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Abstract

A comprehensive thermodynamic assessment has been carried out on the AueSieO system involved in the growth mechanism
of Silicon NanoWires (SiNW) via the solideliquidesolid process. The driving force needed to trigger the SiNW precipitation is
supersaturation of liquid alloy AueSi. Our model demonstrates, for the first time, how and from where supersaturation is reached.
Supersaturation is not due to the migration of silicon from the wafer as claimed by many researchers, but to the existence of SiO
volatile species resulting from the metastable equilibrium SiO2, amorphous/Siwafer. More interesting is that the partial pressure PSiO

does impose an initial minimum radius of the first generation of nanowires in the range of 10 nm. After that, other generations of
nanowires will grow due to the new metastable equilibrium SiO2, amorphous/Sinanowire. To cite this article: D. Hourlier-Bahloul,
P. Perrot, C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Par une approche thermodynamique, nous proposons un mécanisme de croissance des nanofils semiconducteurs à base de sili-
cium par le procédé dit solideeliquideesolide. La force motrice nécessaire à la précipitation et donc à la formation du nanofil est la
sursaturation. Nous montrons pour la première fois qu’elle ne provient pas de la diffusion du silicium du wafer dans la gouttelette
d’or, mais de l’existence de l’espèce SiO résultant de l’équilibre métastable SiO2, amorphe/Si wafer. Notre modèle prévoit l’existence
d’un rayon limite des nanofils dits de première génération de l’ordre de 10 nm. Les nanofils dits de génération suivante, d’un
rayon inférieur, pourront être engendrés par les nouveaux équilibres métastables SiO2, amorphe/Sinanofil. Pour citer cet article :
D. Hourlier-Bahloul, P. Perrot, C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

In recent years silicon nanowires have gathered
much attention due to their potential nanotechnology
applications [1,2]. Two different methodologies have
been proposed in the literature for their fabrication:
(i) a top-down and (ii) a bottom-up approach. The lat-
ter is based on silicon wafer processing by means of
either high resolution lithography and etching, or
employing AFM, optical lithography fabrication pro-
cesses. The former one is usually based on wires
grown by means of chemical vapor deposition using
metal nanoparticles as catalysts. Thus, many success-
ful synthetic strategies have been developed to obtain
large amount of nanowires [3e9], and, a broad range
of multicomponent semiconductor nanowires has
been explored. Silicon nanowires (SiNWs) are particu-
larly attractive due to the central role of the silicon
semiconductor industry for potential nanotechnology
applications.

The growth of silicon nanowires in these techniques
is commonly described either by the vaporeliquide
solid (VLS) or solideliquidesolid (SLS) process. Let
us review briefly these two mechanisms.

The VLS process was first suggested by Wagner
and Ellis [10] who showed that micrometer-scale sili-
con whiskers (wires) could be grown from metal-
droplet catalysts under Chemical Vapor Deposition
conditions at about 1000 �C. A typical VLS mecha-
nism starts with the dissolution of gaseous precursors
(SiH4, or SiH2Cl2) into nanosized liquid alloy (metal
AueSi) droplet considered as a catalytic site. Once
the liquid droplet is supersaturated with silicon, then
the precipitation of solid silicon nanowire occurs.
The process was named the VLS after the three phases
involved.

In the SLS process, silicon-based nanowires are
formed when metal (Au)-coated silicon substrate (wafer)
are heated at high temperature in a stream of argon
containing less than 10% of hydrogen. In that process,
no gaseous precursor of silicon is used. The SLS pro-
cess has been tentatively explained [11e16] by the sil-
icon diffusion from the substrate to the goldesilicon
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. Because, during this process,
the only source of silicon available is the one issued
from the wafer, the process was termed SLS. It must
be pointed out that, to our knowledge, no clear-cut evi-
dence has been demonstrated in the literature to prove
the unlimited dissolution of silicon from solid substrate
into the droplet. It may be worthwhile to remind at this
point some of the basic ideas on the solubility of a solute
in a solvent. A solution said saturated with a solute is
incapable of dissolving greater quantities of that partic-
ular solute under equilibrium conditions. Supersatura-
tion needs the presence of a driving force.

From a thermodynamic point of view, it is easy to
accept the saturation of gold with silicon from the
substrate. However, once the saturation is obtained,
the chemical potential of silicon in solid, liquid alloy
(metaleSi) and gaseous phases is the same, and there
is no energetic reason for the silicon of the wafer to
supersaturate the binary liquid phase.

The problem in these processes is to know how to
reach supersaturation.

In the VLS process, conditions are created where the
vapor phase (SiH4) is thermodynamically unstable rela-
tive to formation of the solid material to be prepared in
condensed nanowires form. This includes usual situa-
tion of supersaturated vapor. Continuous vapor delivery
provides the driving force for diffusion of the semicon-
ductor from the liquid-catalyst particle surface to the
growth interface. This contrasts with SLS processes
that are carried out in inert or reducing atmospheres.
The only source of silicon in the SLS process is ‘‘appar-
ently’’ the solid substrate (wafer). No driving force
exists to explain the supersaturation without accounting
for a metastable equilibrium. The foreseeable sources
of metastable state are either the nanometric liquid
phase (AueSi) or the gaseous phase based on silicon
and both sources should be analyzed. The interpretation
of the nanowire growth by SLS will be advanced on the
basis of the comparison of equilibrium diagrams of the
bulk and the nanosystem AueSi, and on the important
equilibrium relations of condensed phases and of vola-
tile species in such a system.

Systematic data which would be helpful for elucida-
tion of the growth mechanism of nanowires, as well as
information concerning the binary AueSi diagram for
the catalytic nanosystem, are practically unavailable
in the literature. Although substantial progress has
been made in the production of nanometric materials
since their discovery more than a decade ago, the super-
saturation of 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 SLS process and to point out the
conditions in which nanowires can be obtained. Our
attention will be focused on the phase diagram which
is reproduced in many articles from which we note
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that many aspects of the growth mechanism are poorly
understood. We will try to fill in the gaps in the thermo-
dynamic description by carrying out our own key calcu-
lations based on the minimization of the Gibbs energy.
In addition, we will show how the growth model can
predict the existence of a size limit of the nano-
wires grown via the solidevaporeliquidesolid process
(SVLS).

2. Experimental part

Single-polished Si (100) wafers were cleaned by
rinsing in acetone 5 min followed by methanol for an-
other 5 min and were then dried in air.

Gold (Au) with various thicknesses ranging from
2 nm to 10 nm was deposited by evaporating Au metal
(99.99%) from a tungsten boat in a standard evaporator
at a base pressure below 10�6 mbar. The wafers were
then cut to samples of size z10� 10 mm2. Annealing
treatments (900e1200 �C) were carried out in an alu-
mina tube mounted in the horizontal tube furnace. A
flow of 3% H2eAr at the rate of 50 cm3 min�1 is intro-
duced under atmospheric pressure.

Certainly, to synthesize semiconductor nanowires
via SLS mechanism seems as simple as preparing
a dish of noodles (see Fig. 1). However, the ease of
the experiment disguises the risks of conducting it badly
and of interpreting it thoughtlessly. From there, rather
frequent errors, sometimes clumsy, show up in the liter-
ature. We have tried, through a purely fundamental ap-
proach via thermodynamics, to demonstrate solutions
of the thorny problem of the mechanism of the growth
of nano-objects.

Fig. 1. SEM micrograph showing the general morphology of SiNWs

grown via SLS mechanism at 1100 �C under Are3% H2 atmosphere.
3. Results

3.1. Thermodynamic evaluation of the AueSi binary
alloys

The calculation of phase diagrams reduces the exper-
imental effort required to determine equilibrium condi-
tions in a multicomponent system. The way to resolve
such problems is using computational thermodynamics
that encompasses the creation of thermodynamic data-
bases based on the Calphad (CALculation of PHAse
Diagrams) method and their use in calculation of phase
equilibrium with appropriate software Thermocalc
developed by Sundman et al. [17].

The equilibrium phases of the AueSi system are (1)
the liquid (L), (2) the face-centered cubic solid solution
based on gold hAu, fcci and (3) the diamond-type cubic
solid solution based on silicon hSi, diai. We will assume
that the condensed phases contain only pure Au and
pure Si and that the total pressure P is fixed, as is the
temperature T.

Equilibrium between phases can be expressed in one
of the two ways: either the total Gibbs free energy of the
system is minimized or the chemical potentials (mi) of
each component in coexisting phases are equated. It
must be pointed out that, in the nanomaterial properties,
surface energy cannot be neglected, because of the large
ratio surface/volume. Let us first calculate the chemical
potentials of silicon in the solid nanowire and in liquid
phases.

3.2. The Gibbs energy of a liquid droplet

Let us consider the following transformation:

ð1 � xÞhAu;fcci þ xhSi;diai/ ðsolution;liquidÞ ð1Þ

The Gibbs energy of the transformation is given by

DtrG¼ GL� xm0
Si; dia � ð1� xÞm0

Au; fcc ð2Þ

where x represents the mole fraction of Si in the liquid
alloy.

By choosing as a standard state for the elements hSi,
diai and hAu, fcci:

m0
Si; dia ¼ m0

Au; fcc ¼ 0; thus DtrG¼ GL

GL, the molar Gibbs energy of the liquid droplets
is the sum of two contributions [18,19]: a volume
contribution GL

vol, which is the only one taken into
account with a macroscopic liquid alloy, and a surface
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contribution GL
surf which becomes noticeable when the

size of the liquid droplet goes down below 100 nm:

GL ¼ Gvol
L þGsurf

L ð3Þ

The volume contribution is given by the well known
thermodynamic expressions:

Gvol
L ¼ xm0

Si; Lþ ð1� xÞm0
Au; LþRT½x ln x

þ ð1� xÞlnð1� xÞ� þGxs
L ð4Þ

Since m0
Si; dia ¼ m0

Au; fcc ¼ 0, m0
Si; L and m0

Au; L repre-
sent, respectively, the Gibbs energy of fusion of hSi, diai
and hAu, fcci. GL

xs represents the excess Gibbs energy of
mixture given [20] by the RedlicheKister polynomial
expansion:

Gxs
L ¼ xð1� xÞ

X

i

Lið1� 2xÞi ð5Þ

where Li are the so-called interaction parameters, which
usually are temperature dependent.

The surface contribution is given by the general
expression

Gsurf
L ¼ sðLÞVðLÞ½ð1=r1Þ þ ð1=r2Þ� ð6Þ

s(L) and V(L) are the surface tension and the molar
volume of the liquid droplet, respectively; r1 and r2

are the main curvature radii of the particle. If the liquid
droplet may be considered as a sphere of radius r:

Gsurf
L ¼ 2sðLÞVðLÞ=r ð7Þ

Eq. (6) may be applied to a cylindrical nanowire, in
which case r1¼ r, radius of the wire and r2¼N:

Gsurf
nano ¼ shSiiVhSii=r ð8Þ

The molar volume V(L) and surface tension
s(L) values were taken from the literature in which the
Butler’s [21,22] approach has been used for the calcula-
tion (Table 1). The surface energies of alloys depend on
their composition. There is a large uncertainty in the
values of surface energies of solideliquid interfaces
of pure elements and therefore, of their alloys. For the
sake of simplicity a linear dependence was assumed
between s(L) of pure Au and of pure Si. Application
of such an approximation shows that it has a small effect
on the equilibrium states.

For Au and Si the partial molar volumes in a solution
are nearly equal to those of the pure elements. Thus the
molar volume of the liquid alloy V(L) is taken to be
a weighted average of molar volumes of the pure liquid
elements [20,21]:

VðLÞ ¼ xðAuÞVðAu; LÞ þ xðSiÞVðSi; LÞ

GL depends explicitly on T, x and r. For a liquid
droplet of radius r:

GL ¼ xm0
Si; L þ ð1� xÞm0

Au; L þRT½x ln x

þ ð1� xÞlnð1� xÞ� þGxs
L þ 2sðLÞVðLÞ=r ð9Þ

Fig. 2 shows three curves GL(x) drawn at 1100 �C
for r¼N (lowest curve), for r¼ 25 nm (dashed curve)
and for r¼ 5 nm (upper-most curve). The surface con-
tribution increases the Gibbs energy of the droplet,
and, as a consequence, decreases its thermodynamic
stability.

3.3. The chemical potential of the elements in the
liquid

From a curve GL(x) given (Fig. 2), T and r being
fixed, it is possible to calculate the chemical potentials
mSi, L and mAu, L of the elements Au and Si in the droplet.
Introducing activities, instead of molar fractions x, for
describing the chemical potential in the real alloy solu-
tion and rewriting GL we finally obtained:

GL ¼xmSi; Lþ
�
1� x

�
mAu; L

¼ RT½x ln aSi; L þ ð1� xÞln aAu; L� ð10Þ

GL ¼ mAu; Lþ x
�
mSi; L� mAu; L

�
¼ mAu; L þ x vG=vx

mAu; L ¼ RT ln aAu; L ¼ GL� x vG=vx ð11Þ

mSi; L ¼ RT ln aSi; L ¼ GL þ
�
1� x

�
vG=vx ð12Þ

Eqs. (11) and (12) may be used with the contribu-
tions of GL, namely GL

vol and GL
surf, which, are both

molar integral Gibbs energy of mixture.
Table 1

Molar volumes and surface tensions of the liquid metals

s/J m�2 Ref V/m3 mol�1 Ref

(Au)L 1.503e2.5� 10�4 T [20] 8.783� 10�6þ 1.427� 10�9 T [24]

(Si)L 1.084e1.3� 10�4 T [20] 1.003� 10�5þ 9.804� 10�10 T [24]

hSiidia 1.299e1.3� 10�4 T [20] 1.227� 10�5 Calculated
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Geometrically, the chemical potentials mAu, L and mSi, L

in a given droplet of radius r and composition x, are
constructed by drawing the tangent from the point of
abscissa x and taking, respectively, the intercept of the
tangent to the axis x¼ 0 (Au axis) and x¼ 1 (Si axis).

The equilibrium of Si between two phases (namely
solid Si and liquid droplet) is expressed by equating
the chemical potentials:

mSi; S ¼ mSi; L ð13Þ

If the solid Si is the Si diamond of the wafer, then
mSi; S ¼ m0

Si; dia ¼ 0 and the solubility of the Si bulk
in the liquid droplet is obtained by drawing the tangent
to the curve issued from the point x¼ 1, G¼ 0.
If the solid Si is the Si nanowire, then
mSi; S ¼ m0

Si; nano > 0 and the solubility of the Si nano-
wire in the liquid droplet is obtained by drawing the
tangent to the curve issued from the point x¼ 1,
G ¼ m0

Si; nano.

3.4. Chemical potential of silicon in the solid
nanowire

The chemical potential of Si in a Si nanowire whose
radius is r is given by

mSi; nano ¼ RT ln aSi; nano ¼ shSiiVhSii=r > 0 ð14Þ

aSi; nano ¼ PSi; nano=P0
Si; dia > 1

aSi, nano, PSi, nano and P0
Si; dia are the activity of Si in

the nanowire, the vapor pressure of Si above the nano-
wire and the vapor pressure of Si diamond, respectively.
aSi, nano> 1 because the nanowire is a metastable form
of silicon. shSii and VhSii are the surface tension and the
molar volume of pure solid Si, respectively. Fig. 3

Fig. 2. Gibbs energy of AueSi liquid alloys at 1100 �C for the bulk

(r¼N) and for droplets (r¼ 5 nm and r¼ 25 nm).
allows the comparison of the solubility of nano- and
macroparticles of Si in a liquid alloy: The following
conclusions may be drawn:

� if the liquid alloy is nanometric, the solubility of
a nanoparticle of Si is higher than that of bulk Si
(S0nano> Snano). The conclusion is the same if the
liquid alloy is macroscopic (S0bulk> Sbulk). This
conclusion agrees with the accepted statement
that the solubility of small particules in a given sol-
vent is higher than the solubility of large particles;
� however, if the solid Si is nanometric, its solubility

is higher in a macroscopic liquid than in a nanomet-
ric liquid (S0bulk> S0nano). The conclusion is the
same if the solid Si is macroscopic (Sbulk> Snano).
This important phenomenon, which deserves atten-
tion because of its occurrence in phase diagrams of
nanosystems, must be expressed in terms of the
nature and properties of the phases involved. The
generalization may be made, however, that the sol-
ubility of any particle (stable or metastable) is
always higher in a macroscopic solvent than in
a nanometric solvent.

The resolution of Eq. (13) at 1100 �C shows that the
solubility of bulk Si in a droplet (r¼ 5 nm) is
Snano¼ 50 mol% Si compared with Sbulk¼ 56 mol%
Si; the solubility of a nanowire in the same droplet
depends on the radius of the nanowire, but it is always
observed that (S0bulk> S0nano).

3.5. Phase diagram of the AueSi system

The calculated phase diagrams are deduced from Eq.
(13) and are shown in Fig. 4. The comparative results

Fig. 3. Comparison of the solubility of silicon in a liquid droplet whose

radius is 5 nm and in the bulk. Snano and S0nano represent the solubility of

hSi, diai and hSi, nanoi, respectively, in the droplet; Sbulk and S0bulk rep-

resent the solubility of hSi, diai and hSi, nanoi, respectively, in the bulk.
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between bulk and nanosystems show that the trends of
the liquidus curves are qualitatively the same, but
some differences are evident. The melting temperatures
of the pure components decrease with the size of the
nanoparticle. The reduction in melting points of the
components accompanies a decrease in the eutectic
temperature of the system. The crystallization tem-
perature of gold goes down from 1064 �C (r¼N),
to 1043 �C when r¼ 25 nm and 962 �C when r¼
5 nm. For silicon, the temperatures are, respectively,
1414 �C (r¼N), 1405 �C (r¼ 25 nm) and 1365 �C
(r¼ 5 nm).

The conclusion to be drawn from the build up of
nanodiagrams is that a gold droplet in equilibrium
with the silicon of the wafer is saturated in silicon.
Nanowires may be grown from the AueSi liquid drop-
lets only if the concentration of Si in the liquid is much
greater (supersaturation) than that in equilibrium with
stable crystals of the same solid (saturation). A first ex-
amination of the condensed phases present in the sys-
tem shows that there is no driving force coming from
the wafer to justify any supersaturation of the gold drop-
let with silicon. It is thus necessary to look towards Si
present in the gaseous phase.

3.6. Chemical potentials of gaseous species

In the SLS mechanism, Au, Si and Ar (with or
without H2) are the main elements introduced in
the synthesis chamber. Another element to be consid-
ered is oxygen which arises either from leakage, from
degassing of Al2O3 tube or simply from SiO2 which
may be native or even intentionally grown by thermal
deposition on the substrate. Hence, the silicon species

Fig. 4. Comparison of the AueSi phase diagram for the bulk and for

droplets (r¼ 5 nm) in equilibrium with nanocrystals (r¼ 5 nm).
present in the gaseous phase may be either Si, Si2
and Si3 in equilibrium with the solid silicon of the
wafer, or SiO in equilibrium with the SieSiO2 mix-
ture. A rapid analysis of the thermodynamic data
shows that the predominating species in the tempera-
ture range of interest (800e1400 �C) is SiO. The
main equilibrium to be considered is thus the follow-
ing one:

hSii þ hSiO2i/ 2SiO ð15Þ

RT ln
�
PSiO=P0

�2¼�Dr15G0þRT lnðaSi aSiO2
Þ ð16Þ

Dr15G0¼AþBTþCT ln TþDT2þET3þFT�1 ð17Þ

The coefficients of Eq. (17) are extracted from [23]
and are listed in Table 2.

The standard state for SiO2 is the solid cristobalite,
which is the stable form of silica under the tempera-
ture range of interest. As seen above, the standard state
for Si is the pure solid silicon hSi, diai; the standard
pressure for gaseous species (O2 and SiO) is
P0¼ 105 Pa.

If the wafer (aSi¼ 1) is in equilibrium with the solid
cristobalite ðaSiO2

¼ 1Þ, the calculated partial pressure
of SiO is 4.05 Pa at 1100 �C. When the equilibrium is
reached, the chemical potential of silicon is the same
in every phase and no more driving force exists to jus-
tify the nanowire growth experimentally observed.
The explanation of this process has to be researched
in the presence of metastable equilibria developed in
the system.

The only source of metastability comes from the fact
that SiO2 on the wafer is amorphous silica rather than
crystallized under the form of stable cristobalite, as it
can be easily shown by X-ray diffraction on the silica
layers. Actually, all deposited and thermally grown
oxides in semiconductor process are amorphous.

The partial pressure of SiO developed by the equilib-
rium (Eq. (15)) would be higher above the Si/SiO2

Table 2

Thermodynamic parameters for the SieO system

Dr15G Dr19G

A 718 614.749 21 951.202

B �532.537892 �156.202

C 24.4690697 22.12745

D 4.99486782� 10�4 �147.0421� 10�4

E 187.917772� 10�9 1775.6603� 10�9

F �923 266.15 �1 584 843.057
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(amorphous) couple than above the Si/SiO2 (cristoba-
lite) couple:

PSiO ¼ K15
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aSiaSiO2

p ð18Þ

aSiO2, am is calculated from the transformation:

hSiO2icrist / hSiO2iam ð19Þ

Dr19G0 ¼ m0
SiO2; am � m0

SiO2; crist ¼�RT ln aSiO2; am

Dr19G0 is expressed by the same expansion (Eq. (17))
than Dr15G0 and the corresponding coefficients are
given in Table 2.

m0
SiO2;am is obtained by extrapolation of m0

SiO2; L

towards low temperatures. At 1100 �C:

aSiO2; am ¼ 1:267 and ðPSiOÞSi dia=SiO2 am

¼ 4:562 Pa > ðPSiOÞSi dia=SiO2 crist

¼ 4:05 Pa

This difference brings the driving force needed to
supersaturate the gold droplets with Si. Gaseous SiO
above the wafer, stable with respect to the Si/SiO2

(amorphous) mixture, is thus metastable with respect
to the Si/SiO2 (cristobalite) mixture, and the reaction
(Eq. (15)) will naturally proceed towards the decompo-
sition of SiO. Without gold droplets, Si and SiO2, result-
ing from the disproportion reaction 2 SiO / SiO2þ Si,
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 liquidegas
equilibrium is reached. When the liquid is in equilib-
rium with the gaseous phase but supersaturated in
silicon with respect to the wafer, the precipitation of
silicon nanowires will be observed. Amorphous SiO2

synthesized by the disproportion reaction will deposit
on the nanowire and on the wafer.

3.7. Calculation of the driving force

From the thermodynamic point of view, the SLS
mechanism involved in the growth of silicon nanowires
is shown to be the net result of two consecutive reac-
tions: (i) the production of supersaturated SiO (metasta-
ble) by reacting amorphous SiO2 coating with the
silicon of the wafer and (ii) the disproportion reaction
of SiO with formation of Si which supersaturates the
gold droplet and SiO2 which deposits on the wafer
and on the nanowire. That is why the term SVLS seems
more appropriate to describe the nanowires growth than
the term SLS often used in the literature, because it
takes into accounts the important role of the SiO species
into the gaseous phase.
The driving force of the silicon nanowire growth
DdG is the difference between the chemical potential
of the silicon in the droplet in equilibrium with the gas-
eous phase and that of the silicon wafer:

DdG¼ mSi; supersaturation� m0
Si; saturation ¼ mSi;G �m0

Si; dia

DdG¼ RT ln aSi; G ¼ RT ln
�
PSi;G=P0Si

�
ð20Þ

The ratio PSi;G=P0
Si is calculated from the equilib-

rium Siþ½O2 / SiO by taking into account the fact
that oxygen pressure, imposed by the system, is con-
stant throughout the whole experiment:

DG¼mSi;G� m0
Si; dia

¼ RT ln
�
PSiO Si dia=SiO2 am=PSiO dia=SiO2 crist

�
ð21Þ

The strength of a model lies in its predictive character.
Our model allows foreseeing the minimum radius of
the nanowires grown from the supersaturated gold drop-
lets. Indeed, the driving force given by Eq. (21) is used to
allow the transformation of stable Sidia, into metastable
Sinano. The Gibbs energy of the transformation, depend-
ing on the radius of the nanowire, is given by Eq. (8):

RT ln
�
PSiO Si dia=SiO2 am=PSiO dia=SiO2 crist

�
¼ snano Vnano=r

ð22Þ

At last, Eq. (22) gives the minimum radius of the
nanowires:

r ¼ shSiiVhSii=
�
RT ln

�
PSiO dia=am=PSiO dia=crist

��

¼ 9 nm at 1100 �C

This calculated value is indeed a minimum one
because the available driving force for the nanowire
growth depends on the ratio (PSiO nano/am/PSiO dia/am)
whereas the energy needed to synthesize a nanowire,
given by Eq. (8), increases when r decreases. The min-
imum size of the nanowire will be obtained when both
members of Eq. (22) are equal.

4. Conclusion

In conclusion, the nanowires’ growth cannot be ex-
plained by the slight modification of the AueSi phase
diagram with the radius of the nanodroplets. An impor-
tant factor revealed by our research and, heretofore, not
given sufficient attention is the issue of a gas phase in-
duced by metastable equilibrium. In the limit where
thermodynamic arguments remain valid, it is deduced
that the nanowire size limit is in fact imposed by the dif-
ference between the chemical potential of the silicon in
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the gaseous phase and that of the silicon in the wafer. At
1100 �C, temperature commonly used for the growth of
nanowires by the SVLS mechanism, the minimum size
limit of the first generation of nanowires lies in the
10 nm radius range. The open question remains con-
cerning the nanowire growth from alloy droplets less
than 10 nm in size. From a thermodynamic point of
view the answer is there is no growth via SVLS mech-
anism from small particles (radius< 10 nm) of alloy
(AueSi). However, very small size nanowires can
also be obtained owing to the existence of the new meta-
stable equilibrium Si nanowire/SiO2 amorphous. The
characterization of nanowires continues and will pro-
vide further support in determining the size limit of
the next generation of nanowires. The results will be
published in a future paper. It is therefore a convincing
suggestion that the size of nanowires should be further
reduced in the second and the third generations.

This work has been supported in part by the ANR-
France (contract JC05_46152).
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