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Abstract: Based on a thermodynamic model, we quantify the impact of adding silicon atoms to a
catalyst droplet on the nucleation and growth of ternary III-V nanowires grown via the self-catalyzed
vapor-liquid—solid process. Three technologically relevant ternaries are studied: InGaAs, AlGaAs
and InGaN. For As-based alloys, it is shown that adding silicon atoms to the droplet increases the
nanowire nucleation probability, which can increase by several orders magnitude depending on
the initial chemical composition of the catalyst. Conversely, silicon atoms are found to suppress
the nucleation rate of InGaN nanowires of different compositions. These results can be useful for
understanding and controlling the vapor-liquid-solid growth of ternary III-V nanowires on silicon
substrates as well as their intentional doping with Si.
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1. Introduction

Epitaxial growth of ternary III-V compounds [1] enables delicate bandgap engineering
which is paramount for optoelectronic applications [2-6]. However, the compositional
tuning of ternary thin films is often limited by misfit dislocations due to strain induced by
the lattice mismatch between (i) elemental binaries forming a ternary alloy, and/or (ii) the
grown film and the underlying substrate such as silicon [7-9]. Lattice mismatch between
the two binaries is the main reason for their strong interactions in the solid phase, leading
to the so-called miscibility gaps in InGaAs and InGaN [1].

Due to their high surface-to-volume ratio and small footprint with the substrate,
nanowire (NW) structures allow for a very efficient strain relaxation at the free lateral
facets [10-13]. This property opens a way for nearly unlimited compositional tuning in
ternary III-V NWs, including some material combinations that can hardly be achieved in
thin films, as well as dislocation-free growth of such NWs on silicon substrates [14-17].

Most III-V NWs are epitaxially grown by the vapor-liquid—solid (VLS) mechanism in
which the solid phase forms from a supersaturated liquid alloy in a metal catalyst droplet [18].
The latter can be made of either a foreign metal, often gold [18], or a group III metal (Ga)
in the self-catalyzed VLS process [15]. In Au-catalyzed VLS growth of ternary III-V NWs,
the liquid alloy in the droplet is quaternary, while it becomes ternary in the self-catalyzed
process. In addition, a small fraction of foreign species, such as Si atoms, can also be added
to the droplet. This can be achieved intentionally when doping of NWs is required [19-23],
or unintentionally when a catalyst droplet absorbs foreign atoms from the underlying sub-
strate. The latter process often occurs in the initial nucleation step of III-V NWs grown on
(oxidized) silicon substrates, and is enhanced at higher temperatures [24-26]. Intentional or
unintentional Si doping is supposed to not only affect the electrical and optical properties
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of III-V NWs, but also to change their growth mechanism itself. Adding Si atoms into a
catalyst droplet may influence the NW nucleation and growth rates, morphology, and struc-
tural properties. It is well-known that chemical potential driving the liquid—-solid transition
strongly depends on the liquid composition [27,28] and hence on the Si concentration in the
droplet. We have already reported how the presence of Si atoms influences the nucleation of
some binary III-V and III-N NWs [29,30], but this has not been done for ternaries so far.
Consequently, here we develop an analytical model to describe the influence of Si
doping on the nucleation rate of InGaAs, AlGaAs, and InGaN NWs of different chemical
compositions. We only consider Si impurities because (i) it is one of the most commonly
used dopants for III-V materials, and (ii) the VLS growth of ternary III-V NWs on Si is
important for monolithic integration of photonics with the existing electronic platform.
However, our approach should apply for other doping elements and III-V ternaries.

2. Model

We consider a ternary III-V NW growing via the VLS process from a liquid catalyst
droplet which contains, in addition to the three growth species, a small fraction of Si atoms
csi, as shown in Figure 1. Our approach is based on the calculation of the change of chemical
potential difference between the liquid and solid phases induced by the presence of Si atoms.
For the nucleation and growth of a ternary AyB;_D from a supersaturated liquid phase
containing, generally, A, B, D, Au, and Si atoms (and no Au in the case of self-catalyzed
NWs), the difference of chemical potentials between liquid and solid can be written as

AuZX(ukJruLD—uf&D) +(1—X)(u%+u1%—usgn)- 6))
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Figure 1. Schematic representation of the vapor-liquid-solid (VLS) system studied in this work.
Stage 1: a group III liquid droplet absorbs two types of group III atoms and group V atoms from
vapor. Stage 2: Si atoms are added to the droplet from the substrate (by either diffusion or through
evaporation and re-condensation on the droplet surface at high T), or by the direct impingement
from vapor. Stage 3: the VLS growth of a ternary AxB;_4D NW from a droplet containing Si atoms.

The chemical potential u]q of component q in liquid is given by

8

1
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ij=1
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and the chemical potentials of AD and BD pairs in solid write
KD = MAD + Inx+ ws(1 - x)?, 3)

WEp = HEp +In(1 —x) + wip_ppx’. 4)

Here, ugL, ufS), and kP are the chemical potentials of atoms in pure liquid and ITI-V
pairs in pure solid binaries, respectively, which depend only on temperature T [31,32],
m is the number of growth elements present in the droplet, wi,_gp is the temperature-
dependent interaction parameter between AD and BD pairs in solid, and wyg are the
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compositional-dependent pseudo-binary interaction parameters between « and 3 atoms in
liquid [33]. We measure all chemical potentials and interaction parameters in thermal units
of kgT, with kg as the Boltzmann constant.

After adding Si atoms to the droplet, the initial atomic fraction cg of element q must
be reduced by the factor (1 — cg;), thatis, cq = cg(l —csi) [29,30]. In the present study, we
do not consider any possible influence of Si dopant on the chemical potential of solid NW.
Therefore, the system can be described only by the change of chemical potentials of different
atoms in liquid. Generalizing the result of Reference [30] to the case of ternaries, we find

0,L o,L
pzprD+(1*X)pBD:Xq_§D(“ch“q )+ r (uf-ug")

a=bo 5)
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with o
1
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ij= i=
0.0 0
&g = — Z GG (wiq + wjq — wij) + Z ¢ (Wiq + wsiq — wig;) (7)
=1 i=1

p, pap and ppp are the changes of the liquid phase supersaturation induced by adding
Si atoms for ternary, AD and BD binaries, respectively.

Due to the exponential dependence of the nucleation probability P for each NW
monolayer formation on Ay, a small fluctuation of the liquid chemical potentials results in
an extremely steep change of P. This change is given by [29]

P = exp(icp) 8

where i. is the critical nucleus size of classical nucleation theory and hence must be much
larger than unity. The probability P determines the nucleation rate of NWs emerging from
catalyst droplet and the axial growth rate of developed NWs. According to Equation (8),
our model allows one to describe the influence of Si on the nucleation and growth of ternary
[I-V NWs by calculating the function p given by Equations (5)-(7). This function contains
the solid composition x, which is why the self-consistent determination of p requires a
relationship between the compositions of ternary NW and the liquid droplet.

According to Reference [28], the composition of a ternary NW can be determined by
minimizing the corresponding formation energy F with respect to x

™ ox T ax ©)

Here, i = iap + ipp is the total number of III-V pairs in a growing two-dimensional
nucleus (fractional monolayer) and a is a surface energy constant. It is commonly assumed
that the surface energy should be independent of the composition of the nucleus itself,
because the solid compound with lower surface energy segregates at the nucleus bound-
ary [28]. Therefore, the surface energy constant a can be considered independent of x. This
leads to the simplified form of Equation (9) given by

JdAn

S 0, (10)

meaning that the solid composition corresponds to the minimum of chemical potential.

Using Equation (1) in Equation (10), we obtain the relation between the liquid compo-
sitiony = ca/(ca + cg) (Which simply equals the ratio of the concentration of element a
over the total group III concentration in the droplet) and x in the form

e(y) = @(x) +I(T), (11)
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e(y) = ln<1 Z y) —2wap(1—cp)y, (12)
X
CD(X) = ln(l_x) + ‘UZDfBD(l — X) (13)

[(T) = Apdp — Apdp + (1 — cp)?wap + A (wap — wpp) +cp(1 — cp)[wap + wap — wpp]  (14)

Unfortunately, no analytical solution to Equation (11) can be obtained unless we
assume a negligible atomic fraction of the group V element D in the liquid phase, which is
not relevant for all systems. For example, InyGa;_xAs NWs can be grown by hydride vapor
phase epitaxy (HVPE) only at high temperatures T > 950 K. According to Reference [31],
the As concentration in such NWs reaches ~11% in an almost pure In droplet. Consequently,
Equation (11) should generally be solved numerically in order to precisely determine the
compositional diagram y(x) at high group V concentrations.

3. Results and Discussion

We now apply the model to the three important ternary III-V NWs. In calculations, we
consider self-catalyzed VLS NWs, for which the droplet contains only the growth species
and Si. The first-order interaction parameters between the solid binaries used in calculations
are listed in Table 1. For the temperature-dependent InAs-GaAs interaction parameter,
temperature should be taken in K.

Table 1. Interaction parameters of solid binaries in InGaAs, AlGaAs, and InGaN.

Ternary System Interaction Parameter w*® (eV) Reference
InAs-GaAs 02042 +7.8 x 1072 T [34]
AlAs-GaAs 0.027 [27]

InN-GaN 0.3035 [35]

3.1. InGaAs System

We start our calculations with InxGa;_xAs NWs growth at different temperatures T.
Figure 2a shows the evolution of the liquid composition y required to form the NW of
composition x at a fixed As atomic fraction cas and different T. The real cas values are
expected to vary quite considerably depending on whether the droplet is In- or Ga-rich
according to the respective phase diagrams [31]. Therefore, two sets of values for cas were
chosen which correspond to pure In or pure Ga droplets. Despite the large difference in cxs,
the calculated y(x) curves reveal that the catalyst droplet consists mainly of In (y > 0.9) for
the entire range of practical compositions of InyGa;_yAs alloy (0.1 < x < 1). This correlates
with what has been reported earlier for InyGa;_4As NWs [28,36,37] and suggests that high
In content in the liquid phase is thermodynamically required to grow solid In,Gaj_,As.
Consequently, in what follows we only use the caq values corresponding to pure In droplet.
The temperatures considered are above the critical temperature of 816 K [28], which is
why no miscibility gap is present in Figure 2a. The relationship between the solid and
liquid compositions can now be used to quantify the influence of adding Si atoms to the
catalyst droplet on the nucleation probability of InGaAs NW monolayers. We fix only
temperature T (and hence c3 ), then the p function can be calculated using the y values
deduced for each x. The atomic fraction of Si is varied up to 0.05. The results are shown in
the contour plots in Figure 2b,c for two different T. The numbers given on the solid level
lines represent different values of p(cg;, x, T), expressed in meV. The calculated p values are
always positive, showing that the presence of Si in In-rich catalyst droplets is beneficial
for nucleation of In,Gaj;_yxAs NWs regardless of their composition X, including almost
pure GaAs solid (x—0). This is different from the results reported in Reference [29], where
pure GaAs NWs were grown from pure Ga droplets. The effect is due to the presence of
In in the catalyst droplet which, even at small x, may have a great impact on the growth



Nanomaterials 2021, 11, 83

50f8

1

0.

0.

liquid phase composition y

0.

(a)

.0

0.4+

0.2

thermodynamics due to the interactions with the co-existing species in liquid. The highest
values of p, corresponding to the largest enhancement of the nucleation and growth rates
of InGaAs NWs, are obtained for compositions from 0.1 to 0.5 for both temperatures. The
maximum of p decreases with increasing the growth temperature. It is about 160 meV
at T =872 K and decreases to 65 meV at T = 988 K. This high temperature is typical for
growing InGaAs NWs by HVPE technique.
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Figure 2. Calculations for In,Ga;_yAs system. (a) Compositional diagrams y(x) at different T. The initial As concentrations
cgs are estimated from the In-As binary phase diagram [31]. (b,c) Contour plots of p(cgi, X, T) (in meV) at T = 872 K and 988 K.
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3.2. AlGaAs System

We now consider the self-catalyzed VLS growth of Al;_,GaxAs NWs. The liquid
phase of this VLS system is known to consist mainly of Ga [27]. Therefore, the As atomic
fraction can be estimated from the Ga-As binary phase diagram [31]. For the typical growth
temperatures, this concentration varies between 0.01 and 0.02 [33]. Note that, similar to
GaAs, growth regimes with even lower cas may also be possible [38]. Figure 3a shows the
variation of y with x for different growth temperatures. The values of y are close to unity
in the compositional range of x between 0.05 and 1, and remain quite large (>0.6) for even
lower x. This confirms that very low Al contents in the liquid phase are sufficient to tune
the AlAs fraction in the solid alloy from 0.05 to 1, while almost pure AlIAs NWs can grow
from a liquid droplet with y = 0.6-0.8 [27,28]. The impact of Si on the nucleation rate of
AlGaAs NW monolayers is shown in Figure 3b,c for two different T. The trend is the same
as for InGaAs system—the p values increase with increasing the Si fraction in the droplet.
However, the highest values of p are now located in the Ga-rich zones, where the maximum
reaches about 150 at T = 823 K (MBE conditions) and 125 meV at 923 K (HVPE conditions).
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Figure 3. Calculations for Al;_,GaxAs system. (a) Compositional diagrams y(x) at different T. The initial As concentrations
COAs are estimated from the Ga-As phase diagram [31]. (b,c) Contour plots of p(cs;, X, T) (in meV) at T = 823 K and 923 K.
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3.3. InGaN System

Finally, we investigate InGa;_xIN NWs which can be grown by HVPE via the self-
catalyzed VLS mode [39]. This material can cover the whole range of visible light spectrum
by tuning its chemical composition toward larger x. However, the large lattice mismatch
between InN and GaN (~11%) leads to segregation of In inside the miscibility gap [12] and
planar growth of homogeneous In-rich InGaN alloys remains challenging. Therefore, a
significant effort is being put to fabricate InGaN material in the form of NWs to reduce
the miscibility gap. It has been experimentally demonstrated that the miscibility gap
can be circumvented in the HVPE growth regimes with high degrees of supersaturation
of a mother phase, either in In-Ga droplets or in the vapor phase in the catalyst-free
selective area epitaxy [39,40]. It is therefore important to investigate thermodynamics of
the VLS InGaN NWs within our approach. We consider the growth conditions at different
T corresponding to different growth techniques. Unfortunately, the solubility of N in liquid
In-Ga alloy is unknown. Therefore, we fix c¥; fixed at the plausible values of 0.05 and 0.1
for the calculations of y(x), but only at 0.05 for the calculation of p.

The miscibility gap corresponds to the wavy regions in the y(x) curves in Figure 4a
within the range of x between ~0.2 and ~0.8. It is slightly reduced at higher T. One can see
that a high In concentration in liquid (y > 0.88) is always required to obtain any relevant x.
The impact of adding Si to such In-rich droplets is shown in Figure 4b,c. Unlike As-based
ternaries, the supersaturation is significantly reduced in the presence of Si. A small amount of
Si of only about 0.005 is enough to reduce the chemical potential of InGaN in the liquid phase
by 70 meV, which induces a significant decrease of the nucleation probability P. Further
increase of cg; can raise the p values to ~500 meV. Furthermore, the growth temperature is
found to have almost no impact on the curves in Figure 4b,c. We can thus conclude that
adding Si to the catalyst droplets has negative impact on the nucleation and growth of VLS
InGaN NWs with whatever composition, and hence the initial supersaturation must be very
high to enable the formation of such NWs on Si substrates.
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Figure 4. Calculations for InyGaj_«N system. (a) Compositional diagrams y(x) at different T and CON, where the wavy

regions correspond to the miscibility gaps. (b,c) Contour plots of p(cg, X, T) (in meV) at T = 873 K and 988 K.

4. Conclusions

In conclusion, a thermodynamic study is presented to quantify the change of chem-
ical potential in the liquid phase and the corresponding nucleation rate of ternary NW
monolayers in the self-catalyzed VLS process influenced by the presence of Si atoms in a
catalyst droplet. We have investigated three technologically relevant systems: In,Gaj_As,
Al Gaj_xAs and InyGaj_xN. Before calculating the evolution of chemical potential with
csi, we determined the relationship between the liquid and solid phase concentrations of
the growth species at a given temperature. The results appear very different for the As-
and N-based NWs. For the As-based ternaries, the presence of Si increases the nucleation
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rate of ternary NWs, while nucleation of InyGa;_«N NWs is significantly reduced. Our
model is not restricted to these systems and can be extended to study other ternary III-V
NWs growing by the self-catalyzed or Au-catalyzed VLS process.
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