centers in SI GaAs, nonequilibrium carriers mu
overcome the potential barriers of the inhomogeneities.~2!
Not all carriers in the bands can take part in the conductiv
because a part of them becomes confined in potential w
Nevertheless, together with free carriers they screen the
of the barriers, thus reducing their effective height depend
on excitation conditions.~3! The inhomogeneous region
scatter charge carriers as neutral or charged scatterers if
effective dimensions are smaller than or comparable t
mean free path of carriers~microscopic and middle-rang
inhomogeneities!, and their density is relatively low. In the
case that their dimensions significantly exceed the mean
path ~macroscopic inhomogeneities! the Hall mobility de-
pends mostly on the properties of the best conductive
gions, and therefore the domains of lower conductivity f
quently can be treated as isolating inclusions which red
the effective volume of the crystal.~4! The influence of bi-
polarity effects is better pronounced in disordered semic
ductors than in homogeneous ones due to the spatial se
tion of the paths of different carriers. As a consequence
the presence of microinhomogeneities the photoconducti
and Hall mobility decay after excitation by differen
laws.12–14 This situation was described mathematically
introducing the drift and recombination barriers of differe
height.7 It must be stressed that due to screening by none
librium charge carriers, the effective heights of the drift a
recombination barriers change.7–11,28This means that the ef
fective barrier height and its effective space charge dep
on the capture probabilityv of the singlehth carrier, which
is different than that of the (h11)th carrier. It depends on
two processes, that may be described by probability fu
tions v1 andv2 ~Ref. 28!:

v5v1v25expS 2
he2

4p««0rkTD
3expF2

2

h E0

r S 2m*
he2

4p««0r D
1/2

drG . ~1!

The first multiplier describes the probability of overcomin
the potential barrierF of the inhomogeneity by a charg
carrier that is situated at a distancer from it. The second one
gives the probability of moving in space and getting f
enough into the space charge region, where the potentia
lief is undisturbed, in order to recombine. Herem* is an
effective electron mass. This function has an expres
maximum atr 5Rz ,28 which stands for the effective radiu
of the space charge region:

Rz5S \2e2heff

4p««08m* k2T2D 1/3

5
\

kT S eF

8m* D 1/2

. ~2!

This corresponds to the effective space charge

Z5heff5
4p««0\

kTAem*
S F

2 D 3/2

. ~3!

Thus both these parameters can be found at every mome
the relaxation if the potential barrier height is known. T
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10 884 PRB 62V. KAŽUKAUSKAS, J. STORASTA, AND J.-V. VAITKUS
barrier height can be evaluated by analyzing the photoc
ductivity decay as in Ref. 13, supposing that the instant
laxation timet is given by:7

t5t0 expS Erec

kT D . ~4!

Here the height of a recombination barrierErec is given by
Erec5eF. Therefore, recombination causes a change of
effective volume of the charged inhomogeneities and of
drift paths of the carriers. In particular the associations
scattering centers can be divided into single centers, and
effective potential barrier around the clusters may chang
well. Thus the disorder leads to the appearance of long-ti
scale relaxations of the photoconductivity and Hall mobili
which are caused by the existence of drift and recombina
barriers and by the screening of their space charge by n
equilibrium carriers. Furthermore, in the case when exc
tion is strong, several deep levels in the band gap may
recharged, and this also changes the transport and reco
nation conditions of carriers.

IV. RESULTS

The carrier concentration measured in our samples in
dark was thermally activated. The effective activation ene
was about 0.68–0.76 eV, and the highest values were
served in samples doped with In. These values are lower
that of the EL2 level, but they also cannot be attributed
some In-related level. Nor by spectral measurements did
find other closely located shallower levels with high conce
trations in the band gap. Such a lowering of the effect
activation energy from that of EL2 was attributed in Refs
and 10 to the influence of inhomogeneities with average
plitude of potential fluctuations 90–180 meV. This issue
also supported by the behavior of the equilibrium Hall m
bility measured in the dark in ourn-type samples. The Hal
mobility used to decrease slightly in the temperature rang
300–420 K. Such a decrease could be well described u
the above model of an inhomogeneous crystal.9,10 Further we
will concentrate on the transient Hall mobility behavior,
directly representing the scattering phenomena of interes
general analysis of the mobility and photoconductivity dec
kinetics after laser-pulse excitation was presented in R
12, 13, and 29. It was demonstrated that photoconducti
and Hall mobility decays after strong excitation usually ha
long-time-scale tails, which may be longer than 10 ms–1
even at room temperature. Furthermore, their relaxa
curves are different. This is caused by the influence of co
plex scattering centers—clusters of impurities and defe
Potential barriers cause a prevailing hyperbolic decay of
excess carrier concentration, which is superimposed by
ponential parts due to the influence of deep recombina
traps. Meanwhile the nonequilibrium Hall mobility saturat
over a wide time and excitation intensity intervals, showi
some well-expressed steplike changes~which may also ap-
pear as the mobility sign inversion! caused by the recharg
of scattering centers. In our case the measured depende
of the change of Hall mobility on excitation intensity of in
vestigated crystals are presented in Figs. 1–3 for differ
temperatures. A minimum value in these figures correspo
to the equilibrium mobility in the dark. The curves of mob
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ity kinetics in Figs. 1–3 are sample dependent, though si
lar tendencies can also be seen. At room temperature@Figs.
1~a!–3~a!# the mobility grows after the laser pulse, depen
ing on the sample and excitation intensity, until saturation
reached. The saturation occurs at lower intensities in sam
doped with In, though the saturation values are very sim
in all samples and reach 3270 cm2/V s in sample 1, 3140
cm2/V s in sample 2, and 2960 cm2/V s in sample 3. Satura
tion is reached at intensity of about 631023cm22 s21 in
sample 1, 731022cm22 s21 in sample 2, and 1
31022cm22 s21 in sample 3. Meanwhile the maximal con
centrations of generated carriers are>1016cm23, and the
corresponding change of the level filling can be of up to
31015cm23. Thus supposing that the mobility saturation o

FIG. 1. Temporal changes of the nonequilibrium Hall mobili
in sample 1 at 300 K~a!, 350 K ~b! and 420 K ~c!. These and
further mobility changes are plotted with respect to the station
values. The increase of the Hall mobility is plotted upward from t
minimum value, and decreases downward from it. The laser p
intensities are given in the figures. Points on the curves are plo
for the sake of convenience, and represent only a minor part of
experimental data.
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PRB 62 10 885EFFECT OF INDIUM DOPING ON TRANSIENT . . .
curs due to a recharge of low- to medium-range scatte
centers,12,13 it can be concluded that larger inhomogeneit
are present in sample 1 or that their number is greate
compared to other samples. The mobility relaxation e
with a final, almost exponential, decay to a stationary val
The longest final relaxation time constant was also in sam
1: 1.831022 sec. In sample 2 it was (1.1– 1.4)31022 sec,
and in sample 3 it was (2.6– 2.8)31023 sec. Such shorten
ing of the time constant supports the previous issue abou
character of the inhomogeneities. The more detailed ana
of the decay kinetics enables one to evaluate their param
according to Eqs.~2!–~4!. In Refs. 12, 13, and 29 we dem
onstrated that after high laser excitation the photoconduc
ity decay follows the prevailing hyperbolic rule in whic
different parts can be singled out. Initially, when the carr
concentration is high enough to screen potential barriers
combination occurs via deep recombination centers, with
significant influence of potential inhomogeneities. This i
tial decay region lasts up to (0.5– 30)31026 sec at room
temperature in different samples. Later recombination ra

FIG. 2. Temporal changes of the nonequilibrium Hall mobil
in sample 2 at 300 K~a!, 350 K ~b!, and 420 K~c!.
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change, and therefore the pronounced decrease of a slo
the concentration decay curves from 1.2–1.5 down to 0
0.8 occurs. The following slower parts of the decrease co
not be modeled by taking into account deep levels with
alistic parameters. Thus it can be supposed that pote
barriers of the inhomogeneities become effective at that m
ment in time. Therefore, the following decay is effective
influenced by barriers, and thus the instant decay time gr
according to Eq.~4!. It enables one to evaluate mean reco
bination barrier heights. In our case we received the inhom
geneity parameters that are plotted in Fig. 4 for all the inv
tigated samples. The values of the final recombination ti
constantst, recombination barrier heightsErec, effective ra-
dii of the space charge regionsRZ , and their chargesZ are
presented along with their numerical fitting curves. It can
seen that, indeed, inhomogeneities decrease with increa
indium doping. The changes become evident, when the
concentration exceeds the values of about (6 –
31019cm23. On the other hand it should be stressed t
dimensions of the detected inhomogeneities are much
than those usually obtained by optical and electrical scann
methods. Most probably this is because of the limited spa
sensitivity of the latter. This supports the idea proposed
Refs. 12 and 13 that various inhomogeneities take par
carrier transport in different ways. Greater inhomogeneit
with dimensions according to different authors ranging fro

FIG. 3. Temporal changes of the nonequilibrium Hall mobili
in sample 3 at 300 K~a! 350 K ~b!, and 420 K~c!.
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some up to hundreds of microns, most probably appea
insulating inclusions for majority carriers in a crystal matr
The role of such large isolating ‘‘islands’’ can be played
clusters of smaller defects and their associations around
locations. Therefore, such inhomogeneities change cur
flow trajectory and diminish the effective crystal volum
This keeps the maximum measured mobility~stationary
value plus its change after excitation!12,13below the phonon-
limited value in GaAs. A more homogeneous and defect-f
crystal matrix appears between such defect ‘‘islands,’’ for
ing conductive channels for charge carriers. On the ot
hand, short-scale inhomogeneities which are located wi
conductive channels also take part in carrier transport ac
as charged scattering centers. Our results demonstrate
such submicron inhomogeneities can be effectively
charged or screened by light-generated carriers, which ca
significant mobility changes. Nevertheless, if smaller inh
mogeneities are screened, then the Hall mobility even in
‘‘good’’ LEC SI GaAs crystals do not exceed maximum va
ues ranging typically from 7000 up to 8000 cm2/V s.30 This
can be explained by the influence of long-range inhomo
neities that remain inaccessible for electrons, e.g., disloca
cores, etc. Their density is relatively high in LEC sampl

FIG. 4. Values of the final recombination time constantst, and
recombination barrier heightsErec ~a!; effective radii of the space
charge regionsRZ , and their chargesZ ~b! of the investigated
samples. The numerical fitting data are indicated by the dashed
dash-dotted curves. Note that scaling of all vertical axes is differ
as
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and therefore they can notably affect the mobility. Evalu
tion according to the model31,32 show that in the dark they
occupy at least a 0.18–0.43 part of the total crystal volu
depending on the sample.

In order to investigate the influence of different defects
more detail, we investigated the mobility behavior at te
peratures of up to 420 K. A general feature is the shorten
of the relaxation kinetics with increasing temperature
Figs. 1~b! and 1~c! to 3~b! and 3~c! demonstrate. At 420 K
the final relaxation to equilibrium values occurs>2.5–3 or-
ders of magnitude faster compared to that at room temp
ture. This results in an effective activation energy of th
process of 0.56–0.67 eV in different crystals and this va
also increases along with the In content. Another charac
istic feature is the remarkable change of the transient mo
ity behavior in the temperature region 330–370 K. The m
bility increase after laser excitation is changed by a decre
This feature was observed in most of the investiga
samples, undoped and with different doping,13 except the
samples with the highest In doping, as seen from Figs. 1~b!–
3~b!. In some cases the drop of mobility reached 20
cm2/~V s!, but the sign of the Hall coefficient remained u
changed. The total mobility~the stationary value plus its
change after excitation! is observed to fall from (5 – 8.5)
3103 cm2/~V s! down to (0.9– 2)3103 cm2/~V s! depending
on the sample. The decrease ranged from four to nine tim
i.e., it was much steeper than could be explained by
phonon scattering. Outside this temperature region
changes of the total mobility were not sufficient. This
clearly seen in undoped sample 1@Figs. 1~b! and 1~c!#. At
high temperatures~420 K! a drop of the mobility occurs a
all excitation intensities. A more interesting behavior is o
served in this sample at an intermediate temperature of
K @Fig. 1~b!#, and in sample 2 at 420 K@Fig. 2~b!#. It can be
seen that in these cases regions appear where the mo
increase is changed by its decrease, and vice versa. Fur
more, the changes depend on the excitation intensity. Ne
theless in sample 2 the only mobility increase is observe
intermediate temperatures of up to 400 K. In contrast,
sample 3, no mobility drop was observed even at the high
temperature. Such a behavior correlates with the In dop
level; nevertheless the effect of In cannot be explained i
simple manner. On the other hand, the influence of so
different scattering centers may be supposed, that act di
ently depending on their charge state and the number of g
erated carriers.

To explain such mobility behavior the effect of bipola
conductivity must be examined first, because in princi
complicated changes of the nonequilibrium mobility cou
be caused by the generation of excessive holes. Usually
influence of holes was observed only in SI GaAs doped w
Cr, while undoped and In-doped material demonstrates e
tronic conductivity. To prove it on our samples, the pho
magnetoelectric effect measurements were carried out a
Ref. 33. Indeed, we obtained that though thermal genera
of both sign carriers is intensified with temperature, it do
not become decisive at least up toT5420 K, and conductiv-
ity remains monopolar (n.p). Therefore, the role of exces
sive holes can be neglected with good accuracy, taking
account thatmn@mp in GaAs. Subsequently, an addition
defect scattering mechanism must be involved to assure

nd
t.
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described drop of the nonequilibrium mobility, as will b
discussed later. Furthermore, we also observed a clear c
lation of the photomagnetoelectric effect electromotive fo
~e.m.f.! (UPME) on In content in our samples. In Fig. 5 th
dependencies ofUPME on temperature are presented for t
same samples by exciting them with light from the intrins
~curves 1–3! and extrinsic spectral regions~curve 4!. It must
be noted that values ofUPME in the case of intrinsic excita
tion reach some V for temperaturesT<320 K. Such values
exceed their theoretical estimations according to Refs.
17, 19–21, and 25, and, supposing that the crystal is ho
geneous, by up to 2–3 orders of magnitude. Probably h
values of the PME voltage can be caused by nonhomo
neous defect distribution in the samples due to existenc
which the sum of e.m.f. generated on adjacent nonhomo
neities is measured. It was shown15 that if nonhomogeneities
appear asp-n type barriers, the PME voltage is proportion
to the number of such barriers. In this case photovoltaic
fect voltages from neighboring barriers annihilate mutua
and the sum of only PME voltages is measured. The ev
ation of a number of effectively acting nonhomogeneit
along the samples gives the reasonable value
102– 103 cm21. It can be seen that in the sample with highe
In doping, i.e., with lowest dislocation density, values
UPME are significantly lower~curve 3! than that in undoped
sample~curve 1!, which confirms the previous issue. It wa
also possible to measure theUPME signal in an undoped
sample~curve 4! by using extrinsic excitation. This was sig
nificantly lower than in the case of the intrinsic excitatio
~curves 1–3!. In samples 2 and 3 the sensitivity of the equ
ment did not allow us to measureUPME in this regime. It is
known20 that in the case of extrinsic excitation, i.e., of lo
absorption (aL!1), PME voltage appears only if gener
tion rates of electrons and holes are different. It takes plac
the generation quantum efficiencies of both sign carriers
in general not equal due to the different nature of deep
ergy levels in the band gap. The existence of the local in
mogeneities in the crystal, that absorb the incident light

FIG. 5. Temperature dependencies of the photomagnetoele
effect e.m.f. of the investigated samples. Curves 1–3 repre
samples 1–3, respectively. They were measured by using a con
intrinsic excitation, and curve 4 was obtained by exciting samp
extrinsically.
re-
e

5,
o-
h
e-
of
e-

f-
,
u-
s
of
t
f
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if
re
n-
-

f-

fectively and separate in space different carriers, assist
mechanism, so the significant values ofUPME can be mea-
sured.

The important fact is that the increase in temperat
above 320 K leads to a sharp drop ofUPME, which occurs in
the same temperature region as the change of the total
mobility as described above, and therefore is proba
caused by the same mechanism. In order to find the act
tion energy of the nonequilibrium conductivity caused by t
PME effect, we also measured the short-circuit currentI PME
of the PME effect. Then the conductivity could be calculat
asSPME5I PME/UPME. This again gave us similar activatio
energy values of about 0.64–0.76 eV that were highest in
doped samples. Thus, it can be supposed that the shorte
of the Hall mobility kinetics and the drop ofUPME with
increasing temperature are caused by the electrons rele
from the EL2 level. Indeed, usually the effective therm
generation from this level starts above 300 K. The redu
values of the activation energy are most probably caused
potential fluctuations according to the model.9,10Furthermore
in the course of recombination these fluctuations can cha
conduction paths in a complicated way, so lower activat
energy values may be obtained by transient methods.
thermal generation of the carriers diminishes the effects
potential fluctuations by reducing the effective number a
barrier heights of the inhomogeneous regions. It is caused
a filling of the band tails of the potential relief by thermal
activated carriers and an increase of the average elec
energy. This results in a decrease of the potential bar
heights. Subsequently the increase in temperature facilit
the recombination of the nonequilibrium carriers via de
levels.

V. DISCUSSION

To explain the role of In doping on carrier transport, t
contradictory complex effect of this impurity in SI GaA
should be stressed. It was reported that In can cause a
tional energy levels in the band gap.34,35 In Ref. 36 an as-
sumption was made that isovalent impurities such as In,
and P in concentrations higher than 1019cm23 may form
electrically active complex defects~probably undergo nonra
diative transitions!. These acceptors and donors may play
important role in compensation mechanisms. In Ref. 37
Fermi level stabilization in the region of 0.5–0.67 eV w
observed in SI GaAs with indium concentrations 1019– 1.3
31020cm23. In contrast in Ref. 38 a thermal activation e
ergy of 0.77 eV was reported in Si GaAs with an indiu
content 131020cm23. In Ref. 39 it was also reported tha
isovalent doping of GaAs up to concentrations
;1019– 1020cm23 does not result in an effective defect cr
ation. Rather it causes the state change of the whole de
ensemble, due to the interaction between intrinsic defe
with each other and with the doping atoms and increase
crystal lattice period.40 The related change in the concentr
tion ratio of intrinsic and associated point and more comp
cated defects, were reported in Refs. 37 and 41. Apart fr
these, a general conclusion was drawn that isovalent imp
ties, such as In, Ga, and Sb, have been remarkably effec
in reducing the dislocation density because of lattice hard
ing effects, especially if their concentrations are high enou
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.(1019– 1020cm23).35,40,42–45 Moreover, isovalent doping
together with a reduction of dislocation density, can redu
or increase the concentration of other point defects and t
associations.46 Point defects are bound if the concentration
the isovalent dopant is lower than the critical value, and th
interaction energy is negative. Otherwise the generation
point defects can be intensified. In the case of In the crit
concentration was evaluated to be of the order (1.6–
31020cm23.45,46 It can be seen that these values coinc
with that of the effective suppression of dislocations. Ad
tionally, the reduction of dislocation number facilitates t
manifestation of existing point and microdefects. It is w
known that usually dislocations getter the smal
defects,47–52particularly EL2~see, e.g., Refs. 47–51! and In
atoms in In-doped material,52 and therefore the main matri
of the crystal around dislocations remains relatively def
free.49,52 Therefore, the reduction of dislocation density r
sults in a redistribution of these smaller and/or po
defects,53,54 thus causing an increase of their appar
concentration.55,56 This conclusion is supported by othe
data.57 It was reported in Ref. 57 that despite the significan
improved uniformity of the sheet carrier concentration
completely dislocation-free and striation-free In-dop
GaAs, the Hall mobility values as well as their spatial flu
tuations remained nearly unchanged as compared to con
tional LEC dislocated samples. This effect should be
flected then on the transport and recombination phenom
Thus, in Ref. 35 the EL2 deep level transient spectrosc
~DLTS! peak broadening was observed in vapor-pha
epitaxy GaAs:In at In concentrations as high as
31020cm23. The authors measured the change of comp
sation ratio by increasing In concentration, and found a d
of about four times at an In concentration of 531020cm23,
which was explained by the drop of the EL2 concentrati
Nevertheless, from our point of view it could be caused
the change of the concentration of other shallower levels
well. It is supported by the fact that the DLTS indicated
increase of the EL2 peak height.35

To explain the mobility kinetics presented in Figs. 1–
we again refer to the proposed ‘‘island’’ model. The role
the large isolating ‘‘islands’’ can be played by clusters
smaller defects and their associations around dislocation
described above. Their nonhomogeneous distribution imp
that a more defect-free and relatively homogeneous cry
matrix appears between them. Therefore, the inhomog
ities change a current flow trajectory and reduce the effec
crystal volume. The evaluation according to the model31,32

shows that in the dark they occupy at least the 0.18–0.43
of the total crystal volume depending on the sample. It w
shown in Ref. 12 that the maximum mobilities reached in
samples correlate with their defectiveness, thus confirm
the previous issues. Thus, it might be proposed that at lo
temperatures optically excited carriers screen the inhomo
neous regions, thus reducing their effective volume. T
causes an increase of the mobility, though the inclusions
main inaccessible for electrons. With an increasing conc
tration and energy of thermally generated carriers, the ef
tive screening and/or the recharge of the main poten
barrier of such accumulation ‘‘islands’’ can occur, and th
become transparent for the carriers. Subsequently their in
nal fine barrier structure, consisting of smaller defects, st
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to act effectively in the scattering, reducing mobility. Qua
tatively the same possibility was predicted also in the ea
works of L. R. Weisberg.58 A somewhat similar effect could
be involved in Refs. 59 and 60, where the drop of equil
rium Hall mobility from about 7000 down to 1000 cm2/~V s!
was observed in a range of equilibrium carrier concentrat
109– 1011cm23 in n-type GaAs. It was explained by the lo
calization of carriers in the conductive channels interrup
by the smaller inhomogeneities, which appear because o
specific compensation conditions in the samples when
Fermi level is located between the EL3 and EL2 levels.

In our samples, ‘‘steplike’’ mobility changes were ob
served, which included the mobility decrease as well as
crease in different time intervals at higher temperatures
Figs. 1~b! and 2~c! demonstrate. These peaks were dem
strated to be caused by the charge-state change of the
levels,13 the recharge of which is reflected on the scatter
as well. This is supported by the fact that such tempor
changes take place only at the highest excitations, and n
the lowest ones. Actually a significant change of the scat
ing center concentrationN or their scattering cross sectionS
should occur to influence mobility notably. Indeed, wh
evaluating the change of their productD(SN), according to
Ref. 12, we obtained values ranging from 105 to 106 cm21.
Such great values cannot be obtained for single point def
by taking into account the real values of scattering cr
sections and concentrations of point defects in GaAs.12,13

This implies that indeed their associations or complexes p
a role, and therefore a relatively great excitation is necess
to change their charge state. Subsequently the changeD(SN)
can be treated only as an effective value, which repres
the scattering by complex scatterers. Thus it may be s
posed that due to the laser pulse, donors become exhau
from electrons, which screen potential barriers, thus caus
the mobility drop as in Fig. 2~b!. Later nonequilibrium elec-
trons are trapped by the ionized level, making it neutral a
diminishing its scattering cross section. When the recharg
finished, the role of inhomogeneities again becomes ma
This is supported by the fact that curves 3 in Figs. 1~b! and
2~c!, measured at higher temperatures by using a relativ
low excitation intensity which was not high enough
change the level filling significantly, does not demonstr
steep mobility changes in the intermediate time intervals.
the other hand, it is noteworthy that such mobility ‘‘steps
were observed at a higher temperature in sample 2, but n
sample 3 with the highest In doping. We suppose that
could be explained by the change of the character of in
mogeneities with changing doping conditions. Indeed, if
homogeneities appear around dislocations, the measured
ues ofD(SN) under light excitation may be great. On th
other hand, the dislocation density in In-doped crystals
usually reduced, and therefore smaller defects become
tributed more homogeneously. Thus it may cause the
that in sample 3 only smaller potential fluctuations appe
that may be simply screened by relatively low concentratio
of generated carriers. This results in an increase of mob
after laser excitation even at higher temperatures becaus
the smoothing of potential relief.

VI. SUMMARY

We investigated the effect of In doping up to a conce
tration >231020cm23 on transient transport phenomena
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semi-insulating LEC-grownn-type GaAs. The changes in
time after a strong laser excitation of the nonequilibriu
photo-Hall-effect e.m.f. were analyzed at different tempe
tures up to 420 K. We did not find additional energy leve
caused by indium. Nevertheless In doping causes signific
changes in the behavior of nonequilibrium carrier mobility
the temperature range of 300–420 K that were not obser
in other undoped crystals or in crystals doped with oth
dopants. The observed peculiarities could not be explai
only by a reduction of the dislocation density. We propo
that, apart from this, a rearrangement of the microscopic
homogeneities takes place, which causes a change of
potential barrier structure of the band gap. This issue is a
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supported by the high values of the photomagnetoelec
effect e.m.f., that clearly correlate with the In content in t
samples. We demonstrated that lattice defects are
present in the crystal volume of the doped samples, but t
become distributed more homogeneously. Therefore, t
appear more probably as small~short-range! inhomogene-
ities in contrast to the large defect accumulations around
locations in weakly doped crystals. This effect becomes p
nounced if the In concentration exceeds (6 –
31019cm23. This leads to the diminished role of the perc
lation phenomena. The mean recombination barrier he
was evaluated to range from>270 meV in undoped crystal
to about 120 meV in highly In-doped samples.
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