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Understanding and controlling the composition of III-V ternary nanomaterials is essential for band-gap
tunability and fabrication of functional nanoheterostructures. The kinetic approach developed so far is based
on the assumption of C-rich growth of a ternary AxB1−xC material based on intermix of A and B atoms. This
holds for epilayers based on group III intermix, but is not true for epilayers based on group V intermix or
vapor-liquid-solid nanowires based on group III intermix. Herein, we develop a general growth theory and
obtain a vapor-solid distribution which described the ternary composition under arbitrary material fluxes and
for any III-V material. This vapor-solid distribution is a combination of the kinetic and equilibrium distributions,
whose weights depend on the ratio ε of the total flux of A and B atoms over the flux of C atoms. At ε � 1, the
composition is kinetically controlled, while at ε � 1 it becomes thermodynamically limited even at infinitely
high binary supersaturations for AC and BC pairs. The model fits very well the compositional data on the
InSbxAs1−x epilayers, AlSbxAs1−x epilayers, and InSbxAs1−x nanowires under different total V/III flux ratios. It
reveals some fundamental properties of the vapor-solid distribution beyond the assumption of decoupled binary
fluxes. In particular, the vapor-solid distribution becomes purely thermodynamic and presents the miscibility
gap below the critical temperature under AB-rich conditions for an AxB1−xC ternary regardless of the vapor
supersaturation. The miscibility gap can be fully circumvented in the C-rich regime, where the solid composition
is driven by the kinetic factors.
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I. INTRODUCTION

Compositional control over ternary III-V and III-nitride
nanomaterials is essential for band-gap engineering and
fabrication of functional heterostructures based on such ma-
terials [1–3]. Stoichiometric or pseudobinary III-V solids
AxB1−xC = (AC)x(BC)1−x based on either group III (with A
and B atoms belonging to group III and C atoms belonging
to group V) or group V (with A and B atoms belonging to
group V and C atoms belonging to group III) intermix are
grown from atomic vapor fluxes IA, IB, and IC . The vapor-solid
distribution x(z) for a given material system and nanostruc-
ture geometry links the solid composition to the content of
A atoms in vapor, z = IA/(IA + IB) at a given temperature
T and the total flux ratio ε = (IA + IB)/IC . The vapor-solid
distribution fully characterizes the composition of a ternary
material versus the technologically controlled vapor fluxes.
The vapor-solid distributions of ternary epilayers based on
group III [4–8] and group V [8–14] intermix were stud-
ied in great detail and modeled using different approaches
including thermodynamic models [4–8,10–12], kinetic mod-
els for the vapor-solid incorporation [9,10,13,14], and their
combination [10]. Most of these models, with only one ex-
ception [10], disregard the influence of the total flux ratio ε

on the solid composition, while it was shown to change very
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significantly the vapor-solid distributions of InSbxAs1−x [10]
and AlSbxAs1−x [12] epilayers. In both material systems, the
compositions of epilayers grown at a V/III flux ratio of about
unity were close to the linear dependence x = z, while at large
V/III ratios they featured nonlinear shapes in which the Sb
fraction in a solid was greatly reduced. The seminal work of
Biefeld [10] remains, to our knowledge, the only approach
enabling a systematic treatment of the total V/III ratio depen-
dence of the solid composition. It is restricted, however, to the
case of III-SbxAs1−x ternaries and requires numerical solution
of the four coupled equations describing the reaction-limited
growth kinetics at the surface.

Ternary III-V nanowires and heterostructures based on
such nanowires offer an almost unlimited flexibility in band-
gap engineering and coherent growth on dissimilar substrates
such as Si [15–19]. Freestanding ternary III-V nanowires
can be fabricated by different deposition techniques includ-
ing molecular beam epitaxy (MBE) and vapor phase epitaxy
(VPE) via the catalyst-free vapor-solid growth mechanism
(often in selective area growth on patterned substrates) or the
vapor-liquid-solid (VLS) growth mechanism with different
metal catalysts (often Au or a group III metal in the self-
catalyzed approach) [18,19]. The compositions of vapor-solid
ternary nanowires and nanowire heterostructures based on
group III [20–22] and group V [23–25] intermix, and VLS
nanowires based on group III [26–33] and group V [33–38] in-
termix, revealed some trends which are specific for the vertical
nanowire geometry. In particular, the vapor-solid distributions

2475-9953/2023/7(7)/074603(12) 074603-1 ©2023 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.074603&domain=pdf&date_stamp=2023-07-14
https://doi.org/10.1103/PhysRevMaterials.7.074603


VLADIMIR G. DUBROVSKII AND EGOR D. LESHCHENKO PHYSICAL REVIEW MATERIALS 7, 074603 (2023)

of Au-catalyzed AlxGa1−xAs nanowires were dependent on
the effective diffusion lengths of Al and Ga adatoms on the
nanowire sidewalls [33], the morphology and even the crystal
phase (cubic zinc blende or hexagonal wurtzite) of ternary
III-V nanowires in different material systems were influenced
by their composition [24,26,30,33,36,38], and the interfacial
abruptness in axial nanowire heterostructures was affected by
the reservoir effect in a catalyst droplet [32,38]. Importantly,
no miscibility gaps were present in the experimental vapor-
solid distributions of InxGa1−xAs [30,31] and InxGa1−xN [21]
nanowires below the critical temperatures for these materials,
which was explained by the kinetic suppression of thermody-
namic factors at high enough vapor supersaturations [21].

A large amount of the available compositional data ob-
tained for different material systems and epitaxy techniques
stimulated rapid development of the compositional modeling
of ternary III-V nanowires (see, for example, Refs. [38–40]
for comprehensive reviews). In the most complex case of
Au-catalyzed VLS nanowires, ternary islands or fractional
monolayers grow at the liquid-solid interface from the liquid
phase in a catalyst droplet, which is a quaternary Au-A-B-
C melt with concentrations cA, cB, and cAu for atoms A,
B, and Au, respectively, and 1 − cA − cB − cAu for atom C.
Consequently, most models of VLS ternary nanowires treated
the liquid-solid distributions x(y), where y = cA/(cA + cB)
in the A content in liquid [41–45,47–49]. Many fewer
works tried to link the nanowire composition to the vapor
fluxes [31,35,46,49,50]. The vapor-solid distributions of Au-
catalyzed InSbxAs1−x nanowires of Ref. [35] were modeled
using the scheme of Biefeld [10], where the actual V/III
ratio for fluxes entering the droplets was largely reduced
with respect to their nominal values in vapor due to surface
diffusion of In adatoms to the droplets. While the liquid-
solid distributions can have little influence on the steady
state composition of III-V ternary nanowires under constant
vapor fluxes [33,46,50], they are essential for studying the
time-dependent reservoir effect on the interfacial abruptness
[32,42,49]. Regardless of the nature of the mother phase
(liquid or vapor) feeding a III-V ternary solid, the exist-
ing approaches for compositional modeling can be divided
into equilibrium [4–8,10,12,41], nucleation limited [42–45],
and kinetic [10,31,46–50]. The comprehensive kinetic models
contain thermodynamically controlled regimes (equilibrium
or nucleation limited) in the limiting cases [10,47,48,50].

The two-parametric equilibrium or purely thermodynamic
vapor-solid distribution is given by [50]

z = 1

1 + f (x)
,

f (x) = β0
(1 − x)

x
eω(2x−1),

β0 = τA

τB

(nBnC )eq

(nAnC )eq . (1)

Here, β0 is a thermodynamic parameter given by the ratio
of the binary equilibrium constants for the vapor-solid incor-
poration of BC and AC pairs ((nBnC )eq/τB and (nAnC )eq/τA

[11] in the notations used in this paper, with (nknC )eq as the
equilibrium activity of a kC pair of atoms at the island bound-
ary and τk as the desorption-limited lifetime of adatoms k

(for k = A, B), and ω as the pseudobinary interaction constant
of AC and BC pairs in a solid in thermal units of kBT . The
parameter ω may depend on x if higher order interactions in
a solid are included [6,7,43–45,49]. The nucleation-limited
liquid-solid distribution for VLS III-V ternary nanowires ob-
tained in Ref. [42] has a similar form, with y-dependent β0.
The equilibrium distribution is independent of the vapor fluxes
IA, IB, and IC and binary supersaturations for AC and BC
pairs. It presents the miscibility gap whenever ω > 2, which
disappears above the critical temperature corresponding to
ωc = 2.

The most general form of the kinetically controlled vapor-
solid distribution obtained in Ref. [50] for a variety of
nanostructure geometries has the form

z = x

c + (1 − c)x
[1 + �(1 − x)(ceω(1−x)2 − β0eωx2

)],

c = �A

�B
,

� = (nAnC )eq

IC (IA + IB)τAτC
. (2)

This formula is four-parametric and contains two addi-
tional parameters relative to Eq. (1). The kinetic parameter
c is given by the ratio of the effective collection lengths of
A and B adatoms and describes the possible difference in the
areas from which these adatoms are collected by a growing
ternary solid (for example, different collection lengths on
the sidewalls of vertical nanowires [33,50]). The parameter
� at a fixed total flux of A and B atoms, Itot = IA + IB, is
related to the binary vapor supersaturation for AC pairs, and
decreases for larger fluxes Itot and IC . The kinetic liquid-solid
distribution obtained in Refs. [47–49] has the same form as
Eq. (2), with y-dependent coefficients β0 and �. The kinetic
distribution given by Eq. (2) also contains the miscibility gaps
at ω > 2, which enters differently compared to Eq. (1) and
disappears regardless of the growth temperature when � → 0,
i.e., at high supersaturations of a mother phase. This property
was used, for example, in Refs. [21,47–50] to explain the ki-
netic suppression of the miscibility gaps in InGaAs and InGaN
material systems. Without the � term, Eq. (2) is reduced to
the Langmuir-McLean formula [51], used in many works for
modeling the vapor-solid distribution of III-V ternary epilay-
ers [9,52] and nanowires [23,33]. At c = 1, the Langmuir-
McLean distribution is further reduced to x = z. This kinetic
distribution shows that, in the absence of any rejected material
fluxes, the solid composition is simply determined by the ratio
of the incoming vapor fluxes of A and B atoms.

As pointed out in Ref. [50], the kinetic distribution given
by Eq. (2) applies only under C-rich growth conditions for
an AxB1−xC ternary, where the growth is controlled by the
diffusion fluxes of adatoms A and B in the excess of C atoms,
which are readily available for crystallization at the growth
interface. According to Ref. [50], the growth modeling under
C-rich conditions is reduced to the one-component approx-
imation for surface diffusion of A and B adatoms, while a
spatially uniform concentration of adatoms C is determined by
the balance of their arrival and desorption rates and enters the
resulting distribution as an external parameter. C-rich growth
conditions hold in most cases for AxB1−xC epilayers [1,4,5,50]
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and vapor-solid nanowires [21] based on group III intermix.
Indeed, AB-rich conditions in this case would lead to the
formation of A-B liquid around the growth interface, rendering
the growth into the conditions of liquid phase epitaxy. This
corresponds to the case of VLS AxB1−xC nanowires. Highly
volatile group V atoms are present in the droplets at extremely
low concentrations (typically on the order of 0.01 [19]), which
is why the VLS growth of III-V ternary nanowires cannot pro-
ceed under group V rich conditions, as described by Eq. (2).
Similarly, the vapor-solid growth of III-V ternary solids based
on group V intermix cannot be group III rich without forming
a group III liquid around a growing solid, and hence cannot be
described by the kinetic model given by Eq. (2). This model
should be directly applicable for vapor-solid ternaries based
on group III intermix or VLS nanowires based on group V in-
termix, while other cases require a generalization of the model
for arbitrary material influxes. Furthermore, the “kinetic sup-
pression” of thermodynamic factors including the miscibility
gaps based on Eq. (2) is not always valid. The binary super-
saturation can be increased, for example, by raising the total
flux of A and B atoms Itot = IA + IB at a constant IC in such
a way that � → 0, which would result in the purely kinetic
Langmuir-McLean formula according to Eq. (2). However,
this conclusion is wrong, because Eq. (2) is not valid under
C-poor conditions.

On a more general ground, the kinetic models of
Refs. [21,47–50] use a simplified growth picture in which
the AxB1−xC solid attaches and emits AC and BC pairs. This
is certainly valid for the emission processes, because a sto-
ichiometric solid consists of AC and BC pairs and can only
emit them. However, it is generally not true for the attachment
processes, because a mother phase (vapor or liquid) consists
of a mixture of A, B, and C atoms rather than III-V pairs.
The atomic character of growth was earlier considered in
Refs. [10,46] but not incorporated into the general kinetic
scheme. Consequently, in this paper we develop a general
approach for modeling the stationary composition of III-V
ternary materials, which simultaneously accounts for the ki-
netics of the atomic growth and interactions of AC and BC
pairs in a solid, which are determined by thermodynamic fac-
tors. We will show that the resulting vapor-solid distribution
is a combination of the thermodynamic distribution given by
Eq. (1) and the kinetic distribution given by Eq. (2), whose
weights are determined primarily by the total flux ratio ε.
At small ε � 1 the solid composition is controlled by the
growth kinetics, as in Refs. [47–50]. At large ε � 1, the solid
composition is driven by thermodynamics regardless of the
supersaturation level in a mother phase. This growth is no
longer controlled by supersaturation because, in the absence
of available C atoms, A and B atoms accumulate near a grow-
ing interface and the growth conditions for them become close
to thermodynamic equilibrium. We discuss the physical con-
sequences of the obtained solution and fit the available data on
the vapor-solid distributions of different III-V ternaries based
on group V intermix.

II. METHOD

The method is based on the diffusion-induced growth
model of Ref. [50], generalized to the case of arbitrary flux

ratios of A and B over C atoms. We consider the vapor-solid
growth of a ternary AxB1−xC material in any geometry (epi-
layer, vapor-solid nanostructure, or VLS nanowire), described
by the three stationary diffusion equations for the surface
concentrations nk [50]:

Dk
d2 nk

dξ 2
+ Ik − nk

τk
= 0,

k = A, B,C. (3)

Here, ξ is the spatial coordinate; Dk are the surface dif-
fusion coefficients of adatoms A, B, and C; Ik are the vapor
fluxes of A, B, and C species; and τk are the desorption-
limited lifetimes of adatoms. For group V atoms, Eq. (3) is
valid only if the limiting step of the growth process is the
reversible reaction of decomposition of a precursor containing
one group V atom (for example, AsH3, PH3, or NH3) in
vapor phase epitaxy techniques such as metal-organic VPE
(MOVPE) or hydride VPE (HVPE) with chloride precursors
for group III species. In the case of deposition from dimers
such as As2, P2, or N2 and associative desorption in the form
of dimers, as in MBE or in VPE where group V precursors
decompose in the vapor phase before reaching the surface,
one should use the flux of dimers I5 = 2I

′
5 (with I

′
5 as the

atomic flux) and τ5 = 1/(4σ5D5I5)1/2, where σ5 is the desorp-
tion probability of group V dimers. This corresponds to the
effective diffusion length of group V adatoms λ5 = √

D5τ5 =
(D5/4σ5I5)1/4 and the spatially uniform concentration n0

5 =
I5τ5 = (I5/4σ5D5)1/2. Then, the linearized diffusion equation
for group V adatoms with the average concentration n0

5 has the
same form as given by Eq. (3), where τ5 and λ5 depend on the
vapor flux I5 [50].

Equations (1) require six boundary conditions which
should reflect the physics of the growth process. Introducing
the spacing P which in the simplest case of epilayers depends
on the distance between the growing steps, the diffusion fluxes
should be zero between the steps by symmetry:

dnk

dξ

∣∣∣∣
ξ=P/2

= 0,

k = A, B,C. (4)

The two conditions at the boundary of a growing solid (at
ξ = 0) are similar to Ref. [50], but generalized for spatially
nonuniform surface concentration of C adatoms:

nA(ξ = 0)nC (ξ = 0) = (nAnC )eqxeω(1−x)2
,

nB(ξ = 0)nC (ξ = 0) = (nBnC )eq(1 − x)eωx2
. (5)

Here, (nAnC )eq and (nBnC )eq are the equilibrium activities
of AC and BC binaries and ω is the pseudobinary interaction
constant. These boundary conditions are equivalent to the
equality of the chemical potentials of AC and BC pairs in
the perfect mixture of surface adatoms and in a ternary solid
[10,11,39–45,47–50].

The remaining boundary condition should ensure the stoi-
chiometry of an AxB1−xC pseudobinary material [10,46]. The
diffusion fluxes of A, B, and C atoms into a growing solid
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material are determined by

jk = Dk

(
dnk

dξ

)
ξ=0

,

k = A, B,C. (6)

Therefore, the sum of diffusion fluxes of A and B atoms
should equal the diffusion flux of C atoms:

DA

(
dnA

dξ

)
ξ=0

+ DB

(
dnB

dξ

)
ξ=0

= DC

(
dnC

dξ

)
ξ=0

, (7)

corresponding to jA + jB = jC . Decoupling the binary fluxes
of A and B atoms into the binary fluxes of AC and BC pairs, as
in Refs. [47–50], would yield

DA

(
dnA

dξ

)
ξ=0

= DC

(
dnC

dξ

)
ξ=0

,

DB

(
dnA

dξ

)
ξ=0

= DC

(
dnC

dξ

)
ξ=0

, (8)

meaning that jA = jC and jB = jC separately. This is obvi-
ously wrong in the general case, and gives the nonphysical
seventh boundary condition for the three second order dif-
fusion equations. In Ref. [50], it was shown that decoupling
of the binary fluxes is possible only under C-rich conditions
(for example, group V rich conditions for an AxB1−xC ternary
based on group III intermix), where nc = n0

c and hence the ex-
tra boundary condition given by Eq. (4) for nc is not required.

In the following, we use the following definitions for the
control parameters. The effective collection lengths are de-
fined according to

�k = λktanh

(
P

2λk

)
, (9)

k = A, B,Cand can be adapted, for example, to describe dif-
ferent diffusivities of A, B, and C adatoms on the sidewalls of
vertical nanowires [33,46,50]. If group V atoms impinge and
desorb in the form of dimers, their effective diffusion length

�5 =
(

D5

4σ5I5

)1/4

tanh

[
P

(4D5/σ5I5)1/4

]
(10)

depends on the vapor flux I5 and becomes flux independent
only at small P (�5 = P/2). The effective incoming fluxes of
A, B, and C atoms accounting for the collection lengths are
given by

JA = �AIA, JB = �BIB, JC = �CIC . (11)

The functions describing the rejected fluxes are defined
according to

FA = �A�C

τAτC
(nAnC )eqxeω(1−x)2

,

FB = �B�C

τBτC
(nBnC )eq(1 − x)eωx2

. (12)

The composition of a ternary solid AxB1−xC and the effec-
tive vapor composition are given by

x = jA
jA + jB

= jA
jC

, Z = JA

JA + JB
. (13)

Clearly, Z becomes equal to the vapor composition z when
the collections lengths of A and B adatoms are equal:

Z = z = IA

IA + IB
at �A = �B, (14)

regardless of �C .
The three boundary conditions given by Eqs. (5) and (7)

yield the following nonlinear system of algebraic equations
for determination of the unknown jA, jB, and jC :

jA + jB = jC, (15)

(JA − jA)(JC − jC ) = FA, (16)

(JB − jB)(JC − jC ) = FB. (17)

Nonlinearity of Eqs. (16) and (17) arises due to the nonlin-
ear boundary conditions given by Eqs. (5), which contain the
products of the two adatom concentrations. These expressions
show that the actual diffusion fluxes into a growing ternary
material jk are smaller than the incoming fluxes Jk due to
nonzero Fk , which describe the adatom fluxes rejected by a
solid. Summations of Eqs. (16) and (17) together with Eq. (15)
gives a quadratic equation for the total diffusion flux jC :

j2
c − (JA + JB + JC ) jC + (JA + JB)JC − FA − FB = 0. (18)

The solution has the form

jC
JA + JB

= G = 1

2

(1 + ε)

ε

[
1 −

√
1 − 4εϕ

(1 + ε)2

]
. (19)

Here, the important parameter of our theory, which was ab-
sent in most kinetic models dealing with group C-rich growth
[21,47–50], is given by

ε = JA + JB

JC
. (20)

When all the collection lengths equal each other, this ε

simply becomes the total III/V flux ratio (for ternaries based
on group III intermix where A and B correspond to group
III atoms) or V/III flux ratio (for ternaries based on group V
intermix, where A and B correspond to group V atoms):

ε = IA + IB

IC
at �A = �B = �c = P/2. (21)

The thermodynamic function ϕ is given by

ϕ = 1 − FA + FB

JC (JA + JB)
. (22)

When ε is given by Eq. (21), and more generally when
�A = �B �= �C , the function G defined by Eq. (19) depends
on the flux ratio and solid composition x present in ϕ, but
is independent of the vapor composition z. The function ϕ

depends, however, on the product of the total group III and
V fluxes IC (IA + IB). When �A �= �B, as usual for group
III adatoms A and B, the situation becomes more complex
because Z , ε, and ϕ depend on the vapor composition z.

Dividing Eq. (16) by Eq. (17) and using again Eq. (15)
allows one to obtain explicitly the effective vapor-solid dis-
tribution in the form

Z = 1

1 + FB/FA
(1 − G) + xG. (23)

074603-4



COMPOSITION OF III-V TERNARY MATERIALS UNDER … PHYSICAL REVIEW MATERIALS 7, 074603 (2023)

Using Eqs. (12), the ratio FB/FA entering this solution can
be presented as FB/FA = f (x)/c, where f (x) is the thermody-
namic function defined in Eq. (1) and

c = �A

�B
(24)

is the kinetic constant accounting for the possible difference
in the collection lengths for A and B adatoms. Hence, Eq. (23)
can equivalently be presented as

Z = 1

1 + f (x)/c
(1 − G) + xG, (25)

which is the main result of this paper. This exact solution for
the vapor-solid distribution applies at arbitrary fluxes or flux
ratios, with the functions 1/[1 + f (x)/c] and x corresponding
to the thermodynamic and kinetic limits as will be discussed
shortly. When �A = �B, Z = z is the vapor composition and
the function G in the right-hand side of Eq. (25) is independent
of z, which provides the explicit form of the z(x) dependence
in this case. When �A �= �B, Eq. (25) provides the vapor-
solid distribution z(x) only implicitly. However, the explicit
form of z(x) can be resumed in some important particular
cases discussed in the next section.

III. RESULTS AND DISCUSSION

A. Equilibrium solution

The equilibrium solution in our model corresponds to ϕ =
0, which yields G = 0 according to Eq. (19). Using Eqs. (22),
(11), and (12), the function ϕ can be presented as

ϕ = 1 − 1

cz + 1 − z
�[cxeω(1−x)2 + β0(1 − x)eωx2

], (26)

where z is the actual vapor composition and � is the parameter
entering the kinetic vapor-solid distribution given by Eq. (2).
The equilibrium condition ϕ = 0 requires that the total dif-
fusion flux jC = jA + jB = 0. However, from Eqs. (16) and
(17) it follows that jA = 0 and jB = 0 separately, which cor-
responds to the total equilibrium with zero diffusion fluxes of
A, B, and C adatoms. Using the known expressions for the
chemical potentials μAC and μBC of AC and BC pairs in a
solid [41,45], and the chemical potentials μA, μB, and μC of
A, B, and C atoms in the perfect gas of adatoms surrounding a
ternary solid, Eqs. (26), (16), and (17) yield

μA + μC = μAC,

μB + μC = μBC . (27)

This corresponds to the two equilibria for AC and BC pairs
in a mother phase and solid, as in Refs. [32,41], which are
equivalent to the condition jA = jB = jC = 0 in our model.

From Eq. (25), Z = 1/[1 + f (x)/c] under equilibrium con-
ditions. Using the definition for Z given by Eqs. (13) and (11)
for JA and JB, we find

Z = cz

cz + 1 − z
. (28)

Comparing these two results for Z , the vapor-solid dis-
tribution under equilibrium conditions is given by Eq. (1),
i.e., by the two-parametric thermodynamic formula. It is in-
teresting to note that the general equilibrium condition ϕ = 0

contains the vapor flux of C atoms and the kinetic constant
c, which cancel in the resulting thermodynamic vapor-solid
distribution.

B. Interplay of kinetics and thermodynamics

From Eq. (19), the function G is bound in the range from
ϕ/(1 + ε) at ε � 1 to ϕ at ε � 1, while ϕ itself is less than
unity in the growth conditions, with ϕ = 0 corresponding
to the no-growth conditions at equilibrium. Another limiting
case of ϕ = 1 corresponds to growth at very high supersatura-
tions [ � → 0 in Eq. (26)]. Therefore, we have

0 � ϕ

1 + ε
� G � ϕ � 1, (29)

showing that G changes from zero at ϕ = 0 or ε → ∞
regardless of ϕ to unity at ε → 0 and ϕ = 1. From these
considerations, 1−G can be treated as the probability for
realization of the equilibrium state and G can be treated as
the probability for realization of the kinetic state for A and
B atoms whose intermix forms a ternary solid. Importantly,
G = G(ε) depends on the flux ratio ε. At small ε � 1, G = ϕ

and hence the weights of the thermodynamic and kinetic
distributions equal 1−ϕ and ϕ, respectively. Under strongly
nonequilibrium growth conditions corresponding to ϕ � 1,
the solid composition is kinetically driven, as discussed, for
example, in Refs. [21,48,50]. This corresponds to Z = x ac-
cording to Eq. (25), with no thermodynamic factors left in
the vapor-solid distribution. Conversely, at large ε � 1 the
weight of the growth kinetics tends to zero and the vapor-solid
distribution becomes equilibrium. This is explained by the fact
that only a small fraction of the arriving A and B atoms are
incorporated into a solid due to the lack of available C atoms
in a mother phase. In this regime, the state of the mother
phase becomes very close to equilibrium for A and B atoms,
regardless of their vapor fluxes.

Figure 1 shows the vapor-solid distribution given by
Eq. (25) at �A = �B (corresponding to c = 1) for the fixed
thermodynamic parameters ω = 2.3 and β0 = 0.1 at different
ε from 0.1 to 10, compared to the kinetic distribution given by
Eq. (2) at ε → 0. We assume that ε is raised by increasing the
vapor fluxes of A and B atoms rather than decreasing the vapor
flux of C atoms. In this case, the parameter � in Eq. (2) is
inversely proportional to ε. The starting curve at ε = 0.1 and
� = 0.3 is indistinguishable from the distribution at ε → 0,
confirming the validity of the models of Refs. [47–50] in the
C-rich growth regime. Increasing the vapor supersaturations
by fluxes IA and IB decreases the contribution of the � term
in Eq. (26) and increases the value of ϕ toward unity. This
leads to a more linear kinetically controlled curve at ε = 0.3,
which remains very close to the curve given by Eq. (2).
However, at ε = 1 the difference between the general vapor-
solid distribution and its approximation by Eq. (2) at ε → 0
becomes significant. The actual distribution becomes more
nonlinear than at ε = 0.3, while the curve at ε → 0 wrongly
predicts the purely kinetic regime with the linear correlation
z = x, which does not change with further increase of ε.
The general distribution becomes more and more nonlinear
as ε increases from 0.3 to 10, and tends to the equilibrium
curve at ε → ∞. Therefore, thermodynamically controlled
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FIG. 1. General vapor-solid distribution at a fixed c = 1, ω =
2.3, and β0 = 0.1 for different ε and � shown in the legend (solid
lines), compared to the kinetic distribution at ε → 0 given by Eq. (2)
(dashed lines). It is assumed that the increase of ε is achieved by
increasing vapor fluxes of A and B atoms, in which case � in Eq. (2)
scales as 1/ε. The bold red line shows the equilibrium distribution
given by Eq. (1), which contains the miscibility gap. The general
vapor-solid distribution is close to the kinetic curves only at small
ε � 0.3. Further increase of ε renders the solid composition into the
close-to-equilibrium conditions despite very high supersaturation at
� → 0.

composition of ternary III-V materials is observed not only
under no-growth conditions (at ϕ → 0), but also during C-
poor growth regardless of ϕ and even under infinitely high
supersaturation (at ϕ → 1). The model assuming C limited
growth works well at small enough ε but is totally wrong at
large ε > 1. This is not surprising, because this model is valid
only at ε � 1 and should not be used under C poor conditions.
When c �= 1, the purely kinetic distribution is given by the
nonlinear Langmuir-McLean equation [51]. The intermediate
regimes become more complex due to the z-dependent Z and
ε, as will be discussed shortly.

C. Growth at high supersaturations

Growth under very high supersaturations often occurs for
ternaries based on group III intermix in the regimes without
desorption of group III atoms from a substrate surface or
nanowire sidewalls and catalyst droplets at a growth tempera-
ture [32,33,39], and may occur for ternaries based on group
V intermix at low temperatures [39,46]. This corresponds
to ϕ → 1 in Eq. (19) for G, yielding G = 1 at ε � 1 and
G = 1/ε at ε > 1. Equation (25) is then reduced to

Z =
{

x at ε � 1
1

1+ f (x)/c

(
1 − 1

ε

) + x
ε

at ε > 1
. (30)

This expression can be used directly for ternaries based on
group V intermix at �A = �B and a z-independent β0, which
corresponds to “atomic” flux of group V precursors rather than
a flux of V2 dimers. In this case, we simply have Z = z, and

FIG. 2. Vapor-solid distributions for a III-V ternary based on
group III intermix at infinitely high vapor supersaturation (ϕ → 1),
obtained from Eq. (32) at a fixed c = 3, ω = 1.5, β0 = 0.05 and
different effective III/V flux ratios ε3 shown in the legend. The red
bold line shows the equilibrium distribution. The black bold line
shows the purely kinetic distribution which favors the incorporation
of A adatoms due to their larger collection length compared to B
adatoms, and pertains to all ε3 � 0.5. Further increase of the III/V
flux ratio modifies the kinetic curve first at large x and then in
the entire range of compositions. At large ε3 � 1 the vapor-solid
distribution acquires the equilibrium shape despite infinitely high
vapor supersaturation.

ε = (�5/�3)[(IA + IB)/I3] as the effective V/III flux ratio,
with �3 = �B and �5 = �C .

For ternaries based on group III intermix, for which �A �=
�B in the general case, we have

ε = ε3(cz + 1 − z),

ε3 = �3

�5

(IA + IB)

I5
, (31)

whereas Z is related to the vapor composition z by Eq. (28).
From Eq. (30), it is easy to obtain the explicit form of the
vapor-solid distribution in the form of z(x) dependence:

z = x

c + (1 − c)x
,

z � 1/ε3 − 1

c − 1
,

z = 1

1 + f (x)

(
1 − 1

ε3

)
+

(
1 + f (x)/c

1 + f (x)

)
x

ε3
,

z >
1/ε3 − 1

c − 1
, (32)

where we choose an element with a larger collection length as
an A element in an AxB1−xC ternary (�A > �B), correspond-
ing to c > 1. Figure 2 shows the evolution of the vapor-solid
distribution from the purely kinetic shape at low III/V flux
ratios ε3 � 0.5 to the equilibrium shape at large ε3 � 1.
The equilibrium state at large ε3 is achieved under group III
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rich growth conditions at infinitely high supersaturation of a
mother phase, like in Fig. 1.

It should be noted that ε3 given by Eq. (31) contains the
ratio of collection lengths of group III over group V adatoms,
�3/�5. This ratio equals unity for epilayers with high den-
sity of steps, but is larger or even much larger than unity
for VLS III-V nanowires, where the surface diffusivity of
group III adatoms on the nanowire sidewalls is larger (typ-
ically on the order of 100–1000 nm) compared to group V
adatoms [33,39,46,50]. Of course, the vapor-solid distribution
at large enough ε3 becomes liquid-solid due to a group III
liquid (in liquid phase epitaxy) or an Au-A-B-C alloy (in VLS
nanowires) surrounding a growing island. These considera-
tions show that the purely kinetic growth of VLS ternary
nanowires based on group III intermix rarely occurs under
group V rich conditions and hence the model at ε → 0 based
on Eq. (2) (for the liquid-solid distributions [47,49]) has a lim-
ited range of applications for these nanomaterials. However,
it works well for vapor-solid InGaN nanowires grown under
very low III/V ratios [21], and may be relevant for the vapor-
solid distributions of VLS InGaAs nanowires [26,29,31,50]
at low desorption rates of In atoms, with the miscibility gaps
suppressed in both systems.

For ternaries based on group V intermix deposited from
the vapor fluxes of V2 dimers such as As2 or P2, one can as-
sume �A = �B and hence Z = z. However, the compositional
diagram is complicated by a z-dependent β0 in Eq. (1) due
to the flux-dependent effective desorption times for A and B
adatoms. In this case, we have

β0 = β5

(
1 − z

z

)1/2

,

β5 =
(

σBDB

σADA

)1/2 (nBnC )eq

(nAnC )eq ,

ε = ε5 = �5

�3

(IA + IB)

I3
. (33)

From Eq. (30), the vapor-solid distribution takes the form

z = x, ε5 � 1,

z = 1

1 + f (x)
(

1−z
z

)1/2

(
1 − 1

ε5

)
+ x

ε5
,

ε5 > 1,

f (x) = β5
(1 − x)

x
eω(2x−1). (34)

At ε5 > 1, this yields a cubic equation for t =
[(1−z)/z]1/2, which can be presented in the form

1

1 + t2
= 1

1 + f (x)t

(
1 − 1

ε5

)
+ x

ε5
. (35)

It is clear that z = 1/(1 + t2) ∼= x/ε5 when ε5 is close to 1,
and t ∼= f (x) at ε5 � 1. Therefore, the approximate solution
for the vapor-solid distribution can be presented in the form

z = 1

1 + f 2(x)

(
1 − 1

ε5

)
+ x

ε5
. (36)

FIG. 3. Vapor-solid distributions for a III-V ternary based on
group V intermix at infinitely high supersaturation (ϕ → 1), obtained
from Eq. (34) (solid lines) and Eq. (36) (dashed lines) at a fixed c =
1, ω = 1.5, β0 = 0.2 and different effective V/III flux ratios ε5 shown
in the legend. The distribution evolves from the thermodynamically
controlled shape at ε5 = 8 to an almost linear kinetic shape at
ε5 = 1.1. The bold red line shows the equilibrium distribution, and
the black bold line shows the linear kinetic distribution z = x, which
is observed for any ε5 � 1.

This solution is a linear combination of the equilibrium dis-
tribution at large effective V/III flux ratios (which is similar to
the result of Ref. [11] for As4 and Sb4 growth species forming
InSbAs epilayers), which prevails at ε5 � 1, and the kinetic
distribution, which prevails at ε5 � 1. Figure 3 shows the
evolution of the vapor-solid distribution from the equilibrium
to kinetic shape with the decrease of the effective V/III flux
ratio and demonstrates that Eq. (36) provides a reasonable
approximation to the exact solution for all ε5.

According to Eq. (33), the effective V/III flux ratio ε5

contains the ratio of the collection lengths �5/�3, which is
on the order of unity for epilayers but much less than unity
for nanowires. The vapor-solid growth of ternary epilayers
or nanowires should occur under group V rich conditions to
avoid the formation of a group III liquid, which corresponds
to ε5 � 1 or even ε5 � 1 [10]. The same applies for
catalyst-free III-V ternary nanowires grown in the vapor-solid
mode [23–25]. The vapor-solid distributions of the vapor-solid
ternaries based on group V intermix grown under group V
rich conditions are expected to be close to equilibrium, as
indeed observed, for example, for InSbxAs1−x epilayers of
Refs. [10,11], AlSbxAs1−x of Ref. [12], and vapor-solid
InSbxAs1−x nanowires of Ref. [23]. Close-to-linear kinetic
curves in different vapor-solid III−VxV1−x materials require
that ε5

∼= 1 [9,10,12]. In VLS nanowires, the values of ε5 are
strongly decreased relative to their nominal values in vapor by
surface diffusion of group III adatoms to the droplets, as noted
previously in Ref. [35] for Au-catalyzed VLS InSbxAs1−x

nanowires. Consequently, close-to-linear kinetic shapes of
the liquid-solid or vapor-solid [35,53–55] distributions of
VLS III−VxV1−x nanowires should be more easily achieved
compared to epilayers or vapor-solid nanostructures and
nanowires. This conclusion will be further elaborated in the
next section.

074603-7



VLADIMIR G. DUBROVSKII AND EGOR D. LESHCHENKO PHYSICAL REVIEW MATERIALS 7, 074603 (2023)

D. Linearized model for ternaries based on group III intermix

Equation (19) for G can be linearized at

4εϕ

(1 + ε)2 � 1, (37)

which is valid for any ε at ϕ � 1, and for any ϕ at ε � 1
or ε � 1. The function G in the general distribution given by
Eq. (25) can then be approximated as G = ϕ/(1 + ε). Using
Eq. (26) for ϕ and considering ternaries based on group III
intermix, the vapor-solid distribution can be obtained in the
analytic form (below we again assume that c > 1):

z(x) = t (x) − 1

c − 1
,

t (x) =
Y (x)

2 [1 − √
1 + 4Z (x)], Y � 0

Y (x)
2 [1 + √

1 + 4Z (x)], Y > 0
,

Y (x) = 1 + f (x)/c

1 + f (x)

(c − 1)x + c(ε3 − 1)

ε3
,

Z (x) = ε3
1 + f (x)

1 + f (x)/c

(c − 1)g(x) + c

[(c − 1)x + c(ε3 − 1)]2 , (38)

with the kinetic function g(x) given by

g(x) = (1 − x)x�[ceω(1−x)2 − β0eωx2
]. (39)

Here, the effective III/V flux ratio ε3 is the same as in Eq. (31).
This solution is reduced to the equilibrium distribution at

ε3 � 1, while at ε3 � 1 it yields the result of Ref. [50] given
by Eq. (2):

z = x + g(x)

c + (1 − c)x
. (40)

Therefore, the obtained vapor-solid distribution is a non-
linear combination of the equilibrium and kinetic distributions
given by Eqs. (1) and (2), respectively. The nonlinearity arises
due to �A �= �B, which leads to z-dependent Z (z) and ε(z) ac-
cording to Eqs. (28) and (31). The linearized model becomes
exact at ε3 � 1 and ε3 � 1 regardless of ϕ, while for ε3

around unity its accuracy is guaranteed only at small enough
ϕ corresponding to the growth at low supersaturations. This
property is demonstrated in Fig. 4 which shows a comparison
of numerical solution to Eq. (25) with G given by Eq. (19)
to the approximation given by Eq. (38) with the linearized
G = ϕ/(1 + ε). As expected, the approximate solution is per-
fect at ε3 = 0.2 and 5, but becomes inaccurate at ε3 = 1 for
these parameters.

Our analysis shows that the analytic compositional dia-
grams x(z) can only be obtained in the four cases considered
above. However, these solutions should be sufficient for the
full description of the vapor-solid distributions in a wide range
of growth conditions. Indeed, III-V ternary materials based
on group III intermix are fully described by Eq. (38) under
group V rich and group V poor conditions, while the growth at
high supersaturations is well described by Eq. (32) at ϕ = 1.
The general Eq. (25) at Z = z is directly applicable for the
reaction-limited growth of III-V ternaries based on group
V intermix from precursors containing one group V atom.
Equation (34) or its approximation given by Eq. (36) fully
describes the composition of III-V ternaries based on group

FIG. 4. Vapor-solid distributions for a III-V ternary based on
group III intermix at a fixed c = 3, ω = 2.3, β0 = 0.1 and different
ε3 shown in the legend, obtained numerically from G in Eq. (25)
given by Eq. (19) (solid lines), and from the approximate analytical
solution given by Eq. (38) with G = ϕ/(1 + ε) (dashed lines). As in
Fig. 2, we assume that the increase of ε3 is achieved by increasing A
and B vapor fluxes, in which case � scales as 1/ε. The red bold line
shows the equilibrium distribution containing the miscibility gap.

V intermix grown from V2 dimers at high supersaturations,
and only growth at moderate supersaturations may require
numerical solution of the general Eq. (25).

IV. THEORY AND EXPERIMENT

In this section, we consider the available data on the
vapor-solid distributions of III-V ternary epilayers and VLS
nanowires based on group V intermix, which depend on
the total V/III flux ratio. Refined modeling of III-V ternary
materials and nanomaterials based on group III intermix,
including VLS nanowires, will be presented elsewhere.
InSbxAs1−x epilayers of Ref. [10] were grown by MOVPE
using trimethylindium (TMIn), trimethylantimony (TMSb),
and AsH3 precursors, at a temperature of 475 ◦C. The total
V/III flux ratios were varied in a wide range by tuning the par-
tial pressures of group V precursors, which did not affect the
In-limited total growth rate. Pyrolysis of group V precursors
at the surface produced As4 and Sb4 vapors according to the
surface reactions originally considered in Ref. [10]. We will
use, however, the model involving As2 and Sb2 dimers rather
than tetramers according to the general view based on the fact
that the equilibrium pressures of V2 vapors are much larger
compared to V4 vapors [56,57] and that group V elements
always desorb in the form of dimers [57]. InSbxAs1−x epilay-
ers of Ref. [11] were grown by MOVPE using triethylindium
(TEIn), triethylantimony (TESb), and AsH3 precursors, at a
temperature of 500 ◦C. The total III/V flux ratio was more than
15, as estimated from the ratio of partial pressures of TESb
and TEIn given in Ref. [11].

Figure 5 shows the vapor-solid distributions of InSbxAs1−x

epilayers obtained in Refs. [10,11] and their fits by Eq. (36)
with the parameters given in Table I. Equation (36) contains
a minimum number of parameters which include the total
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FIG. 5. Vapor-solid distributions of InSbxAs1−x epilayers of
Refs. [10] (circles) and [11] (squares) grown by MOVPE under
different total V/III flux ratios, fitted by the model with the ε5 values
shown in the legend and other parameters summarized in Table I
(lines). The distributions change from the linear kinetic shape at a
V/III flux ratio of 1 to the nonlinear equilibrium shape (the dashed
line) at large V/III flux ratios, as predicted by the model.

V/III flux ratio ε5 and the thermodynamic constants ω and
β0 in the equilibrium distribution given by Eq. (1). We used a
composition-independent InAs-InSb pseudobinary interaction
parameter of 2250 cal/mol given in Ref. [1], which yields the
values of ω given in Table I. For β0 = KInSb/KInAs, where
KInSb and KInAs are the equilibrium constants of surface re-
actions producing InSb and InAs pairs, respectively, we used
a value of 2.33 at 475 ◦C [10] and 2.46 at 500 ◦C [11]. It is
seen that our simple analytical expression provides good fits to
the data and describes very well the observed transition from
the kinetically controlled to the thermodynamically limited
vapor-solid distribution with increasing the total V/III flux
ratio. The values of ε5 obtained from the best fits, shown in the
legend and listed in Table I, appear close to the experimentally
reported values [10]. The curve at ε5 = 25 is very close to
the equilibrium distribution, which also provides a good fit
to the data of Ref. [11]. Using the general model does not
significantly improve the fits. In Ref. [10], the compositional
data were fitted by the original model which required numer-
ical solution of the four equations for chemical reactions in
vapor and at the growth interface, while the data of Ref. [11]
were fitted by the equilibrium distribution for As4 and Sb4

tetramers. Our Eq. (36) contains both models and provides a
simple analytical expression describing the observed interplay

TABLE I. Parameters of InSbxAs1−x and AlSbxAs1−x materials.

Material T ( ◦C) V/III ratios ε5 ω β0

InSbxAs1−x epilayers [10] 475 1–20 1–25 1.514 2.33
InSbxAs1−x epilayers [11] 500 >15 25 1.465 2.46
InSbxAs1−x nanowires [35] 450 15–56 1–20 1.566 3.358
AlSbxAs1−x epilayers [12] 600 1–4.4 1–4.4 2.215 3.358

FIG. 6. Vapor-solid distributions of Au-catalyzed VLS
InSbxAs1−x nanowires of Refs. [35], grown by MOVPE under
different total V/III ratios shown in the legend (symbols), fitted
by the model with the ε5 values shown in the legend and other
parameters summarized in Table I (solid lines). The dashed line
shows the equilibrium distribution. As in Fig. 5, the distributions
change from the linear kinetic curve at the lowest V/III ratio to the
equilibrium shape at the highest V/III ratio. The fitting values of ε5

shown in the legend are significantly lower than the V/III flux ratios
in the vapor phase due to the additional diffusion flux of In adatoms
from the nanowire sidewalls to the catalyst droplets.

between the kinetic and thermodynamic factors depending on
the total V/III ratio.

Au-catalyzed VLS InSbxAs1−x nanowires of Ref. [35]
were grown by MOVPE using TMIn, TMSb, and AsH3 pre-
cursors, with 50-nm-diameter colloidal Au nanoparticles as
the nanowire growth seeds, at a temperature of 450 ◦C. The
total V/III flux ratio was varied from 15 to 56 by varying
group V molar fractions at a constant TNIn molar fraction.
Figure 6 shows the data and their fits by Eq. (36) with the ε5

values shown in the legend and other parameters summarized
in Table I. For β0, we used a value of 3.358 at 450 ◦C given in
Ref. [35], and the same InSb-InAs pseudobinary interaction
parameter of 2250 cal/mol as before. In contrast to epilayers,
the fitting values of ε5 appear significantly lower than the
actual V/III ratios in the vapor phase. This effect was noticed
in the original work [35], where the fits to the data by the
model of Biefeld [10] required much lower V/III ratios than
their nominal values in vapor. As discussed above, In adatoms
have a much larger diffusivity on the nanowire sidewalls than
group V adatoms, which gives an additional flux of In into the
droplet and reduces the effective V/III flux ratios with respect
to the vapor phase.

AlSbxAs1−x epilayers of Ref. [12] were grown by MOVPE
using TMAl, TMSb, and AsH3 precursors, at a temperature
of 600 ◦C. The total V/III flux ratios were varied from 1 to
4.4 by increasing the partial pressures of group V precursors.
Figure 6 shows the measured vapor-solid distributions, fitted
by Eq. (36) with the ε5 values corresponding exactly to the
V/III flux ratios in the vapor phase, and other parameters given
in Table I. We used a value of 3.358 for β0 = KAlSb/KAlAs
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FIG. 7. Vapor-solid distributions of AlSbxAs1−x epilayers of
Refs. [12] (symbols), fitted by Eq. (36) (solid lines) with ε5 =
V/III and other parameters given in Table I. The dashed line shows
the equilibrium distribution with the miscibility gap, which is not
reached at ε5 = 4.4. However, the trend for changing the solid
composition from the kinetically controlled to the thermodynami-
cally limited shape at larger ε5 is clear and very similar to Figs. 5
and 6.

at 600 ◦C and a value of 3843 cal/mol for the AlSb-AlAs
pseudobinary interaction parameter, given in the original work
[12]. The corresponding value of ω of 2.215 is larger than 2,
which yields the miscibility gap in the equilibrium vapor-solid
distribution shown in Fig. 6. This state is not reached at the
highest V/III flux ratio of 4.4 employed in Ref. [12], but the
evolution of the vapor-solid distribution from the kinetic to
equilibrium shape with increasing ε5 is clear. Overall, all the
vapor-solid distributions shown in Figs. 5–7 feature exactly
the same compositional trend for changing the solid composi-
tion from the kinetically controlled to the thermodynamically
limited regime by increasing the total V/III ratio. We suspect
that this effect is general and will pertain for any mate-
rial system and nanostructure geometry, as predicted by our
model.

V. CONCLUSIONS AND OUTLOOK

In summary, we have developed a general model for
the diffusion-induced growth of III-V ternary materials and
nanostructures. The model is based on the three coupled dif-
fusion equations for A, B, and C adatoms with the appropriate
boundary conditions. Most importantly, we have used the
boundary condition for the diffusion fluxes in the form jA +
jB = jC beyond the approximation of binary fluxes of AC and
BC pairs entering a ternary solid. This enables treatment of
the vapor-solid distributions of AxB1−xC ternaries based on
group III or group V intermix at arbitrary flux ratios. It has
been shown that the general vapor-solid distribution is given
by a combination of the kinetic and equilibrium distribution,
whose probability depends on the total flux ratio of A+B over
C atoms ε. The kinetically controlled regime occurs at ε � 1,
where the growth is controlled by the attachment of A and B

atoms in the excess of C atoms. This was a usual assumption
in most kinetic models developed so far. In the opposite case
of ε � 1, A and B atoms are accumulated in a mother phase
and the growth conditions become close to equilibrium for
them. Therefore, the vapor-solid distribution becomes thermo-
dynamically controlled, even if the supersaturation level in a
mother phase is infinitely high. As a result, our approach pro-
vides a general tool for modeling the vapor-solid distributions
under arbitrary material fluxes and describes the interplay
between the kinetic and thermodynamic factors depending
on the total flux ratio. In most important cases, our model
is reduced to simple analytical expressions with a minimum
number of parameters, which are convenient for analyzing the
compositional data. We have fitted the measured compositions
of InSbxAs1−x and AlSbxAs1−x epilayers and Au-catalyzed
VLS InSbxAs1−x nanowires grown under different total V/III
flux ratios by the same equation containing only the known
thermodynamic parameters ω and β0 and the V/III flux ratio
ε5. In all cases, the vapor-solid distributions converged from
the linear kinetic shape at ε5 = 1 to the nonlinear close-to-
equilibrium shape at ε5 � 1. This effect should have a general
character and pertain for any III-V ternary. Furthermore, our
model should work equally well for any stoichiometric ternary
material.

Our analysis shows that the kinetic suppression of the mis-
cibility gaps in highly mismatched III-V ternary systems such
as InGaAs, InGaN, or AlSbAs requires growth at low ε rather
than at high supersaturations of a mother phase. More gen-
erally, the kinetically controlled composition of an AxB1−xC
ternary requires that its growth is limited by A and B atoms
whose intermix produces this ternary. Such conditions are
typical for the vapor-solid growth of ternaries based on group
III intermix at high enough V/III flux ratios, and for all VLS
growths of ternary nanowires based on group V intermix. The
linear shape of the vapor-solid distributions for the vapor-solid
ternaries based on group V intermix is observed only at ε5

∼=
1, as supported by the data on InSbAs and AlSbAs epilayers.
Larger V/III flux ratios yield nonlinear shapes of the distribu-
tions. The vapor-solid growth of ternaries based on group III
intermix at V/III flux ratios around unity should be considered
using the general scheme, where the ε-dependent correc-
tions become important. The VLS growth of III-V ternary
nanowires based on group III intermix should proceed under
close-to-equilibrium conditions for group III atoms in a cata-
lyst droplet. This conclusion was used (indirectly and without
explanation), for example, in Ref. [32], where the liquid-solid
distribution of self-catalyzed VLS AlxGa1−xAs nanowires
was taken in the equilibrium form and worked well for mod-
eling the interfacial profiles across GaAs/AlGaAs nanowire
heterostructures, and in Refs. [42–45], where the liquid-solid
distributions of VLS ternary nanowires based on group III
intermix were assumed nucleation limited. The existing ki-
netic models for the liquid-solid distributions of VLS ternary
nanowires based on group III intermix [47,49] are based on
the assumption ε3 � 1 and therefore require a refinement
from the viewpoint of the obtained results. We believe that the
liquid-solid distributions of such nanowires should be close to
equilibrium. In our analysis, we have not introduced directly
a liquid phase of the droplet on the nanowire top and have not
considered a nontrivial correlation between the liquid-solid
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growth of nanowire monolayers and the vapor-liquid material
exchange feeding the droplet from vapor. For example, in
the absence of desorption of group III atoms from a catalyst
droplet and nanowire sidewalls, the vapor-solid distribution of
ternary III-V nanowires based on group III intermix should
be given by the purely kinetic Langmuir-McLean formula
[33,50], while the liquid-solid distribution should be close

to equilibrium. We plan to consider this important question in
a forthcoming work.
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