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Heterostructured nanowires exhibit unique physical and electronic properties and are most commonly
grown by the vapor-liquid-solid mechanism. Some of these properties are related to the interfacial
abruptness of the heterointerface which makes its understanding and control particularly important for
further development. In this regard, we present a model based on mass balance of atoms in the catalyst
droplet where the atoms incorporate into the solid in the nucleation-limited regime. We explain how and
why the decrease of growth temperature and increase of the flux of an element which forms a
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heterostructure leads to an improvement in the interface abruptness. Our model demonstrates that a sharp
heterointerface can be obtained if one uses a high concentration of the foreign catalyst rather than self-
catalyzed growth, which can be explained by a reduced reservoir effect. For the examples of InAs/GaAs
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and GaAs/AlAs heterostructures,
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Introduction

During the last couple of decades, there has been a
tremendous interest in semiconductor nanowires," which
can be explained in the light of the modern paradigm of
“materials-on-demand” which implies tailoring the properties
to suit the specific requirements. The combination of bottom-
up and top-down approaches® provides the greatest potential
for nanostructured materials: the first one, which is used for
conventional nanowire growth enables the control of their
crystal structure,”® composition,” morphology® (both length®
and radius®), and doping,’® while nanowire density'* and
position'? can be precisely controlled employing the second,
top-down, approach. In addition, the small foot-print of
nanowires allows growth on lattice mismatched substrates
without the formation of misfit dislocations. As a result,
several nanowire-based device prototypes for photovoltaics,"?
optoelectronics™* and biomedicine' have been proposed.
Keeping the fluxes constant, one can growth
multicomponent nanostructures with highly isotropic chemical
composition. For the majority of materials systems, the
nanowire composition can be chosen from the range between
two binary compounds AD and BD, where A and B often are
group III elements and D is a group V element. Such structures
with an intermediate composition x are known as ternary alloys,
AB;_,D."*" If the flux ratio of the same materials group (in this
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we compare the compositional

profiles for the two different

case group III, A/B) is changed during growth, the nanowire
composition varies gradually along the growth direction,
forming a heterojunction. To produce axial nanowire
heterostructures where the junction is along the nanowire'® one
can use the vapor-liquid-solid mechanism'®*° which involves
feeding the liquid catalyst droplet from the vapor phase and,
once the droplet is supersaturated, a constantly repeating
process of nucleation and growth of monolayers (MLs) occurs at
the liquid-solid interface. Growth of radial heterostructures
(where the junction is across the nanowire) requires a two-step
procedure: vapor-liquid-solid growth of the core and vapor-
solid growth of the nanowire shell.*! However, a spontaneous
and often unintended formation of core-shell structures might
be observed,?** which has been explained by the growth on
the nanowire sidewalls and different precursor decomposition
rates close to the droplet and at the sidewalls.

One of the most crucial parameters of heterostructures is
the heterojunction abruptness. For the majority of
optoelectronic applications, it should be as sharp as possible,
ideally, atomically sharp. Fundamentally, the compositional
profile depends on the growth method, the growth
conditions, and the materials system. However, even if one
can instantly switch the composition of the gas phase from A
to B precursor, atoms of the A element remain in the catalyst
droplet and keep incorporating into the solid leading to the
formation of a graded heterojunction. This is the so-called
reservoir effect.>* There are several ways to reduce its effect
on the heterojunction abruptness. First, one can use a
foreign catalyst, such as gold.>® The higher the fraction of the
foreign catalyst, the less atoms remain in the droplet after

This journal is © The Royal Society of Chemistry 2022
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flux switching. However, atoms of the foreign catalyst might
incorporate into the solid contaminating the nanostructure.
This is especially crucial for Si-based nanowires.*® Thus,
there is a tendency to use self-catalyzed growth, avoiding the
foreign element.”” Secondly, it is advantageous to grow IIIV,-
Vi-, heterostructures, since the low solubility of the group V
elements guarantees the formation of a sharp interface.”®
Thirdly, heterostructures with abrupt interfaces can be
achieved in materials systems with high difference of the
chemical potentials of the pure elements. This results in a
high incorporation efficiency of one of the components (A or
B), even if its concentration in the catalyst droplet is very
small. This works well if the heterojunction ends somewhere
in the middle range of the chemical composition because the
incorporation of the element becomes ineffective at high x
and a lot of monolayers are needed to achieve the pure
binary compound. For the reverse heterojunction, the
beginning of the heterointerface is expected to be very graded
(until the solid composition achieves x ~ 0.1).>° Next, low
growth temperatures and high desorption rates should
provide sharper heterointerfaces. Finally, for the example of
the formation of InAs/GaAs heterostructures it has been
shown that the interface sharpness can be improved using a
pulsed switching technique.*’

To explain the formation of heterostructured nanowires,
various models have been developed by several researchers. The
key points here are the description of the liquid-solid
incorporation mechanism and the mass balance. In the
majority of the theoretical investigations, influxes and outfluxes
are described by continuous equations. As for the incorporation
into the solid, one of the simplest assumptions is that the
growth process occurs at equilibrium. In this case, the
compositional profile across a heterostructure can be obtained
in the form of a one-parametric equation in terms of the
Lambert W function.*" Another option is the nucleation-limited
model where the central part is the formation of the critical
nucleus.” Its size and composition are defined by the saddle
point of the formation energy. The analytical solution has been
obtained for materials systems such as AlGaAs, while the InAs/
GaAs heterojunction has been studied numerically.** An
example of the discrete equations, which describe the materials
balance and the incorporation rate proportional to the related
chemical potentials can be found in ref. 33. The major
distinguishing feature of the models that involve the chemical
potentials is the presence of the miscibility gap: below certain
temperatures, the formation of a homogeneous ternary solution
is thermodynamically forbidden inside a certain range of solid
compositions.**

Instead of thermodynamic considerations, one can consider
kinetic ones. Namely, the liquid-solid incorporation rate can be
assumed to be proportional to the concentration of the
corresponding components in the catalyst droplet.*> Within
such kinetic models all the solid compositions can be achieved.
Finally, one can use a Monte-Carlo approach for the description
of a heterojunction.*® It has been shown that for increasing
nanowire diameter the heterojunction abruptness decreases in
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the adsorption-induced growth mode and increases in the
diffusion-induced one.

In this investigation, we theoretically investigate the axial
heterojunction formation in nanowires grown from a
quaternary liquid melt via the vapor-liquid-solid mechanism.
First, the mass balance for the relevant atoms is introduced.
Then, to describe the liquid-solid composition dependence
we use a two-component nucleation model. We present
analytical solutions for the case of ideal solid solution (zero
value of the pseudo-binary interaction parameter) for any
heterojunction (such as GaAs/AlAs/GaAs) and for the case of
strong interaction between the III-V pairs in the solid for
some of the heterojunctions (such as InAs/GaAs). Based on
our calculations, we study the effect of the key parameters
including temperature, Au concentration, and concentration
of group V elements, on the heterointerface. We believe that
the results of our investigation promote a deeper
understanding of the formation of axial heterostructures in
semiconductor nanowires.

Calculations

We consider vapor-liquid-solid growth of a heterostructured
nanowire from a droplet which contains a foreign catalyst U (a
common example being Au). The self-catalyzed case can be
obtained by putting the U concentration to zero. The formation
of a nanowire with a BD/AD (for example InAs/GaAs) axial
heterojunction occurs as a result of layer-by-layer growth from
the liquid catalyst droplet whose chemical composition is
changing with time, once the B flux is replaced by the A flux
(see Fig. 1). Meanwhile, the droplet becomes quaternary with
decreasing concentration of B atoms. Within this intermediate
stage an A,B;,D ternary solid solution forms where the
composition of each layer is defined as x = Nap/(Nap + Npp) with
Nxp and Ngp being the numbers of AD and BD pairs in the
layer, respectively. We refer to the ratio y = ca/(ca + cg), where ¢,
and cp are the atomic fractions of A and B in the liquid, as the
liquid composition.

D B c,
y=—
v\ /v, Gt G,
U A BD

Fig. 1 Schematic illustration of the formation of a nanowire with a
BD/AD axial heterostructure.
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Assuming the droplet volume doesn't change, the mass
balance for the A atoms can be written in the form
Crot % = ;—i - xrg. (1)
Here ¢yt = Ca + Cp, the geometrical coefficient g = Ny /Ny, , 1 is
the axial growth rate, Ny, is the total number of atoms in the
liquid phase, Ny, is the total number of III-V pairs in a
monolayer, and V, is the atomic influx of A elements into the
droplet. As can be seen, the number of A atoms increases
due to an effective influx (the first term) and decreases as a
result of axial nanowire growth (the second term). We now
introduce the dimensionless influx of an element which
forms a heterostructure ¢* = V,/(Nyr) and the axial
coordinate across the heterointerface ¢ = r¢ (in monolayers).
Substituting dy/d¢ = (dy/dx)(dx/dt), the expression which

describes the interfacial abruptness in axial NW
heterostructures can be written as

d¢ 1 1 dy

= (2)

== = Ctot-
dx  gct-xdx

As can be seen from eqn (2) the liquid-solid composition
dependence is needed for further modelling. It relates to the
incorporation of atoms from the liquid into the solid which
can be described using equilibrium,*" nucleation,**** or
kinetic models.>”*° The nucleation model describes the
formation of the critical nucleus characterized by the
chemical composition, x, and size, s. To find them, one
should simultaneously maximize the nucleus formation
energy F, with respect to s and minimize it with respect to x,
that is, solve the system of equations 0F/dx = 0 and oF/ds = 0
to find the saddle point. Ignoring the composition
dependence of the nucleus surface energy,"’ the liquid-solid
composition dependence in the nucleation-limited regime®*
is given by

y= % 3)

1+ Fe

with b being a coefficient which depends on the
concentrations of all the elements in the liquid particle, the
chemical potential differences for the pure components (Auip
and AuRp), and the thermodynamic interaction parameters in
the liquid (see ref. 34 for a full definition). Putting & = %7,
differentiating and substitution into eqn (2) we obtain
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eqn (4) is not possible. However, for the opposite case (Auap
> Aulp, resulting in & > 1) eqn (4) can be significantly
simplified:

d¢ _ Ctot

a4 _ 1 1+Za)sx(x_1)/RTe—2wb(x—1/2)/RT
dx &g A-x ’

(x-1)°

(5)

Partial fraction decomposition and integration of eqn (5) with
the initial condition (x = 0) = 0 yields the analytic expression
nli—mli 2mwg :
Syonmt ©
i RT

3
f = Z (Zlbl (h’l
=1 =1

e~ 20sn3/RT o= 2w3m3/RT
-as _
ns mg3

0

n
m;

with the coefficients

_ Crot 1+ (A _1)2wS/RTe—2ws(cA—1/2)/RT

a = og (CA—l)Z

_ Gl (c*- 1)2ws/RTe,ws/RT

2 e (CA—l)Z
Cot 1 o /R
a3 = ————¢€ /77, 7
T g A1 7)

Here ny =x-c¢*and ny =n3;=x -1, b; = b, = 1 and b; = 2w,/
RT and my; = —c*, my, = my = —1. eqn (6) consists of seven
terms (three logarithms, three infinite series and one
exponential expression) and describes the compositional
profile across an axial heterostructure in a nanowire when
there is a strong interaction of AD and BD pairs in the solid.

For some of the materials systems such as AlGaAs, the
pseudobinary interaction parameter is very small and can be
ignored. If wg = 0, eqn (4) can be reduced to

6 _Go € 1 1
dx g 1-ecr-x(x+ €)*

(8)

with € = ¢/(1 - ¢). Importantly, in contradistinction to ref. 32,
this equation can be applied to any heterojunction (¢ > 1 or ¢
< 1). Obviously, if ¢ > 1, —€ is a number slightly larger than 1,
with the immediate consequence that it is difficult to achieve
the composition x = 1, due to the bracket (x + €)* in eqn (8). On
the other hand, if ¢ < 1, x = 1 can be easily achieved.

dé e 1 ge?@ & 1/2)/RT 1 4 20 x(x—1)/RT The integration of the above equation for BD/AD
dx ?cA -x(1 _geZa)s(x—1/2)/RT)2 (x | etk >2 - (4 heterojunction with the initial condition of {(x = 0) = 0 gives
1-pelusm1/2)/RT the analytical expression for the compositional profile:
Cot € 1 A -x X+ € x
fo o € (S (e ey ). ©)
g 1-e(e+ch) € €(€+x)

For heterojunctions in materials systems where Au3p, <

Aufp, & < 1 and simplification and analytical integration of
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There are two ways to describe the second heterojunction
(AD/BD). The calculations might be based on either the mass
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balance of B atoms with the constant B flux or a mass
balance of the A atoms which remain in the droplet. One
should thus be accurate with what x denotes. Keeping our
notation where x is the AD concentration in the solid,
calculation of the second junction based on the mass balance
of B atoms with the initial condition of ({(x = Xmax) = Emax)
gives

Coot € 1 1-x-c®
5 = fmax_ —

View Article Online

Paper
Results and discussion

We start our analysis with the comparison of the
compositional profiles of InAs/GaAs and GaAs/InAs
heterojunctions in self-catalyzed nanowires. Fig. 2 shows the
dependence of the chemical composition versus the

g 1_—g(ﬁ+63)2 ( n‘l—xmax—cB

for AD/BD heterojunction. The mass balance of A atoms with
zero flux (¢* = 0) gives

P A
f—fmax Sg <1n

xmax

| | x4+ € ‘ X — Xmax )
-1In -c
|Xmax + € (X + €)(Xmax + €)

(11)

These two different approaches are consistent since ¢® = 1
- ¢*. Thus, there is an interesting case when these two curves
coincide, namely if ¢® = 1 and ¢* = 0 (or ¢® = 0 and ¢* = 1).
(see the compositional profile of the second junction in
Fig. 5). In such a case the flux of the element (B, or A atoms,
respectively) is used to keep the droplet volume constant.
When ¢ < 1 both A and B fluxes are non-zero. Importantly,
the obtained analytical solution can be applied to any
materials system and it might be used to describe both AD/
BD/AD and BD/AD/BD heterojunctions. As is seen in eqn (6)
if ws = 0, there are three non-zero terms (two logarithmic
terms (I = 1,2) and one exponential term). If & > 1, the
analytical solution eqn (6) with w, = 0 is the same as eqn (9).

Distance & (ML)

0 10 20 30 40 50 60
1.0 T T T T T ) Z— 1.0
08| T=350 °C 0.8
T=450 °C
= 0,
< — T=550 °C y
E 0.6 | —40.6 ‘q::
C -
=
8 8
2 )
P 04 404 E
O —
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0.0 & — i 0.0
100! 1040 1080 1120 1160

Distance & (ML)

Fig. 2 Composition profiles through InAs/GaAs and GaAs/InAs
heterojunctions calculated for self-catalyzed growth at different
temperatures. The dashed lines correspond to the miscibility gap.
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In x4+ € . ( 1 +CB) X = Xmax )
Xmax + € e—1 (x+ €)(xmax + €)
(10)

coordinate, £, along a nanowire at different temperatures and
fixed cps = 0.01, cpy = 0, ¢ = 1.5. From here on we use g =
0.00058 which corresponds to a nanowire with the radius of
60 nm and the contact angle of 135° The s-shape of the
curves comes from the shape of the liquid-solid composition
dependence. The slope of the InAs/GaAs heterojunction
before and after the miscibility gap is different: a steep slope
at small solid composition (x < 0.2) means rapid solid
composition change with the axial coordinate across the
heterointerface (sharp heterointerface) while a long tail at x
> 0.8 means that a large number of ternary monolayers is
needed to achieve the pure GaAs binary. As can be seen, the
interfacial abruptness is much higher for the InAs/GaAs
heterojunction (5-20 ML) in comparison with the GaAs/InAs
one (~1130 ML). This is because Aul.as > Autnas which
results in the necessity of the dominance of one of the
components in the droplet (In) to vary the chemical
composition in a wide range.** Thus, a small amount of Ga
atoms in the droplet is needed to start the formation of InAs/
GaAs. On the other hand, the formation of the GaAs/InAs
heterojunction requires a lot of time (and monolayers),
whereas once it reaches the composition of x = 0.1, 10-40
monolayers (depending on temperature) are needed to
achieve pure InAs. Importantly, the GaAs/InAs curve does not
coincide with the flipped InAs/GaAs one. For example, 15
monolayers are needed for the path from x = 0 to x = 0.4 for
the InAs/GaAs heterojunction at 7 = 550 ©°C, while 30
monolayers are needed for the GaAs/InAs heterojunction with
x from 0.6 to 1. As can be seen in Fig. 2, with increasing
temperature the interfacial abruptness decreases in both
cases. This can be explained by the temperature dependence
of the liquid-solid composition curve; it moves closer to y = x
and becomes smoother with increasing temperature. In
theory, the presence of the miscibility gap (shown by the
dashed line in Fig. 2) should provide a high degree of the
interfacial abruptness around the miscibility gap. However,
there are no experimental observations of the miscibility gap
in nanowires. The miscibility gap decreases with increasing
temperature because the term 2wy/(RT) is also decreases. It
should be noted that we use the same value of the flux ¢ =
1.5 for different temperatures. In reality this flux is
temperature dependent since the desorption rate and the
pyrolysis efficiency (in the case of metalorganic vapor-phase
epitaxy) both increase with temperature.

CrystEngComm, 2022, 24, 8052-8059 | 8055
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Fig. 3 Numerical and analytical composition profiles
concentrations of ca, = 0 (a) and 0.8 (b).

through a

Next let's consider the influence of the concentration of
the foreign catalyst on the interfacial abruptness on the
example of an InAs/InGaAs/InAs double heterostructure in
Au-catalyzed nanowires. The compositional profiles for Au-
catalyzed and self-catalyzed heterostructures are presented in
Fig. 3. The parameters used are the following: c,s = 0.01, T =
550 °C and ¢ = 1.5. As can be seen, high Au concentration
leads to the formation of more abrupt heterojunctions than
for self-catalyzed growth. This is due to a reduced reservoir
effect which is described by the coefficient ¢ in eqn (2). For
the double heterostructure InAs/InGaAs/InAs the difference
between self-catalyzed and Au-catalyzed growth is significant.
For the chosen variables, it is 50 monolayers for x;,,, = 0.95.
Fig. 3 also shows the analytical solution, eqn (6), which is
based on the assumption that ¢ = 88.7 for ¢y, = 0 and ¢ =
21.4 for chy = 0.8. As can be seen, the obtained analytical
solution almost coincides with the numerical solution of the
initial equation, especially for the self-catalyzed case. We
included the first 20 terms in each series while including the
first term only in the infinite series leads to a large
discrepancy with the numerical solution. From the
comparison of the curves calculated at different x,.., we
conclude that it is not preferable to try to reach pure GaAs
but rather to start the second junction with x =~ 0.8. This
allows one to vary the solid composition in a wide range
while the heterointerface remains relatively sharp. Finally, it
can be observed that the first and the second junctions are
not symmetrical. For all the curves the second junction is
always narrower and it is twice as narrow as the first one for
Xmax = 0.95.

Importantly, the description of the first heterojunction is
based on the change of the Ga atoms, while the second
heterojunction is based on the balance of In atoms. This is
in contrast to previous findings** where the second junction
has been calculated based on the Ga atoms which remain in
the droplet. This results in the principial possibility to
achieve pure InAs within the second junction which is in
contradiction to previous theoretical results.*> One way of

8056 | CrystEngComm, 2022, 24, 8052-8059
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InAs/InGaAs/InAs double heterostructure calculated for different Au

thinking is that the resulting curve consists of two curves
taken from Fig. 2 (the curves should be cut and the cyan one
should also be flipped across x = 0.5).

Within the nucleation model, the group V element have
no effect on the liquid-solid compositional dependence.
However, its concentration affects the interfacial abruptness
through the growth rate which is considered in the
calculations by the coefficient ¢. Thus, we continue our
analysis with the influence of the influx, ¢, on the
heterointerface. Fig. 4 shows the compositional profiles
through an InAs/GaAs heterostructured nanowire calculated
for different ¢ and at fixed c,s = 0.01, T = 550 °C and cpy =
0.5. In order to improve the interfacial abruptness, one
should use a high value of ¢. For example, 35 monolayers are
needed to achieve x = 0.8 at ¢ = 1.1, whereas only 5
monolayers are required at ¢ = 5.5. We remind the reader
that, ¢ is proportional to the ratio of the atomic flux divided
by the elongation rate. Thus, by increasing the atomic flux or
by decreasing the growth rate, the droplet composition

GaAs content x

0.0 ! 1 ! 1

0 10 20 30 40 50
Distance & (ML)

Fig. 4 Composition profiles through an InAs/GaAs heterojunction
calculated for different Ga flux, ¢, at cas = 0.01, T = 550 °C and ca, = 0.5.
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Fig. 5 Composition profiles through the GaAs/AlGaAs/GaAs
heterostructure calculated using the Ga and Al atom balance.

changes faster between the nucleation events, which leads to
the formation of more abrupt heterojunctions.

The last important case that we will analyse within the
nucleation model is the case of a small pseudobinary
interaction parameter. In this respect, the compositional
profile we consider is the example of the AlGaAs materials
system which is widely used in the fabrication of
heterostructured nanowires.>® Comparison of analytical and
numerical calculations for the AlAs fraction in a GaAs/
AlGaAs/GaAs double heterostructure is presented in Fig. 5.
The values used are cs = 0.01, cay, = 0 and T = 610 °C. As can
be seen, the numerical and analytical curves coincide. The
second junction is calculated using the balance of Ga and Al
atoms (the superscript of ¢ denotes the element that ¢ is
related to). As has been noticed before, the curves based on
Al (plus symbols) and Ga (green curve) coincide if ¢“® = 1 and
¢*' = 0. An increase of the flux results in a more abrupt
second junction (compare the green and brown curves). Due
to the low pseudobinary interaction parameter there is no

0.8
0.6

0.4

InAs/GaAs

AD content in BD/AD heterostructure

0.2 GaAs/AlAs T
InSb/GaSh
InSb/InAs
0.0 1 1 1
0 30 60 90 120
Distance & (ML)

Fig. 6 Composition profiles through the InAs/GaAs, GaAs/AlAs, InSb/
GaSb and InSb/InAs heterostructures.
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miscibililty gap and all the solid compositions can be
achieved.

A comparison of heterointerfaces for different materials
systems is presented in Fig. 6. For all the calculations the
same parameters have been used, namely cp = 0.02, ca, = 0.5,
T = 600 °C, ¢ = 1 for the InSb/InAs heterostructure and ¢ = 3
for the InAs/GaAs, GaAs/AlAs and InSb/GaSb heterostructures.
Among the IMLIIL_,V materials systems, the sharpest
heterojunction is observed in the InAs/GaAs heterostructured
nanowire, while the widest junction corresponds to the InSb/
GaSb heterointerface. This is explained by the different
values of Au3p — Audp. The very sharp heterointerface of only
a few monolayers in the InSb/InAs heterostructure can be
explained by the reduced reservoir effect. This is a common
case in growth of the heterostructured nanowires of IIIV,V;_,
materials systems.?®

Conclusions

To summarise, we have theoretically studied the formation of
axial heterojunctions in vapor-liquid-solid grown III-V
nanowires and described the influence of several factors on
the interfacial abruptness. The compositional profiles have
been discussed in detail within the nucleation-limited model
in the examples of the InGaAs materials system (which is a
system with high pseudo-binary interaction parameter) and
AlGaAs materials system (which is a system with weak
pseudo-binary interaction). We have shown that the sharpest
heterojunction is formed at low temperature and high flux of
the element which forms the heterostructure. We have
demonstrated that a heterointerface is sharper in the case of
Au-catalyzed growth as compared to the case of self-catalyzed
growth, which is attributed to a reduced reservoir effect.
Within the nucleation model, the concentration of group V
elements has effect on the interfacial abruptness only
through the growth rate. Analytical solutions have been
presented for the cases of zero and non-zero pseudo-binary
interaction parameters. The results coincide with the
numerical solution. Our modelling is helpful for
understanding the formation of heterostructures and
promotes method development towards highly predictable
nanowire heterostructure synthesis. An interesting topic for
future investigations would be to account for variations of
the influx, both due to temperature, but also controlled
variations, such as pulsing, which has been utilized in order
to get sharper heterointerfaces.
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