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Modeling the composition of Au-catalyzed InPxAs1−x and InSbxAs1−x
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The formation of Au-catalyzed InPxAs1−x and InSbxAs1−x nanowires has been studied theoretically. Taking

into account the desorption, we have studied the influence of the III/V flux ratio and temperature on the nanowire

composition. Using the Au-catalyzed InPxAs1−x nanowires as an example, we have shown that the Au concentration

has no effect on the vapor−solid distribution but affects the total concentration of group V elements. The study

has shown that the total concentration of group V elements is low (about 1−2%). Comparison of the theoretical

results with available experimental data have demonstrated a good agreement.
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Despite more than 30 years of research into nanowires

(NWs), the intensity of work in this area remains quite

high. One of the NW advantages is efficient relaxation of

elastic stresses on the lateral surface [1] (and, hence, the
possibility of combining different materials without defect

formation). In addition, growth of NWs is characterized

by a high degree of control over all parameters, including

crystal structure [2], radius [3], length [4], location [5],
doping level [6], and chemical composition [7]. Most NWs

are being grown via the vapor–liquid–solid mechanism; as

a catalyst, gold is often used [8]. In the case when the

droplet consists of a metal that is part of NW (e. g. In),
the self-catalyzed growth takes place [9]. Among the pop-

ular synthesis methods, metal-organic vapor-phase epitaxy

(MOVPE) [10] and molecular beam epitaxy [11] may be

distinguished.

NW research is mainly focused on, e. g., compositional

control of ternary nanostructures [12], which is necessary

to create optoelectronic devices [13]. For a long time,

most theoretical studies were aimed at examining the NW

composition dependence on the droplet composition (i. e.,
the liquid−solid distribution) [14]. Depending on the mode

of atom incorporation, models are divided into equilib-

rium [15], nucleation-limited [16] and kinetic [17]. However,
except for the case of in situ studying the growth of

InxGa1−xAs NW by transmission electron microscopy [18],
the final result of the experiment is the NW composition

dependence on the gas phase one (i. e., the vapor−solid

distribution) [12]. In most cases, such dependences

were described by the one-parameter Langmuir–McLean

equation [19]. An important milestone was publication [20]
which presented a generalized model combining kinetics

and thermodynamics and showed how the kinetic distri-

bution is being shifted to equilibrium one with increasing

flux ratio (e. g., V/III for the III−V−V systems). This

was followed by a whole series of studies [21–23] aimed

at more detailed analysis and elimination of uncertainties

associated with the liquid. Paper [23] presents a complete

model; however, the analysis was performed in this study

based on a simplified solution. This paper is devoted

to studying formation of the Au-catalyzed InPxAs1−x and

InSbxAs1−x NWs. In contrast to [23], we have calculated

the vapor−solid compositional dependence via a complete

model taking into account the desorption and interatomic

interactions in the droplet. This makes it possible to estimate

a number of parameters, including the total concentration

of group V elements, and to assess the effect of gold

concentration on the vapor−solid distribution and total

concentration of group V elements.

Consider the formation of ternary NWs from a supersatu-

rated four-component droplet containing elements A, B and

C, and gold as a catalyst. In this paper, A and B denote

group V elements, while C denotes a group III element. As

shown in publications [21–23], the liquid-solid distribution

has the following form:

y =
x + g(x)

x + c l(1− x)
, (1)

g(x) = Ŵlx(1− x)
[

c le
ω(1−x)2

− βle
ωx2]

, (2)

Ŵl =
1

χtotχC

e−1µ0AC−ψA−ψC . (3)

Here x is the Ax B1−xC NW composition, y = χA/(χA + χB),
where χ j = N j/Ntot denotes the concentration of element

j atoms in the droplet expressed as a fraction of unity,

N j is the number of element j atoms in the droplet,

Ntot is the total number of atoms in the droplet, ω is

the parameter of interaction between pairs AC and BC
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in the solid solution. The formulae involve quantities

c l = (DA/DB)eψA−ψB and βl = e1µ
0
AC−1µ0BC+ψA−ψB , where DA

and DB are the diffusion coefficients of atoms of elements

A and B in the droplet consisting of element C . Func-

tion ψ j describes interatomic interactions in the droplet

according to expression µl
j = µl,0

j + ln χ j + ψ j , where µl
j is

the chemical potential of element j in the four-component

droplet, µl,0
j is the chemical potential of element j in

the liquid phase. Here 1µ0
AC = µl,0

A + µl,0
C − µs ,0

AC and

1µ0
BC = µl,0

B + µl,0
C − µs ,0

BC , where µs ,0
AC and µs ,0

BC are the

chemical potentials of pairs AC and BC in the crystalline

phase, respectively. Values of interaction parameters

and chemical potentials necessary to calculate chemical

potentials and desorption rate may be found in [24]. Next,
total concentration of group V elements χtot = χA + χB may

be represented as in [23]:

χ2tot =
ε − 1

K[y2 + ζ (1− y)2]
. (4)

If we consider the stationary growth mode de-

scribed as xσC IC = 2σAIA − Ides
A and (1− x)σC IC =

= 2σB IB − Ides
B [22], where Ides

A and Ides
B are the desorption

fluxes of elements A and B , respectively, it is possible to

express the vapor−solid distribution as follows:

z =
x

ε
+

[

1−
1

ε

]

1

1 + ζ [(1− y)/y ]2
, (5)

ε =
2σ5(IA2

+IB2
)

σC IC

, ζ =
I0B2

I0A2

e2(ψB−ψA), K =
2σ5I0A2

e2ψA

σC IC

.

(6)
Here I0A2

and I0B2
are the fluxes of dimers A2 and B2

which are in equilibrium with pure liquids A and B ,

respectively; IA2
, IB2

and IC are the gaseous fluxes of

dimers A2, B2 and atoms C into the droplet; σ5 and σC are

the geometric coefficients depending on the contact angle;

z = IA2
/(IA2

+ IB2
) is the gas phase composition.

Let us start the analysis by comparing theoretical results

obtained via the complete model and via the approxi-

mate solution. As the model system, Au-catalyzed NWs

InPxAs1−x were chosen. Approximate solution of (1)
implies that g(x) = 0 (this is primarily due to the value of

1µ0
AC), i. e. y(x) is replaced with the kinetic one-parameter

distribution

y kin =
x

x + c l(1− x)
. (7)

The compositional dependences obtained for T = 390,

450 and 500 ◦C, χAu = 0.58, ε = 4, σ5/σC = 0.03,

DP/DAs = 0.1 and IC = 1ML/s (ML is monolayer) are

shown in Fig. 1. Evidently, the selected parameters and

temperatures optimal for growing the InPxAs1−x NWs

provide the approximate solution close to the exact one. The

discrepancy between the exact and approximate solutions

is observed only at high temperatures T = 500 ◦C. Note

that the approximate solution depends on temperature only

slightly.
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Figure 1. Model vapor−solid distributions for Au-catalyzed

NWs InPxAs1−x calculated based on the approximate and

complete models. The compositional dependences were ob-

tained at χAu = 0.58, ε = 4, σ5/σC = 0.03, DP/DAs = 0.1 and

IC = 1ML/s, T = 390, 450 and 500 ◦C.

Now let us analyze the growth of the Au-catalyzed

InPxAs1−x NWs obtained in [25]. These nanostructures

were grown at different temperatures by chemoepitaxy

using Au-droplets RAu = 25 nm in radius. The NW

diameter was RNW = 30± 2.5 nm. Knowing the ratio

between the droplet volumes, it is possible to estimate χAu.

Assuming that the contact angle remains constant, obtain

χAu ≈ RAu/RNW = 0.58. Fig. 2 presents the compositional

dependences obtained at σ5/σC = 0.03, ε = 4, IC = 1ML/s

and DP/DAs = 0.1, 0.2 and 0.3 at T = 390, 405 and

435 ◦C, respectively. It is evident that an increase in

temperature leads to an increase in the efficiency of P atoms

incorporation. Fig. 2, b presents the χtot dependence on the

gas composition; for the solid lines, the same parameters as

in Fig. 2, a are used. We can see that the total concentration

of group V atoms is low (about 1−2%). Decrease in σ5/σC

(down to 0.1) results in a decrease in χtot . The dashed line

corresponds to χAu = 0.5. One can see that χAu affects χtot ;

however, x(z ) depends on χAu only slightly.

Finally, let us consider the influence of flux ratio V/III on

the formation of nanostructures by using for example the

analysis of growth of Au-catalyzed NWs InSbxAs1−x [26].
In [26], NWs InSbxAs1−x were grown from Au droplets

50 nm in diameter by the MOVPE method using precursors

TMIn, TMSb and AsH3. In calculation, we assumed

that χAu = 0.15 which corresponds to the NW diameter

of 95 nm. NWs were grown at T = 450 ◦C and flux

ratios V/III = 15 of 27 and 56. When V/III = 15, x ≈ z

which should correspond to ε = 1; therefore, σ5/σC = 0.03.

Then ε = 1.6 and 3.4 for V/III = 27 and 56, respectively.

Fig. 3 presents the compositional dependences for different
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Figure 2. a — experimental [25] and theoretical vapor−solid distributions for the Au-catalyzed InPxAs1−x NWs at various temperatures.

Solid curves were obtained for χAu = 0.58, σ5/σC = 0.03, ε = 4, IC = 1ML/s and DP/DAs = 0.1, 0.2 and 0.3 at T = 390, 405 and

435 ◦C. The dashed line was obtained at T = 435 ◦C, DP/DAs = 0.3 and χAu = 0.5. b — total concentration of the group V atoms versus

gas composition for the Au-catalyzed InPxAs1−x NWs. The dotted line corresponds to T = 435 ◦C, DP/DAs = 0.3 and σ5/σC = 0.1.

ε and fixed DSb/DAs = 0.001, IC = 1ML/s. As shown, flux

ratio V/III (and, hence, ε) affects the curve shape: x ≈ z

at ε = 1, while at ε = 3.4 the curve is nonlinear, which

indicates more efficient incorporation of As.

Thus, we have theoretically studied the formation of the

Au-catalyzed InPxAs1−x and InSbxAs1−x NWs by using a

model involving desorption and influence of the droplet. In

the simplified model, atomic concentrations are not taken
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Figure 3. Experimental [26] and theoretical vapor−solid distri-

butions for the InSbxAs1−x NWs at different flux ratios V/III. The

compositional dependences were obtained at DSb/DAs = 0.001,

IC = 1ML/s, ε = 1, 1.6 and 3.4, T = 450 ◦C, σ5/σC = 0.03,

χAu = 0.15.

into account in calculating z (x) and, hence, interactions

within the droplet (ψA, ψB and ψC) are also ignored. Within

the complete model, z (x) is calculated via (6) taking into

account equations (1)−(5). Thus, in this case χAu is taken

into account in calculating parameters ζ , K, Ŵl , c l and

βl (these parameters depend on ψA, ψB and/or ψC , and

hence on χAu [27]), which makes the curve z (x) shape

differing from that of the curve obtained in the simplified

model. Desorption affects (via parameter I0A2
) not only

z (x), but also parameter K and, hence, χtot . Our study

has shown that the approximate solution in which a one-

parameter equation is used as the liquid−solid dependence

provides results close to the complete solution. Deviations

are observed only at high temperatures. The paper presents

the analysis of the temperature and flux ratio V/III effect

on the compositional dependences. Using the example of

Au-catalyzed InPxAs1−x NWs, we have demonstrated that

χAu does not affect the vapor−solid distribution but does

affect χtot . It is also shown that χtot is low (in the case of

the InPxAs1−x NWs, χtot < 2%). The obtained results may

be used to optimize the growth parameters of NWs with a

preset chemical composition.
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