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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 &2t010°°cm 3. 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%10®cm 3. 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 smallshort-rangginhomogeneities 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.

[. INTRODUCTION neous semiconductor, and this can lead to a drift of measured
parameters with timé& 14
Semi-insulating Sl) GaAs, a material of constantly grow- Doping by different dopants changes the character of the
ing interest for the needs of modern microelectronics andnhomogeneities and the density of dislocations, and thus the
optoelectronics:? is a typical representative of binary com- potential fluctuations. In particular doping by isovalent im-
pensated semiconductors, in which the self-compensation epurities, mainly by In and Sb, can be effective in reducing
fect is clearly expressed. Investigating and applying suclthe dislocation density in LEC-grown SI GaAs. But, on the
semiconductors one must always face problems, arising n@tther hand, such a procedure may lead to the appearance of
only from the existence of the numerous deep levels in théleep levels in the band gap, furthermore, it causes a redistri-
band gap, but from the existence of a Spatia”y inhomogebution of other defects. These effects reflect themselves in
neous defect distribution as wetlee, e.g., Refs. 1)@ ately  the transport of the charge carriers. We demonstrated this in
significant progress in the growth technique of bulk GaAsRef. 13 on the example of Sh-doped LEC SI GaAs. Here we

was reached due to an appropriate thermal treatment, whidpresent an investigation of nonequilibrium carrier transport

enables relatively good mobility values to be obtained. Ney!n Undoped and In-doped LEC SI GaAs.

ertheless the dislocation density still remains relatively hight Earlletr weddemonts).tratt(.ad that ext;mswfe mftmm?n_onlagput
especially in liquid-encapsulated CzochralskiEC) SI ransport and recombination properties of material, including

GaAs. The problem of inhomogeneities also exists in radiaJ-[he influence C.)f its dgfec;t structure, can be'gallned by making
imultaneous investigations of the nonequilibrium photocon-

tion detectors based on Sl GaAs. It is accepted that differeni ctivity and the photo-Hall effect voltage decay
defects appear around dislocations, forming a well-express netic$?2-%in a wide time region. This enables one to de-

ceII_uIar structure with diffe_rent dimensions usually in the duce the type of scattering center and its charge state, as well
regions from tenths of a micron to hundreds of micrdfis. g its change after excitation. The scattering and recombina-
Such doping and compensation inhomogeneities occur dufion centers were found to have different influences at differ-
ing the growth process, and cause the appearance of the pght time intervals. This was explained by the combined in-
tential fluctuations of both bands and subsequently of th@uence of point defects and potential fluctuations. We
band-gap potential reliéf.** In such materials transport phe- proposed a complex “island” model of scattering and re-
nomena are directly influenced not only by scattering andcombination centers, consisting of defect clusters and their
recombination centers but by inhomogeneity screening posassociations around dislocations, surrounded by potential
sibilities as well, which drastically depend on the number ofbarriers. At low excitations they are insulating for majority-
charge carriers in the bands. In practice in semi-insulatingharge carriers, thus reducing the effective crystal volume
material carriers are generated mainly by external perturbaand causing percolation transport effects. At temperatures
tions, and their concentration usually exceeds a thermal equirigher than 330—360 K, the main barrier of the “island” can
librium value. Thus, effective free-carrier densities are giverbe recharged or screened by nonequilibrium carriers, and its
by a balance between generation and recombindtien ex-  fine barrier structure appears as an effective scatterer, caus-
cess carrier lifetimg which in its turn depends on the ing a sharp decrease of the nonequilibrium Hall mobility.
amount of carriers. Therefore, the establishment of equilibThe investigation of the photomagnetoelectric effdRME)

rium can last significantly longer compared to a homoge-may give additional information, and be helpful in solving
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the problem of the bipolarity of the conductivity, becausedown because of the spatial separation of free or localized
this effect is caused mainly by minority carriérs® carriers of different signs by potential barriers. That is prior
In this paper we present an investigation of nonequilib-to the recombination, which occurs mainly via deep recom-
rium transport phenomena in S| GaAs, undoped and dopelination centers in SI GaAs, nonequilibrium carriers must
with In up to concentrations o£2x 10°°cm 3. We demon-  overcome the potential barriers of the inhomogeneiti@s.
strate that the effect of In doping cannot be explained onlyNot all carriers in the bands can take part in the conductivity,
by the reduction of dislocation density, the rearrangement obecause a part of them becomes confined in potential wells.
the microscopic inhomogeneities of the band gap must addiNevertheless, together with free carriers they screen the field
tionally be taken into account. of the barriers, thus reducing their effective height depending
on excitation conditions(3) The inhomogeneous regions
scatter charge carriers as neutral or charged scatterers if their
effective dimensions are smaller than or comparable to a
We investigatedh-type SI GaAs samples, undoped and mean free path of carrier@nicroscopic and middle-range
doped with In, and grown by the LEC technique using liquidinhomogeneities and their density is relatively low. In the
encapsulation with BD;. To deduce dislocation density by case that their dimensions significantly exceed the mean free
etch-pit-densitf EPD) counting, the crystals were etched in path (macroscopic inhomogeneitieshe Hall mobility de-
KOH at 350 °C for 30 min. The EPD ranged fromxa.0° up pends mostly on the properties of the best conductive re-
to 8x 10* cm 2. The lowest values, as expectéd were in ~ gions, and therefore the domains of lower conductivity fre-
the crystals doped with In. At room temperature all samplegjuently can be treated as isolating inclusions which reduce
were n type, with equilibrium concentration %610°~3  the effective volume of the crystal4) The influence of bi-
x10fcm 3, and an effective Hall mobility 3000—7000 polarity effects is better pronounced in disordered semicon-
cn?/(V s) in the dark. A series of samples with different In ductors than in homogeneous ones due to the spatial separa-
dopings were investigated. They demonstrated similar betion of the paths of different carriers. As a consequence, in
havior, depending on the In content. Therefore, in order nothe presence of microinhomogeneities the photoconductivity
to overload the reader with a great deal of experimental dat&nd Hall mobility decay after excitation by different
we analyze further in detail typical results of the investiga-laws**™** This situation was described mathematically by
tion of three samples: sample 1 was undoped, sample 2 wégtroducing the drift and recombination barriers of different
doped with In to 6<10*°, and sample 3 was doped to 2 height! It must be stressed that due to screening by nonequi-
X 10200m73_ In order to reduce the surface recombinationlibrium Charge Carriers, the effective helghts of the drift and
rate, the samples, after initial mechanical polishing, werdecombination barriers change:"**This means that the ef-
etched for 2 min in a kD,:H,0:H,SO, solution(1:1:3), and  fective barrier height and its effective space charge depend
finally were washed in distilled water. Such chemical treat-On the capture probability, of the singlexth carrier, which
ment reduces the surface recombination rate ta_BO is different than that of the7i+ 1)th carrier. It depends on
X 10* cm/s, as also reported in Refs. 22—24, and minimizeéW0 processes, that may be described by probability func-
its influence on transport phenomena. Indeed, to influencBons w; andw, (Ref. 28:
the experimentally obtained values of bipolar diffusion coef-

Il. SAMPLES AND EXPERIMENT

2
ficient as well as of electron and hole lifetimes, the surface w=wlw2=exr( _ ne )
recombination rate should exceed®tén/s. PME measure- AmeeorkT
ments were performed by using He-Ne laser excitation with 2 12
. X 2 (r ne
photon energies of the two harmonics of 1.98eX ( Xex;{ — _f <2m* ) drl. (1
=0.63um) and 1.08 eV(1.15 um), respectively, and a hJo 4meeof

. . 7 .

beam I|nten3|_ty C.)f (1-1.2510° photor_ls(cmzs). qu high- The first multiplier describes the probability of overcoming
Intensity excitation a pulsed neodymium laser with a pulsgpe potential barried of the inhomogeneity by a charge
cljulr?tui/n Of_lf gg 4was usedd, trr']e photqn energ;l/ of Wh'Ch.Waéarrier that is situated at a distanc&om it. The second one

e Ogg_h' Mmr?é an rt] € maximum pu sef |rr1]ten5|t|3|/ gives the probability of moving in space and getting far
Wasfl P 0tor_15¢c §). The time transients of t e_Hé? enough into the space charge region, where the potential re-
mobility were registered from the beginning of the excitation ief is undisturbed. in order to recombine. Hem is an
to the end of relaxation to the stationary values. A detailedy¢o tive electron ,mass This function h.as an expressed
description of the experimental procedure can be found i'?naximum atr=R. 28 whi.ch stands for the effective radius

Z

Ref. 12. of the space charge region:
lll. THEORETICAL BACKGROUND _( 1i2€® men )1/3_£ ed |12 @
. _ “ | 4mee8m*k?T?) KT |8m*

It is generally accepted that a modulation of the band gap
(potential relief takes place in SI GaAs. It is caused by This corresponds to the effective space charge
parallel fluctuations of the band edges, appearing due to the
inhomogeneity of compensation and dopingainly by shal- Ameegh (D)2
low levels, and is influenced by the presence of dislocations 2= 1ett= KTt 2 &)

as well. The effect of inhomogeneities on Hall and photocur-
rent data can be summarized qualitatively as follolsThe  Thus both these parameters can be found at every moment of
relaxation to the equilibrium state after excitation is slowedthe relaxation if the potential barrier height is known. The
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barrier height can be evaluated by analyzing the photocon-
ductivity decay as in Ref. 13, supposing that the instant re-
laxation timer is given by’

E
T=To exp( ﬁ:) . (4)

Here the height of a recombination barrigf,. is given by 10
E,.c—=€e®. Therefore, recombination causes a change of the time (s)
effective volume of the charged inhomogeneities and of the
drift paths of the carriers. In particular the associations of
scattering centers can be divided into single centers, and the
effective potential barrier around the clusters may change as

well. Thus the disorder leads to the appearance of long-time- Light intensity b)
scale relaxations of the photoconductivity and Hall mobility, (em’s™)

which are caused by the existence of drift and recombination —°—4x1°::

barriers and by the screening of their space charge by non: e 2a0.
equilibrium carriers. Furthermore, in the case when excita- X610

tion is strong, several deep levels in the band gap may be
recharged, and this also changes the transport and recomb
nation conditions of carriers.

IV. RESULTS
The carrier concentration measured in our samples in the ~ . — e —
dark was thermally activated. The effective activation energy 10 10 10" 10
was about 0.68—0.76 eV, and the highest values were ob- time (s)

served in samples doped with In. These values are lower thar
that of the EL2 level, but they also cannot be attributed to
some In-related level. Nor by spectral measurements did we A
find other closely located shallower levels with high concen- &
trations in the band gap. Such a lowering of the effective &
activation energy from that of EL2 was attributed in Refs. 9 g 1 Ozi —0— 4x10%
T
=

c)

and 10 to the influence of inhomogeneities with average am- —8— 210"
plitude of potential fluctuations 90—180 meV. This issue is 3 —— 6x10""
also supported by the behavior of the equilibrium Hall mo-

-104 L 1 L 1 1 g

bility measured in the dark in ourtype samples. The Hall 10°® 107 10 102
mobility used to decrease slightly in the temperature range of time (s)

300-420 K. Such a decrease could be well described using o -
the above model of an inhomogeneous Cry%fﬁl.:urther we FIG. 1. Temporal changes of the nonequilibrium Hall mobility

will concentrate on the transient Hall mobility behavior, asn Sample 1 at 300 Ka), 350 K (b) and 420 K(c). These and
directly representing the scattering phenomena of interest. Airther mOb'!'ty changes are plotted .W'th respect to the stationary
general analysis of the mobility and photoconductivity decayva}lu_es. The increase of the Hall mobility is plotted_ upward from the
N H . minimum value, and decreases downward from it. The laser pulse
kinetics after laser-pulse excitation was presented in Refs, h T . .
12 13 d 29. It d trated that phot ducti .tlntensmes are given in the figures. Points on the curves are plotted
1S, an iy was demonstrate a p otoconauctivity, - e sake of convenience, and represent only a minor part of the
and Hall mobility decays after strong excitation usually have

. . . experimental data.

long-time-scale tails, which may be longer than 10 ms—1 sec

even at room temperature. Furthermore, their relaxation

curves are different. This is caused by the influence of comiy kinetics in Figs. 1-3 are sample dependent, though simi-
plex scattering centers—clusters of impurities and defectdar tendencies can also be seen. At room temperéagigs.
Potential barriers cause a prevailing hyperbolic decay of ad(a)—3(@] the mobility grows after the laser pulse, depend-
excess carrier concentration, which is superimposed by exng on the sample and excitation intensity, until saturation is
ponential parts due to the influence of deep recombinatiofiéached. The saturation occurs at lower intensities in samples
traps. Meanwhile the nonequilibrium Hall mobility saturatesdoped with In, though the saturation values are very similar
over a wide time and excitation intensity intervals, showingin all samples and reach 3270 &Ms in sample 1, 3140
some well-expressed steplike changefich may also ap- cm/V's in sample 2, and 2960 &V s in sample 3. Satura-
pear as the mobility sign inversipgaused by the recharge tion is reached at intensity of about<el0?*cm2s™! in

of scattering centers. In our case the measured dependenckample 1, K10P?cm ?s™* in sample 2, and 1

of the change of Hall mobility on excitation intensity of in- X 10?2cm™2s™* in sample 3. Meanwhile the maximal con-
vestigated crystals are presented in Figs. 1-3 for differententrations of generated carriers ael0'®cm 3, and the
temperatures. A minimum value in these figures correspondsorresponding change of the level filling can be of up to 5
to the equilibrium mobility in the dark. The curves of mobil- X 10°cm™3. Thus supposing that the mobility saturation oc-
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2”02, FIG. 3. Temporal changes of the nonequilibrium Hall mobility
menheiod B in sample 3 at 300 Ka) 350 K (b), and 420 K(c).

change, and therefore the pronounced decrease of a slope of
the concentration decay curves from 1.2—1.5 down to 0.3—
time (s) 0.8 occurs. The following slower parts of the decrease could
not be modeled by taking into account deep levels with re-
alistic parameters. Thus it can be supposed that potential
barriers of the inhomogeneities become effective at that mo-
curs due to a recharge of low- to medium-range scatteringnent in time. Therefore, the following decay is effectively
centers>3it can be concluded that larger inhomogeneitiesinfluenced by barriers, and thus the instant decay time grows
are present in sample 1 or that their number is greater asccording to Eq(4). It enables one to evaluate mean recom-
compared to other samples. The mobility relaxation endsination barrier heights. In our case we received the inhomo-
with a final, almost exponential, decay to a stationary valuegeneity parameters that are plotted in Fig. 4 for all the inves-
The longest final relaxation time constant was also in samplégated samples. The values of the final recombination time
1: 1.8x10 ?sec. In sample 2 it was (1.1-1X4)0 %2sec, constantsr, recombination barrier heights,., effective ra-

and in sample 3 it was (2.6—28)10 3sec. Such shorten- dii of the space charge regiof,, and their chargeZ are

ing of the time constant supports the previous issue about theresented along with their numerical fitting curves. It can be
character of the inhomogeneities. The more detailed analysiseen that, indeed, inhomogeneities decrease with increasing
of the decay kinetics enables one to evaluate their parameteirsdium doping. The changes become evident, when the In
according to Eqs(2)—(4). In Refs. 12, 13, and 29 we dem- concentration exceeds the values of about (6-9)
onstrated that after high laser excitation the photoconductivx 10°cm™2. On the other hand it should be stressed that
ity decay follows the prevailing hyperbolic rule in which dimensions of the detected inhomogeneities are much less
different parts can be singled out. Initially, when the carrierthan those usually obtained by optical and electrical scanning
concentration is high enough to screen potential barriers, ranethods. Most probably this is because of the limited spatial
combination occurs via deep recombination centers, withouensitivity of the latter. This supports the idea proposed in
significant influence of potential inhomogeneities. This ini-Refs. 12 and 13 that various inhomogeneities take part in
tial decay region lasts up to (0.5—30L0 ®sec at room carrier transport in different ways. Greater inhomogeneities,
temperature in different samples. Later recombination ratewith dimensions according to different authors ranging from

FIG. 2. Temporal changes of the nonequilibrium Hall mobility
in sample 2 at 300 Ka), 350 K (b), and 420 K(c).
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and therefore they can notably affect the mobility. Evalua-
tion according to the mod®&t3? show that in the dark they
occupy at least a 0.18-0.43 part of the total crystal volume
depending on the sample.

In order to investigate the influence of different defects in
more detail, we investigated the mobility behavior at tem-
peratures of up to 420 K. A general feature is the shortening
of the relaxation kinetics with increasing temperature as
Figs. 1b) and Xc) to 3(b) and 3c) demonstrate. At 420 K
the final relaxation to equilibrium values occue®.5-3 or-
ders of magnitude faster compared to that at room tempera-
ture. This results in an effective activation energy of this
process of 0.56—0.67 eV in different crystals and this value
also increases along with the In content. Another character-
istic feature is the remarkable change of the transient mobil-
ity behavior in the temperature region 330—370 K. The mo-
bility increase after laser excitation is changed by a decrease.
This feature was observed in most of the investigated
samples, undoped and with different dopfigexcept the
samples with the highest In doping, as seen from Fig®-1
3(b). In some cases the drop of mobility reached 2000
cn?/(V's), but the sign of the Hall coefficient remained un-
changed. The total mobilitythe stationary value plus its
change after excitationis observed to fall from (5-8.5)

X 10% cr?/(V s) down to (0.9-2X 10° cn?/(V s) depending

on the sample. The decrease ranged from four to nine times,
i.e., it was much steeper than could be explained by the
phonon scattering. Outside this temperature region the
changes of the total mobility were not sufficient. This is
clearly seen in undoped sample/Higs. 1b) and 1c)]. At

high temperature$420 K) a drop of the mobility occurs at

all excitation intensities. A more interesting behavior is ob-

FIG. 4. Values of the final recombination time constantand  served in this sample at an intermediate temperature of 350
recombination barrier height,. (a); effective radii of the space K [Fig. 1(b)], and in sample 2 at 420 KFig. 2(b)]. It can be
charge regionsR;, and their chargeg (b) of the investigated seen that in these cases regions appear where the mobility
samples. The numerical fitting data are indicated by the dashed aridcrease is changed by its decrease, and vice versa. Further-
dash-dotted curves. Note that scaling of all vertical axes is differentmore, the changes depend on the excitation intensity. Never-
theless in sample 2 the only mobility increase is observed at
some up to hundreds of microns, most probably appear astermediate temperatures of up to 400 K. In contrast, in
insulating inclusions for majority carriers in a crystal matrix. sample 3, no mobility drop was observed even at the highest
The role of such large isolating “islands” can be played by temperature. Such a behavior correlates with the In doping
clusters of smaller defects and their associations around disevel; nevertheless the effect of In cannot be explained in a
locations. Therefore, such inhomogeneities change curreisimple manner. On the other hand, the influence of some
flow trajectory and diminish the effective crystal volume. different scattering centers may be supposed, that act differ-
This keeps the maximum measured mobilifstationary  ently depending on their charge state and the number of gen-
value plus its change after excitatibh'>below the phonon- erated carriers.
limited value in GaAs. A more homogeneous and defect-free To explain such mobility behavior the effect of bipolar
crystal matrix appears between such defect “islands,” form-conductivity must be examined first, because in principle
ing conductive channels for charge carriers. On the othecomplicated changes of the nonequilibrium mobility could
hand, short-scale inhomogeneities which are located withitbe caused by the generation of excessive holes. Usually the
conductive channels also take part in carrier transport actingnfluence of holes was observed only in S| GaAs doped with
as charged scattering centers. Our results demonstrate tHat, while undoped and In-doped material demonstrates elec-
such submicron inhomogeneities can be effectively retronic conductivity. To prove it on our samples, the photo-
charged or screened by light-generated carriers, which causetagnetoelectric effect measurements were carried out as in
significant mobility changes. Nevertheless, if smaller inho-Ref. 33. Indeed, we obtained that though thermal generation
mogeneities are screened, then the Hall mobility even in thef both sign carriers is intensified with temperature, it does
“good” LEC Sl GaAs crystals do not exceed maximum val- not become decisive at least upTe-420 K, and conductiv-
ues ranging typically from 7000 up to 8000 #wis3C This ity remains monopolarr(>p). Therefore, the role of exces-
can be explained by the influence of long-range inhomogesive holes can be neglected with good accuracy, taking into
neities that remain inaccessible for electrons, e.g., dislocatioaccount thatu,>u, in GaAs. Subsequently, an additional
cores, etc. Their density is relatively high in LEC samples,defect scattering mechanism must be involved to assure the
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10 T T T fectively and separate in space different carriers, assist this
mechanism, so the significant valuesf,,z can be mea-
sured.
1F 3 The important fact is that the increase in temperature
1 above 320 K leads to a sharp droplf,,z, which occurs in
4 the same temperature region as the change of the total Hall
> 10°F 2 3 mobility as described above, and therefore is probably
w caused by the same mechanism. In order to find the activa-
S tion energy of the nonequilibrium conductivity caused by the
PME effect, we also measured the short-circuit curtegt
(x10) of the PME effect. Then the conductivity could be calculated
10°%k i as>pye=lpme/Upme- This again gave us similar activation
4 energy values of about 0.64—-0.76 eV that were highest in the
) . ; doped samples. Thus, it can be supposed that the shortening
100 200 300 400 of the Hall mobility kinetics and the drop dflpye with
T t K increasing temperature are caused by the electrons released
emperature (K) from the EL2 level. Indeed, usually the effective thermal
FIG. 5. Temperature dependencies of the photomagnetoelectr%eneratlon from _th's_ level starts above 300 K. The reduced
effect e.m.f. of the investigated samples. Curves 1-3 represe lues of the activation energy are most probably caused by

samples 1-3, respectively. They were measured by using a constapptential fluctuations according to the mo&éﬁ’.lfurthermore
intrinsic excitation, and curve 4 was obtained by exciting sample 1N the course of recombination these fluctuations can change

extrinsically. conduction paths in a complicated way, so lower activation
energy values may be obtained by transient methods. The
described drop of the nonequilibrium mobility, as will be thermal generation of the carriers diminishes the effects of
discussed later. Furthermore, we also observed a clear corrBotential fluctuations by reducing the effective number and
lation of the photomagnetoelectric effect electromotive forcgbarrier heights of the inhomogeneous regions. Itis caused by
(e.m.f) (Upye) 0N In content in our samples. In Fig. 5 the  filling of the band tails of the potential relief by thermally
dependencies dfpye ON temperature are presented for theactivated carriers anc_i an increase of the average elect_ron
same samples by exciting them with light from the intrinsic€nergy. This results in a decrease of the potential barrier
(curves 1-3and extrinsic spectral regiotisurve 4. It must ~ heights. Supsequently the increase in temperature facnltates
be noted that values &f oy in the case of intrinsic excita- the recombination of the nonequilibrium carriers via deep
tion reach some V for temperatur@s320 K. Such values levels.
exceed their theoretical estimations according to Refs. 15,
17, 19-21, and 25, and, supposing that the crystal is homo-
geneous, by up to 2—3 orders of magnitude. Probably high
values of the PME voltage can be caused by nonhomoge- To explain the role of In doping on carrier transport, the
neous defect distribution in the samples due to existence afontradictory complex effect of this impurity in SI GaAs
which the sum of e.m.f. generated on adjacent nonhomogehould be stressed. It was reported that In can cause addi-
neities is measured. It was shoW¥ithat if nonhomogeneities tional energy levels in the band g&b®° In Ref. 36 an as-
appear ap-n type barriers, the PME voltage is proportional sumption was made that isovalent impurities such as In, Sb,
to the number of such barriers. In this case photovoltaic efand P in concentrations higher than'3€m=3 may form
fect voltages from neighboring barriers annihilate mutually,electrically active complex defecfprobably undergo nonra-
and the sum of only PME voltages is measured. The evaludiative transitions These acceptors and donors may play an
ation of a number of effectively acting nonhomogeneitiesimportant role in compensation mechanisms. In Ref. 37 a
along the samples gives the reasonable value oFermi level stabilization in the region of 0.5-0.67 eV was
10°—10°cm™ L. It can be seen that in the sample with highestobserved in SI GaAs with indium concentrations'®al.3
In doping, i.e., with lowest dislocation density, values of X 10?°°cm™3. In contrast in Ref. 38 a thermal activation en-
Upye are significantly lowercurve 3 than that in undoped ergy of 0.77 eV was reported in Si GaAs with an indium
sample(curve 1), which confirms the previous issue. It was content X 10°°cm 3. In Ref. 39 it was also reported that
also possible to measure thépye signal in an undoped isovalent doping of GaAs up to concentrations of
sample(curve 4 by using extrinsic excitation. This was sig- ~10*°~10*°cm 2 does not result in an effective defect cre-
nificantly lower than in the case of the intrinsic excitation ation. Rather it causes the state change of the whole defect
(curves 1-3 In samples 2 and 3 the sensitivity of the equip-ensemble, due to the interaction between intrinsic defects
ment did not allow us to measuképye in this regime. It is  with each other and with the doping atoms and increase of a
knowrf? that in the case of extrinsic excitation, i.e., of low crystal lattice period® The related change in the concentra-
absorption ¢L<1), PME voltage appears only if genera- tion ratio of intrinsic and associated point and more compli-
tion rates of electrons and holes are different. It takes place ifated defects, were reported in Refs. 37 and 41. Apart from
the generation quantum efficiencies of both sign carriers arthese, a general conclusion was drawn that isovalent impuri-
in general not equal due to the different nature of deep enties, such as In, Ga, and Sb, have been remarkably effective
ergy levels in the band gap. The existence of the local inhoin reducing the dislocation density because of lattice harden-
mogeneities in the crystal, that absorb the incident light efing effects, especially if their concentrations are high enough

V. DISCUSSION
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> (10°-10P°cm3).3%4042-95 Moreover, isovalent doping, to act effectively in the scattering, reducing mobility. Quali-

together with a reduction of dislocation density, can reducdatively the same possibility was predicted also in the early
or increase the concentration of other point defects and thelf/orks of L. R. Weisberg” A somewhat similar effect could

iatio 46 D ; - e involved in Refs. 59 and 60, where the drop of equilib-
associationé® Point defects are bound if the concentration Ofrium Hall mobility from about 7000 down to 1000 & s)

Fhe |soyalent dopan_t IS Iowe.r than the CT'“Ca' value, and_ thei as observed in a range of equilibrium carrier concentration
interaction energy is negative. Otherwise the generation ofp_1¢ilcm 3 in n-type GaAs. It was explained by the lo-
point defects can be intensified. In the case of In the critical5jization of carriers in the conductive channels interrupted
concentration was evaluated to be of the order (1.6-2}y the smaller inhomogeneities, which appear because of the
X 10%%cm % *# It can be seen that these values coincidespecific compensation conditions in the samples when the
with that of the effective suppression of dislocations. Addi-Eermi level is located between the EL3 and EL2 levels.
tionally, the reduction of dislocation number facilitates the |n our samples, “steplike” mobility changes were ob-
manifestation of existing point and microdefects. It is well served, which included the mobility decrease as well as in-
known that usually dislocations getter the smallercrease in different time intervals at higher temperatures as
defects’ ~>?particularly EL2(see, e.g., Refs. 47-band In  Figs. 1b) and 4c) demonstrate. These peaks were demon-
atoms in In-doped materiaf,and therefore the main matrix strated to be caused by the charge-state change of the deep
of the crystal around dislocations remains relatively defectevels® the recharge of which is reflected on the scattering
free9°2 Therefore, the reduction of dislocation density re-as well. This is supported by the fact that such temporary
sults in a redistribution of these smaller and/or pointchanges take place only at the highest excitations, and not at
defects:>>* thus causing an increase of their apparenthe lowest ones. Actually a significant change of the scatter-
concentratior?>5® This conclusion is supported by other iNg center concentratioN or their scattering cross sectich
data®” It was reported in Ref. 57 that despite the significantlyShould occur to influence mobility notably. Indeed, when
improved uniformity of the sheet carrier concentration in€valuating the change of their produk{SN), according to

: : Z1
completely dislocation-free and striation-free  In-dopedR€f- 12, we obtained values ranging fromP 10 10° cm*.
GaAs, the Hall mobility values as well as their spatial fluc-

Such great values cannot be obtained for single point defects
tuations remained nearly unchanged as compared to conve

Ry taking into account the real values of scattering cross
tional LEC dislocated samples. This effect should be reSections _and concentrations of point defects in GaAS.

;ms implies that indeed their associations or complexes play
Thus, in Ref. 35 the EL2 deep level transient spectroscop ‘role, and therefore a relatively great excitation is necessary
(DLTS) peak broadening was observed in vapor-phaset® change their charge state. Subsequently the cha(ge)
epitaxy GaAs:in at In concentrations as high as can be treated only as an effective value, W_h|ch represents
x 10?%m3, The authors measured the change of compent-he scattering by complex scatterers. Thus it may be sup-
sation ratio by increasing In concentration, and found a dro osed that due to Fhe laser pulse, dpnors pecome exhau.sted
of about four times at an In concentration ok&02cm ™3 rom electrons, which screen potential barriers, thus causing

' the mobility drop as in Fig. ®). Later nonequilibrium elec-

hich lai h f the EL2 ion. o C
which was explained by the drop of the concentratlontrons are trapped by the ionized level, making it neutral and

Nevertheless, from our point of view it could be caused by .~ > % *% ) . )
the change of the concentration of other shallower levels aglr_nlmshmg Its scattering cross section. When the recharg(_e IS
well. It is supported by the fact that the DLTS indicated no nished, the role of inhomogeneities again becomes major.
increase of the EL2 peak height This is supported by the fact that curves 3 in Figd) land
To explain the mobility kinetics presented in Figs. 1—3,2(0)’ me{;\su_red .at higher temperatures by gsing a relatively
we again refer to the proposed “island” model. The role of low excitation intensity Wh'.c.h was not high enough to
change the level filling significantly, does not demonstrate

the large isolating “islands” can be played by clusters of bility ch i the int diate time int s O
smaller defects and their associations around dislocations gsccP MORIIty changes in the intermediate ime in eEva S - n
e other hand, it is noteworthy that such mobility “steps

described above. Their nonhomogeneous distribution implie

that a more defect-free and relatively homogeneous crystaWere observed at a higher temperature in sample 2, but not in

matrix appears between them. Therefore, the inhomogené—ample 3 with the highest In doping. We suppose that this

ities change a current flow trajectory and reduce the effectivgOUId bg _expla_ined by t_he char_lge of th_e_ character of _in_ho-
crystal volume. The evaluation according to the m3ti mogeneities with changing doping conditions. Indeed, if in-

shows that in the dark they occ at least the 0.18-0.43 atr}omogeneities appear arounq di:;locations, the measured val-
iy I y oceupy P es of A(SN) under light excitation may be great. On the

of the total crystal volume depending on the sample. It was!

shown in Ref. 12 that the maximum mobilities reached in theOther hand, the dislocation density in In-doped crystals is
sually reduced, and therefore smaller defects become dis-

samples correlate with their defectiveness, thus confirming; .
ibuted more homogeneously. Thus it may cause the fact

the previous issues. Thus, it might be proposed that at low . : .
temperatures optically excited carriers screen the inhomogé- atin samplg 3 only smaller potengal fluctuations appear,
neous regions, thus reducing their effective volume. Thi§hat may be S|mpl_y screened by relgtwely_ low concentrations
causes an increase of the mobility, though the inclusions rle generated carriers. This resglts in an increase of mobility
main inaccessible for electrons. With an increasing concen"Zlfter laser excitation even at _hlgher temperatures because of
tration and energy of thermally generated carriers, the effect-he smoothing of potential relief.
tive screening and/or the recharge of the main potential
barrier of such accumulation “islands” can occur, and they
become transparent for the carriers. Subsequently their inter- We investigated the effect of In doping up to a concen-

nal fine barrier structure, consisting of smaller defects, startgation =2x 10°°cm™2 on transient transport phenomena in

VI. SUMMARY
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semi-insulating LEC-growm-type GaAs. The changes in supported by the high values of the photomagnetoelectric
time after a strong laser excitation of the nonequilibriumeffect e.m.f., that clearly correlate with the In content in the
photo-Hall-effect e.m.f. were analyzed at different temperasamples. We demonstrated that lattice defects are still
tures up to 420 K. We did not find additional energy levelspresent in the crystal volume of the doped samples, but they
caused by indium. Nevertheless In doping causes significamitecome distributed more homogeneously. Therefore, they
changes in the behavior of nonequilibrium carrier mobility inappear more probably as sma#lhort-rangg inhomogene-

the temperature range of 300—420 K that were not observeities in contrast to the large defect accumulations around dis-
in other undoped crystals or in crystals doped with othedocations in weakly doped crystals. This effect becomes pro-
dopants. The observed peculiarities could not be explainedounced if the In concentration exceeds (6-9)
only by a reduction of the dislocation density. We proposex 10'°cm 3. This leads to the diminished role of the perco-
that, apart from this, a rearrangement of the microscopic inlation phenomena. The mean recombination barrier height
homogeneities takes place, which causes a change of tlvgas evaluated to range from270 meV in undoped crystals
potential barrier structure of the band gap. This issue is alsto about 120 meV in highly In-doped samples.
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