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Kinetically limited composition of ternary III-V nanowires
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Controlling the composition of ternary III-V semiconductor nanowires is of high technological importance and
the current theoretical understanding is so far limited. We derive a model for the kinetically limited composition
of metal-particle-seeded, ternary nanowires. The model is based on the diffusion controlled growth rate of
supercritical nuclei. Applying this model to gold-seeded and self-seeded growth of InxGa1−xAs we are able to
explain the experimentally observed features related to nanowire compositions, including the attainability of
compositions within the miscibility gap. By directly comparing with experiments we find that 2% arsenic in the
alloy particle during self-seeded growth of InGaAs nanowires is a realistic assumption.
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Band-gap engineering is an important enabling technology
for electronic and optoelectronic applications of III-V semi-
conductor nanowires. The most straightforward approach to
band-gap engineering in nanowires is composition control in
ternary nanowires, both for radial and longitudinal growth.
There are a few experimental investigations with the aim to
control the composition in ternary nanowires, and perhaps
the most investigated system is InGaAs [1–7]. Other exper-
imentally investigated ternary nanowire systems are InGaSb
[8], AlGaAs [9–12], InAsSb [13,14], and GaAsSb [15,16].
Even if Dubrovskii [17] has proposed a model, relating the
composition of the solid nanowire to the composition of the
vapor phase during growth, the theoretical understanding of
how the composition of the particle influences the composition
of the nanowire is still limited. To bridge this gap, the aim of
the current investigation is to explain how the nanowire com-
position during longitudinal, particle-seeded growth depends
on the composition of the seed alloy particle.

We have previously discussed the composition of ternary
III-V nanowires in the nucleation limited regime, approximat-
ing the composition of the solid material with the composition
of the critical nucleus [18]. In the current investigation we
follow up on our previous work and propose a model for
the kinetically limited composition of metal-particle-seeded
ternary III-V nanowires. The model is based on diffusion con-
trolled growth of supercritical nuclei within two-component
nucleation theory. We derive the model for the general case
and then we discuss it in terms of gold-seeded and self-seeded
InxGa1−xAs nanowire growth. In this case, the diffusion of
As is rate limiting, and we find that the composition of the
nanowire is independent on diffusion and depends only on
chemical potential differences.

As a model system, consider the growth of AxB1−xD

nanowires from a liquid metal particle with A, B, and D
dissolved in the seed metal U. The growth rate of the nucleus
is given by the respective differences in attachment and
detachment rates, and since the detachment rates are difficult
to estimate they are usually eliminated using detailed balance
[19]. This results in the following expression for the growth
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rates of the two species AD and BD [20],

di

dt
= Wi

(
1 − e

∂F
∂i

)
, (1)

where i is the number of AD pairs in the growing nucleus,
Wi is the attachment rate of AD pairs, and F is the formation
energy of the (i, j ) nucleus in units of RT (the gas constant
and the temperature in degrees Kelvin). The growth rate of
BD is described by a similar expression in j instead of i. The
formation energy can be written as [18]

F = −i�μi − j�μj + a
√

i + j, (2)

where the �μ’s are chemical potential differences between
the species in the liquid phase (L) and the solid phase (S) [21]
and a is proportional to the surface energy of the cluster. The
chemical potential differences are given by

�μi = μL
A + μL

D − μ0
AD − RT ln x − ω(1 − x)2, (3a)

�μj = μL
B + μL

D − μ0
BD − RT ln(1 − x) − ωx2, (3b)

where μ0
AD and μ0

BD are the chemical potentials for pure
AD and BD, respectively, x is the composition of the solid,
and ω is the interaction parameter describing the interaction
between AD and BD. For sufficiently large clusters, the
surface energy term in Eq. (2) is negligible and the partial
derivatives in Eq. (1) can be approximated as ∂F/∂i =
−�μi and ∂F/∂j = −�μj , since i∂�μi/∂i + j∂�μj/∂i =
i∂�μi/∂j + j∂�μj/∂j = 0.

For large enough chemical potential differences, the de-
tachment rates are negligible and the clusters grow irreversibly
governed by purely kinetic effects, which in the VLS (vapor-
liquid-solid) case discussed here means diffusion controlled
growth [20,22],

di

dt
= ChJi, (4)

where C is the circumference and h is the thickness of a cluster.
The parameter Ji is the effective flux of AD pairs into the (i, j )
cluster. The A, B, and D atoms are dissolved in the liquid metal
and thus diffuse separately. However, both atoms in the AD
and BD pairs are simultaneously needed to form the crystal,
and the minority component will limit the incorporation rate.
Therefore we model the effective fluxes of AD and BD into the
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growing cluster as

1

Ji

= 1

JA

+ 1

JD

, (5)

and similarly for Jj . The diffusive fluxes are expressed by
Fick’s first law,

JI = DI

�I

dcI

dz
, (6)

where DI is the diffusivity and �I is the atomic volume of
species I (I = A,B, and D) in the liquid metal particle and the
other factor is the concentration gradient (in atomic fraction)
of I at the perimeter of the cluster. In most cases a linear
diffusion profile is a good approximation, and we can write

JI = DI

�I

cI − c
eq
I

δI

, (7)

where cI is the concentration of I away from the cluster and
c

eq
I is the concentration of the liquid in equilibrium with the

solid cluster. The length δI describes the distance over which
the concentration outside the cluster changes. Here, there are
two interesting limiting cases: the diffusion regime where δI

is much larger than the nucleus (but still limited by the size
of the metal particle), and the ballistic regime (or attachment
limited regime) where δI is much smaller than the nucleus [20].
Dubrovskii and Grecenkov [22] considered the ballistic regime
with δ = √

�S/h in their recent description of nucleation in
VLS growth. Combining Eqs. (1), (4), and (5) we identify the
attachment rates Wi and Wj as

Wi = Ch
JAJD

JA + JD

, (8a)

Wj = Ch
JBJD

JB + JD

. (8b)

At sufficiently long growth times, the thermodynamically
defined composition of the critical nucleus corresponding to a
saddle point in F is forgotten, and instead the composition
of the growing nucleus is dictated by kinetics [23]. To
derive an expression for this composition, we differentiate the
composition x = i/(i + j ) with respect to time t . By setting
dx/dt = 0, we arrive at the stationary kinetic composition of
the solid phase,

xk = di/dt

di/dt + dj/dt
, (9)

which, using Eqs. (1) and (8) can be rewritten as

1

xk

= 1 + JB(JA + JD)

JA(JB + JD)

1 − e−�μj

1 − e−�μi
, (10)

where the equilibrium concentrations [see Eq. (7)] as well as
the chemical potentials all are evaluated at xk . Equation (10)
is our first central result and is in agreement with Stauffer’s
result [23].

Unless further approximations are made, there is no
closed form solution to Eq. (10) and it has to be solved
numerically. However, since xk is a solution to an autonomous
nonlinear differential equation, the stability of xk is not
guaranteed but must be checked for all solutions. Stability
is, however, ensured if f ′(xk) < 0, where the prime denotes

differentiation with respect to x, and f (x) = Wi(1 − e−�μi ) −
x[Wi(1 − e−�μi ) + Wj (1 − e−�μj )]. We remind the reader
that Wi , Wj , and the chemical potential differences are all
functions of x. There is a possibility that Eq. (10) has more
than one solution and the stability of each of these solutions
must be tested. Only a stable solution where both �μi and �μj

are positive can result in a stable steady state composition of a
two-component, growing nucleus.

In the following, we apply our model to predict the
kinetically limited composition of gold alloy particle-seeded
InxGa1−xAs nanowires grown with the VLS mechanism. Since
the diffusivity of As has been estimated to be 3–4 orders
of magnitude smaller than the diffusivities of In and Ga
[22,24,25], and since the concentration differences in Eq. (7)
are about one order of magnitude smaller for As than for In
and Ga, it is safe to assume that the growth is As limited. In
this case, the stationary kinetic composition is independent on
diffusivities and given by

1

xk

= 1 + 1 − e−�μj

1 − e−�μi
. (11)

This expression is thus valid both in the diffusion and in
the ballistic regimes. We note that both �μi and �μj are
composition dependent and evaluated at x = xk . Since we
use the regular solution model, the interaction between the
i = InAs and j = GaAs pairs is considered, so that In and
Ga effectively compete for the group III sublattice sites of the
growing nucleus.

As discussed above for the general case, stability is ensured
if �μi > 0, �μj > 0, and

e−�μi [1 + (1 − x)�μ′
i] + e−�μj [1 − x�μ′

j ] − 2 < 0,

(12)

at x = xk , where the chemical potential derivatives are given
by

�μ′
i = −RT

1

x
+ 2ω(1 − x), (13a)

�μ′
j = RT

1

1 − x
− 2ωx. (13b)

For the derivation of Eq. (12) we have used that JAs is
almost independent on x. This, together with our analytic
expression for the chemical potential differences, give us the
tools to calculate xk for gold alloy particle-seeded InxGa1−xAs
nanowires. In particular, we will investigate the difference
between gold-seeded and self-seeded (or gold-free) growth.
We shall assume that the wires are wide enough, so that
stationary compositions can be reached. That is, the wire radius
is always larger than the size of the critical nucleus.

In Fig. 1 we show the kinetic steady state composition
xk as a function of the In fraction y of the total amount of
group III in the liquid particle (y = cIn/c3 with c3 = cIn +
cGa). The curves were calculated for T = 750 K, cAs = 0.02,
and for varying group III concentrations, c3 = 0.3 (blue), c3 =
0.5 (black), c3 = 0.7 (red), and c3 = 0.98 (green). At these
conditions it is clear that all compositions of the solid phase
can be reached, even if it seems very difficult to reproducibly
control the composition beyond xk = 0.5, since this requires

040401-2



RAPID COMMUNICATIONS

KINETICALLY LIMITED COMPOSITION OF TERNARY . . . PHYSICAL REVIEW MATERIALS 1, 040401(R) (2017)

FIG. 1. The steady state InAs composition of the supercritical
nucleus xk as a function of the In fraction of the group III content y at
T = 750 K and an As molar fraction of cAs = 0.02. The total group
III molar fraction was varied from c3 = 0.3 to 0.98.

y values very close to one. This is especially the case for
c3 = 0.5 and 0.7. According to our previous investigation [18]
these cases represent the highest supersaturation, that is, �μi

and �μj are larger for c3 = 0.5 and 0.7 than for c3 = 0.3 and
0.98, and that is the reason that these curves tend to xk = 0.5
for sufficiently high y < 1. For larger y values, approaching
1, �μj decreases so that xk finally reaches 1.

According to Eq. (11), xk approaches 0.5 for large �μi

and �μj , which is consistent with the purely kinetic com-
position considered by Fisenko and Wilemski [26], xk =
Wi/(Wi + Wj ). In our case, Wi = Wj , since the diffusion of As
limits both InAs and GaAs incorporation, which gives xk = 0.5
in the purely kinetic regime. For c3 = 0.5, both chemical
potentials are sufficiently large over a range of y values to
give compositions of the solid nanowire close to xk = 0.5.

In Fig. 2, we show the kinetic steady state composition
xk as a function of the In fraction y of the total amount of
group III in the liquid particle for the same conditions as in
Fig. 1, with the exception that the temperature is T = 900 K,
that is, 150 K higher. At these conditions, the supersaturation
is much lower due to increased solubilities. It is intriguing that
the c3 = 0.3 and 0.98 curves could not be calculated for all
values of y but end at specific values of y, approximately
0.8 and 0.9, respectively. The reason for this is that for
sufficiently high y, one or both of the chemical potentials
become negative. This corresponds to undersaturation in one
or both components leading to the dissolution of the nucleus
and potentially unstable growth or no growth at all. In these
cases, the maximum achievable concentration of the solid is
xk = 0.03−0.04. The prospect of composition control is more
promising for the c3 = 0.5 and 0.7 cases. These curves are not
attracted to xk = 0.5 and they have steeper slopes for y close
to 1 than the corresponding curves for T = 750 K. The case

FIG. 2. Same as in Fig. 1 but the composition curves account for
T = 900 K. The inset shows a zoomed view of the c3 = 0.3 and 0.98
curves.

c3 = 0.5 should be particularly interesting for composition
control. The curve is approximately linearly increasing with
one slope up to y ≈ 0.90 and another, smaller slope from
y ≈ 0.95 to 1. Due to the small chemical potentials, the
c3 = 0.5 and 0.7 curves can be approximated by xk ≈ �μi

for 0 < y � 0.5 and xk ≈ 1 − �μj for 0.95 � y < 1.
Next, we compare our findings to previous experimental

investigations. Wu et al. [5] have grown gold catalyzed
InGaAs nanowires using metal-organic vapor phase epitaxy
at T = 703−743 K. By changing the composition in the
vapor phase, they were able to control the composition in
the nanowire. The nanowire top composition differed from
the bottom composition in a way that the bottom parts were
InAs enriched. These nanowires were tapered and the bottom
InAs enrichment was attributed to radial growth, whereas the
top part growth was attributed to gold-particle-seeded growth,
which is the case to which our model applies. From the
postgrowth compositional analysis data obtained by Wu et al.
[5] we estimate that the seed particles contain about 70%
gold and that the amount of gallium is negligible, as is the
amount of arsenic, which is expected due to its low solubility
in gold and group III melts. The top, VLS grown part of these
nanowires contain about 50% InAs, and this agrees with the
c3 = 0.3 curve with y close to one. We note that 50% InAs
could also be achieved during growth at higher supersaturation.
If, for instance, the particles during growth (T = 723 K) had
a c3 = 0.35 and a cAs = 0.05, the composition control curve
would be qualitatively similar to the c3 = 0.5 curve in Fig. 1
so that 50% InAs in the nanowires (xk = 0.5) would be easy to
achieve for a range of y values. We do not believe that this is the
case, however, since nanowire composition can be controlled
from xk ≈ 0.15 up to xk ≈ 0.80 [5], which indicates a lower
slope of the xk − y curve than what can be achieved in the high
supersaturation case. One should also note that both c3 and cAs
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could vary with y in such a way that composition control
would be easier (lower slopes of the xk − y curves). Here, it
is particularly interesting to note that also thermodynamically
unstable compositions can be reached. At temperatures below
816 K, there is a miscibility gap in the solid InxGa1−xAs
solution and because of this, compositions around x = 0.5
are not thermodynamically stable (at temperatures lower than
this). However, our model explains that these compositions
are readily attainable during growth at high supersaturation
irrespective of temperature.

Heiss et al. [1] report on self-catalyzed, gold-free growth
of InxGa1−xAs nanowires. In order to suppress sidewall and
substrate incorporation of InAs they use a low As beam flux
and a high temperature, T = 903 K. They report a maximum
amount of 4%–5% InAs in the nanowires. Indeed, this is in
great agreement with the c3 = 0.98 curve in Fig. 2. At these
conditions, y can be increased up to 0.88, corresponding to
xk = 0.03 (see inset in Fig. 2). When y > 0.88, the liquid gets
undersaturated and growth ceases. Decreasing the temperature
and increasing the As beam flux would in theory lead to
higher supersaturation, but in practice this leads to sidewall
and substrate growth. Increasing the In flux leads to less
reproducible growth [1]. From our calculations we find that
for self-seeded growth at 900 K, the more As in the seed
particle, the higher can y be before the supersaturation is lost.
In order to have a supersaturated seed particle at all values of y

at these conditions, a very high As concentration of cAs > 0.08
is required.

In a later investigation by Heiss et al. [27] it was concluded
that if self-seeded InxGa1−xAs nanowires could be grown at
lower temperatures, it should be possible to increase their
InAs content. What led to this conclusion was the observation
that the top parts of the nanowires, close to the seed particle,
were InAs enriched and that was attributed to increased InAs
incorporation during the cooling down phase after growth.
More specifically, the highest In concentration in the seed
particle was 80% and the top 40 nm of the nanowire had

an InAs concentration of 40% [27]. Using our model we
readily predict that self-seeded growth with cAs = 0.02 and
y = 0.80 gives xk = 0.4 at the temperature T = 663 K (which
is a temperature high enough for growth).

Finally, returning to gold alloy particle-seeded growth, Jung
et al. [3] report that they can completely tune the composition
of InxGa1−xAs nanowires over the entire interval, 0 < x < 1.
They use a relatively simple growth method based on thermal
evaporation of InAs and GaAs powders and the composition of
the nanowires depend on the InAs-GaAs powder ratio. Their
growth temperature is quite high, T = 1073 K. According
to our calculations, in order to have stable growth for all y

values at c3 = 0.5, resulting in composition control over the
entire range of xk values, a very high cAs of about 0.15 is
needed.

In conclusion, we have calculated the kinetically limited
composition of gold-alloy-seeded and self-seeded InxGa1−xAs
nanowires. Judging from our calculations we predict that self-
seeded growth with composition control should be carried out
at low temperature. This is in part supported by experiments,
but composition controlled growth at low temperature remains
technically challenging due to InAs sidewall growth. On the
other hand, composition controlled, gold-alloy-seeded growth
should be carried out at high temperature, where the xk −
y curves seem more favorable for composition control over
the entire range of xk values. The arsenic concentration in
the particle during growth is unknown, but our comparisons
with the experiments by Heiss et al. [1] indicate that 2% is a
realistic assumption for self-seeded growth at around 900 K.
Finally, we note that our model for kinetically limited growth
explains the experimental observations of compositions within
the miscibility gap.
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