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The formation of the double InSb/GalnSb/InSb heterostructure in self-catalyzed and Au-catalyzed nanowires
is studied theoretically. We calculate the compositional profiles across the axial heterostructures and study the
influence of different growth parameters on the heterointerface properties, including temperature, Sb and Au

concentrations.
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Nanowires (NWs) and axial nanowire heterostructures
based on them have several promising applications in
optoelectronics and nanophotonics [1] and thus attract
considerable research interest. Specifically, antimony-based
NWs have found application in infrared photodetectors [2]
and inverters [3]. NWs have a number of advantages,
including the ability to control the morphology [4], crystal
structure [5] and chemical composition [6,7] and the possi-
bility of integration on silicon substrates [8]. Simulations
of the process of formation of heterostructures based
on NWs allow one to establish the relationship between
their properties and growth parameters, which needs to
be known for synthesis of nanostructures with controlled
characteristics.

The vapor-liquid-solid growth mechanism [9] is the
primary method for synthesis of axial heterostructure NWs.
Owing to its versatility, gold still remains one of the most
widespread catalyst elements [10]. Specifically, the possi-
bility of growth of axial InSb/GalnSb/InSb heterostructures
based on Au-catalyzed NWs has been demonstrated in [11].
However, self-catalyzed growth [12] (with a group III
element contained in a growing NW serving as a catalyst) is
becoming more and more common at present. This growth
technique helps circumvent the unwanted incorporation
of Au atoms into NWs, which leads to degradation of
the optical and electronic properties of nanostructures.
In addition, the self-equilibration effect on the nanowire
radii [13] may be used to control the NW morphology
in self-catalyzed growth. The present study is focused on
modeling of the compositional profiles in a double axial
InSb/GalnSb/InSb NW-based heterostructure.

Let us consider the formation of an axial heterostructure
based on an NW with a droplet containing external catalyst
U positioned on its tip. A BDU droplet forms after the
deposition of atoms B and D, and a BD NW grows from it.
The substitution of a B flux with a flux of A atoms leads to
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the formation of a four-component ABDU solution and the
growth of an A.B;_xD NW. The number of atoms B in the
droplet decreases with time, and the concentration of AD in
the NW increases accordingly. An inverse flux substitution
is needed to grow an AB;_xD/BD heterostructure. In
the process of formation of monolayer i, the number of
atoms A in the droplet increases through exposure to flux
V, and decreases due to the incorporation of atoms into the
monolayer (Al). If the contact angle and the NW radius
remain constant, number N}, of atoms A in the droplet after
the formation of monolayer i is

Na=N2+ D) Va—> Ay
i i

Here, N9 is the initial number of atoms A in the droplet
(NQ = 0). The number of atoms A incorporated into mono-
layer i is Ay = NMEx(y'—1), where NM is the total number
of group III atoms in the monolayer, y = ca/(Ca+ Cg),
and ca and cg denote the concentrations of atoms A and
B in the droplet, respectively. Next, V,i\ = vaAtl, where
vp is the gas flow and At' is the time interval between the
moments of completion of growth of monolayers i-1 and i.
If the growth rate is assumed to be linear (£ = rt, where
£ is the monolayer number and r is the NW growth rate),
At' = 1/r. Dividing expression (1) by total number N_ of
atoms in the droplet, we may present composition y' of the
droplet after the formation of monolayer i in the form

¢ =v0+r L@ x6),
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—
~

(2)

Here, g = NML/N_ is a coefficient that depends on the
material system, the NW radius, and the contact angle [14];
a=uva/(rNML) is the dimensionless ratio of the flux of
atoms A to the number of incorporated group III atoms.
Dependence x(y) may be determined using various
models (specifically, in the cases of nucleation-limited and
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Figure 1. Compositional profiles of an NW InSb/GalnSb/InSb heterojunction calculated at different temperatures and fixed ca, = 0.15,
Csp = 0.05, g = 0.001, and a = 1.2 and 0.2 for InSb/GalnSb and GalnSb/InSb heterojunctions, respectively. a — Kinetic growth mode;

b — nucleation-limited growth mode.

kinetic growth). In what follows, we use the approximation
of the compositional independence of the surface energy
of a nucleus [15]. The influence of composition in the
case of nucleation-limited growth was considered in [16].
The nucleation-limited growth mode implies that monolayer
composition X corresponds to the composition of a critical
nucleus and may be written as [14,17]

1
X = 1 + =¥ e—2ws(x—1/2)-b"
y

(3)

Here, ws is the interaction parameter between AD and
BD pairs in the solid and b is a coefficient that depends
on the concentrations of all elements in a droplet, the
interaction parameters, and the chemical potentials of pure
components [17]. We use the regular solution model and
Redlich—Kister polynomials in calculations. In the kinetic
mode, a monolayer grows via incorporation of AD and BD
pairs in accordance with dNap/dt = Wap (1 — e~ and
dNgp/dt = WBD(I — e*A“BD), where Nap and Ngp are the
numbers of AD and BD pairs in a monolayer, Wap and
Wgp are the coefficients of attachment of AD and BD pairs,
and Auap (Augp) is the difference between the chemical
potentials of atoms A and D (B and D) in the liquid phase
and the AD (BD) pair in the crystalline phase. Monolayer
composition X = (dNAD/dt)/(dNAD/dt + dNBD/dt) in the
kinetic growth mode may be determined as

X = Wep (1—e M6D) ° (4)
'AD

Let us first analyze the temperature dependence of the
compositional profile of a heterojunction. The values of

interaction parameters and chemical potentials were given
in [17]. Tt can be seen from Fig. 1,5 that a reduction in
temperature leads to the formation of an NW with a sharper
heterojunction in the case of nucleation-limited growth. In
the kinetic growth mode (Fig. 1,a), an increase in T leads
to the formation of a sharper InSb/GalnSb heterojunction
at X < 0.55 widens the heterointerface at X > 0.55. In
the case of a GalnSb/InSb heterojunction, an increase in
T broadens the heterointerface (owing to a long tail in the
region of X < 0.1). Comparing the results of two models,
one sees that heterojunctions formed in the nucleation-
limited growth mode are sharper than those grown in the
kinetic mode; the sole exception here is the case of an
InSb/GalnSb heterojunction growing at high temperatures.

Next, we consider the influence of Au concentration Cay,
on the formation of a double heterostructure in an NW
(Fig. 2). Tt can be seen that an increase in Ca, in the
nucleation-limited growth mode leads to an insignificant
heterojunction sharpening, which is attributable to the
weakening of the reservoir effect. It follows from Fig. 2,a
that the compositional profile of a heterojunction varies
nonmonotonically in the case of kinetic growth: an increase
in Au concentration translates into the formation of a more
diffuse heterojunction at low C4, values, but if Ca, increases
further in the region of Ca, > 0.2, a sharper heterojunction
forms. This is attributable to the fact that the influence of
Cau on the X(y) curve is stronger than the variation due
to the weakening of the reservoir effect. Comparing the
nucleation-limited and kinetic growth modes, one finds that
the heterojunction profiles are almost matching at very low
and moderate Cp, values.

The influence of antimony concentration Cg, on the
compositional profile of an axial heterojunction is presented
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Figure 2. Compositional profiles of an NW InSb/GalnSb/InSb heterojunction calculated at different gold concentrations and fixed
T =350°C, csp = 0.06, g = 0.001, and a = 1.5 and 0.5 for InSb/GalnSb and GalnSb/InSb heterojunctions, respectively. a — Kinetic

growth mode; b — nucleation-limited growth mode.
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Figure 3. Compositional profiles of an NW InSb/GalnSb/InSb
heterojunction calculated at different antimony concentrations and
fixed T = 350°C, cay = 0.2, g =0.001, and a = 1.5 and 0.5
for InSb/GalnSb and GalnSb/InSb heterojunctions, respectively.
Csp = 0.025 (solid curve I and dashed curve), 0.04 (solid curve 2
and circles), and 0.06 (solid curve 3 and crosses). Solid curves
represent the kinetic growth mode, while the dashed curve and
symbols correspond to nucleation-limited growth.

in Fig. 3. It can be seen that Cg, has almost no effect
on the compositional profile of a heterojunction in the
nucleation-limited growth mode. The reasons for this are
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as follows: (1) liquid—solid composition dependence is
governed by equality Auap = Augp; (2) Cs, appears in
chemical potential differences Augasy and Aursp in the same
form (except for the term that characterizes the excess
Gibbs energy). However, since the contribution of binary
and ternary interactions in a droplet is relatively small, the
curves deviate only slightly from each other. In the kinetic
mode, if Cg, decreases from 0.06 to 0.025 by the 90th
monolayer, the GaSb concentration in an NW increases
from X =~ 0.6 to X =~ 0.8; ie., a heterojunction becomes
sharper. Under the given parameters, the heterojunction
profile at Cgp > 0.01 in the kinetic growth mode is sharper
than the one corresponding to the nucleation-limited mode
(the pattern is reverse at Cgp < 0.01).

The developed model provides an opportunity to calculate
the compositional profile of double axial heterostructures
and analyze the influence of different growth parameters on
the sharpness of a heterointerface. The model is applicable
to any material system and any external catalyst. The
obtained results may be used to optimize the parameters of
growth of heterostructure NWs with sharp heterointerfaces.
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