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1. Introduction

Si;_xGe, nanowires have received a great deal of attention
due to their promising enhancement in optoelectronics [1,2],
sensing and field emission [3,4], etc. A precise control of the
chemical composition in Si;_,Ge, nanowires, which determines
its electronic characteristics, has been regarded as a critical
factor for advanced device performance. The effect of various
process conditions on the composition of Si;_,Ge, nanowires
has been investigated using various synthetic techniques, such
as laser-assisted catalytic growth (LCG) [5], chemical vapor
deposition (CVD) [6], molecular beam epitaxy (MBE) [7], and
vapor-liquid-solid (VLS) method [8-10]. It has been shown [8-10]
that Si;_yGe, nanowires can be grown in the entire composition
range by controlling the GeH,/(GeH4 + SiH,) inlet gas flow ratio
and the growth temperature.

However, in addition to the process condition, it was found
that the wire size (diameter) can also have an effect on the
wire composition under a single process condition [10]. This
size dependence of wire composition was first observed by Yang
et al. [10] who claimed a decreasing Ge fraction with decreasing
nanowire diameter in a range of 5-50 nm, and was confirmed
by Zhang et al. [11] who performed a thorough experimental
work. Some time ago, a size dependence of the growth rate of
VLS grown pure component whiskers had been observed and

* Corresponding author. Tel.: +82 54 2792157 fax: +82 54 2792399.
E-mail address: calphad@postech.ac.kr (B.-]. Lee).

0364-5916/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.calphad.2008.09.011

explained in terms of the Gibbs-Thompson effect [12]. Based
on the size dependence of growth rate of nanowires [12] and
assuming that the alloy wire composition is determined by the
relative growth rate of individual pure component nanowires [9],
Zhang et al. [11] also proposed an empirical model to predict
the wire composition. In this approach, the model parameters
were determined by fitting to experimental data. Even though
the growth rate was formulated considering the Gibbs-Thompson
effect and a good agreement was obtained between the model
prediction and experimental data, because of the empirical fitting,
the result cannot be regarded to indicate that the Gibbs-Thompson
effect causes the size dependence of wire composition. Also, as
mentioned by the authors [11], a more fundamental understanding
of the size effect is necessary for a precise control of the nanowire
composition.

In the present study, we provide a fundamental thermodynamic
analysis to confirm that the size dependence of alloy nanowire
composition grown by a VLS method indeed originates from the
Gibbs-Thompson effect on the thermodynamics of the Au droplet
catalyst and the Si;_,Ge, nanowire. The results will be rationalized
by analyzing direct effect of the capillarity on the liquid droplet
composition based on solution thermodynamics.

2. Thermodynamic approach

The VLS method is a process for growing nano wires where a
liquid metal droplet or catalyst (initially pure Au, in the present
case) acts as a energetically favored site for absorption of gas-phase
reactants, supersaturates and grows a 1D structure (wire) of the
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Fig. 1. Calculated phase diagrams of the (a) Au-Si and (b) Au-Ge binary systems.
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Fig. 2. Calculated activity of Si in the Au-Si liquid alloys at 400 °C and 200 Torr.
The reference state of Si is the solid diamond structure.

materials. The present authors view the VLS growth of nanowires
to be composed of two interfacial reactions. One is the reaction
between vapor and liquid droplets on the surface of the liquid
droplet. The other is the reaction between liquid droplets and
solid nanowires on the interface between the two. The vapor can
be regarded to be composed of the initial SiH4 and/or GeHy, Hy
gases and decomposed Si and/or Ge atoms. The incorporation of Si
and/or Ge atoms into the initially solid Au nano particles results
in the formation of liquid Si(Ge)-Au alloy droplets even though
the process temperature (around 400 °C) is well below the melting
point of pure Au. This can be rationalized from the phase diagram
of the Au-Si or Au-Ge binary system which is characterized
by the presence of a deep eutectic point (see the Au-Si phase
diagram in Fig. 1, for example). The formation and growth of the
Si-Ge solid phase (nanowires) indicates that the composition of
the liquid droplet would correspond to a supersaturated region
designated in Fig. 1. The composition of the Si;_,Ge, nanowire can
be estimated by calculating phase equilibria between the liquid
and solid phases taking the supersaturated liquid composition as
the overall composition.

The issue now is how to estimate the composition of the liquid
droplet for various process conditions (temperature and flow rates
of SiH, and/or GeH, and H; gases). Fig. 2 shows how the activity

of Si changes with the liquid composition at 400 °C, for example.
If a local equilibrium between the vapor and liquid phases can
be assumed on the liquid surface, the liquid composition can be
estimated from the equilibrium activity of Si and/or Ge in the vapor
phase. The equilibrium activity values of Si and/or Ge in vapor can
be easily obtained from thermodynamic calculation because the
Gibbs energy of formation of SiH4 and/or GeHy is readily available
in thermodynamic data handbooks. For a given process condition
(temperature and flow rates), the thermodynamic state (activities
of individual components) of the vapor phase would be fixed and
uniform on the surface of substrate. From the thermodynamic state
of vapor and the assumed local equilibrium between the vapor
and liquid, the composition of the supersaturated liquid and then
the composition of solid nanowire can be estimated. The key idea
of the present approach is that under the same thermodynamic
state of the vapor phase, the resultant compositions of liquid
and solid phases would be dependent on the droplet and wire
diameter if the size effect is considered during the thermodynamic
calculation. The size effect can be considered by including the
following Gibbs-Thompson equation in the molar Gibbs free
energy expressions for the liquid and solid phases:

AGeg_1 =OlZVm, (1
r

where r is the radius, y is the surface energy and V,;, is the molar
volume. « is a geometrical factor which is 1 for cylindrical (wire)
and 2 for spherical (droplet) materials.

In the present study, the above mentioned thermodynamic
calculations were performed for Si;_,Ge, nanowires with various
diameters. The solid nanowire was treated as a Si-Ge binary solid
solution phase and the liquid droplet was treated as a Si-Ge-
Au ternary liquid solution phase. The size of the solid nanowire
was assumed to be the same as that of the liquid droplet in
individual wires. The point here was to see if relatively low Ge
content is indeed predicted for thin wires under a given (fixed)
process condition and to find governing process factors that have
a decisive effect on the size dependence of wire composition. For
thermodynamic calculations, the ThermoCalc software [13] and
SGTE solution and pure substance databases [ 14] which are based
on the CALPHAD method [15] were used. All calculations were
carried out for a pressure of 200 Torr and temperature of 400 °C,
which is the experimental condition of Yang et al. [10].

In order to estimate the supersaturated liquid composition,
an attempt was made to calculate the equilibrium chemical
activities of Si and Ge for a typical process condition [10] (total
pressure, temperature and ratio between SiH4, GeH4 and H, gases).
Unexpectedly, the calculated equilibrium activities (or partial
pressures) of Si and Ge in the vapor phase for the given condition
were much higher than the values in Fig. 2 by several orders of
magnitude. This meant that the vapor phase would never reach an
equilibrium state and the local equilibrium between the vapor and
liquid droplets on the liquid surface could not be assumed. It was
impossible to estimate the supersaturated liquid composition from
the equilibrium calculation on the vapor phase.

As a means to overcome this difficulty, in the present study,
a supersaturated initial liquid composition was assigned and an
imaginary vapor phase which is in equilibrium with the liquid
was assumed. Then, activities of Si and Ge in the vapor phase
which will result in the assigned liquid composition for bulk
liquid (without considering the Gibbs-Thompson effect) were
calculated. Assuming a local equilibrium between the imaginary
vapor and liquid phases, the liquid composition was calculated
again, but now considering the Gibbs-Thompson effect. The
calculated liquid composition was different from the initially
assigned one. The newly calculated liquid composition was
regarded as the supersaturated composition of the liquid droplet,
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Table 1

Surface energy and molar volume of individual elements [19-21], and thermodynamic model and parameters [14] for the Au-Si-Ge liquid alloy

Phase Element Surface energy (J/m?) Molar volume (m?/mol)
Liquid Au v4, = 1.169 — 0.00025(T — 1336.15) Vi, =11.3 x 107 - [1.0 + 0.000069(T — 1336.15)]
Si ¥4 = 0.865 — 0.00013(T — 1687.15) Vi =11.1 x 107 - [1.0 + 0.000014(T — 1687.15)]
Ge ¥¢e = 0.621 — 0.00026(T — 1231.65) Vi, = 13.2 x 107 - [1.0 4 0.0000089(T — 1231.65)]
Solid Au Y5, = 1.626 — 0.0002705(T — 298.2) V5, = 1.021 x 1075
Si ¥é = 1.107 — 0.0001589(T — 298.2) V& = 1.206 x 107°
Ge ¥&. = 0.760 — 0.0002531(T — 298.2) V¢, = 1.365 x 10~°

liq liq liq liq
Gm = Xau °Gpy +si °Gg;' +Xce *Gee +RT (Xau InXay + Xsi InXsi + Xce In Xge) + XauXsiLau,si + XauXGeLau,Ge + XsiXceLsi,ce

.
G, = +12552 — 9.38411T + °G%

°Gal = +50696 — 30.0994T + 2.09307 x 1072'T7 4 °G!
Gl = 37142 — 30.6846T + 8.5676110 2! T7 + °G¥!

Lausi = —23864 — 16.2344T + (xa, — Xs;)(—20530 — 6.0396T) + (xay — Xs5i)2(—8171 — 4.2732T) + (xay — xs;)°(—33138 + 26.56677T)
Lau.ce = — 18060 — 13.0854T + (xa, — Xce) (—6132 — 9.1018T) + (xay — Xcp)2(—4734 — 3.2591T) + (xay — Xge)* (—8121 — 5.8254T)

Lsice =0

The solid Si-Ge alloy was assumed as an ideal solution.

Ge
0.00, 4 09
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Fig. 3. Calculated phase diagram of the Au-Si-Ge ternary system at 400 °C,
and selected compositions of initial supersaturated bulk liquid alloys used as the
starting point of the present thermodynamic approach.

and was used as the overall composition to calculate the solid
wire composition. Several initial liquid compositions were selected
in the supersaturated composition range and are designated in
Fig. 3. This approach cannot be used to predict the liquid droplet
composition from the real process condition, but certainly can be
used to examine the size effect on the final wire composition under
a given, specific process condition without losing the physical
significance.

For the evaluation of the Gibbs-Thompson effect given in
Eq. (1), numeric values for the molar volume and surface energy
of liquid and solid alloys had to be provided. Those quantities for
individual elements were available from the literature as listed
in Table 1, together with the thermodynamic model and model
parameters used for the liquid. The relationship between size and
surface energy is still controversial, but it is known that the drastic
change of surface energy appears only below a few nanometer. [ 16,
17] In the present diameter range of 5-150 nm, the surface energy
for nano particles or wires were assumed to be independent from
the size and be the same as bulk properties. The same assumption
was made also for the molar volume of nano particles or wires. No
predicative relation between the molar volume of alloys and that
of individual elements is known. The simplest way was to apply the
rule of mixture. For the liquid, the molar volume of each alloy was
estimated from the rule of mixture based on the initial composition
as follows:

T ini 1 ini 1 iyl
Vi=Xp0 - Vau X5 - Vi + Xge - Ve (2)

where V; are molar volume of pure elements taken from Table 1
and x; are mole fraction of individual elements in the initial
liquid composition. Once the value of an initial molar volume is
determined using Eq. (2), it was further assumed to be constant
during the whole calculation for the convenience of equilibrium
calculation. The same assumption was made for the molar volume
of the solid phase. Because the solid nanowire was treated as a
Si-Ge binary solid solution, the rule of mixture was applied only
between Si and Ge, again based on the initial liquid composition,
as follows:
. le . VS. + Xlnl . VS
Vs = Si xir;i - X(;.:i Ge (3)
i Ge
The molar volume data in Table 1 show that the differences in
the molar volume of pure components are not negligible. Because
the composition in the liquid droplet and the Si/Ge ratio in the
resultant Si;_,Ge, nanowire would be certainly different from
those in the initial bulk liquid, it is necessary to estimate the size
of probable error due to the present way of estimating alloy molar
volume from the initial bulk liquid composition. This could be done
by conducting calculations under the same condition but using
different values of molar volume and comparing the results with
each other. The effect of the selected value of solid molar volume
was small, as will be shown later.

The surface energy of alloys can be calculated from thermody-
namic properties of the alloys and surface energy of pure elements,
using Tanaka’s approach [ 18]. Fig. 4 shows thus calculated compo-
sition dependence of surface energy in individual liquid and solid
binary alloys. It should be noticed here that Ge has the lowest sur-
face energy at the given temperature. In binary alloys containing
Ge, the surface energy shows a negative deviation from the sim-
ple rule of mixture. Such negative deviation of the surface energy
is accompanied by a surface segregation of the component ele-
ment with lower surface energy, Ge in the present case. Because
the calculation of alloy surface energy involves a numerical proce-
dure for solving nonlinear equations, performing such calculations
during phase equilibrium calculation makes the numerical proce-
dure quite complicated. For the convenience of equilibrium calcu-
lation, some simplifications had to be made for the composition
dependence of surface energy. First, the rule of mixture could be
used again, assuming a linear composition dependence of the al-
loy surface energy. By this, the Gibbs-Thompson effect was finally
expressed as follows:

. Vm- (4)

= | R

AGg_1 = (XauYau T Xsi¥si + XGeVae) -
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Fig. 4. Calculated surface energy in the (a) liquid Au-Si, (b) liquid Au-Ge, (c) liquid Si-Ge, and (d) solid Si-Ge alloys at 400 °C.

The calculations could be performed easily using the Thermo-
Calc software by simply adding the %y,'Vm term for individual ele-
ments to the Gibbs energy expression of pure elements.

3. Results and discussion

Fig. 5 illustrates the final results on the size dependence of
Si1_xGe, nanowire composition for the nine initial liquid compo-
sitions designated in Fig. 3. A clear size dependence (increasing Ge
content with increasing wire diameter) is predicted in the whole
composition range in agreement with the experiment [11]. A typ-
ical, experimentally observed size dependence of nanowire com-
position [11] is illustrated in Fig. 6.

All results in Fig. 5 are those obtained assuming the rule of
mixture for the molar volume and surface energy of liquid and
solid alloys. Further, in the case of molar volume, the estimation
(application of the rule of mixture) was made based on the
initial bulk liquid composition even for the solid nanowire phase.
As a means to estimate the size of probable computation error
that comes from the approximation made for the solid volume,
calculations using different solid molar volumes were performed,
and compared with original results. Instead of the average value
obtained from the rule of mixture, the molar volume of pure Si
or pure Ge was used for the molar volume of solid alloy. Fig. 7a
shows the results for the three cases. It is shown that the effect of
the selected value of solid molar volume is negligible. It is expected
that similar results would be obtained for the effect of the selected
value for the liquid molar volume.

As a means to estimate the probable error due to the simplifi-
cation (application of the rule of mixture) made for the alloy sur-
face energy, it was also necessary to examine the results when a
different assumption was made for the alloy surface energy. The
different assumption made here was to set all the alloy surface
energy values (for both liquid and solid) equal to that of pure Ge.
This is close to the situation where Ge atoms (the component with
the lowest surface energy) are fully segregated on the liquid or
solid surface. The results for this case are compared with the orig-
inal ones in Fig. 7b. It is shown that the size dependence becomes

slightly stronger when the surface segregation of Ge is assumed
to occur completely. This is expectable because the size depen-
dence originates from the Gibbs-Thompson effect which is pro-
portional to the surface energy, and the substitution of yg. for ys;
would make the Si-rich side relatively more stable. It is not clear
whether the surface segregation would occur to the equilibrium
amount during the VLS growth of nanowires. It is expected that
the real situation would correspond to somewhere between the
two extreme cases in Fig. 7b.

Even though some approximations were made to estimate the
molar volume and surface energy of liquid droplets and solid
nanowires, the present thermodynamic analysis clearly shows
that the experimentally observed size dependence of the VLS
grown Si;_,Ge, nanowire composition indeed originates from the
capillarity effect and that those approximations made for the
molar volume and surface energy does not have effect on the
conclusion. An attempt will now be made to further analyze and
rationalize the present results. In Fig. 8, the compositions of liquid
droplets (empty squares) and resultant solid nanowires (empty
triangles) are plotted in comparison with some initial bulk liquid
compositions (filled squares). It is shown that the compositions
of nano liquid droplets are shifted to the Au-rich side and also
slightly to the Si-rich side. The compositional shifts to the Si-rich
side of solid nanowires from liquid droplets are small or even the
opposite when compared to those of liquid droplets from the initial
bulk liquid. This means that the compositional change due to the
capillarity effect occurs already in the liquid droplets rather than
during the growth of solid nanowire from supersaturated liquid
droplets. This does not mean that no compositional change would
occur if the nanowires are grown directly from vapor without the
liquid droplets. One should consider that for comparable size of
surface energy and molar volume, the capillarity effect would be
stronger in spherical liquid droplets where the geometrical factor
« is 2 than in cylindrical solid nanowires where « is 1.

The shift of liquid droplet composition to the Au-rich side of
the initial bulk composition can be easily explained by Fig. 9. It is
shown schematically that the amount of supersaturation of Si or Ge
is reduced in nano droplets which have higher Gibbs free energy
than the bulk liquid due to the capillarity effect. In order to find
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Fig. 6. A typical example of experimentally observed size dependence of Si-Ge
nanowire composition, obtained at 325 °C[11].

the probable explanation for the shift of liquid droplet composition
to the Si-rich side, the Gibbs free energy of formation of Au-Si
and Au-Ge binary liquid alloys were calculated. The results are
presented in Fig. 10. Important here is that the Gibbs energy of the
Au-Si liquid decreases more rapidly with increasing Au content
than the Au-Ge liquid. This means that the Au-Si binary alloys
become relatively more stable than Au-Ge binary alloys as the
overall composition moves toward the Au-rich side. Therefore, it
can be concluded that the direct result of the capillarity effect
is the shift of the liquid droplet composition to the Au-rich side,
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which results in the further shift into the Si-rich side due to the
thermodynamic property of the Au-Ge-Si ternary liquid alloys.
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Finally, it should be mentioned that the experimentally
observed size dependence of nanowire composition shown in Fig. 6
is slightly stronger than the present thermodynamic calculation
shown in Fig. 5. The present authors believe that kinetic effects
would also have to be considered as well as the thermodynamic
effect, as was done in [22,23] to explain the reason for the growth
of nanowires below the eutectic temperature. As has been done in
many kinetic studies on materials phenomena, the thermodynamic
analysis as given in the present work can be a start point for more
sophisticated studies.

4. Conclusion

We have shown that the size dependence of the VLS grown
Si;_xGey, nanowire composition originates from the capillarity
effect. It was also shown that the direct result of the capillarity
effect is the shift of the liquid droplet composition to the Au-
rich side, which results in the further shift into the Si-rich side
due to the thermodynamic property of the Au-Ge-Si ternary
liquid alloys. Because of the unknown incorporation rate of SiH,
or GeH, on the liquid surface, it was impossible to predict the
composition of nanowires quantitatively from the given process
condition. However, the present thermodynamic approach can be

a start point for more quantitative study to predict and control the
composition of alloy nanowires synthesized by similar methods.
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