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Abstract—The electrical properties of Gay _ xInyAs,Sb; _y (X = 0.14-0.27) solid solutions grown from a Pb-
containing solution—melt were investigated for the first time. Three acceptor levels were found to exist, specif-
ically, ashallow level with the activation energy E,; = 0.008-0.015 eV, and two deep levels E5, = 0.024-0.033 eV
and Ex3 = 0.07 eV. It isdemonstrated that the use of Pb makesit possible to obtain undoped solid solutions with a
low concentration of defects and impurities and with high carrier mobility. © 2001 MAIK * Nauka/Interperiodica” .

INTRODUCTION

It has been reported previously [1] that Pb can be
used as aneutral solvent for growing GaSb epilayers by
liquid-phase epitaxy (LPE). It has been demonstrated
that the use of Pb makesit possible to decrease the lig-
uidustemperature of the system; vary the ratio between
atomic fractions of Sb and Gain the solution—-melt; and
decrease the concentration of native structural defects,
which are characteristic of GaSb, by two orders of mag-

nitude. As the reduced Sb concentration X§, increased
in the liquid phase, the hole density in GaSh decreased
and reached a minimum in the range Xg, = 0.76-0.8.

Here, X§ = Xg/(Xg, + Xga), Where X; is the atomic
fraction of the component in the liquid phase. With a
further increase in the value of X%, in the liquid phase,
new defects, whose nature is not yet clear, appeared in
the epilayers. The majority-carrier mobility was highest
at X§ = 0.6 and decreased sharply at X§, = 0.76-0.8.
Thus, the use of Pb in growing the GaSb epilayers per-
mitted amaterial with acharge-carrier density aslow as
P =Ny —Np = 10 cm= at 77 K and ahigh degree of
compensation to be obtained. This material has found
wide technological application as an insulating layer.

It has been demonstrated [2, 3] that the main prop-
erties of the Ga, _xInyAs,Sh, _y solid solutions (X <
0.22, Y < 0.18) lattice-matched to GaSh, which were
obtained without using Pb, are similar to GaSb proper-
ties in many respects. Undoped layers of solid solu-
tions, aswell as GaSb epilayers, were always of p-type
conduction. Hole density was governed by shallow-

level background impurities, which were present in the
starting components, and by the double-charged accep-
tor complex Vg, Gag, The activation energy for impu-
rity levelsis E,; = 0.008-0.014 eV, and those for levels
of the acceptor complex were E,, =0.035eV and Ep; =
0.07 eV. The shalow-level acceptor density N,
decreased with an increase in X for the solid solution.

By analogy with GaSbh obtained from the Pb solu-
tion—melt, it isof interest to investigate therole of Pbin
growing GaSb-based quaternary Ga; _yInyAs,Sb; _v
solid solutions from the point of view of decreasing the
structure’s defect concentration and carrier density in
the epilayers.

This study continues previous investigations into
obtaining Ga, _xInyAs,Sb; _v solid solutions from Pb-
containing solution—melt [4, 5]. It is devoted to the
investigation of the electrical properties of these solid
solutions, the kinetics of variation in the carrier density,
carrier mobility, and structure defect concentration
with respect to growth conditions, aswell asto the pos-
sibility of obtaining the narrow-gap solid solutions
(E;= 0.4 eV) with ahigh carrier mobility and low con-
centration of structural defects.

2. PREPARATION OF EXPERIMENTAL
SAMPLES

Epilayers of the Ga, _xIn,As,Sb, _ solid solutions
were grown by LPE, the Pb-containing solution—-melt
having a cooling rate of 0.6 K/min. The n- and
p-GaSh(100) single-crystal wafers were used as sub-
strates. Binary compounds GaSh, InAs, as well as In
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(pure to 99.999 wt %), Sb (99.999 wt %), and Pb
(99.9999 wt %) were chosen asthe charge components.
The procedure of obtaining the epilayers was as fol-
lows. According to the thermodynamic method sug-
gested previoudly [6], mole fractions of componentsin
coexisting liquid and solid (lattice-matched to GaSb)
phases were calculated for the Ga—l n—As-Sb—Pb heter-
ogeneous system. Calculations were carried out for
fixed values of temperature (T) and supercooling (AT).
Initially, the buffer p-GaSb layer with alow carrier den-
sity and high resistivity (p=6x 10 cm2a T=77K,
p = 400 Q cm) was grown on the n-GaSh substrate
from the Pb-containing solution—melt. The buffer layer
thickness was 4-5 um. After that, based on theoretical
calculation, the epilayer of the Ga, _yInyAs,Sh, _y solid
solution was grown on the p-GaSh buffer layer fromthe
Pb-containing solution—melt at T = 560°C and super-
cooling AT = (3-8)°C. The mismatch of lattice param-
eters for the epilayer and substrate Aa/a was measured
by double-crystal X-ray diffractometry using a TPC-1
diffractometer. The chemical composition of the solid
solutions obtained was determined by qualitative X-ray
spectral analysis using a JXA-5 CAMEBAX X-ray
microprobe analyzer.

As aresult of experiments carried out at T = (560 +
3)°C, AT = (3-8)°C, and various Pb contentsin thelig-
uid phase, the epilayers of Ga,_yInAs,Sh;_y solid
solutions (X = 0.14-0.27, Y = 0.12-0.22) lattice-
matched to the GaSb(100) substrate were obtained. The
growth rate, which was cal culated astheratio between the
layer thickness to the growth time, was 0.3-1.0 pm/min.
Thesevauesarelarger than the growth rate of epilayers
with the same composition, which were obtained at
560°C from the In-containing solution—melt without
using Ph. According to the X-ray spectral analysis data,
there was no solid-phase Pb in the samples, although
the Pb content in the liquid phase was about 0.039—
0.236 atomic fractions.
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Fig. 1. Hole density p at T = 77 K as a function of the
reduced Sb concentration X&, = Xgp/(Xg, + Xga)-

The solid phase composition aswell as the val ues of
the band gap E, of the Ga, _xInyAs,Sb, _y solid solu-
tions were calculated using the semiempirical formula
[7] (see Table 1). As can be seen from Table 1, the
experimental dependence of the In content in the solid
phase on the Pb content in the liquid phase has aclearly
defined maximum. Specifically, with an increase in the
Pb content to 0.11 atomic fractions, the In content in the
solid solution increases to X = 0.27. However, with a
further increase in the Pb content in the liquid phase,
the In content in the solid phase decreases. Such behav-
ior of the dependence confirmsthe results of theoretical
calculations [4, 5], which demonstrate that concentra-
tions of solid-phase components in this system aso
pass through an extremum, although at other X and Y

Table 1. Dependence of the composition and band gap of the Ga; _ xInyAs,Sb, _v solid solutions on the Pb content in the

liquid phase
Composition of the Ga; _ xInyAs,Sb, _v, atomic fractions Band gap Eg, eV
Pb content inthe
liquid phase, calculation experiment
atomic fractions T=300K T=77K
X Y Y

0.2360 0.0947 0.0800 0.148 0.129 0.51 0.61
0.1951 0.1155 0.0977 0.168 0.138 0.49 0.58
0.1534 0.1417 0.1200 0.205 0.192 0.45 0.54
0.1506 0.1437 0.1217 0.210 0.160 0.44 0.53
0.1374 0.1534 0.1300 0.223 0.175 0.43 0.53
0.1229 0.1651 0.1400 0.247 0.223 0.41 0.50
0.1096 0.1768 0.1500 0.267 0.206 0.39 0.49
0.0394 0.2697 0.2300 0.194 0.148 0.46 0.55
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Fig. 2. Holedensity pat T =77 K asafunction of the In con-
tent X in the GalnAsSb solid solution. Solid solutions were
grown: (1) with the use of Pb and (2) without the use of Pb.

values. Previously, no epilayers more than 1 um thick
with the In content X > 0.22 suitable for fabricating
optoelectronic devices have been obtained by LPE
growth of the Ga, _yInyAs,Sh,_y epilayers lattice-

Table 2. Characteristics of the samples investigated

VORONINA et al.

matched to GaSh(100) without the use of Ph. In this
study, the use of Pb alowed epilayers of the
Gay _xInyAs,Sb, _y solid solutions to be obtained,
where X =0.27 (E;=0.4eV), seeTable 1. Theepilayers
were 1.5-2 um thick.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

The samples cut for studying galvanomagnetic
effects were rectangular. On the side of the solid-solu-
tion epilayer, six In contacts were deposited and were
used for measuring the electrical conductivity o, Hall
coefficient R, mobility (1, and magnetoresistance Ap/p
in atemperature range of 77—300 K. The characteristics
of the samples are given in Table 2.

Ascan be seen from Table 2, the Hall voltage sign at
T=77K for al samples (except for sample 8) isindic-
ative of the p-type conduction. The dependence of the
hole density at 77 K on the Sb content in the liquid

phase X§, = Xg/(Xga+ Xg) isshownin Fig. 1. In com-
mon with GaSh:Pb [1], a sharp decrease in the hole
density with increasing X, isobserved. The minimum

isattained at X%, = 0.86, which correspondsto ahigher

In con- T=300K T=77K
* Eal, Epo, Na1, Nao, Np,
Sm)le tgmnctrm Xs C%?Sﬁc 26?7’ K C%?SﬁC 2’05)7’ K Exe & |107 {107 o 1018 o
fraction type | e cm?Vist type | cm-2 cm?vlgt
1 0.120 | 0.777 p 4 500 p 1 1200 |0.008,A1| 2 14 7
0.033, A2
2 0.148 | 0.820 p 7 560 p 15 2200 |[0.008,A1| 28 1.2 2
0.033, A2
0.07, A3
3 0.173 | 0.838 p 12 560 p 3 2300 [0.01,A1 4.2 3 1
0.025, A2
4 0.210 | 0.862 p 30 80 p 0.46 380 |0.01, A1 2.3 0.5 17
0.027, A2
5 0.223 | 0.858 n 0.3 2700 p 0.22 200 ]0.01, AL 4.3 0.13 40
0.028, A2
6 0.247 | 0.869 p 14 600 p 4 2700 |[0.008,A1| 45 0.5 5
0.024, A2
7 0.267 | 0.873 p 5.6 530 p 0.18 570 ]0.01, Al 0.48 0.2 0.6
0.027, A2
8* 0.223 | 0.858 n 3 3900 n 1 4000 - — — —
9* 0.247 | 0.869 n 30 2000 p 15 1400 — - - -
Notes: * Denotes the Te-doped samples; ng = Xgo/(Xgp + Xgg); and AL, A2, and A3 denote the acceptor levels.
SEMICONDUCTORS Vol. 35 No.8 2001
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Fig. 3. Temperature dependences of the Hall coefficient R for samples with various In content X in the GalnAsSb solid solution.
(a) Sampleswith ahigh mobility at T= 77 K and (b) sampleswith alow mobility at T = 77 K. Curve numbers correspond to sample

numbersin Table 2.

Sb content in the liquid phase compared to GaSh:Pb, in
which the minimum was observed at X§, = 0.76-0.8.

The dependences of the hole density on the In con-
tent in the solid solution grown in the presence of Pb
(curve 1) in comparison with solid solutions grown at
the same temperatures from the same starting compo-
nents without the use of Pb (curve 2) are shown in
Fig. 2. It can be seen that, if the solid solution was
obtained without using Pb, the minimum of the hole
density was observed at an In content of about 0.15,
whereas it was impossible to obtain the solid solution
for X > 0.22. In contrast with this, with the presence of
Pb in the solution—melt, the minimum of the hole den-
sity isobserved at an In content of 0.22. It is of interest
that the hole density drops again at X = 0.267. In all
cases, low mobilities correspond to low hole densities
at T=77K (seeTable 2).

The temperature dependences of the Hall coeffi-
cient, mobilities, and magnetic resistances for solid
solutions of various compositions make it possible to
investigate the energy spectrum of impurities and the
mechanism of carrier scattering. The effect of Pb on the
concentration and distribution of holes and structural
defectsfor various In contentsin solid solution can also
be clarified.

3.1. Energy Spectrum of Impurities

The inverse-temperature dependences of the Hall
coefficient for the samples listed in Table 2 are shown
SEMICONDUCTORS  Vol. 35
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in Fig. 3. For the samples with a high mobility at T =
77 K (Fig. 3a) and with the In content X = 0.12-0.17
(samples 1-3), aswell asfor the sample with an In con-
tent of 0.247 (sample 6), shallow acceptor levels with
the activation energies E,; = 0.008-0.01 €V and deeper
lying acceptor levels En, = 0.024-0.033 eV and E,; =
0.07 eV are observed. The former levels are related to
background impurities, which are contained in starting
components of solid solutions, and the latter ones are
related to the double-charged structure defect Vg Gag,
For samples with a low hole density and mobility
(Fig. 3b) and an In content of 0.21-0.22 (samples4 and
5) and 0.267 (sample 7), the shallow acceptor level
Enr = 0.01 eV isalso observed at T = 77-100 K. The
deeper lying level with the activation energy E,, =
0.028 eV is also observed with an increase in tempera-
ture. However, a sharp decrease in the Hall coefficient
is observed for all samples at temperatures above
150 K, which points to the onset of transition to the
intrinsic conductivity. For sample 7, the positive Hall
voltage sign changesto anegativeone at T = 150 K. By
measuring the Hall voltage for this sample up to 400 K,
we can observe that the intrinsic conductivity clearly
manifests itself. However, the dependence of RT32 on
the inverse temperatureis not exponential, and does not
allow the band gap to be determined. This dependence
can be explained by the pronounced compensation of
impurities. For this reason, fluctuations of the potential
begin to occur, and thetails of the density of statesfrom
the valence band and conduction band appear in the
band gap [8].
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Fig. 4. Temperature dependences of mobility for samples
with various In content in the solid solution. Curve numbers
correspond to sample numbersin Table 2.
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Fig. 5. Transverse magnetoresistance (Ap/p)- as a function
of the magnetic field strength H at T= 77 K. Curve numbers
correspond to sample numbersin Table 2.

3.2. Carrier Scattering Mechanism

Mobility u and magnetoresistance Ap/p are sensi-
tive to the carrier scattering mechanism and to the type
of scattering centers. The temperature dependences of
mobility are shown in Fig. 4. As can be seen from
Fig. 4, high mobility at 77 K is observed in the
Ga, _xInyAs,Sb; _y solid solutions with X = 0.14-0.17
and X = 0.24 (samples 1-3 and 6, see Table 2). At T >
150 K, the mobility decreases with temperature accord-
ing tothelaw closetou 00 T-2, whichistypical of lattice
scattering in p-type 111-V semiconductors [9]. At T =
77-150 K, the experimental mobility [y iS governed
by scattering at impurity ions |, and lattice-vibration
scattering |,

UHepn = Ly +1/p,. (1)

For the samples with X = 0.22 and X = 0.267 (sam-
ples4, 5, and 7), in which the hole density and mobility
arelow at T = 77 K, the temperature dependence of
mobility at T < 150-200 K points to the existence of an
additional scattering mechanism apart from those
involving impurity ions and lattice vibrations (1/peq =
Uy, + Yy, + Ypg). At higher temperatures, a sharp
decrease in mobility is observed for these samples,
whereas, in sample 5, the p-type conduction changesto
n-type conduction, and the Hall mobility increaseswith
an increase in temperature at T > 150 K. In both cases,
both the sharp mobility decrease and the appearance of
n-type conduction are associated with a transition to
intrinsic conductivity (appearance of electrons with a
high mobility).

In order to determine the nature of the scattering
centers, magnetoresi stance wasinvestigated. Thetrans-
verse magnetoresistance (I 0O H, wherel isthedirection
of acurrent through the sample, and H is the direction
of themagneticfield) at T=77 K isshownin Fig. 5. For
all samples, the transverse magnetoresistance varies

proportionally to H? up to 10 kOe. The coefficient BrD =

(0p/p)"/(uH/c)? for the samples with a high mobility
(samples 1 and 3) is close to unity, which agrees with
scattering by impurity ions with the participation of
light and heavy holes. For the samples with a low

mobility (samples 4 and 7), BrEI > 40, which is well
above the theoretical values calculated based on the
theory of classic (L orentzian) magnetoresistance.

For all samples, the longitudinal magnetoresistance
(1 [| H) (Ap/p)! was investigated at T = 77 K. In this
case, for the samples with a high mobility (samples 1-3
and 5), longitudinal magnetoresi stance was absent. On
the other hand, for all sampleswith alow hole mobility,
longitudinal magnetoresistance was observed; how-
ever, it depended on the In content in the solid solution.
It can be seen from Fig. 6 that the negative longitudinal
magnetoresistance is observed for samples with an In

SEMICONDUCTORS Vol. 35 No.8 2001
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content of 0.21 in the solid solution (sample 4). In con-
trast with this, positive longitudinal magnetoresistance
is observed for samples with an In content of 0.267
(sample 7).

Negative longitudinal magnetoresistance is charac-
teristic of the quantum effect of weak localization [10].
On the other hand, so-called quantum antilocalization,
or positive longitudinal magnetoresistance, is more
characteristic of p-type Group IV and I11-V semicon-
ductors. This effect is manifested in strong spin—orbit
scattering [11], which is specifically characteristic of
p-type Group IV and 111-V semiconductors. The occur-
rence of positive and negative magnetoresistance for
the case of longitudinal magnetoresistance, in the
absence of Lorentzian magnetoresistance, depends on
the relationship between the frequencies of the spin—
orbit scattering and phase upset for a specific sample, as
inFig. 6 at 77 K. For this interpretation, in the case of
transverse magnetoresistance, large values of the coef-

ficient BrD > 40 for samples 4 and 7 (Fig. 5) can be

related to the combination of effects of quantum antilo-
calization (longitudinal magnetoresistance) and
L orentzian magnetoresi stance.

Another explanation of the phenomena observed in
the samples with low mobility also exists. Specifically,
an anomalously large coefficient of the transverse mag-

netoresistance B, and appearance of the longitudinal
magnetoresistance (sample 7) may be associated with
clusters of impurity atoms. These clusters manifest
themselves as regions distorting the paths of the current
flow and bringing about the underestimation of mobil-
ity rather than as scattering centers. The effective-
medium theory [12], which was developed for material
with clusters of thistype, yields the following formulas
for mobility and magnetoresistance:

W= po(1—3/2)/(1—3/4), @)

(Bplp)” = 0.3 (HoH/c), 3)

where |, is the mobility in a homogeneous matrix, and
f isthe volume fraction occupied by clusters. Using the
experimental datafor puand Ap/p at T =77 K and for-
mulas (2) and (3), we determined the mobility in the
matrix po = 4500 cm? V1 cmrt and in the volume frac-
tion occupied by nonuniformitiesf = 0.6.

Correlating the values of mobility y, a T = 77 K,
which is determined by ion scattering and is separated
out from the experimental mobility according to for-
mula (1), with theoretical values calculated by the
Brooks—Herring formula

W, = 3.2x10°(my/m*)"°T¥IN, f(b),  (4)
SEMICONDUCTORS Vol. 35
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Fig. 6. Longitudinal magnetoresistance (Ap/p)|| as a func-
tion of the magnetic field strength H at T = 77 K. Curve
numbers correspond to sample numbersin Table 2.

where
f(b) = In(1+b)—b/(b+1),
b = 1.3x 10"T%/ p(m*/my),

we can determine the concentration of the ionized
impurity N, (we assume that for both p-GalnAsSh and
p-GaSb, the effective hole mass m* = 0.4m,, and the
dielectric constant X = 15.7). For shallow impurity lev-
ds, N = 2N, + p7; thus, we can determine the
acceptor concentration Np. We determine the shallow-
level acceptor concentration from the neutrality equa
tion: Pgent = Nag —Np, Where pye, isthe hole density cor-
responding to the depletion of shallow levels. We can
find the concentration of the deeper lying acceptor lev-
elsN,, from the concentration p at higher temperatures.
Thevalues of N,;, Nao, and N are given in Table 2.

The results obtained may be compared with the
results reported previously [2, 3] for GalnAsSh solid
solutions grown without using Pb. In this case, the solid
solutions with the In content X = 0.15 had a low hole
density and mobility and were highly compensated. In
contrast with this, uncompensated material growsin the
presence of Pb. For the In content X = 0.22, a great
quantity of defects probably related to misfit disloca-
tions was observed, whereas a highly compensated
material similar to the material with an In content of
0.15, which was grown without the use of Pb, growsin
the presence of Ph. Solid solutionswith an In content of
above 0.22 can be obtained solely in the presence of Pb
in the solution—melt. In this case, solid solutions with
an In content of 0.24 constituted a high-quality p-type
uncompensated material. A great quantity of defectsin
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Fig. 7. Temperature dependence of the Hall coefficient for
Te-doped solid solutions. Curve numbers correspond to
sample numbersin Table 2.

the form of large clusters was observed in solid solu-
tions at an In content of 0.265.

4. GalnAsSb n-TYPE SOLID SOLUTIONS

In order to fabricate highly efficient fast-response
photodiodes for the wavelength range A = 2.5-3 pm
with low reverse currents on the basis of the
Ga, _ «InyAs,Sh; _y solid solutions, the n-type epilayers
with the band gap E; = 0.4-0.5 eV are used in the
device's active region. Epilayers of this type may be
obtained through Te doping the solid solutions with an
In content of 0.22 and 0.24.

If the starting components for growing solid solu-
tions is not p-GaSh, as was described above, but
n-GaSh: Te with the electron density n = 5 x 10'” cm3,
the GalnSbhAs solid solutions change the p-type con-
duction to n-type conduction. The overcompensation of
the material depends on the hole density in the sample
(see Table 2). With an In content in the solid solution of
0.22 (sample 5), for which the hole density is below
10" cm3, complete overcompensation is observed. In
thiscase, a T = 77 K, the material becomes n-type and
hasthe electron density n= 10" cm and el ectron mobil-
ity i = 4000 cn? V1 s (see sample 8% in Table 2).
A decrease in the Hall coefficient (Fig. 7, curve 8*) is
observed above 200 K, which is apparently related to
the onset of the transition to p-type conduction. With an
In content in the solid solution of 0.247, for which the
hole density was above 10" cm (sample 6, Table 2),
with the same level of Te doping as for sample 8*, the
sampleis partially compensated at liquid-nitrogen tem-

VORONINA et al.

perature and preservesits p-type conduction (sample 9*
in Table 2). However, the change of the Hall voltage
sign and the transition to the intrinsic conduction
occursat T = 150K (Fig. 7, curve 9*%). The band gap
E,= 0.42 eV was determined from the slope of the
RT3?2 dependence on the inverse temperature at T >
200 K, which agreeswell with the value calcul ated (see
Table 1).

5. CONCLUSIONS

In this study, the electrical properties of the
Ga, _yInyAs,Sb; _y solid solutions grown from the
Pb-containing solution—melt on GaSb(100) substrates
with an intermediate GaSb Pb-containing insulating
layer were investigated for thefirst time. The investiga-
tions carried out alow usto make the following conclu-
sions:

(i) The use of Pbin growing the Ga, _yInyAs,Sb; _v
solid solutions alowed us to obtain for the first time
epilayers of these solid solutions with an In content in
the solid phase X = 0.24-0.27 (E; = 0.5-0.49eV a T =
77K, seeTable 1) 1.5-2 um thick, which is suitable for
the development of optoelectronic devices. This was
impossible without using Phb.

(i1) Undoped Ga, _ xInyAs,Sb; _y solid solution with
the In content X = 0.22 (E; = 0.53 eV a T = 77 K),
which was obtained from the Pb-containing solution—
melt, isahighly compensated material. This material is
similar to a wider gap material with X = 0.15 (E4 =
0.58 eV at T = 77 K), which was obtained without using
Pb.

(iii) Undoped Ga,_yInyAs,Sh, _y solid solutions
withthe In content X=0.247 (E;=0.5€eV a T=77K),
which were obtained with the use of Pb, have low con-
centrations of defects and compensating impurities.
They possess a high hole mobility p = 2700 cm?V-s™.

(iv) Te doping of the Ga, _xInyAs,Sh; _y solid solu-
tionswith the In content X = 0.22, which were obtained
with the use of Pb, permits one to devel op n-type mate-
rial with a high electron mobility p = 4000 cm? V-1 s,

(v) The solid solutions obtained may be used to
develop high-efficiency optoelectronic devices (light
emitting diodes, lasers, and photodiodes) with the oper-
ating wavelength A = 2.4-3 pm.
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