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Understanding the growth and composition evolution of gold-
seeded ternary InGaAs nanowires

A.S. Ameruddin**® , P. Caroff %, H.H. Tan®, C. Jagadish ® and V. G. Dubrovskii*“®

InGaAs nanowires offer great promise in fundamental studies of ternary compound semiconductors with variable
composition and opens up wide a range of applications due to their bandgap tunability and high carrier mobility. Here, we
report a study on growth of Au-seeded InGaAs nanowires by metal-organic vapour phase epitaxy and present a model to
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explain the mechanisms that govern the growth and composition evolution in ternary llI-V nanowires. The model allows
us to further understand the limitations on the growth rate and incorporation of the two group Il species imposed by the
DOI: 10.1039/%0xx00000x deposition conditions and some intrinsic properties of the material transport and nucleation. Within the model, the
evolution of InGaAs nanowire growth rate and composition with particle size, temperature and V/IIl ratio are described
www.rsc.org/ and correlate very well with experimental findings. The understanding gained in this study should be useful for the

controlled fabrication of tunable ternary nanowires for various applications.

1. Introduction

Metal-seeded vapour-liquid-solid (VLS) 1lI-V nanowires
have proven their advantages for various applications in
optoelectronics [1], nanoelectronics [2] and quantum
transport physics [3]. Within the vast majority of nanowire
structures, ternary nanowires are less studied as compared to
the binary systems. Ternary nanowires are interesting as they
allow for the desired bandgap tunability simply by changing
the alloy fraction of the ternary compound, which is almost
insensitive to material segregation and lattice mismatch issues
in VLS systems. However, they bring additional complexity in
terms of understanding and control because of compositional
and structural inhomogeneity due to segregation, intermixing,
different diffusion coefficients for each species, composition-
dependent crystal structure [4-5], and differing incorporation
pathways for each element at the Au droplet-nanowire
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interface or on the exposed sidewalls [6-9]. Improving our
fundamental understanding of ternary nanowire growth and
composition evolution as a function of directly accessible
experimental parameters would therefore be crucial to
achieve better control over the device structures. Among the
wide range of Ill-V ternary compounds, the InGaAs system is
one of the most interesting because of several key properties
such as its tunable direct bandgap between 0.350 and 1.424
eV and the possibility of perfect lattice matching with InP
(Ing.53Gag47As), making it an ideal system for optical
telecommunications. InGaAs material also has a very high
carrier mobility (ue=~10000 cm’V™'s”, Lp=~300 cm’v's™),
which is highly interesting for monolithic integration with
state-of-the-art complementary metal oxide semiconductor
(CMOS) technology [10-11].

Despite recent interest [12-13], true understanding and
modeling of ternary IllI-V nanowires obtained by the VLS
mechanism with Au catalysts is still lacking. This is due to
several issues such as: (i) complex equilibrium phase diagrams
and non-equilibrium chemical potentials of quaternary alloys
such as Au-Ga-In-As in our case [14], (ii) uncertainties in
determining the composition of the initial critical nucleus even
if both Au droplet and solid compositions were exactly known,
(iii) absence of any data on relevant surface energies of
different interfaces and (iv) lack of reliable data on the kinetic
parameters (diffusion lengths, desorption rates of As etc.) as
functions of the composition. Therefore, the existing approach
based on chemical potentials, surface energies, and the
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Zeldovich nucleation rate for macroscopic islands [15-17] may
require some crude assumptions which cannot be easily
checked against experimental data. Consequently, here we
systematically study the growth of InGaAs nanowires under
different conditions and develop a simple model for complex
growth phenomena in InGaAs nanowires which is capable of
describing the main experimental trends and might serve as
the first step toward establishing a more advanced
understanding.

2. Experimental details

InGaAs nanowires were grown using metal-organic vapour
phase epitaxy (MOVPE) with Trimethylgallium (TMGa),
Trimethylindium (TMIn) and Arsine (AsH3) as metal and arsenic
precursors, respectively. GaAs (111)B substrates were treated
with poly-L-lysine and Au colloid solution with diameter
ranging from 10 nm to 80 nm for seeding the nanowire
growth. Prior to growth, the substrates were annealed at 600
°C for 10 minutes to enable nucleation of the alloy particles.
The nanowire growth temperature was varied between 400
and 525 °C. V/IIl ratio was also varied, ranging from 1.4 to
86.0. The mole fraction of TMIn/(TMIn+TMGa) was fixed at
0.30 throughout all the experiments.

Nanowires were then characterized using a ZEISS UltraPlus
field-emission scanning electron microscope (FE-SEM) and a
JEOL 2100F scanning transmission electron microscope
(STEM). The lengths of the nanowires were measured on more
than 20 nanowires per sample. Energy-dispersive x-ray (EDX)
measurements for the solid composition of the nanowires
were performed in STEM mode for at least 3 nanowires per
sample along the [110] or [1120] zone axis of ~100 nm areas
beneath the seed nanoparticle.

3. Results and discussion
3.1 Experimental results

The Au-seeded growth of InGaAs nanowires in MOVPE
reactor is illustrated in Fig. 1. The TMIn, TMGa and AsHj;
precursors arrive at different surfaces from vapour in a given
proportion, dissociate at a certain temperature-dependent
rates, and incorporate to the sidewalls by the vapour-solid (VS)
or onto the nanowire tops by the VLS mechanisms. The two
competing mechanisms that govern the growth determine the
final morphology of the nanowire. The Au droplet size,
however, should be preserved during steady-state growth.

2| J. Name., 2015, 00, 1-3
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Fig. 1. Schematics of Au-assisted InGaAs nanowire growth in MOVPE reactor. The VLS
growth in (a) results in a time-independent radius while the combination of VLS and VS
growths in (b) yields nanowires with tapered morphology. The TMGa, TMIn and AsH3
precursors decompose into Ga, In and As, respectively, releasing by-products. The As
atoms incorporate only via the VLS mode while Ga and In adatoms are able to diffuse
to the Au droplet from the nanowire sidewalls, with the diffusion lengths A, and 4,
respectively.

Here we present several series of samples in which the final
nanowire axial growth rates and compositions are determined
as functions of different experimentally controlled conditions.
The parameters that are expected to influence the nanowire
growth and composition are: Au droplet diameter, V/IIl flow
ratio in vapour and growth temperature. For the Au droplet
diameter dependent experiments, the growth was carried out
with a fixed growth temperature of 500 °C and V/IIl ratio of
2.4. The morphology of differently sized nanowires is shown in
the SEM images in Fig. 2.

In general, these InGaAs nanowires exhibit a non-
monotonic dependence of the axial growth
morphology on the Au droplet diameter. Nanowires seeded
with particles up to 30 nm are shorter and have uniform
diameter from base to top apart from the relatively large
pyramidal base. These nanowires also have smooth sidewalls.
As the diameter increase to 50 nm, the nanowires get much
longer and show a smaller degree of tapering. The 80 nm
seeded nanowires are shorter than the 50 nm ones and show a
larger degree of tapering. Faceting and the rough sidewalls are
also noticeable on the larger diameter nanowires. This
normally indicates the crystal phase transitions in such
nanowires [18]. The In percentage x;, (%) in the InGaAs alloy
in nanowires seeded with differently sized Au droplets was
extracted and plotted along with the average axial growth rate
dL/dt (nm/min) versus the Au droplet diameter in Fig. 3. Note
that y;, is extracted from EDX measurement of few nanowires
taken from each samples with the electron beam focused on
the top area of the nanowire as shown in Fig. 2 (f). Careful
consideration is taken to ensure that the electron beam is not
in the area right below the Au droplet where axial growth
could have occurred during cooling down.

rate and
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Fig 2. The SEM cross-section views of InGaAs nanowires seeded by a) 10 nm b) 20 nm c)
30 nm d) 50 nm and e) 80 nm diameter Au nanoparticles. f) High-annular angular dark
field (HAADF) STEM image of a nanowire grown with 50 nm Au droplet. The dotted line
represents the region where EDX measurements are taken. g) The corresponding
composition as measured by the EDX in (f).

Details on the experimental studies of other parameters
influencing the nanowire morphology and dimensions can be
found in our previous work [19]. Here, we closely investigate
the axial growth rate and the In percentage in solid as
functions of the V/IIl ratio and the growth temperature, for
which the experimental data are shown in Figs. 4 and 5,
respectively. Since the experimentally observed behaviours are
complex and non-linear, below we present a model to

rationalize these findings.

3.2 Model Approach

First and most importantly, we assume that the relative
atomic concentrations of In and Ga are the same in the liquid
and solid state, i.e. the nanowire composition is given by

(1)

where C;, and C;, are the atomic concentrations of In and Ga

atoms in the Au droplet. This implies a transport-limited
regime of nanowire growth rather than a nucleation-limited
growth mode in which the liquid and solid composition can be
very different for many reasons (preferential nucleation
and/or two-dimensional growth of one compound versus the
other, non-stoichiometric nuclei etc.) [8,20,21]. While the
nucleation-limited regime should be described by the
Zeldovich nucleation rate [17], some recent studies revealed

This journal is © The Royal Society of Chemistry 20xx

that we really approach the limit of macroscopic theory in such
modeling even for binaries. For instance, the critical size of Au-
catalyzed GaAs nanowires grown by hydride vapour phase
epitaxy approaches 1 IlI-V pair [17] and equals only 2 IlI-V pairs
in Ga-catalyzed GaAs nanowires [22]. Clearly, the classical
model for macroscopic island with well-defined boundaries is
hardly suited to describe such situations.

In order to eliminate most of these uncertainties and in line
with the first assumption on the uniform composition, we
write the nucleation rate, J in the form of | = oD gnk,(nk, +
n(L;a), as in the irreversible growth models [23,24]. Here, D,y is
the As diffusion coefficient in liquid, nk are the surface
concentration of atoms of species k(k = As,In, Ga) at the
liquid-solid interface and o is the capture rate which is
assumed identical for k = In, Ga. Otherwise, the nanowire
composition would differ from the liquid one due to different
aggregation probabilities of InAs and GaAs. Assuming also a
spatially homogeneous composition in the Au droplet due to
its small dimension and high diffusivities in liquid at the typical
growth temperatures, we can write nk = (h/Q)c;, with h as
the height of a monolayer and Q as the volume per IlI-V pair in
the solid state. More details regarding the transformation from
macroscopic nucleation to regular irreversible growth in Au-
catalyzed IlI-V nanowires are given in Ref. [23]. Using the
atomistic growth picture, we can thus write the second central
assumption of our model in the form of

2
J = 0Dy (%) cas(cm + ¢ga)- (2)

This nucleation rate gives the probability of nucleation per unit
surface area. Hence the nanowire elongation rate can be
approximated as

= hmRYJ, (3)
where Rgis the radius of the nanowire top. Here, we assume
that the nucleation is effectively mononuclear [15] although
the critical size is close to one. This holds only for narrow
facets but in fact Eq. (3) will affect the resulting growth rate
only for small enough R.

For the diffusion transport of both group Il species, we
adopt the following simple expressions [15]:

Jie = 2Vi [1 +ﬂ(1 —”—’;,)]
Rg

Ck

(4)

for k = In, Ga, written for hemispherical Au droplet with the
radius equivalent to the radius of the nanowire top, R;. Here
Vi are the atomic vapour influx of group IIl species, both
the temperature-dependent cracking
efficiencies of TMIn and TMGa [25]. The 4; = \/m are the
effective diffusion lengths of the group Il adatoms on the
sidewalls (influenced by the As flux), D, are the diffusion

accounting  for

coefficients of In and Ga adatoms, 7, are their effective
lifetimes (limited by radial growth) and c,f = Vi 7 /h are the
effective adatom activities on the sidewalls. The first terms in
Eq.
represent the surface diffusion of In and Ga adatoms [15,26-

(4) describe the direct vapour flux and the second
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29]. Desorption of both group Il species from the Au droplet is
insignificant and hence neglected at the typical growth
temperatures between 400 and 525 °C [30, 15].

In the first approximation, the radial growth rate on the
nanowire sidewalls is independent of height, and hence the
nanowire shape is conical for the combined VLS-VS and
cylindrical for the purely VLS incorporation pathways, as
shown in Fig. 1. This radial growth can be well described within
our model but is not elaborated here, since it does not affect
the composition of VLS-grown nanowire cores, constituting the
major fraction of the nanowire material.

The Au droplet can maintain a time-independent radius R,
only when the material influxes of group Ill atoms into the Au
droplet equal their sink due to nanowire growth, i.e.

XS = Ji (5)
for k = In,Ga. Summing up two Egs. (5) for In and Ga, we
obtain: dL/dt = j;, + jgq, which gives the transport-limited
elongation rate. Neglecting surface diffusion of As species
[24,31,32] and accounting for its desorption from the Au
droplet, the As-limited elongation rate in the steady state is
given by [33]:

dL
P Z[VAs(l +e) — Vgssexp(RGT/Rd)CAs]:

(6)

where V,,is the direct atomic flux of As and & describes
possible re-emission of As species. Desorption of As atoms
from the Au droplet is assumed as being proportional to the As
concentration with a certain temperature-dependent
coefficient v§¢S. Additionally, we take into account the Gibbs-
Thomson (GT) effect [26-28] which exponentially increases As
desorption from small Au droplets due to curvature effect,
with a certain characteristic GT radius Rgr.

Solution to the above system can be obtained in simple
analytical form if Dgoa/Aga = Din/Ain meaning that the
reverse diffusion fluxes from the Au droplet onto the nanowire
sidewalls is the same for both group Ill species. In this case, the
composition is not influenced by the reverse diffusion fluxes
from the Au droplet [the —ck/c,‘(‘1 terms in Eq. (4)] and equals

¢ca _ Vea RatAca) 7)

¢ Vin Ra+Am)’

The solid composition could diverge from Eq. (7) due to (i)
different dimerization rates of InAs and GaAs pairs [neglected
earlier in Eq. (2)] and (ii) different sinks of In and Ga atoms in
the Au droplet, lumped together in the parameters
Dy /A 0 for k = Ga and In. A more detailed analysis of the
model, which is beyond the scope of this paper, can be
developed to cover the case for the parameters outside the
study presented here.
The nanowire axial growth rate is obtained in the form of

Ak _ Y 57 = Y _ _
dt—(2A+y)2VAs,y—J(1+A B)2 +4AB — (1+ A —B).(8)

The coefficients are given by

4| J. Name., 2015, 00, 1-3
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where Vs = V(1 + €); Viyy = Vi (1 + A1, /Rg)and
Vsa = Vga(1 + Agq/Rg)are the total influxes of As, In and Ga
atoms into the Au droplet, respectively.

3.3 Adequation between the model and experimental results

Firstly, we note that the composition of the ternary solid
generally differs from the vapour composition. This effect has
been previously reported in Refs. [34-37]. From Eq. (7), the
nanowire composition in our model can be different from the
vapour composition for two reasons: (i) different diffusion
lengths of In and Ga adatoms and (ii) different cracking
efficiencies of TMIn and TMGa at the growth temperature.
We remind that Vg, /V;, gives the ratio of the group Il influx
entering the Au droplet but not of the precursor fluxes
impinging the Au droplet. Higher In composition in the
nanowires than in vapour requires either Az, < Aj,0r
Vea < Vin. The former inequality is well known since indium is
a faster diffuser than gallium [15]. The latter inequality is
supported, e.g., by the data of Ref. [25] showing that TMIn is
a low-temperature precursor while the decomposition of
TMGa at the solid surface starts only at above 400 °C and
might be very sensitive to the group V flux. Hence the
composition of the InGaAs alloy in solid will be affected by the
growth conditions.

Figure 3 shows the graph of the composition of the InGaAs
nanowire and the axial growth rate versus the Au droplet
diameter at 500 °C, V/IIl ratio = 2.4 and Ga/In ratio = 7/3 in
vapour. From Eq. (7), the In composition is expected to
gradually decrease with the Au droplet size due to lower
diffusion flux, and reach the vapour composition at R — co.
From Egs. (8) and (9), the axial growth rate must first increase
with R as R?, then reaches a maximum and further decreases
to a constant, as in most growth models for binary nanowires
[15,27,29,31]. The solid lines in Fig. 3 show the fits that are
obtained with appropriate parameters. In particular, the best
fits are obtained with zero Ga diffusivity (15, = 0) even at the
lowest V/Ill ratio of 2.4 so that the Ga diffusion should be
ineffective in all cases. While certainly important for molecular
beam epitaxy growth of GaAs nanowires, the fact that Ga
diffusion can be disabled in the MOCVD case has previously
been noticed by many authors (see chapter 5, Ref. [15] for a
review). Hence, our data indicate that Ga incorporates mainly
by direct impingement while In have additional incorporation
via migrations of In to the Au droplet from the nanowire
sidewalls. With A;, = 0, the fits shown in Fig. 3 are obtained
at Ay, = 57nm, Ry = 7 nm and Rgr = 9 nm. We also assume
that the cracking efficiencies for TMIn and TMGa equal one at
500 °C according to Stringfellow [25], in which case so that the
ratio of Ga to In vapour atomic influxes, V;o/Vi, =7/3 is
given by the vapour composition. No re-emission of As is
required to obtain the fits (¢ =0) and thus V5 =V,
Vga = 0.292 X Vy5 and Vy,, = 0.125 X V5. We use the value of
V4s = 71 nm/min for the overall normalization of the growth
rates.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Experimentally determined nanowire composition and axial growth rate versus
Au droplet diameter at fixed T=500 °C, V/Ill ratio = 2.4 and nominal Ga/In =7/3 in

vapour (symbols), fitted by the model expressions (solid lines). The dotted lines
represent x;, in vapour.

Figure 4 depicts the behaviour of dL/dt and y,with V/III
ratio at a fixed growth temperature of 500 °C and Ga/In ratio =
7/3, for 30 nm diameter seed particles. From Eq. (7), the In
content decreases for higher V/IIl ratios due to a lower
diffusivity of In adatoms [15], while the growth rate should
feature a non-monotonic behaviour with 111/V ratio. Eventually,
raising the V/IIl ratio has the same effect on the dL/dt as
increasing the Au droplet size. For low V/IIl ratios and
small R;, growth and composition are limited by As transport
in the excess of group Ill atoms (where In should reach very
high concentrations as a faster diffuser). As the Au droplet size
or V/Ill ratio increases, the VLS growth is transformed to a
group-lll limited transport regime such that the growth rate
decreases with R; and V/IIl ratio and saturates to a constant.
As mentioned earlier, the Ga diffusivity is put to zero for all
V/Ill ratios (Ag, = 0). Hence only the suppression of the In
diffusivity for higher V/Ill ratios is taken into account. For that
purpose, we assume that the diffusion length of In scales with
the As flux as A;, < 1/V,, i.e., the upward path of In adatoms
decreases inversely proportional to the V/III flux ratio.

Finally, the temperature dependences of the dL/dt
and x;, should be non-monotonic. At low temperatures, the
cracking efficiency of TMGa and the diffusion length of In
adatoms tend to zero, which suppresses the axial growth rate,
while at high temperatures the VLS growth is suppressed by
the As desorption. The In content in solid should tend to unity
at low temperatures due to a low cracking efficiency of TMGa.
It should also reach a high value at elevated temperatures due
to enhanced thermally activated diffusion of In adatoms.
These trends correspond to our experimental data, as shown
in Fig. 5.

This journal is © The Royal Society of Chemistry 20xx
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Fitting the temperature dependences of y;, and dL/dt
require some additional parameters. We use the Arrhenius
temperature dependences of the In diffusion length and the
coefficient A in Eq. (9) in the form A, < exp(—T3/T) and
A < exp(—T4es/T) (assuming that the temperature
dependence of A is dominated by the enhanced desorption of
As through v§¢S , with rather high values of the corresponding
characteristic temperatures T, = 6000K and Tge5 =
15000 K. The observed decrease of the growth rate toward
lower temperatures can be attributed only to the low cracking
efficiencies of TMGa at low temperatures. For the latter, we
use the temperature dependence of Ref. [34]: Vg,
(1/2)[1 + tanh((T — T4a)/ATgq) with  the characteristic
temperature of TMGa decomposition, T;, around 480°C and
very narrow transition width, AT, of the order of 10°C.

Thus, with a plausible set of parameters, the model is
capable of describing all the experimental
dependences, namely the growth rate and composition versus

observed

the Au droplet diameter, V/III flow ratio and temperature.

J. Name., 2013, 00,1-3 | 5

Please do not adjust margins




Nanoscale

Conclusions

In summary, we have studied the growth and
compositional evolution of InGaAs nanowires over a range of
parameters. The composition and the axial growth rate are
found to be highly dependent on the seed particle size and the
deposition conditions. A simple model is established to explain
the observed trends and in particular to quantify the
differences between the nanowire and vapour compositions. It
was found that the small diameter and low V/IIl ratio VLS
growths proceed in the As-limited regime while the evolution
of larger diameter nanowires at higher V/Ill ratios is governed
by the group Il transport. We observe that In content in
nanowires is usually noticeably larger than that in vapour. This
effect is explained by high |In diffusivities at higher
temperatures and low cracking efficiencies of TMGa at lower
temperatures. InGaAs nanowire growth is most uniform when
axial growth is maximized and radial growth is limited [19].
This condition is predicted to be in the As-limited regime by
the model. However, the composition was far from the
vapour composition. Nonetheless, we believe composition
tunability can be achieved with high uniformity by simply
tuning the In/Ga in vapour in this regime.

Further studies should include non-stationary growth
effects such as nucleation pulses [37] and switching between
the two group Il precursors when forming the nanowire
heterostructures, as well as possible inhomogeneity of the
composition along the nanowires length or width. In particular,
the In-rich shell can be observed due to the VS radial growth
on the sidewalls where there are more In adatoms due to a
better cracking efficiency and/or surface diffusion length of In
with respect to Ga. Overall, the obtained results and
theoretical understanding shed more light on the complex
growth phenomena in Au-seeded ternary Ill-V nanowires and
allow for a better control over the nanowire composition by
tuning their size and the growth parameters.
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