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Defect concentrations in AI, Gal x Sb which is in equilibrium with a liquid phase are 
calculated. When the liquid phase is Ga rich, a Ga anti site (Ga~b ) or an Al antisite (Al~b- ) is 
dominant, and the concentrations of vacancies are much smaller than the antisite 
concentrations. Ga;b- is dominant in GaSb equilibrated with a Sb-rich solution, but the 
concentration of Sb antisites comes close to that of Ga;b- as temperature is lowered. For x 
larger than 0.6, a group-III vacancy is the predominant defect in the case ofSb-rich solutions. 
Calculated net acceptor concentrations agree well with those determined experimentally. A 
complex defect composed of GaSb and a Ga vacancy, which have been taken as the dominant 
residual acceptor, is expected to be negligible. 

I. INTRODUCTION 

It has been considered that AlxGa l _ xSb is a suitable 
material for optoelectronic devices. It has a direct band 
structure when x is smaller than 0.2 and the band-gap energy 
of this composition region corresponds to the wavelength 
region of 1.2-1.7 /lm. However, in most cases, the InGaAsP 
alloy is used for devices of this wavelength region, and 
AI, Gal __ x Sb is scarcely used. This is because we do not have 
enough knowledge to control its physical properties. GaSb 
grown from a stoichiometric melt or by liquid-phase epitaxy 
(LPE) shows a p-type conduction without intentional dop
ing. The p-type conduction has been considered to be due to 
native defects and not due to impurities. I

-
5 However, the 

dominant native defect has not been conclusively identified. 
From various experimental results, it has been confirmed 
that the residual acceptor is related to deficiency ofSb in the 
solid. An Sb vacancy can be immediately ruled out as the 
residual acceptor, because an anion vacancy usually acts as a 
donor.6 Etfer proposed that the residual acceptor is a Ga 
antisite GaSb ' 2 On the other hand, Van Maaren suggested 
that it is a complex defect composed of a Ga vacancy VGa 

and GaSb ' 3 and this model has been accepted to some ex
tent. 4

•
5 However, an argument against this model was given 

by Kroger7: since both GaSb and VGa act as an acceptor, 
they should not form a complex but repel each other because 
of the Coulomb force. 

Electrical and optical characteristics of the residual ac
ceptor are not completely understood. However, it is now 
generally agreed that the residual acceptor is a double accep
tor, i.e., doubly ionizable. 8-15 In fact, there is clear evidence 
that the acceptor is doubly ionizable; strong luminescence 
due to electron transition from the conduction band to the 
residual neutral acceptor is observed from melt-grown un
doped GaSb, but this luminescence peak completely disap
pears by donor doping. 16.17 This fact cannot be explained by 
the single-acceptor model but by the double-acceptor model. 
When the acceptors are doubly ionizable, they are ionized 
doubly in n-type materials and thus the transition from the 

conduction band to the neutral acceptor is very difficult to 
observe. The first ionization energy is measured to be about 
30 meV and the second energy 70-100 meV. 

In this study, we carry out a thermodynamic calculation 
of native defect concentrations in Al,Gal _xSb alloys. Our 
theoretical model is extended from that of Van Vechten. 18 

The most important feature of his theory is that anti sites as 
well as vacancies are taken as dominant defects. In some 
thermodynamic models, only vacancies are considered and 
antisites are neglected. 19 Later, Blom showed using the the
ory of Van Vechten that the number of antisites is much 
larger than that of vacancies in GaAs grown from Ga-rich 
liquid solutions.2D He also calculated the defect concentra
tions in Al x Ga I _ x As ternary alloys. However, his model for 
ternary alloys does not seem sound in some aspects, as dis
cussed in our previous paper. 21 Recently, Edelin and Math
iot calculated defect concentrations in GaSb using their own 
model.22 Their results indicate that the Ga antisite is the 
predominant defect. 

In the previous paper, we presented a formalism of cal
culation of defect concentrations in III-V ternary alloys 
grown from liquid phase. 21 The formalism is applied to 
AlxGal _ x Sb in this study, and dependence of defect con
centrations on temperature and Al composition is investigat
ed. Effects of impurity doping are also discussed. 
AI~Gal _ ,Sb is grown from both Ga- and Sb-rich liquid so
luttons. Thus, the defect concentrations in crystals grown 
from Ga-rich solutions and those in crystals grown from Sb
rich ones are both calculated and compared with each other. 

In the next section, we describe the calculation proce
dure of the defect concentrations. In Sec. III, the calcula
tions are given and compared with the experimental results. 
Finally, the origin of the native acceptor in Al Ga ,Sb is 
discussed in Sec. IV. .\ I 

II. CALCULATION PROCEDURE 

Since we have already described the model of the defect 
thermodynamics in 111-V alloys in detail,21 the calculation 
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procedure is described only briefly in this paper. Vacancies 
and antisites are considered as dominant defects, and the 
solid phase is assumed to be in equilibrium with a liquid 
phase. The reactions to be considered are as follows: 

Gal = Galli + V~", (1) 

AI, = AIIil + V~", (2) 

Sb/ = SbSh + V;II' (3) 

VI\I = VIII + h I (4) 

V ~h = V s~ + e , (5) 

Gal = V;II + Ga;" + 2h l (6) , 

All = V I'll + Al~" + 2h 
, (7) 

Sb, = Sbill' + V~h + 2e , (8) 

where the subscripts I, III, and Sb represent a liquid phase, a 
group-I II lattice site, and a group-V lattice site, respectively. 
The superscripts represent charge states: x is for a neutral 
state. e and h . are an electron and a hole, respectively. 

In addition to the above reactions of defect formations, 
the following reactions of compound formation are consid
ered: 

Ga, + Sb, = Galli + Sbsb (GaSb), 

AI, + Sb, = AIIiI + SbSh (A1Sb). 

(9) 

( 10) 

The calculation procedure is as follows: From the equi
librium condition of the above reactions, all of the charged 
defect concentrations are expressed as functions of the elec
tron concentration n. Then, they are substituted into the 
equation of the charge neutrality condition, and n is calculat
ed numerically. Once n is obtained, the defect concentra
tions are calculated easily. 

The enthaJpies of vacancy formations used here were 
calculated by Van Vechten on the basis of his macroscopic 
cavity model. c1 In his model. the formation enthalpy of a 
\acancy is mainly the surface energy of a cavity ( = va
caney). The formation enthalpy of V~h is larger than that of 
V,\, or V .~I' hecause the covalent radius ofSb is larger than 
those of Ga and AI. The enthalpies of antisite-pair forma
tions were calculated using the Pauling table of the elemental 
dl!ctronegativities.'",24 Here we assume that the enthalpy is 
the same for both group-III and group-V antisites: The ex
Ce5S enthalpy is due to core potential and size difference 
betw{;cn group-III and group-V atoms and thus similar for 
both types of antisites. The values of the enthalpies and en
tropies of defect formations are listed in Table 1. The cilthal
pies of ionization of vacancies are assumed to be 20% of the 
band-gap energy.l~ The table also shows temperatur\,:,', and 
entropies of fusion of the compounds, c) from which the 
equilibrium constants of reactions (9) and (10) are ob
tained. In our calculation, the liquid phase is assumed to be a 
regular solution. In fact, this assumption is not always rea
sonable for Sb-rich solutions: the eutectic point of Sb and 
GaSb is about 590°C, and the regular solution model is in
valid below and near the eutectic point. However, we assume 
that Sb does not solidify even at temperatures below the eu
tectic point in order to clarify the difference in defect concen
trations between solids grown from Ga-rich solutions and 
those grown from Sb-rich ones. 
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TABLE I. Enthalpies and entropies of defect formations in GaSb and AISb 
(see Refs. 18 and 23). Temperature, and entropies offusion are also ,hown. 
H is given in eV and 5 in k (the Boltzmann constant) 

GaSb 

H 

v;J1 2.03 

V~I:> 2.56 

IJI~, 0.27 

Sb;llf 0.27 
TI(K) 983 
51 7.95 

III. NUMERICAL RESULTS 

A.GaSb 

AISb 

S H 5 

I.l 2.30 1.1 
1.1 2.81 1.1 
0 0.48 0 
0 0.48 0 

1338 
7.42 

Figure 1 shows temperature dependence of defect con
centrations in GaSb. V" (X = Ga, Sb) includes both of neu
tral and charged vacancies. In fact, almost all vacancies are 
ionized at temperatures above 300 0c, and the number of 
neutral vacancies is negligibly small. The antisite concentra
tions shown in Fig. 1 (a) are much larger than the vacancy 
concentrations shown in Fig. 1 (b). 

Since the enthalpy of Sb-vacancy formation H( V ~h) is 
larger than H( Vz,,, ), the number of VUa is larger than that of 
Vs" even when the GaSb is in equilibrium with a Ga-rich 
solution. Because of th~ same reason, the number of Ga;h is 
lar~er than that of SbZ;,: at temperatures near the melting 
pomt; the enthalpy of reaction (8) is larger than that of reac
tion (6) because H( V;" ) > H( VZ;" ), and thus the defect 
formation through reaction (8) is difficult to activate. How
ever, for the Sb-rich case, the concentration of Ga" is 

II h ' ~ sma er t an that ofSb,;,; at temperatures lower than 530°C, 
This is because the relative concentration ofGa in the liquid 
~hase decreases rapidly and Ga;" formation through reac
tIOn (6) occurs less frequently, as the temperature is 
lowered. At low temperatures, GaSb grown from Sb-rich 
solutions is expected to be slightly Sb-rich. 

The conduction is always p type in the case of Ga-rich 
solutions. The hole concentration at high temperatures is 
twice as large as the Ga~h concentration. At temperatures 
above 530°C, GaSb grown from an Sb-rich solution is also p 
type, but the hole concentration is lower than in the Ga-rich 
case. The conduction type is converted fromp to n in the case 
ofSb-rich solutions, when the temperature is lowered to be
low 530°c' In fact, the eutectic point of Sb and GaSb is 
590°C, and thus we can say that GaSb grown from a liquid 
phase is always p type. 

Figure 2 shows the solidus of GaSb. The existence re
gion of GaSb is extended mainly into the Ga-rich region of 
the diagram. This is because Ga;" is created in a larger num
ber than SbZ;,: . 

B. AlxGa,_xSb 

Figure 3(a) shows the composition dependence of de
fect concentrations in AlxGa l . xSb in equilibrium with 
group-III-rich liquid solutions. The III~,,· concentration 
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FIG. I. Temperature dependence of defect concentrations in GaSb. (a) 
Antisites. (b) Vacancies. 

shown in the figure is the sum of those of Ga~b- and AI~b- . As 
x increases, the antisite concentrations decrease, because an 
introduction of an atom with different valence causes a larg
er increase in the enthalpy with increasing band-gap energy. 
On the other hand, the vacancy concentrations remain near
ly constant. This is due to the cancellation of various factors 
which influence the concentrations. For example, H( V:n ) 
increases as x increases, but the enthalpy of incorporation of 
an Sb atom from the liquid phase becomes a larger negative 
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FIG. 2. Calculated solidus of GaSb. 

value. Thus, the enthalpy of reaction (3), which is the sum of 
these two enthalpies, does not change considerably. Compo
sition of the liquid phase also influences the defect concen
trations. AI content in the liquid phase sharply increases 
with x in the composition range above 0.9. Then AI~b- in
creases through reaction (7) in this composition range. 

For Alx Gal _ xSb in equilibrium with Sb-rich solutions, 
the number of antisites monotonously decreases even at 
compositions above 0.9, as shown in Fig. 3(b). The drastic 
change in the liquid composition does not occur in the case of 
Sb-rich solutions. The number of III~h is larger than that of 
SbiJi for x < 0.2, but the converse is true for x> 0.2. As x 
increases, the solubility of the group-III elements in the liq
uid Sb decreases and the liquid becomes more Sb rich. Con
sequently, Sb;(i increases compared with III~b-' and the sol
id also becomes more Sb rich. 

Temperature dependence of the defect concentrations at 
each composition is similar to that shown in Fig. I. 

C. Comparison with experimental results 

The net acceptor concentration NA - ND is calculated 
from the defect concentrations and compared with the C- V 
data reported recently.26.27 At low Al composition, where 
vacancy concentrations are negligibly small, NA - ND 
= 2N( [III~b- ] - (SbM ] ). Hete N is the total number of 
atoms and [X] is the relative concentration of a defect X. 
Figure 4 shows the calculated and measured net acceptor 
concentrations. The open circles represent the net acceptor 
concentrations in Alo.1 GaOq Sb grown from Ga-rich solu
tions, and the filled circles represent those in GaSb grown 
from Sb-rich solutions. Our calculation does not include any 
fitting procedure, and the parameters used are all taken from 
the literature. Nevertheless, the agreement between theoreti
cal and experimental values is very good. This shows that the 
model is appropriate and the theoretical results are qualita
tively correct. In the case ofSb-rich solutions, N4 - N D de
creases rapidly near temperatures of 600 ·C because of the 
compensation of Ga;b- by Sb~; ; the n'()-m\:.t't Q~ '2,'ob~ ,." "'\""'''' 

to that of Ga~b- as shown in Fig. 1 (b). 
Al composition dependence of the acceptor concentra

tion has not been reported. However, we found that the in
tensity of luminescence due to the residual acceptors de-
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FIG . .1. Cumro,ition dependence of defect concentrations in AI, Ga, ,Sb. 

I a) Group-III-rich liquid solution. (bl Sb-rich liquid solution. 

creases with increasing AI composition. This tendency 
agrees with the results shown in Fig. 3. Details of the experi
mental results were published elsewhere. 2K 

IV. DISCUSSION 

First, we estimate the number of the complex defect 
Ga'h V"." which is sometimes taken as the dominant defect. 
Complex defects are not taken into account in our modeL 
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FIG. 4. Comparison between calculated and measured net acceptor concen
trations. The open circles show those in AI" I Ga"" Sb grown from Ga-nch 
solutions and the filled circles in GaSb grown from Sb-rich solutions (see 
Refs. 26 and 27). 

However, the calculated concentrations of the point defects 
will not be changed much, even when we take complex de
fects into account since the numbers of antisites and vacan
cies are mainly determined by the condition of equilibrium 
between the solid and the outside phase. In order to estimate 
the complex concentration from the calculated point defect 
concentrations, we consider the following reaction in GaSb: 

Ga;h + V;," = (GaSh VCia)2 , 

[(GaShV("Y ] = [Ga~h ][VZ;a] exp(H'/kT), (11) 

where H' is the binding energy ofGa~h and VZ,,\ and k the 
Boltzmann constant. The number of V Cia is much larger 

than that of V ~ia' but V <ia and Ga~h repel each other be
cause of the Coulomb force. On the other hand, the above 
reaction will be energetically favorable, i.e., H' > a because 
the association will reduce the excess chemical and strain 
energies of the defects. At T = 500°C, for example, the con
centration of V ~,a is 6 X 108 cm 'and thus the relative con
centration [ V;;a] is 3 X 10 14 in the case of Ga-rich solu
tions, according to our calculation results. Hence, H' needs 
to be more than 2 e V for [( GaSh VUa ) 2 ] to exceed 
[Ga~h ]. H' of 2 e V is about the same as H ( V (\, ) and seven 
times greater than H( Ga;h ). H' cannot be that large. Even 
if we assume that H' = H( Ga~h ), i.e., that no chemical 
energy is required to convert Ga-Sb bonds to Ga·Ga 
bonds in the vicinity of a VU<I' [ (GaSh Vc;" ) 2 ] is still much 
smaller than [Ga;h ]. Therefore, (GaSh V(i" ) 2 is expected 
to be negligible compared with Ga~b . 

The reaction of the complex formation may occur dur
ing the cooling of the solid from the growth temperature. In 
this case, the number of (GaSh VC;<I)2 cannot exceed the 
number of V(;a. In any case, the complex defect is not consid
ered to be dominant. As Edelin and Mathiot pointed out, the 
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experimental observations which have been considered to 
indicate the existence of the complex can be equally well 
interpreted assuming that the dominant defect is a simple 
antisite. 22 In fact, the experimental results do not positively 
show the existence of the complex; rather, they indicate only 
that the dominant defect is a defect other than a single va
cancy. 

The energy level of a single acceptor or donor can be 
estimated by the hydrogen atom model based on the effec
tive-mass approximation. Similarly, the energy levels of a 
simple antisite in III-V compounds may be estimated by the 
He atom model. Using the values of the hole effective-mass 
ratio of 0.4 and the relative dielectric constant of 15.7, the 
first ionization energy is estimated to be 37 meV and the 
second 88 meV for an effective-mass double acceptor in 
GaSb. The experimentally observed first ionization energy 
of the residual acceptor in GaSb is in the range between 25 
and 35 meV, and the second energy between 70 and 100 
meV. 2.10.11.12.15 Thus, the results of the He atom model agree 
well with the experimental data. Of course, the effective
mass approximation is not valid when the radius of the orbi
tal of a trapped carrier is small compared with the lattice 
constant. The expected radius of the orbital of a hole trapped 
at a double acceptor is about 10 A, half that of the hydro
genic orbital, and thus the validity of the He atom model 
cannot be readily established. Nevertheless, the success of 
the He atom model will suggest that the residual acceptor is a 
rather simple defect. This also supports the assignment of 
the residual acceptor to a simple antisite. 

When GaSb is converted to n type by donor doping, Ga 
antisites are doubly ionized even at low temperatures. Thus, 
only the second ionization level is observed by the lumines
cence measurements of n-type GaSb. For n-type GaSb 
grown at the melting temperature, the band-edge emission is 
not observed, and only the emission due to the transition 
from the conduction band to the second ionization level is 
observed. lb.17 On the other hand, the band-edge emission as 
well as the emission associated with the first ionization level 
are observed from the melt-grown p-type GaSb. This indi
cates that the number of the residual acceptor increases be
cause of the donor doping. The effect of an impurity doping 
is easily taken into account in the present calculation. It can 
be shown that the acceptor-type defects such as Ga~n are 
greatly increased by a donor doping through the self-com
pensation mechanism. However, when we use the param
eters shown in Table I, the self-compensation effect is overes
timated: it needs donor atoms of more than 1020 cm - .1 to 
convert GaSb to n type at the melting point. If we increase 
H(Ga~h ) and H(Sb~: ) by 0.2 eV, then the concentration 
of donor atoms required for the type conversion is about lo,q 
cm \ a reasonable number. In the case of the undoped 
GaSb, the agreement with the experimental data shown in 
Fig. 4 becomes better owing to this correction in H(Ga~b ) 
and H(Sb~: ). Hence, the enthalpies of antisite formation 
estimated by Van Vechten will be too small. 

Edelin and Mathiot calculated defect concentrations in 
GaSb. 22 They also took Ga~h to be a dominant defect. There 
are two free parameters in their model, and Edelin et at. 
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determined them by fitting the results to experimental data. 
The major difference between their model and our model is 
that they neglect the existence of Sb antisites even for the 
crystal grown from Sb-rich solutions. According to our cal
culation results, SbZ,~ grows significant as temperature is 
lowered in the case of Sb-rich solutions. 

For further studies, the calculation will be extended to 
the case of solid-vapor equilibrium and quantitative estimate 
of complex defect concentrations. 

V.SUMMARY 

We have calculated defect concentrations in 
Alx Gal _ x Sb which is in equilibrium with a liquid phase. In 
the case of Ga-rich liquid solutions, Ga~b or AI~b- is a domi
nant defect, and the concentrations of vacancies are much 
smaller than the antisite concentrations. Ga~h- is dominant 
in GaSb equilibrated with an Sb-rich solution, too, but Sb~: 
begins to dominate as temperature is lowered. Calculated net 
acceptor concentrations agree well with those determined 
experimentally. The concentration of a complex defect 
GaSb VGa is expected to be negligibly small compared with 
antisite concentrations. 
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