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The Solid-Vapor-Liquid-Solid (SVLS) process is a fundamental mechanism for the growth of
nanowires. In this article, experimental observations and assessment of thermodynamic data
have been used to explain the Solid-Vapor-Liquid-Solid (SVLS) mechanism for the growth of
silicon-based nanowires. The binary phase diagram of nanoparticle (Au-Si) systems has been
evaluated from information on Gibbs energy of the bulk and surface tension of the liquid phase.
At 1100 °C, temperature commonly used for the growth of nanowires by the SVLS mechanism,
it has been shown that the nanometric decreases the melting point of pure Au and Si and more
generally the liquidus temperatures. Moreover, the liquid phase region in the binary Au-Si phase
diagram is enlarged as the particle size becomes smaller. The presence of SiO in the gaseous
phase is a necessary but not sufficient condition for the formation of nanowires. The nano-
wires’growth cannot be explained by the modification of the Au-Si phase diagram with the size of
the particles, neither by the presence of SiO, but by the existence of a metastable equilibrium
involving the silicon of the wafer, the deposit of vitreous silica and supersaturated SiO in the

gaseous phase.

Keywords binary system Au-Si, nanodiagrams, nanowhiskers,
S(V)LS mechanism, thermodynamics

1. Introduction

Nanowires have been gaining a lot of attention recently as
alternatives to carbon nanotubes (CNT), because their growth
and doping with suitable impurities are relatively easier to
control. Many successful synthetic strategies have been
developed to obtain bulk quantities of nanowires, using both
gas phase and condensed phase techniques. Thus, a broad
range of multicomponent semiconductor nanowires has been
explored using various methods including the Vapor;}i)hase
transport process,!'! chemical vapor deposition,'*¥ arc
discharge, 41 Jager ablation,”! solution,!®, and a template-
based method.! Silicon nanowires (SiNWs) are particularly
attractive due to the central role of the silicon semiconductor
industry for potential nanotechnology applications. The
growth mechanism of silicon nanowires in these techniques
is commonly explained either by the vapor-liquid-solid
(VLS) or solid-liquid-solid (SLS) growth models.
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The vapor-liquid-solid (VLS) mechanism was first sug-
gested by Wagner and Ellis ") who showed that micrometer-
scale silicon whiskers (wires) could be grown from metal-
droplet catalysts under Chemical Vapor Deposition (CVD)
conditions at about 1000 °C. The process was named the
“Vapor-Liquid-Solid” (VLS) mechanism after the three
phases involved. VLS growth was extended to micrometer-
scale whiskers of many inorganic materials such as SiC, SizNy,
and intensively studied for over a decade as reinforcement in
matrix composites, before fading into relative obscurity.

In the vapor-liquid-solid (VLS) crystal growth mecha-
nism, the vapor phase is supplied in the form of volatile
species issued from gaseous precursors (SiHy, SiCly ...),
liquid precursors (MOCVD), or by thermal decomposition
of solid. Gold is the most favorable catalyst for low-
temperature synthesis from its binary diagram, because (Au/
Si) alloy liquid phase presents a deep eutectic at about
360 °C. The liquid nanosized droplet on the surface of a
substrate acts as the preferential site for absorption of
gas-phase reactant and, when supersaturated, as a very
convenient nucleation site for growth. Nanowire’s growth
continues as long as the reactant is available with the alloy
droplet riding on top of the wire. As a result, the diameter of
nanowires is comparable to that of the catalyst nanoparticle.

Many other researchers grew amorphous silicon nano-
wires by heating metal-coated silicon substrate at high
temperature in an argon and hydrogen atmosphere. As,
during this process, the silicon goes from the solid wafer to
the liquid droplet and finally to solid nanowires form, it was
termed a Solid-Liquid-Solid (SLS) mechanism of growth.

Yanet al.®! Yuet al.®) and Paulose et al.l'”! postulated that
the growth by the SLS mechanism occurred through silicon
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diffusion from the substrate to the gold-silicon melt formed on
the surface at high temperature. With time, more silicon, from
the substrate, diffuses into the droplet, making it supersaturated
with silicon and then the coexisting pure silicon phase
precipitates and crystallizes as nanowires. This argument cannot
be accepted as there is no thermodynamic (energetic) reason for
the silicon of the wafer to supersaturate the binary liquid phase.
From a thermodynamic point of view, it is easy to accept
the saturation of gold with silicon issued from the wafer by
diffusion. However, once the saturation is obtained, the
chemical potential of silicon in solid, liquid alloy (metal-Si),
and gaseous phases is the same. Recently, some authors
reported on the growth of nanowires by a process, which
does not require any silicon-based vapor or metal catalysts.
They suggested a stress-driven mechanism in which the
stress gradient between the native oxide and the underlying
Si wafer leads to the accumulation of silicon in crack
regions and promote the growth of nanowires.!'''?!
Although substantial progress has been made in the
production of nanometric materials since their discovery
more than a decade ago, the SLS growth mechanism is still
poorly understood. Thus, the purpose of the present work is
to discuss from a thermodynamic point of view the growth of
nanowires by the solid-liquid-solid (SLS) process and to
point out the conditions in which nanowires can be obtained.

2. Experimental

The procedure of preparation employed has been previ-
ously detailed.!'”! Briefly, a silicon wafer is recovered by
oxidation with a thin layer of silicon dioxide (native oxide),
and, by solid phase transportation, with a gold layer. The
system is then heated at 1100 °C under an Ar-H, (3% H,)
atmosphere. As it melts, the gold layer gathers in the form of
liquid droplets whose diameter lies between 25 and 100 nm.

The nanowires are observed to form in a few minutes.
Their diameter has been measured to be in the 10-100 nm
and their typical length is of the order of several pum . The
morphology of nanowires, shown in Fig. 1(a), is character-
ized by the formation of a Si-SiO, composite (Fig. 1(b)).
Our aim in this study is not to repeat the bulk synthesis of
nanowires and their characterization but to discuss from a
thermodynamic point of view the growth of nanowires by
connecting the results of our own experiments and previ-
ously published results, and to point out the conditions in
which nanowires can be obtained. We demonstrate that the
so-called SLS process is actually a Solid-Vapor-Liquid-
Solid (SVLS) process, owing to the fundamental role played
by the gaseous phase in the nanowires’ growth.

3. The Stable Au-Si-O Ternary System

The Au-Si-O diagram is important with respect to the
vapor species in equilibrium with Au-Si liquid alloys.
3.1 Au-Si

The Au-Si assessed by Okamoto and Massalskil'”!
presents a deep eutectic, which is the indication of a strong
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Fig. 1 (a) SEM micrograph showing the general morphology of
SiNWs grown via a SLS mechanism at 1100 °C under Ar-3%
H, atmospheres (b) EDX analysis.

attractive interaction between Au and Si in the liquid state,
in contrast with the strong repulsive interaction between Au
and Si in the solid state. Indeed, the eutectic temperature is
experimentally measured at 363 °C whereas, in the hypoth-
esis of an ideal liquid solution, the eutectic temperature
would be calculated at 870 °C. The thermodynamic
description of the liquid phase giving the best fit with
experimental liquidus lines is the Redlich-Kister develop-
ment proposed by Tanaka and Hara!'*! and reproduced in
Table 1. A metastable phase tentatively considered as Au;Si
has been synthesized by Saunders!'® with splat quenching
alloys at cooling rates of ~10° K s™'. Its structure is very
complex and an estimation of its Gibbs energy is reported in
Table 2. The formation of a gold film on Silicon NanoWire
(SiNW) under the conver%ing electron beam of a TEM has
been explained by Teol'”! from the presence of metastable
AU3Si.

3.2 Au-0

The Au-O interactions are known to be very weak. The
solubility of oxygen in liquid gold at 1550 °C was
evaluated'® between 1 and 2 ppm under 0.1 MPa of
oxygen pressure.'®] Gold sesquioxide Au,Os, stable under
oxygen pressures higher than 0.1 MPa, does not exist under
our experimental conditions.
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Table 1 Thermodynamic data of the Au-Si system

G°(Au,L) — G°(Au,fec) = 12 552 — 9.385 8667 19!
G°(Si,L) — G°(Si,diamond) = 50 696.36 — 30.099 439 T+ 2.093
1X10—21T7[15]
G°(AusSi, metastable) = + 2 750 + 3719
G =x(1 =x) 3 L (I — 2x) where x is the mole fraction of Si in the
liquid alloy

Lo= —238639-1623438 T

L= —20529.55-6.03958 T

L= -81705-42732T

Ly= —33 13825 + 26.566 65 T''¥

3.3 Si-0

The Si-O binary system has been extensively reviewed
by,!"?! which confirmed earlier work!**! and pointed out the
fact that, gaseous species in equilibrium with condensed
phases are mainly Si, Si,, Siz, O,, O, SiO, Si,O, and SiO,,
and then was thermodynamically assessed by Hallstedt!').
A thorough investigation oft*?! lead to the best available
thermodynamic description to date. Under reducing condi-
tions with Si present, SiO, vaporizes mainly by giving off
SiO. The condensation of SiO gives an amorphous phase
whose stability at high temperature (above 1300 °C) is
controversial. An Electron spectroscopic evidence®* shows
that amorphous SiO transforms to a microscopic mixture of
Si + SiO, when increasing temperature above 500 °C.
Vapor pressure measurements'>>! carried out by means of
a Knudsen cell show that amorphous SiO behaves as an
equimolecular mixture Si + SiO,. Chatillon et al.?®! using
an equimolecular mixture Si + SiO, corresponding to the
maximum rate of reaction, show that the main species
present in the gaseous phase is SiO, followed by a very low
partial pressure of Si,O,. In oxidizing conditions, SiO,
predominates in gaseous species up to 1726 °C. In the solid
phase, the Si-SiO, eutectic forms 0.4 °C below the melting
point of silicon (1414 °C). The oxygen solubility (under
Po, = 1.06 x 10~'3 MPa which is the oxygen potential of
the silicon-cristobalite equilibrium at the melting point of
silicon) at the eutectic temperature is 0.0125 at.%
(6x10"® atoms cm™) in the liquid phase and 0.00375 at.%
(1.8x10"® atoms cm™) in the solid phase,*”), in fair
agreement with calculations of ',

Table 2 Molar volume V and surface tension ¢ of Au
and Si around the melting point

Element V/m® mol™* ¢ /Jm32 (96/0T)/J m™2 K
Au, cfc 10.76x107%1°1 146 (estimated) -2.5x107*

Au, L 11.39x1071  1.169014! —2.5%x107*

Si, diamond  12.27x107° 1.08 (estimated) —-1.3x107*

(calculated?
Si, L 11.10x107°141 0 865! —-1.3x107*
SiO,, crist.  143x107° 0.65%
(calculated)

4, Growth of Nanowires

Four phases are present in the system: two solid phases,
Si and SiO,, which are in equilibrium with the gaseous
phase whose main constituent is SiO under a pressure of
4.05 Pa at 1100 °C. The liquid phase, in contact with the
solid and gaseous phases, has to be in equilibrium, and thus
saturated with silicon. When the equilibrium is reached, the
chemical potential of silicon is the same in every phase and
no more driving force exists to justify the nanowire growth
experimentally observed. The explanation of this process
has to be found in the presence of metastable equilibria
developed in the system. Two sources of metastability may
be pointed out. The first one may come from the fact that the
Au-Si phase diagram in the bulk state differs from the Au-Si
phase diagram of nanometric particles. The second source of
metastability may come from the fact that SiO, on the
silicon wafer is amorphous silica rather than crystallized
under the form of stable cristobalite. Therefore in this work
these two potential sources of metastability have been
examined.

4.1 The Au-Si Diagram of Nanoparticles

The mean radius of the system of interest is 25 nm, for
the gold droplets as well as for the nanowires. The
interfacial forces cannot be neglected, because the ratio
surface/volume is of the order of 2/n for a cylinder, and 3/n
for a sphere, n being the number of atoms along a radius.
With a mean atomic diameter of 0.30 nm for liquid gold and
0.24 nm for silicon type diamond, it is easy to see that, 0.4%
of the gold atoms are on the surface of the gold droplets, and
0.3% of the silicon atoms are on the surface of the
nanowires. The influence of the surface energy although
weak must be evaluated.

The Gibbs energy of the liquid droplet is the sum of two
terms:

GL — GEulk _|_ Giurf

GEulk _ ngiﬁL +(1— x)GZu,L + RT[xInx + (1 —x) In(1 — x)]
+ GP°

where x is the mole fraction of Si in the liquid droplet; G°; 1.
and G°,,, 1, are the Gibbs energies of pure liquid Si and pure
liquid Au, given in Table 1, and G}’ is the excess Gibbs
energy of the liquid phase in the bulk given by the Redlich-
Kister development shown in Table 1.

An expression of G, the surface Gibbs energy of the
liquid, has been proposed by:*”!

Giurf = 2GLVL/}’

where 7 is the radius of the particle, o and V; are surface
tension and molar volume of the liquid alloy. The difference
between molar volumes of pure liquid components being
lower than 4%, the molar volume of the liquid alloy is given
by a linear relationship:

VL= (1—x)VauL +xVsirL
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o, is calculated from the Butler’s equation as follows
.[14, 281.

o1 = oaue + (1/Qan){R Tln[(1 =)/ (1 )]
™ (7o) = i (T)

oL = osiL + (1/Qs){R T'In(y/x)
+ (T, y) = g™ (T2}

Here ox 1 (where X = Au, Si) is the surface tension of
pure liquid element X given in Table 2. Q y is the molar
surface of the liquid X given by Q y = BNV, where N,
is the Avogadro number and b is a geometric factor (1.091
for a close packed lattice); x and y are respectively the mole
fraction of Si in the bulk and on the surface; ™" (7, x)
and 5" (T y) are the excess chemical potential of the
element X in the bulk and on the surface respectively:

HfﬁbUIk(Ta x) _ G)Es"blﬂk o x(aG)Es,bulk/ax)
u)S(?‘bulk(T7 x) — Gi&,bulk + (l _ X) (aGi&bulk/ax)

WSS (7 ) and pe (T, y) are derived from the model
proposed by Yeum et al.l**]

W7 x) = B (T, x) with X=Au or Si.

B =0.83 for liquid metallic alloys is the parameter
corresponding to the ratio of the coordination number in
the surface to the coordination number in the bulk. Both
expressions for op form a system of two equations with
two unknown parameters (cp and y) and may be used to
derive y(x), the surface composition versus the bulk
composition, then derivation o (x) or op(y) follows.
Figure 2 gives oy (x) and o (y) for the Au-Si liquid alloy
at 1100 °C, the temperature of interest. This figure
allows deriving the relationship between o (x) and
op(y). Whatever the composition of the bulk, the surface
is always enriched in silicon. The surface tension of the
liquid alloy presents a positive deviation from ideality,
which correlates the attractive interaction between Au and
Si in the liquid phase.

T
1,20 —o—Bulk
—m— Surface

1,158 .
1,10 O
1,05

1,004

Surface Tension / J.m?

0,95

0,90

T T T
0 20 40 60 80 100
Mole % Si

Fig. 2 Surface tension of liquid alloy in the bulk.
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The Gibbs energy of a silicon nanowire is given by:
Gsinano = Gg™™ + G =2 ogis Veis / 7

where G35 and Vg; s are surface tension and molar volume
of the pure solid Si, respectively, and are given in Table 2.
G°2'k = 0 because pure Si diamond is selected as standard
state.

The Gibbs energy of the liquid in the bulk at 1100 °C is
compared with the Gibbs energy of the nanodroplets (5 nm
of radius) in Fig. 3. With droplets of 25 nm of radius, the
Gibbs energy of the bulk is lowered by a mean amount of
980 J.

From the curves G = f(x, r, T), it is possible to calculate
several nanodiagrams, with differences dependent on the
size of the liquid droplet and the crystals in equilibrium with
the liquid. For instance, the abscissa of the point s (56 at.%
Si) and s” (60 at.% Si) in Fig. 3 represent the solubility of
the Si wafer (Gg™* =0) and the solubility of the Si
nanocrystal (Gsinano = 20sisVsis/r = 1354 J mol™! for
7 = 5nm) in the bulk liquid Au, respectively. The result is
well known: the solubility of small particles in a given
solvent is higher than the solubility of great particles. More
interesting is the following result: if we compare the
solubilities of liquid particles in liquid of various sizes, we
observe that solubility decreases with the radius of the
droplet. For instance, the solubility of a Si wafer is 56 at.%
in bulk liquid Au, and only 51% in a liquid droplet whose
radius is 5 nm. The nanometric phase diagram (crystals of
radius 5 nm in equilibrium with droplets of radius 5 nm)
compared with the phase diagram in the bulk presented in
Fig. 4 shows an increase of the liquid domain in the
nanodiagams.

In conclusion, the phase diagram of nanoparticles
presents minute modifications for particles with 25 nm of
radius, and more important modifications for particles with
5 nm of radius. The crystallization temperature of gold goes
down from 1064 °C (r = o) to 1043 °C when r = 25 nm,
and 962 °C when r =5 nm. For silicon, the temperatures
are respectively 1414 °C (r = o), 1405 °C (r = 25 nm), and
1365 °C (r = 5 nm).

T
154 —o— Bulk
—sa— r=5nm

gy / KJ.mol™

ibbs ener

G

t
0 20 40 60 80 100
Mole fraction of Si

Fig. 3 Gibbs Energy of Au-Si liquid alloys at 1100°C for the

bulk (r = o) and for droplets (r = 5 nm).
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Fig. 4 Comparison of the Au-Si phase diagram for the bulk and
for droplets (r = 5 nm) in equilibrium with nanocrystals (r = 5 nm).

4.2 The Au-Si-0 Diagram of Nanoparticles

The main characteristics of the Au-Si-O phase diagram
above 363 °C, the eutectic temperature of the Au-Si binary
system, is the presence of a two phase field liquid alloy-silica.
Each tieline is characterized by an oxygen potential and by a
SiO potential in equilibrium with the Alloy-SiO, mixture.
These potentials are governed by the following equilibria:

Sigu + 07 — <Si0y>  [1]
RTIn (POZ/PO) = A”GO —RTln (aSi/aSioz)

1/2[Si],, + 1/2(Si0,) — Si0  [2]
RTIn (PSio/Po) = —-A,G° + 1/2R Tln (aSiaSioz)

The standard state for SiO, is solid cristobalite, which is
the stable form of silica for the temperature range of interest.
[Si]ay represents silicon dissolved in liquid Au. The
standard state for Si is pure solid silicon whose crystal
structure is that of C (diamond). The standard pressure for
gaseous species (O, and SiO) is P° = 10° Pa. Figure 5
shows the stable and metastable equilibria in the Au-Si-O
diagram calculated at 1100 °C.

In the stable diagram, liquid Au saturated with silicon
(56 at.%Si is in equilibrium with solid silicon and with solid
silica under a SiO pressure of 4.05 Pa and an oxygen
pressure of 4.52x107%! Pa. In the metastable diagram, liquid
Au supersaturated with silicon (60 at.%Si is in equilibrium
with solid silicon and with solid silica under a SiO pressure
of 4.56 Pa and an oxygen pressure of 5.73x107>' Pa.

In the two-phase field, the oxygen pressure increases
with the gold content of the alloy whereas the SiO pressure
decreases with the silicon content of the alloy. The three
phase field [Si]5,—Si0,—O, is not shown in Fig. 5 because
its equilibrium identifies with the Au-O side of the
triangle: under an oxygen pressure of 0.1 MPa, the activity
of silicon in the liquid alloy in equilibrium with SiO, is
as; = 4.5x1072°~ 0. Beyond SiO and O,, the main gaseous
species in equilibrium with the condensed phases Si and
Si0, are Si, Si,, Si3, and SiO,. The partial pressures of these
species, calculated between 700 and 1700 K with the
ThermoCalc software are shown in Fig. 6.

-
-
~ "SiOx+ L
(metastable]

!'Si0x+ L+ Si
- 1
v

7 sioxL
(stable)

| Poz=5.731021Pa

! Psjo=4.56 Pa
1
56 at% Si 60 at% Si

T

L

Fig. 5 Metastable Au-Si-O diagram at 1100°C.
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Fig. 6 Partial pressures of gaseous species in equilibrium with
Si-SiO, cristobalite mixture.

4.3 Gas-Liquid Interaction

The modification of the Au-Si phase diagram, even if not
dramatic, is however noticeable by taking into account the
surface energies of the gold droplets and of the silicon
nanowires. However, that modification cannot be the cause
of the nanowires growth because the activity of Si in a liquid
alloy in equilibrium with the wafer does not depend on the
size of the droplet. An equilibrium between the three phases
implies equality of the silicon chemical potential in the three
phases, that is, an activity of the silicon equals to 1, because
our choice of standard state is the solid silicon of the wafer.
The liquid phase can be in equilibrium with the silicon of
the wafer, but not with the silicon of a nanowire, in which
asi> 1. At 1100 °C, by taking as; = 1 for the silicon of the
wafer, it is easy to calculate ag; = 1.623 for a particle of
radius » = 5 nm. Once an equilibrium state is obtained, that
is, once the gold droplets are saturated with silicon, there is
no reason to observe the growth of nanowires, because the
driving force needed to trigger the silicon precipitation does
not exist. It is widely acknowledged that the first step of the
process is the supersaturation of the gold droplet in silicon,
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the second step being the germination and growth of
nanocrystals. A supersaturation of the gold droplet may be
observed only if:

asi = PSi/P;i >1]

Pg; is the vapor pressure of Si in the gaseous phase and
P*g; is the vapor pressure of pure solid silicon. If we take
into account the gaseous species Sip, Siz... present in the
gaseous phase, the silicon activity may be expressed by:

. L\ 12 NIE
asi = Ps;/Pg; = (PSiz/PSiz) = (Psu/Psg)

The experimental observation of the nanowires growth
means that the liquid gold is actually supersaturated with
silicon in order to provide as; > 1 in the droplets. The only
source of supersaturation is the gaseous phase in which the
partial pressure of SiO must be higher than that calculated in
the hypothesis of an equilibrium Si/SiO, (cristobalite).
Experimental evidence leads to the consideration that SiO,
deposited on the wafer is not under the form of stable
cristobalite, but rather under the form of a vitreous,
metastable state.

5. SiO, Growth and XRD Analysis

Silicon dioxide (Si0,) is a fundamental and multipurpose
material in electronic device fabrication. It can be grown
thermally and also deposited in a variety of processes that
satisfy different requirements. Some of the common growth
and deposition processes for silicon dioxide have been used
in this study as shown below:

Comparison of different silicon dioxide growth/
deposition processes

Thermal  Thermal Low Temperature
Deposition ~ Native (N) Dry (TD) Wet (TW) Oxidation (LTO)
Source Air Oxygen Steam SiH4 + O,

Temperature Ambient 1100 °C 1100 °C 450 °C

All samples were also heat treated at high temperature
(1350 °C, 4 h, under air) in order to check whether the
temperature induces modifications. The samples were
characterized with the help of wide angle X-Ray diffraction
(XRD) using CuKa | radiation. The XRD patterns of silicon
oxide coatings (Fig. 7) did not show any crystallized silica.
The peaks of silicon (wafer) are observed only for thinner
SiO, coatings (Native oxide and LTO). Furthermore, there is
no evidence for the growth of crystalline silica such as
cristobalite, even after annealing 4 h at 1350 °C. Therefore,
it can be concluded that, essentially all deposited and
thermally grown oxides in semiconductor processing are
amorphous.

Thus, the activity of the amorphous silica deposited on
the silicon wafer would be higher than 1, the standard state
for SiO, (asio, = 1) being the cristobalite. The partial
pressure of SiO developed by the equilibrium [2]:
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Fig. 7 X-Ray diffraction patterns of silica coating obtained
according different methods.
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Fig. 8 Relations between the partial pressure of gaseous species
and the imposed oxygen potential at 1100 °C.

Psio = K»+/asiasio,

would be higher above the Si/SiO, (amorphous) couple
than above the Si/SiO, (cristobalite) couple. Figure 8 allows
comparison of partial pressures of gaseous species at
1100 °C above Si (diamond), SiO, (cristobalite) shown in
full lines and above SiO, (amorphous), shown in dashed
lines. The gaseous species taken into account are Si, Si,, Sis,
SiO, and SiO,. Although Si,O, was reported to exist, its
partial pressure at 1100 °C must be lower than 107'bar and
its accepted entropy of formation, shown in Table 3, seems
very improbable. The partial pressure of SiO, which is the
main gaseous species, increases above Si according to the
reaction 2 <Si> + O, — 2SiO and decreases above SiO,
according to the reaction 2SiO + O, — 2<SiO,>. The
pressure of SiO is raised to a maximum when Si is in
equilibrium with SiO, and this maximum is higher when
SiO, is in an amorphous state (dashed line). Indeed, under
the conditions of nanowires growth, ag; = 1 because Si is
the silicon of the wafer and agip,>1 because SiO, is
amorphous. The oxygen potential is imposed by the
equilibrium Si/SiO, (amorphous). Actually, the oxygen
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Table 3 Thermodynamic data of the Si-O system

(Si, dia) + O, — (SiO, cris)

AG° = —919766.1 — 18.47311TIn T + 312.2972T + 3.914622 x 107372 4 1.757408 x 107773 + 1500184 T~

(Si) + O, — (SiO,, am)

(523 — 2500 K)

AG® = —948511.4 +3.654347 Tn T + 186.1946 T — 1.078958 x 1072 T2 4 1.599919 x 1076 73 — 84659.197~! —2.0931 x 102! 77 (273 — 1478 K)

(Si, dia) + O, — (Si0,,am)

AG° = —897815 +3.654347T In T + 156.0952 T — 1.078958 x 1072 T2 4+ 1.599919 x 1076 T3 — 84659.19 T~!

2(Si) + O, — 2SiO(Gas)

A.G° = —201151.5 — 5.995964T In T — 220.2407T + 4.414109 x 107372 + 1.599919 x 10~ 73 +

2(Si) + 0, — Si,0,(Gas)

AG° = —54093 +304.49T(1073 — 1687 K)

2H; + O, — 2H,0(Gas)

AG° = —509118 — 9.145T In T + 187.084T (700 — 1700 K)

(273 — 1478 K)

560917.67-1(800 — 3400 K)

potential is buffered by hydrogen, which reacts with oxygen
and gives water vapor according to the reaction:

2H,+0; — 2H,0 3] Pm,0/PH, = \/K3Po,

At 1100 °C, K3 = 1.116x10"* and Py, = 5.73 x 102!
Pa at the Si/SiO, (amorphous) equilibrium. As a conse-
quence, the ratio H,O/H, = 8x107". If the hydrogen content
of the Ar-H, atmosphere is fixed at 3%, the water content at
equilibrium is 25 ppb, which corresponds to a water partial
pressure of 2.5 mPa.

Gaseous SiO above the wafer, stable with respect to the
Si/SiO, (amorphous) mixture, is thus metastable with
respect to the Si/SiO, (cristobalite) mixture, and the reaction
[2] will naturally proceed towards the decomposition of
SiO. Without gold droplets, Si and SiO, (cristobalite) will
germinate on the wafer. The gold droplets acting as a
catalyst, SiO will decompose on the surface of the droplet
and silicon will dissolve until the liquid-gas equilibrium is
reached. When the liquid is in equilibrium with the gaseous
phase but supersaturated in silicon with respect to the wafer,
the precipitation of silicon nanowires will be observed. For
the same reason, the oxygen potential of the gaseous phase
being higher than that observed at equilibrium Si/SiO,
(cristobalite), the silicon nanowires will be oxidized accord-
ing to the reaction [1] and the result will be a Si/SiO,
composite nanowire.

6. Discussion

Our model contradicts the traditional explanation of a
parasitic oxidation of the SiNW once the protective
atmosphere is removed at room temperature. However, it
is possible to synthesize SiNW, for instance by decompo-
sition of silanes, without any parasitic oxidation. The model
becomes quite credible if we calculate the actual pressure of
SiO at equilibrium Si/SiO, (amorphous) and if we show that
it is sensibly higher than the Pg;o calculated from the
equilibrium Si/SiO, (cristobalite). The data given in Table 3
present, for stable equilibria between Si and O, numerical
expressions calculated to give the best fit with experimental
ones. The thermodynamic description of liquid silica may be

extrapolated toward low temperatures, down to 1480 K
(1207 °C), which, according to Golcewski et alB3 s T o
the glassy transition temperature of amorphous silica. Below
1480 K, undercooled liquid silica becomes amorphous. The
activity of amorphous silica on the silicon wafer is thus
given by:

Go: — Go: .
aSiOZ,am _ 6Xp< S|OzﬁamRT SlOzﬂ)l’lS) — 1267 at 1100 oC

The vapor pressure of SiO is calculated from the
equilibrium

Psio = Ky /asiasio, = 4.562 Pa at 1100°C

where the equilibrium constant K, is also the pressure of
SiO at equilibrium Si/SiO, (cristobalite), which is 4.05 Pa at
1100 °C. The increase of pressure observed when replacing
cristobalite by amorphous silica is the order of 13%. That
increase seems not very important, but its effect on the
chemical potential of Si in the gaseous phase is spectacular.

The decomposition of metastable SiO needs two steps,
the first one being the breaking of the Si=O bonding, and the
second one, the condensation of gaseous Si.*'~% Between
the two steps, Si exists in the gaseous phase under a
potential higher than Si gaseous in equilibrium with the
solid and this excess of chemical potential is enough to
trigger the nanowires’ crystallization.

From the thermodynamic point of view, the Solid-Liquid-
Solid (SLS) mechanism involved in the growth of silicon
nanowires is shown to be the net result of two consecutive
reactions. The production of SiO by reacting an amorphous
SiO, coating with the silicon of the wafer followed by the
disproportionation reaction 2 SiO — SiO; + Si resulting in
the formation of Si-SiO, nanowires.

To conclude this study, we consider that the term SVLS
seems more appropriate to describe growth of nanowires
than the term SLS often cited in the literature, because it
takes into account the important role of the SiO species in
the gaseous phase. Based on a consistent thermodynamic
description of the metastable equilibria in the Si-O-Au
system, we pointed out for the first time the source of the
driving force needed for the growth of nanowires.
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