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Abstract

A thermodynamic approach is presented to assess the extent of anion exchange reactions during the heteroepitaxy
(molecular beam epitaxy) of dissimilar anion III-V compound semiconductor structures. It is shown that the extent of
anion exchange can be predicted by the change in the Gibbs free energy. Bond strength changes can only be used as a
guide in comparing the relative tendency for exchange, rather than as a criterion. The driving force for anion exchange
strongly depends on the conditions during interface formation. A number of important factors, including bond
strength, misfit strain energy, surface structure and energy, the equilibrium between dimers V, and tetramers V,4, and
segregation are discussed in terms of their contributions to the thermodynamics. © 2002 Elsevier Science B.V. All rights

reserved.

Keywords: Al. Interfacial intermixing; Al. Surface processes; Al. Thermodynamics of anion exchange; A3. Metalorganic vapor
phase epitaxy; A3. Molecular beam epitaxy; B2. Semiconducting I1I-V materials

1. Introduction

During the heteroepitaxy of dissimilar anion
ITII-V semiconductor compounds, the phenomen-
on of anion exchange may occur and degrade
heterojunction interface abruptness. Anion ex-
change can considerably degrade electronic prop-
erties and device performance, resulting in rough,
non-abrupt, and/or strained interfaces. A typical
example is the challenge of growing arsenide-on-
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(Z.L. Wang), april.brown@ee.gatech.edu (A. Brown).

antimonide interfaces. Under certain molecular
beam epitaxy (MBE) conditions, an arsenide-on-
antimonide interface can extend well over 10
monolayers [1-3], leading to lower carrier mobility
and concentration, as well as smaller band-offsets
[4-6].

Although anion exchange is typically identified
as an undesirable phenomenon, it can also be
exploited to create desirable materials properties.
In a GalnSb/InAs superlattice, InSb-like bonds
can be formed at the GalnSb-on-InAs interface by
appropriately controlling the anion exchange. This
is desirable, because InSb-like bonds at the inter-
face offer superior structural and electronic
properties [7-9]. More recently, Kaspi et al.
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reported excellent structural and optical properties
in an InAs/GaSb superlattice structure [40], which
was grown in such a manner that InSb-like bonds
were formed at the GaSb-on-InAs interfaces, while
GaSb-like bonds were formed at the InAs-on-
GaSb interfaces by As/Sb exchange [41,42]. In the
growth of quantum dots exploiting the Stranski—
Krastanov (S-K) growth mode, one of the biggest
challenges is the control of dot shape and size. We
have used P-for-As exchange to modify InAs dot
size and vertical alignment [10,11].

Due to engineering and theoretical importance,
many studies have been carried out on As/Sb
[1, 12-14], As/P [15-17], and As/N [18] exchange,
in order to characterize (down to the atomic level)
and control the anion exchange phenomenon. The
understanding of this phenomenon has been
greatly advanced by the work of Wang [2] and
Collins [19], and particularly by the recent work of
Xie [20] and Kaspi [21], who have used desorption
mass spectrometry to probe the process.

Often, the bond strengths are used to predict
whether anion exchange will occur or not. An
earlier report showed that weaker-for-stronger-
bond exchange (e.g. Sb-for-As, As-for-P, Sb-for-P)
cannot occur under typical MBE conditions [22].
However, this was soon proved wrong by Wang
[1], who reported that up to 1 ML of As can be
replaced by Sb when the As-terminated InAs
(001) surface was exposed to the Sb,-flux at a
temperature of about 380°C. As-for-P exchange
was observed experimentally much earlier [15]. A
detailed study showed that about two monolayers
of InAs are formed on the InP (00 1) surface as a
result of As-for-P exchange [16]. Further studies
showed that As/P exchange can also occur under
metal-organic vapor phase epitaxy (MOVPE)
conditions [23]. Apparently, the bond strength
cannot be generally used as the primary criteria for
predicting whether or not anion exchange will
occur.

In this paper, we exploit a thermodynamic
approach to analyze anion exchange reactions
with a focus on the reaction driving force and
direction under normal MBE conditions. A
number of important factors, including bond
strength, misfit strain energy, surface structure
and energy, the equilibrium between dimers V,

and tetramers V4, and segregation are discussed in
terms of their contributions to the thermody-
namics.

2. Thermodynamic model

Fig. 1 shows a simplified model of anion
exchange under MBE conditions. The surface is
exposed to a Vp, flux with a beam equivalent
pressure (BEP), Py, or beam flux, Jy, for a unit of
time. Then, the Vg, beam is shut off and the
system is relaxed to equilibrium. After the
exchange reaction, Vg, molecules depart the sur-
face with a flux, Jgy, or BEP, Pg;. The exchange
product for the group V species may be a mixture
of Vs and V4 (e.g. As, and Asy), depending on
the exchange conditions. For clarity, we first
consider V, only. Vag will be discussed later.
The flux and BEP for the product gas Va, are Ja»
and Pay, respectively. During exchange, the sur-
face is assumed to remain flat, smooth, and
coherent to the substrate, although surface rough-
ening occurs in some cases [20,21]. Bulk diffusion
is neglected, but in the exchanged layer, diffusion
is presumed to be fast enough not to interfere with
the exchange process. Assuming no deposition or
sublimation, and neglecting the background pres-
sures, mass conservation requires that

Jo — JB2 = Jao. (1)

St!c
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Substrate: 11TV,

Note: the downward arrow represent the inward flux, and the upward ones the
desorption flux. The thickness schematically represents the magnitude of the fluxes

Fig. 1. A simplified thermodynamic model of the exchange
reaction under MBE conditions. The reaction is represented by:
M=V, + §Vpy > TI= Vg + Va5 (01 {Vaq).
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The anion exchange is described as an interfacial
reaction

HI=VA(s) +5Vea(g) = = Vp(s) +3Var(g).  (2)

The s and g in brackets stand for solid and gas,
respectively. The equilibrium constant, K, for this
reaction can be shown to be

K = Kmi-v, /Km-vy, (3)

where Kjjj-va and Kjj—vyp are equilibrium con-
stants for sublimation

HI-V(s) - 11I(g) + 1Va(g). 4)

Listed in Table 1 are the equilibrium constants
for the III-V compounds, calculated based on
thermodynamic data [24], except those for As,. As
pointed by Hurle [25], the standard heat of
formation of As, molecules (AH3%g~ 53.5kcal/
mol) was too large. We use the data provided by
Pupp [26]. For As,, the formation heat is 44.4 kcal/
mol and 34.4kcal/mol for As,. We will use this
value in the discussion of the effect of As; on the
exchange reaction.

The product III-Vy mixes with III-V, and
forms a II-Vaq_x)Veyx solid solution. This
process is spontaneous for all the ITI-V compound
semiconductor alloys in the MBE temperature
range, although the solution may be metastable
(e.g. Ga-As(_,)Sb, ternary alloys). Based on a
regular solution model [43], the activities of the
components in the solution, denoted by [III-V],

Table 1

take the form

[I—VA] = xexp[W(l — x)*/kT), (5)

[I-V3g] = (1 — x)exp[Qx?/kT], (6)

where the interaction energy Q and kT are
measured in electron volts (eV).

By definition [43], the reaction quotient Q for
the exchange reaction (2) is written as

I-VA]/Par\ ">
0 | A]<A2>

(1= V5] \ P
Q P 0.5
- % exp {ﬁa - 2x)] (P—’;j> . 7

Let p, represent the atomic density on the surface
and N represent the number of monolayers
participating in the exchange reaction, the total
number, N, of V, atoms being replaced by Vg is

Ny = xNpg = xN; = 2Ja0. 8)
The partial pressure P; and the beam flux J are

interrelated by [44]

P;

\/l’l’liT’

where m; is the molecular weight and o is a
geometrical factor.By combing Egs. (1), (8) and (9)
to get Par/Pp; and plugging it into Eq. (7),

J=u

©)

Equilibrium constants for sublimation of III-V Compounds and the maximum sublimation temperature (Ty,;) and the temperature of

non-congruent dissociation (Tgyp2)

Reaction Ky v= PP’ (kT in eV) Toup1 (°C) Touv2 (°C)
Alg) +1/2Pyg) — AlP 3.86 x 10" 'exp(—5.84/kT)

Alg) +1/2As5) < AlAs) 5.00 x 10" exp(—5.58/kT) 902 974
Alg)+1/2Sbyg) <> AlSby, 2.79 x 10Mexp(—5.10/kT)

Gaggy +1/2Pyq) « GaPg, 4.19 x 10 exp(—4.58/kT) 571 774
Gag *1/2As5) < GaAs, 5.44 x 10" exp(—4.55/kT) 630 723
Gagg) +1/28by) <> GaSbg 2.71 x 10"%exp(—4.53/kT)

Ing) + 1/2Py) < InPg 1.66 x 10" exp(—4.14/kT) 268 684
Ing)+1/2As5) — InAsg 2.05 x 10" exp(—4.09/kT) 508 688

Il’l(g) + 1/2Sb2(g) <« InSb(S)
Ga(g) + 1/4Sb4(g) Ad GaSb(s)
In(g) + 1/4Sb4(g) s InSb(S)
ASz(g) Ad 1/2AS4(S)

4.37 x 10"%exp(—3.97/kT)
2.73 x 10"%exp(—3.88/kT)
4.39 x 10%exp(—3.32/kT)
5.00 x 10 exp(1.18/kT)
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we get

X Q

0.2.5 —-0.5
x <@> (2J° - 1) , (10)
meg> Nsx

where ma; and mp, are the molecular weights of
Var and Vg, When the reaction reaches its
equilibrium, Q = K, and then, the molar fraction
of exchange, x, is determined. In this equation, the
exponential term measures how far the solid
solution deviates from an ideal solution.

The number of monolayers, N, in the exchange
reaction is unknown. Considering bulk diffusion
can be neglected, it is reasonable to assume N <3,
although up to 4.5 monolayers has been recently
reported [21]. In our calculation, we use the ratio
Jo/Ns as an input. One can readily incorporate the
thickness of the exchanged layer into our results.
However, for the sake of clarity, our discussion
assumes one monolayer exchange and the exposed
surface is (00 1). In this case, for BEP=10"°Torr,
Jo/ Ny is about 0.2 (p,~5.5 x 10" cm?).

3. Results

Both weak-for-strong-bond and strong-for-
weak-bond exchanges have been experimentally
identified. In this section, we take P-for-As
(strong-for-weak) and Sb-for-As (weak-for-strong)
exchanges as examples to illustrate the thermo-
dynamic characteristics of the exchange reactions.
As will be shown below, the equilibrium constants
for the exchange reactions are weakly temperature
dependent. The impact of temperature is much less
remarkable than other factors, such as Jy. There-
fore, in our examples, we have tried to use the
same temperatures as experimentally used, so that
one can conveniently make direct comparisons.

3.1. PlAs exchange

As discussed in most of experimental research,
strong-for-weak-bond exchange is always expected
to occur under normal exposure experimental
conditions. This is exactly what we obtain from

8
6L T = 800K
4 | LnK=0.77
2r /N v/ v v /
2 o s 7
-2 - j )
-4 J/Ns:0.1; 0.25; 0.5; §
6 ; . , .
8 0.2 0.4 0.6 0.8
(a) Molar fraction of exchange, x
8
6| T=623K
Strain effect
4 FLnK=1.17
2t/ ¥ v/ v - V/
g i 7
g or / i
2 F
4 JO/NSE‘E).I; 6.25; 0.%; 5
-6 T -
0.2 0.4 0.6 0.8
-8
(b) Molar fraction of exchange, x

Fig. 2. Variation of the reaction quotient LnQ with molar
fraction of exchange x under different exposure flux for the
strong-for-weak-bond exchange. LnK is represented by the
horizontal line. The arrowheads indicate the amount of
exchange at equilibrium. The solid triangle indicates the
amount of exchange at equilibrium when the strain effect is
considered. (a) GaAs (001) exposed to P,; (b) InAs (001)
exposed to P,.

thermodynamic prediction, as shown in Fig. 2(a)
and (b), where the exposed surfaces are GaAs
(001) and InAs (001), respectively. The arrow-
heads indicate the exchanged molar fraction at
equilibrium. The exchange reactions and their
equilibrium constants for these two cases are

GaAs(s) + 1P2(g) > GaP(s) + JAsy(g),
K = 1.30exp(0.035/kT),

InAs(s) + 1P2(g) — InP(s) + JAsy(g),
K = 1.23exp(0.052/kT).
It can be seen that the exchanged molar fraction,

x, of GaP or InP increases with the ratio of Jy/N.
Under small fluxes (Jy/Ns; < ~0.25), almost all the
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incoming P, molecules are exchanged. When the
flux increases to 0.5N,, which corresponds to a
BEP of about 1.6x 10 °Torr (assuming one
monolayer exchange), about 60% of the As atoms
in an InAs (001) monolayer are replaced by P
atoms. It can also be seen that the degree of
exchange increases with the increase in bond
strength difference.

It should be noted that the backward reaction
represents the As-for-P (weak-for-strong) ex-
change. Therefore, under the same Jy/N; condi-
tion, the As-for-P exchange can hardly occur for
small Jy/Ns. To get appreciable exchange, the
Jo/Ns should be larger than ~1 x 10~° Torr.

3.2. SblAs exchange

Owing to the large challenge in fabricating
abrupt and smooth antiminide-on-arsenide inter-
face, Sb/As anion exchange has been studied since
late 1980s [39]. The experimental results have
shown that the exchange reaction in both direc-
tions can occur [1,2,20,21]. Complete exchange of
one monolayer was observed for the Sb-for-As
case [1], and several monolayers of exchange were
observed for As-for-Sb [20,21].

In Fig. 3 the variation of the reaction quotients
with molar fraction x of exchange under different
Jo/Ns conditions is shown. The exposed surfaces
are GaAs (001) and InAs (001). The exchange
reactions and equilibrium constants are, respec-
tively,

GaAs(s) + 1Sba(g) > GaSb(s) + 1Asy(g),
K =0.20exp(—0.02/kT),

InAs(s) + %sz(g) — InSb(s) + %Asz(g),
K = 4.69 exp(—0.12/kT).

As expected, the weak-for-strong-bond exchange
is very small. For example, under Jy/N; = 0.25,
which corresponds to a BEP of 1.6 x 10~°Torr,
x=0.05 for GaAs (001). Most of the Sb,
molecules are left unchanged. In contrast, almost
all As, molecules are exchanged for the As-for-Sb
reactions under the same conditions, qualitatively
in agreement with the experimental observations.

There is a disagreement in the extent of Sb-for-
As exchange between the thermodynamic predic-

1 -

-1+ S Strain effect
o A A5 P e st
=} / 7

3 P LnK =-1.84

JyNs: 0.1; 0.25; 0.5; 5.0.
-5
?/ 0.1 0.2 0.3 0.4 05

-7
(a) Molar fraction of exchange, x

- ’/ T=650K Strain effect

v

b Vs \‘ i - /
o 'l
] / /
= LnK =-0.47

J/Ns: 0.1; 0.25; 0.5; 5.0.
-5
0.2 0.4 0.6 0.8

-7

(b) Molar fraction of exchange, x

Fig. 3. Variation of the reaction quotient LnQ with molar
fraction of exchange x under different exposure flux for the
strong-for-weak-bond exchange. LnK is represented by the
horizontal line. The arrowheads indicate the amount of
exchange at equilibrium. The solid triangle indicates the
amount of exchange at equilibrium when the strain effect is
considered. (a) GaAs (001) exposed to Sby; (b) InAs (001)
exposed to Sb,.

tion and the experimental values. Under a BEP of
approximately 3.0 x 10 ®Torr (Jo/Ns = ~0.5),
the molar fraction, x, of InSb exchanged is about
0.3, much smaller than the experimental observa-
tions (about 1 ML). We tend to think that this
disagreement may be attributed to the involvement
of As, in the exchange reaction. This will be
discussed in detail in the following section.

The above two examples demonstrate that both
the weak-for-strong and strong-for-weak exchange
reactions will occur under typical MBE soaking
conditions. Bond strengths, which will be dis-
cussed in detail later, cannot be used as criteria for
the occurrence of the anion exchange reaction.
However, higher bond strengths do indicate a
larger tendency of the exchange reaction. These
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observations can generally be extended into other
materials systems, including binary, ternary, etc.
semiconductor alloy systems. For example, the As-
for-P exchange reaction may occur in the As-
soaking of InP (00 1) surface, or even during the
initial growth of the GalnAs on InP in the
GalnAs/InP systems. Since the As-for-P is a
weak-for-strong exchange, the amount of ex-
change is relatively small. For example, InAs
(001) exposed to a P, flux of 0.5N; at 800K
results in about 0.68 ML P-for-As exchange, while
InP (001) surface exposed to As, under the same
conditions gives rise to about 0.23 ML P-forAs
exchange (see Fig.2b). In the GaAsSb-on-InP
systems, both As-for-P and Sb-for-P exchange
reactions may happen simultaneously during the
growth of GaAsSb. However, the degree of As-
for-P exchange may be larger due to the higher In—
As bond strength than In—Sb. The actual amount
of exchange needs to consider other factors, as
discussed below.

4. Discussion

It can be seen from the above thermodynamic
analysis that anion exchange of either strong-for-
weak-bond or vice versa can both occur, depend-
ing on the experimental conditions and material
properties. These predictions qualitatively agree
with the experimental observations. However, in
reality, there are a number of factors that may
have large impact on the thermodynamic equili-
brium. They may not be able to reverse the
reaction directions, but they are indeed able to
shift the equilibrium point. These factors are
discussed in detail below.

4.1. Bond strength

Although the exchange reaction is often dis-
cussed in terms of bond strength, the direction of
exchange reaction is determined by the total free
energy change, rather than by the bond strength.
However, under normal MBE conditions, the
bond strength can be used as a first guide for
determining the tendency of exchange. Fig. 4
shows the equilibrium constants in the MBE

6 T
12 14 16 20
\‘AMA@
4 r Gas\;\s\*
o L ANS0e
Gah®¢
% 2+ GaAs + 1/2Pyq > (jyaP(s) + 1/2As,
= InAs g+ 1/2Pyg > P+ 1/2A8y /
L i
0 S) + 1/2Sby ) > InSb,, + 1 PAsy,
GaAs) + 1/28byg > GaSby + 1/2Asy,
-2

(KT)", eV!

Fig. 4. Temperature dependence of equilibrium constant for
some typical exchange reactions.

temperature range for some typical exchange
reactions. Note the weak temperature dependence
of the equilibrium constants. It can be seen that
the larger differences in bond strength have larger
equilibrium constants for strong-for-weak-bond
exchange (or smaller K for weak-for-strong-bond
exchange), implying larger degree of exchange.

4.2. Mixing interaction energy

When foreign or solute atoms are put into a host
lattice, lattice distortion is produced correspond-
ing to the atomic size difference. The amount of
strain energy, related to the lattice distortion, and
also the chemical potential of the constituent
components, is measured in terms of the mixing
interaction energy. The effect of the interaction on
the equilibrium of the exchange reaction is
reflected by the term exp[(l —2x)Q/kT)]. The
interaction energy €, related to the regular
solution model, has been shown to be directly
proportional to the square of lattice mismatch.
Based on the delta-lattice-parameter model, pro-
posed by Stringfellow [27], the interaction energy
Q is 147.5meV for Ga-As-Sb, 98.5meV for In—
As—Sb, 42.5meV for Ga-As-P, and 25.2meV for
the In—As—P system. Consequently, the greatest
effect of the interaction energy is expected in the
Ga—As-Sb ternary alloys. The equilibrium point is
shifted in the lower x direction when x<0.5
(usually for weak-for-strong-bond exchange), and
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for x> 0.5, to the higher x direction. Interpreta-
tion for this effect is simple. When x<0.5, the
lattice distortion energy increases with addition of
solute Vg atoms to the host III-V lattice. This
energy increase process automatically results in
shifting of the equilibrium point to smaller x. For
x > 0.5, the host lattice is converted from III-V 4 to
III-V3g. Increasing x is equivalent to decreasing the
solute (now V,) concentration, and hence the
equilibrium is shifted to higher x values. A
quantitative comparison is shown in Fig. 5. It
can be seen that remarkable effects can be
expected when the equilibrium x is away from 0.5.

4.3. Strain energy

As a result of atomic differences, the lattice
constant of the solid solution III-V_yVpy is
different from that of the substrate 111-V 5, giving
rise to a lattice mismatch between them. Conse-
quently, the surface layer is strained and elastic
strain energy is built up during the anion
exchange, thereby increasing the chemical poten-
tial of the constituent components. The amount of
strain energy stored depends on the molar fraction
x. Using the basic elastic theory [45], and assuming
the lattice constants obey the Vegard’s law and no
plastic relaxation occurs, the strain energy Eg; (in

To mm

Lok

Strain effect
Strain effect . Regular

Ideal [0]3 solution

solution
Regular
solution

“\Ideal
solution

|/ ) A

Molar fraction of exchange, x

Fig. 5. Variation of the reaction quotient LnQ with molar
fraction of exchange x to show the effect of interaction energy
(regular solution) and strain energy on molar fraction of
exchange at equilibrium with respect to the ideal solution
(interaction energy =0, and strain energy =0). The intersection
beween LnQ and LnK represents the amount of exchange at
equilibrium. (a) InAs (001) exposed to Sb,; (b) GaAs (001)
exposed to P.

eV) can be found to take the form of

i 207
Eg = 1.037 x 1071 m(cll +Cpy— 12)83)(2,
p Cn o

where m; is the atomic weight, p the density (g/
cm’); the C’s are elastic constants (Pa), & the
misfit strain when x = 1.

As expected, the stored strain energy in the
exchanged surface layer always shifts the equili-
brium point to lower molar fractions. In other
words, the strain effect always resists the exchange
process on a strain-free flat surface. This is in
contrast with the case where anion exchange is
used to modify dot morphology. In this case, the
strain energy in the system maybe reduced by the
anion exchange, thereby providing a driving force
for the shrinkage of the dots in size.

The lattice mismatch hardly causes any change
in the crystallinity, so the corresponding change in
entropy is about zero, e.g. AS=x0. Therefore, the
lattice mismatch causes an additional change in
the Gibbs free energy:

AGStr - AHstr - TASstrzAH - EStl" (12)
It can now be shown that the equilibrium

constant K is reduced by a factor of
exp(Es/kT). So the effective equilibrium constant

6
T =650K; Jo/N;= 0.5
4 -
o L Strain effect
@ LnK =-0.47 P
— ol A
2 |
4 . ™ No Asﬁ in gas phas‘e .
(W 0.2 0.4 0.6 0.8
6

Molar fraction of exchange, x

Fig. 6. Variation of the reaction quotient LnQ with molar
fraction of exchange x to show the effect of the equilibrium
between As; and As4 on the exchange reaction. The arrowheads
indicate the amount of exchange at equilibrium. The solid
triangle indicates the amount of exchange at equilibrium when
the strain effect is considered. InAs (00 1) exposed to Sb,.
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becomes
Keff = eXp[—(AG + AGstr)/kT]
= K exp(—Es/kT). (13)

The effect of strain energy on the equilibrium
is shown in Fig. 5, where the contributions of
non-ideality of the solid solution and strain effect
are compared with respect to the ideal solution.
More comparisons are shown in Figs. 2, 3 and 6.

4.4. V,effect

For group V species, an equilibrium exists
between tetrameric and dimeric form:
Va(@) o 4Vale),  Kva = Py Py (14)

Depending on the exchange temperature, this
equilibrium can have drastic impact on the
exchange reaction. It is reported that, within
the temperature range of 530-730°C, P, is the
dominant phosphorus species over InP. Only up to
10% of the total phosphorus flux consists of P
tetramers [28,29]. Fluxes originating from the
(001) InP surface heated in the UHV between
330°C and 420°C consist of only P dimers [28].
These results indicate that in the practical ex-
change temperatures, the involvement of P tetra-
mers can be neglected.

For Sby(g) <> 1/2Sby(g), it is predicted that the
equilibrium antimony species is the Sb tetramer
dominant below 530°C, based on the thermody-
namic data [30]. Under a total pressure in the
range of 1077-5x 10 ®Torr, about 90% of the
molecules are Sby. Therefore, Sby molecules are
expected to dominate in the flux from the surface
at typical MBE conditions. Some earlier prelimin-
ary experimental results [31,32] support this
prediction. However, Sby is not mentioned in the
recent reports [20,21].

For Asy(g)«<> 1/2As4(g), experimental results
indicate that below 350°C, the tetameric Asy
dominates in the flux from a heated GaAs surface,
irrespective of the type of arsenic molecules
impinging on the surface. At temperatures of
450°C and higher, dimeric arsenic molecules take
over in dominance [33,34]. These results essentially
agree with the thermodynamic predictions [35,36].

When V4 tetramers are considered, the mass
conservation becomes

2(Jo — Jv2) = 2(Jva + 4Jva) = xN. (15)

By coupling reactions (2) and (14) and combin-
ing Eqgs.(9) and (15), the reaction quotient
becomes

X o) 4mA2 0.2.5
—(1 -2
l—xexp|:kT( X):|<mB2>

0.5
y («/1 T ANx — 1) ’ 16)

0=

A(2Jy — xN,

where A4 is defined as

4 = 4K3, Py <@> "

V2 Jo\mm

Fig. 6 shows the effect of As, involvement in the
exchange reaction when InAs is exposed to Sbs.
For convenience of comparison, the no-Asy-
involement data is also duplicated form Fig. 3a.
It can be seen that the effect of As; on the
equilibrium is remarkable. The molar fraction x
increases from 0.30 to 0.66 under the same
exposing conditions. This value is much closer to
the experimental observations. This, to some
degree, reconciles the disagreement mentioned
earlier. From Fig. 4, it can also been seen that
the equilibrium constant is very strongly tempera-
ture dependent.

4.5. Surface structure and surface energy

Of all the factors influencing the reaction both
thermodynamics and kinetics, surface structure
and surface energy may be of top importance.
Semiconductors have reconstructed surface struc-
tures in order to assume a lower energy state under
MBE conditions. Therefore, the surfaces may have
considerably different thermodynamic properties
from their bulk state. As a result, the equilibrium
state that is predicted based on the bulk material
properties may be far away from the actual one.
Unfortunately, few thermodynamic data are avail-
able for any quantitative discussion. Intuitively,
the shifting of the equilibrium point is expected to
be more significant for the case where anion
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exchange results in a transition in surface recon-
struction (e.g. (1 x 3) GaSb to (2 x 4) GaAs) than
the case where no surface structure transition is
involved.

Anion exchange mostly occurs in the first one or
two monolayers. Therefore, the surface energy
occupies a large portion in the total energy
involved in the exchange process. Even a small
change in the surface energy may give rise to a
large shift in the equilibrium state. However, due
to the lack of surface energy data, we can only
make some qualitative assertions. Take the As-
terminated (00 1) surface energy as a yardstick. It
is reported that the surface energy is 2100 meV/
nm? [37]. So for each As atom, surface energy is
about 335meV, up to ten times higher than the
misfit strain energy. For weak-for-strong-bond
exchange (e.g. Sb-for-As), the surface energy will
be reduced because of the formation of weak
bonds on the surface, and hence, the exchange
reaction will be favored energetically. In contrast,
strong-for-weak-bond exchange will tend to in-
crease the surface energy, and hence will be
reduced by the change of surface energy.

4.6. Segregation

In our model, the exchanged molecules are
presumed to depart the surface after their ex-
change. This is not always true. Segregation can
occur in some material systems. Although this is a
post-exchange process, it can have large impact on
the equilibrium point. The most problematic anion
is antimony (Sb). It has been reported that, in the
heteroepitaxy of InAs/GalnSb structures, the
InAs-on-GalnSb interfaces are tens of monolayers
thick. The presence of Sb on the growing surface
can be detected even at an InAs layer thickness of
200nm [38]. Much more convincing results are
reported recently by Kaspi [21], who used deso-
rption mass spectrometry to monitor the chemistry
of the flux departing the surface in situ. The
segregated Sb is incorporated into the lattice of the
InAs, forming a broad, strained and Sb-graded
interface.

Although we can infer from the Sb-segregation
phenomenon that the surface energy must be
lowered, and hence, the segregation positively

influences the anion exchange, we cannot draw
any quantitative thermodynamic conclusions. This
is because we presently know little about the
nature of this segregated layer, including its
thickness, the form of the Sb-molecules, etc.

5. Conclusions

The thermodynamic characteristics of the anion
exchange reaction in the heteroepitaxy of dissim-
ilar anion III-V compound semiconductor systems
have been analyzed under normal MBE condi-
tions. It can be concluded that the driving force
for this reaction is the free energy change. The
direction of the reaction, e.g., strong-for-weak-
bond exchange or weak-for-strong-bond exchange
strongly depends on the exposing flux. The bond
strength can only be used as a guide for the relative
tendency of the exchange, rather than as a
criterion. The equilibrium point of the exchange
reaction can be greatly shifted by factors such as
non-ideality of the solid solution, the misfit strain
energy, surface segregation, surface structure and
surface energy. The effect of the equilibrium
between dimer and tetramer is also discussed.

Acknowledgements

We gratefully acknowledge the support from the
Air Force Research Laboratory under contract
F33615-98-C-5428. We would also like to thank
Professor T.H. Sanders Jr. and Professor M.L. Liu
for stimulating discussions on the reaction ther-
modynamics and kinetics.

References

[1] M.W. Wang, D.A. Colins, T.C. McGill, R-W. Grant,
J. Vac. Sci. Technol. B 11 (1993) 1418.

[2] M.W. Wang, D.A. Colins, T.C. McGill, R-W. Grant,
R.M. Feenstra, J. Vac. Sci. Technol. B 13 (1995) 1689.

[3] J. Steinshnider, J. Harper, M. Weimer, C.H. Lin, S.S. Pei,
D.H. Chow, Phys. Rev. Lett. 85 (2000) 4562.

[4] G. Tuttle, H. Kroemer, J.H. English, J. Appl. Phys. 67
(1990) 3032.



14 Y.Q. Wang et al. | Journal of Crystal Growth 242 (2002) 5-14

[5] D.H. Chow, R.H. Miles, A.T. Hunter, J. Vac. Sci.
Technol. B 10 (1992) 888.

[6] J.R. Waldrop, G.J. Sullivan, R.W. Grant, E.A. Kraut,
W.A. Harrison, J. Vac. Sci. Technol. B 10 (1992) 1773.

[71 R.H. Miles, J.N. Schulman, D.H. Chow, T.C. McGill,
Semicond. Sci. Technol. 8 (1993) 102.

[8] A.Y. Lew, S.L. Zuo, E.T. Yu, R.H. Miles, Appl. Phys.
Lett. 70 (1997) 75.

[9] A.Y. Lew, S.L. Zuo, E.T. Yu, R.H. Miles, Phys. Rev. B 57
(1998) 6534.

[10] J.J. Shen, A.S. Brown, R.A. Metzger, J. Vac. Sci. Technol.
B 16 (1998) 1326.

[11] Y.Q. Wang, J.J. Shen, Z.L. Wang, A.S. Brown, Structure
tuning of quantum dots by dissimilar anion exchange,
unpublished.

[12] S. Schmitz, J. Wagner, F. Fuchs, N. Herres, P. Koidl, J.D.
Ralston, J. Crystal Growth 150 (1995) 858.

[13] R.M. Feenstra, D.A. Colins, D.Z.Y. Ting, M.W. Wang,
T.C. McGill, Phys. Rev. Lett. 72 (1994) 2749.

[14] B.R. Bennett, B.V. Shanabrook, M.E. Twigg, J. Appl.
Phys. 85 (1999) 2157.

[15] J.M. Moison, M. Bensoussan, F. Houzay, Phys. Rv. B 34
(1986) 2018.

[16] G. Hollinger, D. Gallet, M. Gendry, C. Santinelli, P.
Viktorovitch, J. Vac. Sci. Technol. B 8 (1990) 832.

[17] Z. Sobiesierski, D.I. Westwood, P.J. Parbrook, K.B.
Ozanyan, M. Hopkinson, C.R. Whitehouse, Appl. Phys.
Lett. 70 (1997) 1423.

[18] R.J. Hauenstein, D.A. Collins, X.P. Cai, M.L. O’Steen,
T.C. McGill, Appl. Phys. Lett. 66 (1995) 2861.

[19] D.A. Colins, M.W. Wang, R.W. Grant, T.C. McGill,
J. Appl. Phys. 75 (1994) 259.

[20] Q. Xie, J.E. Van Nostrand, J.L. Brown, C.E. Stutz,
J. Appl. Phys. 86 (1999) 329.

[21] R. Kaspi, J. Crystal Growth 201/202 (1999) 864.

[22] M. Yano, H. Yokose, Y. Iwai, M. Inoue, J. Crystal
Growth 111 (1991) 609.

[23] R. Shioda, H. Oyanagi, Y. Kuwahara, Y. Takeda, Jpn
J. Appl. Phys. 33 (1994) 5623.

[24] 1. Barin, Thermochemical Data of Pure Substances, VH,
Weinheim, 1989.

[25] D.T.J. Hurle, J. Phys. Chem. Solids 40 (1979) 613.

[26] C. Pupp, J.J. Murray, R.F. Farrow, J. Chem. Thermodyn.
6 (1974) 123.

[27] G.B. Stringfellow, J. Crystal Growth 58 (1982) 194.

[28] R.F.C. Farrow, J. Phys. D 7 (1974) 2436.

[29] M.B. Panish, J.R. Arthur, J. Chem. Thermodyn. 2 (1970)
299.

[30] S.V. Ivanov, A.A. Boudza, R.N. Kutt, N.N. Ledentsov,
B.Y. Mel'tser, S.S. Rumivov, S.V. Shaposhnikov, P.S.
Kop’ev, J. Crystal Growth 156 (1995) 191.

[31] M. Yata, Thin Solid Films 137 (1986) 79.

[32] P.D. Brewer, D.H. Chov, R.H. Miles, J. Vac. Sci. Technol.
B 14 (1996) 2335.

[33] N.N. Ledentsov, Springer Tracts Mod. Phys. 156 (1999) 1.

[34] C.T. Foxon, Acta Electon. 21 (1978) 139.

[35] C. Pupp, J.J. Murry, R.F. Pottie, J. Chem. Thermodyn. 6
(1974) 123.

[36] M. Yoshida, K. Watanabe, J. Electrochem. Soc. 132 (1985)
1733.

[37] G.X. Qian, R.M. Martin, D.J. Chadi, Phys. Rev. B 37
(1988) 1303.

[38] M. Yano, H. Yokose, Y. Iwai, M. Inoue, J. Vac. Sci.
Technol. B 7 (1989) 199.

[39] T.D. Gelding, H.D. Shii, J.T. Zborowski, W.C. Fan, C.C.
Horton, P.C. Chow, A. Vitghante, B.C. Covington, A.
Chi, J.M. Anthony, H.F. Schaake, J. Vac. Sci. Technol. B
10 (1992) 880.

[40] R. Kaspi, C. Moeller, A. Ongstad, M.L. Tilton, D.
Gianardi, G. Dente, P. Gopaladasu, Appl. Phys. Lett. 76
(2000) 409.

[41] R. Kaspi, A. Ongstad, C. Moeller, J. Steinshnider, M.
Weimer, J. Crystal Growth 225 (2001) 544.

[42] J. Steinshnider, M. Weimer, R. Kaspi, G.W. Turner, Phys.
Rev. Lett. 85 (2000) 2953.

[43] G. Castellan, Physical Chemistry, Addison-Wesley Pub-
lishing, Massachusetts, 1971.

[44] C.T. Foxon, in: D.T.J. Hurle (Ed.), Handbook of Crystal
Growth, Elsevier Science BV, Amsterdam, 1994.

[45] D.J. Dunstan, J. Mater. Sci.: Mater. Electron. 8 (1997)
337.



	Thermodynamic analysis of anion exchange during heteroepitaxy
	Introduction
	Thermodynamic model
	Results
	P/As exchange
	Sb/As exchange

	Discussion
	Bond strength
	Mixing interaction energy
	Strain energy
	V4 effect
	Surface structure and surface energy
	Segregation

	Conclusions
	Acknowledgements
	References


