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Nucleation-limited composition of ternary IlI-V
nanowires forming from quaternary gold based
liquid alloysT

Egor D. Leshchenko,® Masoomeh Ghasemi, @ 2°
Vladimir G. Dubrovskii€ and Jonas Johansson @ *2

We derive an analytic expression for the composition of a ternary solid material nucleating from a quater-
nary liquid melt. The calculations are based on the two-component nucleation theory with realistic de-
scriptions of the liquid and solid phases. We apply this theory to gold-catalyzed, nucleation limited vapor-
liquid-solid growth of ternary IlI-V nanowires. We consider ternary gallium, indium, and aluminum arse-
nides and antimonides and discuss growth conditions for optimum composition control in these materials.
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Introduction

Semiconductor nanowires (NWs) present a promising class of
nanoscale objects whose properties are dramatically different
from the bulk counterparts. Inspired by the enhanced function-
ality, III-V NWs have received tremendous research interest'
that led to development of new applications. Particularly, NWs
can be used as basic functional elements for a wide range of
electronic and optical devices including high brightness light
emitting diodes,” transistors,” low cost solar cells,® flexible
panel displays,” and logic gates.® However, applying NW de-
vices to industrial scale requires advanced growth technology
with a precise control of the NW composition, heterojunction
properties, morphology, and crystal structure. The vapor-lig-
uid-solid (VLS) mechanism’ is very promising since it enables
growth of size-uniform NW arrays with a high degree of crystal
quality. This method involves feeding semiconductor materials
into a liquid catalyst droplet from the ambient vapor, which
leads to vertical crystal growth as a result of supersaturation in
the droplet. Self-catalyzed NW growth is a widely used VLS
approach'®™* allowing one to avoid contamination by foreign
metals. However, gold remains one of the most attractive cata-
lysts due to its versatility and simplicity of the control over the
NW diameter and position.

The critical step in NW-based device design is the ability
to control the composition of ternary III-V NWs, which in-
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Furthermore, we compare our calculations with the results of an equilibrium thermodynamic model.

volves the bandgap tunability by variation of the compound
concentrations in the ternary alloy. In recent years, enormous
progress has been made toward improving the growth tech-
nologies by broadening the spectrum of the NW materials.
Particularly, growth of AlGaAs and InGaAs NWs using molec-
ular beam epitaxy (MBE)"® and metal-organic vapor phase ep-
itaxy (MOVPE)'® have been studied. Sb-based NWs such as
GaAsSb,"” InAsSb (ref. 18) and InGaSb (ref. 19) are nowadays
of particular interest in terms of mid-infrared band gap engi-
neering. In these investigations, growth of ternary NWs over
a broad range of compositions has been demonstrated. How-
ever, the liquid droplet composition has not been systemati-
cally investigated which impedes a direct comparison be-
tween experimental and theoretical results. NW synthesis
resulting in compositions within the miscibility gap can, for
systems where this is relevant, be explained in terms of
growth kinetics,”® whereas the present work is devoted to
thermodynamically stable compositions.

Analytical models which link the solid-liquid and solid-
vapor compositions have been reported by Dubrovskii
et al*>** and Glas.*® However, a full description of ternary
NWs that form from quaternary alloys (three NW constituen-
cies and gold) is still lacking because of unknown thermody-
namic and kinetic constants such as chemical potentials and
crystallization rates of different III-V pairs.

The current investigation is aimed at improving the funda-
mental understanding of the ternary NW formation from
quaternary alloys and is based on realistic thermodynamic
descriptions of all the considered phases. In our approach,
binary and ternary interactions are taken into account. We
calculate and analyze compositional diagrams for highly rele-
vant III-V materials including the In-Ga-As-Au, Al-Ga-As-Au,
In-Ga-Sb-Au and In-Sb-As-Au systems. Furthermore, a
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comparison between self-catalyzed and Au-catalyzed NW
growth in these materials systems is presented. The obtained
results provide a basis for understanding the ternary NW for-
mation and can be useful for choosing the growth conditions
to tune the NW composition to the desired values.

Calculations

The formation energy of a binary, or two-component, nucleus
can be written as®*>*

F(x,s)=—A,u(x,y)s+a\/§, (1)

where s is the size and x is the composition of the nucleus,
so that s = i +j and x = i/(i + j), where i and j are the number
of pairs of the two binaries that the nucleus consists of. The
parameter y is the composition of the mother phase, Au(x,y)
is the chemical potential difference between the mother and
daughter phases, and a is a surface energy term. The compo-
sition and the size of the critical nucleus are thus given by
the simultaneous solutions to the equations

a—F=—aA—ﬂs+%x/§=O, a—F=—A,u+ a

—=0 2
ox ox os 2Js @)

It has been argued, however, that the surface energy of the
critical nucleus is at a minimum due to surface segregation
effects.>® This property corresponds to the condition da/dx =
0, which considerably simplifies the calculations and leads to
the expression

oA _, 3)

ox

for the composition of the critical nucleus.

We will consider the formation of a ternary alloy, A,B;-,D,
from a quaternary solution mother phase containing A, B, D,
and U, where U can be thought of as a solvent, often gold.
For this situation, the chemical potential difference of the
ternary alloy in the liquid and solid can be expressed as>®

A= x(px + p = an) + (1 = x)(us + 45 — f3p), (4)

where the superscripts L and S refer to the liquid and solid
phases, respectively. In order to express chemical potentials,
we need thermodynamic models for the Gibbs free energy of
the respective phases. The molar Gibbs free energy of the liq-
uid phase is generally given by

G" = Z:c,,u,0 + RTZC, Ine, +Z Z ¢ e, [a),_, +ay,(c —C./)}
1 1 I J=I+1
®)

+Z Z Z C/CrCx Dy »

1 J=I+1K=J+]

where ¢; is the molar fraction of element I in the liquid
phase, 4! is chemical potential of pure component I in the
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liquid state, R is the gas constant, and T is temperature. The
o are interaction parameters accounting for deviations from
ideality. For binary interactions, we assume a sub-regular so-
lution model with composition dependent interactions,
whereas the ternary interaction parameters are assumed to
be independent of composition. All @ parameters are allowed
to be temperature dependent. For the composition depen-
dent binary interactions, one needs to be careful with the or-
der of the indices. In CALPHAD, one uses an alphabetical or-
der convention and writes the composition dependent part of
the AB interaction term as x,X,®}, (xA —xB). If, for instance,
A is interpreted as In and B as Ga, the alphabetical order is
broken and we need to construct o, =@, , where @g,,
is the standard tabulated parameter (because Ga comes be-
fore In according to alphabetical order). For the composition
independent interaction terms (binary and ternary), the order
does not matter.

The chemical potentials of the species in the liquid are
expressed by differentiation of G" in eqn (5) according to

oG* oG*
=G+ ©)
CJ

T 0o

The zincblende (ZB) solid phase, A,B;_,D, is modeled as a
binary regular solid solution with chemical potentials given by

Hip = Uy + RTInx+(1-x) [og+ (4x-1)a ] (73)

Hyp = Hgp + RTIn(1=x)+x* [ + (4x = 3) 0§ | (7b)

where uQ, and uf)y, are the chemical potentials of pure AD and
BD binaries, respectively, and ws, @ are the temperature de-
pendent interaction parameters of zero and first order.

By explicitly expressing the chemical potentials of the spe-
cies in the liquid, we construct the chemical potential differ-
ence according to eqn (4). Differentiating this expression
according to eqn (3) yields an analytical expression for the

composition of the critical nucleus, which serves as a first ap-
proximation of the composition of the solid phase,

RTln(Lj - 2a)s(x—%)— o (6x* —6x+1)=p(»).  (8)

I-x
Here, we introduce the ¢(y) function given by

p(y)=a+ RTln(—] i}y] —6c.,0\y
©)

—2¢, [a)AB - 3ctmw1VXB —Cp (w;\B + wl;D)

’ U
—cy(@yy + Oy ) + CpOypp + CyOypy ]y=
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— 0 0 ’ ’ ’
a =AMy = Aptgy + (a)AB — Cu@ap — 2¢p0pp, — 20005y
* Cp@ppp t Cy@ppy )clol + (a)AD — Wpp )CD
’ ’ 2 ’ ’ 2
+ (a)AU — Wyy )CU - (a)AD — Wyp )CD - (a)AU — Wyy )cu

+ (a)ADU ~ Wppy )chu-

(10)

In the above equations, we have made the substitutions
Ciot = Ca T ¢ and Y = cplcior- In some relevant cases (see the
discussion in ref. 20 for self-catalyzed growth), there is a
closed form approximation for eqn (8) given by

X
205 (x-1/2)+05 (657 ~6x+1)+
x+(1-x)e _r

r= (11)

Here,

b=a—6c?

’
tot a)AB

- zclol [wAB - 301010)1,\13 —Cp (a):\D + a)I’aD) —Cy (w:\U + wl,au) (12)

+ Cp@ spp + Cy@apy ]

for systems requiring values of y close to one to get any ap-
preciable amount of AB in the solid and

b=« (13)
for systems with the reversed behavior.

From the thermodynamic point of view, the selected states
(ctots ¥, cp and T) of the homogeneous liquid particle are not
equilibrium states but rather represent a supersaturation
with respect to the ZB solid phase. This does not guarantee
that there is no thermodynamic driving force for other solid
phases to form. According to the Gibbs phase rule, as many
as six phases can coexist in a quaternary system. However, we
assume that our system is at a non-equilibrium steady state
where only the ZB phase forms from the supersaturated liq-
uid and the formation of other solid phases (if they can exist
at the given conditions) is kinetically inhibited. As far as pos-
sible, we will choose conditions based on the reported experi-
mental results for the respective systems.

Results and discussion

In this section, we calculate and discuss the compositional
diagrams for the four materials systems which are technolog-
ically highly relevant. The phase diagrams have been
constructed using the Thermo-Calc software.”” The list of the
interaction parameters and the Gibbs energy functions is
presented in the ESL}

We start our investigation with the analysis of gold-
catalyzed In,Ga;_,As NWs. The InAs-GaAs pseudobinary inter-
action parameter is large and gives rise to a significant misci-

This journal is © The Royal Society of Chemistry 2018
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bility gap where the formation of the homogeneous solid so-
lution is thermodynamically forbidden at the relevant growth
temperatures. From the GaAs-InAs vertical section of the
phase diagram of the In-Ga-As-Au system presented in
Fig. 1 (cior = 0.5 and c,s = 0.02), it is seen that the In,Ga,_,As
phase exists over the entire range of relevant temperatures.
Fig. 2 shows the liquid droplet composition versus the
In,Ga;_,As solid composition at 7= 477 °C and c,s = 0.02 in a
wide range of the total concentrations of group III elements
from co; = 0.98 (corresponding to self-catalyzed growth with-
out gold) to ¢y = 0.3, where gold dominates in the catalyst
droplet. It should be noted that, whereas the NW composi-
tion can be measured accurately using high-resolution
electron microscopy techniques,'” the composition of the
droplet during growth is generally unknown. However, an ex-
perimental value of group III elements concentration in the
Au-III droplet has been estimated to ¢y, = 0.5 by Harmand
et al.>® The amount of group V elements is very small due to
the low solubility of arsenic in Au-III alloys. In spite of its
negligible amount, the concentration of group V elements
has drastic influence on the chemical potentials and, conse-
quently, on the growth rates and crystal structures of ternary
NWs.>® As seen from Fig. 2, reasonable agreement between
our analytical model and a purely thermodynamic phase seg-
regation model (represented by the open circles) is observed.
This model is based on segregation of a hypothetical, homo-
geneous supersaturated liquid with composition y into a
solid phase with composition x, and a remaining liquid in
equilibrium with the solid phase. The phase segregation data
were evaluated using the Thermo-Calc software.

The slope of the y(x) curve is practically vertical over al-
most the entire y range and changes only for y > 0.97. There-
fore, very high y values are needed to tune the composition
of In,Ga,_,As NWs. As noticed above, a direct comparison be-
tween the experimental and theoretical liquid-solid

900

800+

\'
o
o

Liquid + In,Ga, As

Liquid + In Ga, As + Auln

Temperature °C
(2]
o
e

500+ Liquid + In Ga, As + AuGa

400-\\
I AuGa + Auln + In Ga, As

300
0.00

0.20 0.30 0.40

Mole Fraction In

0.10 0.50

Fig. 1 Vertical section of the In-Ga-As-Au system at ¢yt = 0.5 and cas = 0.02.
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Fig. 2 Analytical calculations (solid curves) for the liquid-solid
composition dependence for different ciox at T = 477 °C and cas =
0.02. The dashed parts of the curves correspond to the miscibility gap.
The small open circles correspond to phase segregation, evaluated
using the Thermo-Calc software. The squares represent results from
ref. 24.

composition dependences is seriously hampered because of
in most cases unknown compositions of the catalyst parti-
cles. However, it is possible to describe the main observed
trends. So, for example, to synthesize self-catalyzed
In,Ga;_,As NWs with x = 0.03-0.05 as obtained in ref. 30, y =
0.96-0.98 is required. Moreover, the use of Au catalyst drop-
lets allows one to increase the In fraction up to x = 0.22.%*
This is consistent with the obtained theoretical results: the In
fraction in the nanowire decreases with increasing ¢, at con-
stant y and T (Fig. 2).

The squares are the numerical results obtained using the
previous two-component nucleation model including surface
energies and a specific VLS term offsetting the chemical po-
tential difference.>* The main difference between that nucle-
ation model and the one presented here is that the previous
model that includes surface energies admits NW composi-
tions within the miscibility gap. This is because the composi-
tion dependent surface energies influence the saddle point
coordinates in such a way that it turns the two minima that
would correspond to the miscibility gap compositions into
one shallow minimum between these two minima.

The relationship between the solid and liquid composi-
tions for different growth temperatures at the fixed cy = 0.5 is
presented in Fig. 3. Clearly, the width of the miscibility gap
shrinks with increased temperature and disappears
completely at T'= 543 °C. This would enable the thermody-
namically stable growth of ternary In,Ga;,As NWs with any x
value. However, such high temperatures can be unfeasible for
MBE and MOVPE growth due to increased desorption and po-
tential decomposition of III-V materials. Thus, as an example,
thermodynamically stable growth of In,Ga;_,As NWs is not
possible in the range 0.22 < x < 0.78 at T = 477 °C (see Fig. 2).

1652 | CrysttngComm, 2018, 20, 1649-1655
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Fig. 3 Analytical calculations (solid curves) for the liquid-solid
composition dependence for different temperatures at ¢, + cgy = 0.5
and cps = 0.02. The dashed parts of the curves correspond to the
miscibility gap.

To sum up the results of this section, the required y values
for obtaining reasonable InAs fractions in ternary InGaAs
NWs increase with the total concentration of group III ele-
ments, whereas the III/Au ratio does not change the miscibil-
ity gap region which is entirely determined by the
temperature-dependent pseudobinary interaction parameter.

Next, we consider nucleation of gold-catalyzed Al,Ga;_,As
NWs. Fig. 4a shows a vertical section of the quaternary Al-
Ga-As-Au system with ¢ = 0.5 and cas = 0.02. While many
different phases can be present in the case of Au-assisted NW
growth, the Al,Ga; ,As is a dominating solid phase at almost
any Au-III ratios and in a wide range of NW growth tempera-
tures. Fig. 4b shows a vertical section of the ternary Al-Ga-As
system which is relevant for self-catalyzed growth of
Al,Ga;_,As NWs. Fig. 4a reveals that the minimum tempera-
ture for Au-catalyzed growth of Al,Ga,; ,As NWs should be
higher than the eutectic point of the system (7' = 353 °C). The
minimum VLS growth temperature decreases as the Au con-
centration decreases. For the Al,Ga,_,As system, the pseudo-
binary interaction parameter has a low enough value leading
to the small dome height in comparison with the In,Ga;_,As
system: the critical temperature at which the miscibility gap
disappears equals —142°. This enables the fabrication of
Al,Ga,;_,As NWs with any solid composition at relevant MBE
and MOVPE growth temperatures. The relationship between
the solid and liquid compositions for different c, values at T
= 610 °C is presented in Fig. 5. For obtaining self-catalyzed
Al,Ga,_,As NWs with non-zero x, very low y values are neces-
sary, while an almost horizontal slope cumbers precise com-
positional control. Indeed, a small addition of Al to the liquid
results in a tremendous increase of the Al concentration in
the solid. However, with decreasing c., the slope of y(x)
changes drastically and the required y values increase by sev-
eral orders at high enough Au concentrations (¢ = 0.3). The

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 a. Vertical section of the Al-Ga-As-Au system at ¢ = 0.5 and
cas = 0.02. b. Vertical section of the Al-Ga-As system at ¢,y = 0.98 and
Cas = 0.02.

change of temperature also influences y(x) but not so signifi-
cant as ¢yc does. As seen in Fig. 5, the results are well fitted
by the one-parametric (¢) Langmuir expression given by x =
ey/(1 + y(e - 1)),"> whereas tremendous discrepancy in com-
parison to the phase segregation approach (dotted curves) is
observed.

Further, we investigate the nucleation of In,Ga;_,Sb NWs
from quaternary In-Ga-Sb-Au alloy. As seen from the vertical
section of the In-Ga-As-Au system at ¢, = 0.64 and cg, =
0.06 presented in Fig. 6, the compositional tuning of
In,Ga;_,Sb throughout the entire compositional range is pos-
sible at T < 430 °C, which is the lowest temperature of the
liquid single phase region. In comparison to As-based sys-
tem, a relatively high Sb concentration cg, = 0.06 is needed to
ensure positive difference of chemical potentials and, conse-
quently, a positive supersaturation. Fig. 7 shows the liquid
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Fig. 5 Analytical calculations for the liquid-solid composition
dependence of Al,Ga;_,As NWs for different cior at T = 610 °C and cas
= 0.02. The dotted curves are obtained using the phase segregation
model. The dashed curves correspond to the model based on the one-
parametric Langmuir expression with ¢ = 425 for ¢yt = 0.98, ¢ = 32 for
Ciot = 0.7, ¢ = 7.8 for cyor = 0.5, and ¢ = 1.43 for ¢y = 0.3.

composition at ¢, = 0.64 and cg, = 0.06 plotted against the
solid composition for different growth temperatures. The
blue dashed curve at T = 450 °C indicates the absence of the
solid phase and corresponds to the In molar fraction range
within the 0.31-0.54 range on the GaSb-InSb vertical section
of the In-Ga-Sb-Au phase diagram. When y decreases below
0.47, the solid phase occurs again (not shown in Fig. 7). The
black dotted curve corresponds to the phase segregation
model and is obtained using the Thermo-Calc software at T =
430 °C, ¢ = 0.64, and cgp, = 0.06. It is seen that the analytical

520
Liquid (L)
480
L + Auln
©®)
[+]
g 440} L+78
= + AuGa L+ZB
6 F L+7B \ + Auln
g- 400 + AuGa + Auln
(]
|_
L+ZB+ Au,Ga,In
360 + AuGa + /iulr:
320
00 01 02 03 04 05 06

Mole fraction In

Fig. 6 Vertical section of the In-Ga-Sb-Au system at ¢t = 0.64 and
Csp = 0.06.
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Fig. 7 Analytical calculations (solid curves) for the liquid-solid
composition dependence of In,Ga;_,Sb NWs for different temperatures
at cjn + Cga = 0.64 and csp, = 0.06. The dashed blue curve indicates the
absence of solid In,Ga;_Sb at these y-values. The dotted curve is
obtained using the phase segregation model (T = 430 °C).

model given by eqn (8) agrees well with the results of the
phase segregation model. Fig. 8 shows the comparison of ex-
act [given by eqn (8)] and approximate [eqn (11) and (12)] so-
lutions for different total concentrations of group III ele-
ments and demonstrates a good agreement between them,
especially for high x values. However, a significant divergence
between exact and approximate solutions is observed for self-
catalyzed growth.

Finally, we analyze nucleation of InSb,As;—, NWs from the
In-Sb-As-Au melt. According to the phase diagram for the
In-Sb-As-Au system presented in Fig. 9, the VLS growth of

L —

o >
| c,=0.06 .
09}k g J
e d
o
L / P> & 4
7 // ’/a
<
osk 1/ 4 z i
! 4 g
! / g
L1y 7 |
o 1y 7
otk W 4 +c,, =0.34, exact
N S A ¢, +Cg,=0.34, exact -

--- cln+cGa=0.34, appr

c,,+Cs,=0.64, exact

06| ' = = =¢, +c,=0.64, appr -+
| : ,I C,,+Cs,=0.94, exact
" ,' - = -c, +c;,=0.94, appr
05 ARl 1 i 1 i 1 i 1
0.0 0.2 04 0.6 0.8 1.0

X

Fig. 8 Exact (solid curves) and approximate (dashed curves) solutions
representing the liquid-solid composition dependences of solid
In,Ga1Sb for different cio values at T = 430 °C and cas = 0.06.
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Fig. 9 Vertical section of the In-Sb-As-Au system at ¢, = 0.45 and
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InSb,As;—, NWs is possible with any solid composition at T =
450 °C. The main feature of this system is the compositional-
dependent pseudobinary interaction parameter. This results
in a composition-dependent, asymmetric miscibility gap.
Fig. 10 shows the liquid composition versus the InSb,As;—,
solid composition for different temperatures in the cases of
self-catalyzed (cyo¢ = 0.05 and ¢y, = 0.95) and gold-catalyzed
growth at T = 450 °C (¢wor = 0.05 and ¢y, = 0.45). Defect-free,
self-catalyzed NWs with an Sb fraction greater than x = 0.35
have been obtained at 7 = 520 °C, as reported in ref. 32. Such
a relatively high value corresponds to y = 0.975. Clearly, it is

S T
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Fig. 10 Analytical calculations (solid curves) representing the liquid-
solid composition dependences of solid InSb,As;, NWs at ¢, = 0.95
for different temperatures (red curves) and ¢, = 0.45 at T = 450 °C
(blue curve). The dashed part of the curves correspond to the
miscibility gap.
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more difficult to control the NW composition in the case of
Au-catalyzed growth because of the much steeper slope of the
y(x) curve. Interestingly, in the case of Al,Ga;_,As, the influ-
ence of the total concentration is reversed so that composi-
tion control would be easier in the Au-catalyzed case, as seen
from comparing Fig. 5 and 10.

Conclusions

In summary, we have calculated the nucleation-limited com-
positions of ternary III-V NWs forming from quaternary al-
loys with gold. The calculations are based on realistic ther-
modynamic description and take into account ternary and
composition-dependent binary interactions. We have ana-
lyzed the compositional diagrams for four highly relevant
III-V materials systems. The results of this study show that
the composition of ternary III-V NWs can be controlled over
a wide range by tuning the composition of the catalyst drop-
let and temperature except for systems with high pseudo-
binary interaction parameters. For such systems (In,Ga,;_,Sb
and In,Ga;_,As), formation of ternary NWs is thermodynami-
cally forbidden in a wide range of solid compositions at rele-
vant temperatures due to the miscibility gaps. In addition, we
demonstrated that in many cases our analytical calculations
are in good agreement with a purely thermodynamic phase
segregation model.
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