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Study of the effect of gas pressure and catalyst droplets number density
on silicon nanowires growth, tapering, and gold coverage
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We investigated the growth of silicon nanowires from Au-rich catalyst droplets by two different
methods: chemical vapor deposition (CVD) and molecular beam epitaxy (MBE). The growth rate is
found to be diameter-dependent and increases with increasing precursor partial pressures. The
comparison of the experimental results with models shows that the contribution of Si atoms that
diffuses from the substrate and the NW sidewalls toward the catalyst droplet can be neglected in
CVD for the different pressures used in this study, whereas it is the major source of Si supply for
the MBE growth. In addition, by decreasing the number density of catalyst droplet prior to the NW
growth in CVD, it is also found that this parameter affects the NWs morphology, increasing the
tapering effect when the silane partial pressure is small enough to allow gold atom diffusion from
the catalyst droplet. © 2010 American Institute of Physics. [doi:10.1063/1.3359648]

I. INTRODUCTION

New materials and evolution of technologies are driving
forces for researchers. Among them, silicon nanowires
(SiNWs) elaborated by “bottom up” approach are widely
studied. Indeed, due to their nanometric size they exhibit
new physical properties and could be incorporated in the
future Si based technologies,1 for example, field-effect
transistors,” single electron detector” and biological sensors.”
In addition to the nanoelectronic area, other properties of
SiNWs are also promising for thermal,5 mechanical,6 and
photovoltaic application.7 However, whatever the final appli-
cation is, the new physical properties of SINWs need to be
identified and understood. In this context, the characteriza-
tion and understanding of their growth mechanism are of
technological and fundamental importance.

There are many methods for growing SiNWs such as
chemical vapor deposition (CVD),8 laser ablation,” and mo-
lecular beam epitaxy (MBE).'” Although the mechanism of
SiNWs growth is still not fully understood, growth models
have been developed. Some example (not an exhaustive list)
may be found in Refs. 8 and 11-15. Many experimental con-
ditions, for example, the precursor pressure16 and the size
distribution of catalysts,17 can affect the NW growth rate and
morphology simultaneously. However, their relative impor-
tance and how they affect the growth rate still need more
studies. There are usually two contributions to the growth
rate of semiconductor nano wires (NWs): the first one arises
from the direct impingment of gas precursors or atoms onto
the catalyst droplet, the second one is caused by atoms that
adsorb on the substrate or the sidewalls of the NWs and then
diffuse to the catalyst droplet. By using a growth model that
can account for both contributions, we investigate the depen-
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dence of the growth rate as a function of the NW diameter
for the case of CVD and MBE. In particular, we show that
diffusion can be neglected in CVD, but also that the reason
for not considering the Si atom diffusion differs depending
on the CVD growth conditions. As far as the morphology of
SiNWs is concerned, the tapering effect of SINWs is a com-
monly existing phenomenon. Similarly to the need for a bet-
ter understanding of physical mechanisms involved in the
growth rate, it is important to determine what experimental
parameters lead to tapered NWs. In this work, we also study
the influence of the gas pressure and the catalyst droplet
number density on the tapering of the SINWs.

Il. EXPERIMENTAL CONDITION OF SINWS GROWTH

The SiNWs were fabricated by the CVD and MBE
method, respectively, using gold droplets as catalyst accord-
ing to the mechanism of vapor liquid solid (VLS).® In order
to obtain gold droplets with different densities, the gold
droplets were formed directly by gold deposition on a heated
Si(111) surface in ultrahigh vaccum (UHV) or by evaporat-
ing a 2 nm thick layer of gold on a H-Si(111) chemically
passivated surface. For the process achieved in UHYV, two
different temperatures were used: 430 °C and 460 °C using
the same gold deposition pressure of 8—8.6X 107! mbar.
The density and the size (diameter) of the gold droplets are
determined by the evaporation flow rate and the temperature
of the samples via the Ostwald ripening process. Following
these two conditions, two different densities of gold droplets
were obtained: at high temperature, the density is lower but
the average droplets diameter is larger (55 nm versus 90 nm).
Regarding the process of the gold droplet formation from the
Au thin film, the sample was annealed at 700 °C for five
minute in the CVD chamber prior to NWs growth. Such a

© 2010 American Institute of Physics
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thermal treatment results in the formation of gold droplets
with diameters ranging from 70 nm to a few hundreds of
nanometers.

In the next step, the SINWs were grown by CVD at a
temperature of 500 °C for 30 min. Silane was used as the
source gas. Under what will be subsequently called a high
pressure condition, the source gas, SiH,, with a flow rate of
50 SCCM (SCCM denotes cubic centimeter per minute at
STP), was diluted in a mixture of Ar and H, (flow rate of 50
SCCM), to set the pressure in the chamber to 0.8 mbar, the
silane partial pressure being 0.4 mbar. In the case of the other
growth condition, namely, the low pressure condition, the
SiH, gas was diluted with H, in the ratio 12:150. The flow
rate of SiH, was 12 SCCM and the total pressure was kept at
1.1 mbar during the NWs growth, yielding a silane partial
pressure of 0.08 mbar. In addition, because we need to mea-
sure the base diameter of NWs for the growth rate analysis,
similar SiNW growths were performed on micropillars,
where it is easier to observe a high number density of NWs
from the different sideviews. The micropillars were fabri-
cated from Si wafers [111] oriented, n-type doped
(0.03-0.05 Q m), using a standard lithography method.'®
Scanning electron microscopy (SEM) images were per-
formed with a LEO FE 1530 microscope and are shown in
Figs. 1(a)-1(c).

As far as the MBE growth of SiNWs is concerned, the
catalyst (gold) is deposited on the Si substrate at a tempera-
ture of 360 °C. During the growth of the NWs the chamber
pressure is kept at a base pressure of 107! mbar. The Si
atoms are deposited on the Si substrate covered by gold clus-
ters at 550 °C with an evaporation rate of 0.05 nm/s [Fig.

1(d)].

lll. RESULTS AND MODEL
A. Results

In the first part of this work, the growth rate of SiNWs
fabricated by CVD process is investigated as a function of
the gas pressure (silane partial pressure). The growth condi-
tion and more precisely the growth rate of SINWs is one of
the first and important parameter for experimental consider-
ation. The growth rate of SINWs depends on many different
experimental parameters such as: temperature, pressure, and
flow rate of Si atoms. In addition, the diameter of the gold
droplets (or its size distribution) is directly linked to the
growth rate. The experimental results showing the variation
in the growth rate as a function of the diameter measured at
the NW base and the gas pressure is given in Fig. 2 for a
growth temperature of 500 °C.

Two comments must be noted. First, for a given growth
condition, the growth rate increases with the droplet diameter
up to a given diameter and then saturates. The growth rate
saturates when the diameter of NWs is about 150 nm at low
silane partial pressure and for about 100 nm diameter at high
silane partial pressure. Second, for two different conditions
of gas pressure, growth rate is more important at high pres-
sure compared to low pressure for a given diameter.

J. Appl. Phys. 107, 084902 (2010)

FIG. 1. (a)), (ay); (by), (b,) and (c,), (c,) SEM images corresponding to the
three series of the SINWs grown on Si substrates and Si pillars, respectively.
The silane partial pressure and the average catalyst diameter for growing
SiNWs are (a) 0.4 mbar, 55 nm, (b) 0.08 mbar, 55 nm, and 0.08 mbar, (c) 90
nm, and (d) SEM images of SiNWs fabricated by MBE with an evaporation
rate 0.05 nm/s.

B. Models

In the typical VLS growing mechanism, and as written
by Givargizov,11 the driving force of the growth process of a
NW is the difference between the chemical potential of Si in
the gas phase and in the crystal phase (NW)

4y
d b

_ .G NW_ G substrat
Apgi = pg; — Ms; = Mg; — Mg; -

(1)
where wuk. are the chemical potentials in the gas, NW or
substrate. (), v, and d are the specific volume of the atom,
the specific surface free energy, and the diameter of the NW,
respectively. The chemical potentials of the system are sup-
posed to follow the relation due to the high precursor gas
pressure

sub NW
Msi = Msgj

= 5 = ;. 2)
In addition, as we intend to characterize the diffusion of Si
adatoms from the SiNW sidewalls toward the catalyst drop-
let, the chemical potential of the Si adatoms has to be con-
sidered. If diffusion contributes to the growth rate, then the
catalyst droplet will collect the adatoms and this is achieved
for
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FIG. 2. (Color online) Comparison of growth rates of SINWs as a function
of base diameter for different CVD conditions: same growth temperature but
different silane partial pressures. The triangles (A) correspond to a silane
partial pressure of 0.4 mbar, whereas the squares (M), diamonds (4) and
circle (@) correspond to a silane partial pressure of 0.08 mbar. The gold
droplets for triangle, square, and diamond conditions are obtained by UHV
gold deposition. The density of gold droplets for the triangle and diamond
conditions is higher than for the square condition. The gold droplet for the
circle condition is obtained by annealing a gold thin film. The curves cor-
responding to the fit with Givargizov’s model (Ref. 11) are indicated. The
curves corresponding to the model proposed in this work [Eq. (5)] are also
indicated and the zoom for these curves at small diameters is presented in
the inset image.

psi = " (3)

Whatever the process is, CVD or MBE (Si atoms from the
decomposition of silane in CVD or the evaporation of Si
atoms in MBE), the Au-rich droplet will favor the growth
causing the formation of one-dimensional structure. The in-
corporation will occur either via the droplet surface (inter-
face between gas and liquid) by absorption/desorption
mechanisms or via the triple line (gas/liquid/solid line). The
Si supersaturation generated in the liquid will, induce the
crystallization of Si atoms at the liquid/NW interface.

Taking into these mechanisms, the growth rate of a
SiNWs could be given by the relation

d .
——=—A/D + ndj, 4)

where dL/dt, A/D and j represent the growth rate, the
adsorption/desorption part at the droplet surface and the dif-
fusion of Si adatoms from the sidewall toward the
droplet/NW interface, respectively. Depending on the growth
method, CVD or MBE, the above equation may be simpli-
fied.

1. Empirical model for CVD

Considering the CVD fabrication process, the decompo-
sition of silane is needed (not in the case for MBE). This
decomposition occurs preferentially at the surface of the
catalyst droplet, but can also take place on the NW sidewall
depending on the growth conditions. Under low silane partial
pressure, we have recently shown that gold atoms diffusing
from the Au-rich catalyst droplet toward the NW sidewall
can induce facetted sidewalls and form small clusters.'

J. Appl. Phys. 107, 084902 (2010)

These small clusters can act as catalyst droplets to decom-
pose silane, favoring the adsorption of Si atoms on the NW
sidewalls. However investigations of the degree of tapering
have shown that the Si atoms were directly incorporated into
the sidewalls leading to a lateral growth rather than diffusing
toward the top Au-rich gold droplet. Because of the rough-
ness of the sidewalls due to the presence of numerous facets,
diffusion of Si species is certainly small and thus cannot
account for the growth rate of the NWs in CVD.

Under high silane partial pressure, gold atoms were not
found to diffuse, except at the end of the NWs that corre-
sponds to the interruption of the gas flow in the growth
chamber and the gradual decreases in the Si partial
plressure.I9 Indeed due to the high silane partial pressure, the
Si dangling bonds are saturated by silane molecules or prod-
ucts of the silane decomposition, preventing gold from dif-
fusing along the surface of the NW shaft.”® As a result, few
Si atoms can adsorb on the NW sidewall and their diffusion
cannot significantly contribute to the growth rate of the NWs
in CVD. Thus, in the CVD process (either at high or low
pressure), the sidewall diffusion of Si atoms toward the cata-
lyst droplet can be neglected compared to the direct incorpo-
ration of Si atoms into the Au-rich droplet.

An empirical model neglecting the diffusion part has
been proposed by Givargizovll to fit the experimental data in
CVD. This empirical expression (dL/dt~ (Aug_s/kgT)?)
has been used to fit the data set of this present work. The best
fit obtained is presented in Fig. 2. It is observed that a good
agreement between the experiment data and the model oc-
curs, but only for NWs with large diameters. In this latter
growth model, the growth rate was related to the variation in
the Si chemical potential between the gas supply phase and
the SiNWs. However, the growth rate should be kinetically
controlled by the decomposition of silane at the surface of
the Au-Si rich droplet, as stated by Wagnelr.21 In such a case,
the expression of the growth rate becomes

dL ApST 40
—=explA<L—ﬂ>]. (5)
dt kT dkgT

One can note that the square exponent is substituted by an
exponential expression. The right hand term corresponds to
the introduction of Si atoms into the droplet considering the
Gibbs—-Thomson effect due to the curvature of the droplet
surface. L” is a liquid droplet with an infinite radius. In this
equation, A is the coefficient of crystallization (nm/s) and
40 v,/ kgT is related to the Gibbs—-Thomson effect. The in-
terfacial energy vyg; for the Au/Si system is assumed to be
0.85 J/m?.*

Under these conditions and hypothesis, the best fit to our
experimental data (Fig. 2) is obtained for A=17 nm/s and
A,ugi"]“m/kBT:O.OS at low silane partial pressure and A
=17 nm/s, A,u,gi_Lm/kBT=0.17 at high silane partial pres-
sure. In both cases, A is kept constant because the dominant
mechanism for SINW axial growth rate is the incorporation
of Si atoms into the droplet. As the supersaturation is defined
by the difference of chemical potential between the gas sup-
ply phase and the liquid droplet collector, increasing the gas
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FIG. 3. (Color online) Data extracted from Givargizov’s work and fitted
with the model presented in this work. These four curves have the same

value of A=37 nm/s. The supersaturation A,u,gi'Lx/kBT for each condition
has the value following: 0.041, 0.074, 0.095, and 0.112.

pressure leads to the increase in the supersaturation, consis-

tent with the variation in AMS;L” deduced from the fitting
procedure.

It can be observed, from the fitted curves (inset of Fig.
2), that the NWs can be grown with smaller diameter at high
silane pressure compared to low silane partial pressure. At a
given growth rate, 0.1 nm/s for example, the diameter of
SiNWs grown at high silane pressure is 21 nm compared to
30 nm at low silane pressure, in agreement with the results of
Ref. 23.

Comparison of the droplet densities on the growth rate
also shows that the density does not affect the growth rate.
Indeed, the fitted curve for SINWs grown at low silane par-
tial pressure overlaps whatever the density of gold doplet at
the Si surface prior to the growth of the NWs. Because dif-
ferent droplet density means different average distances be-
tween NWs, the diffusion of adatoms from areas between the
NWs toward the droplet at the top of the NW shaft can be
considered negligeable. Therefore, only the incorporation of
Si atoms at the droplet surface is predominant.

Our new expression of the growth rate has also been
applied to the Givargizov’s data extracted from Ref. 11. Fig-
ure 3 shows the data sets and the curves using Eq. (5). The
coefficient of crystallization A is kept constant to 37 nm/s. It
is clearly observed that the growth rate for small and large
diameters is well reproduced with our model. The constant
growth rate for large diameters strongly supports the hypoth-
esis of the empirical model: the diffusion mechanism may
not need to be taken into account. It is consistent with the
data of Fig. 2.

2. Diffusion model for MBE

For comparison, the case of SiNWs grown using the
MBE process is considered. The growth rate of these SINWs
is reported on Fig. 4(a) as a function of the SINWs diameter.
As expected, the empirical model used for CVD process can-
not be applied to reproduce the growth rate trend indicating
that the diffusion process cannot be excluded. In the MBE
process, the Si atoms flow on droplet and substrate is the
same. However the surface of substrate being much larger

J. Appl. Phys. 107, 084902 (2010)
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FIG. 4. Evolution of SINW growth rate under MBE condition. The black fit
curve is the model presented in this work. (a) The SINWs were fabricated by
MBE at 550 °C for 60 min. (b) The SiNWs were fabricated by MBE at
525 °C for 240 min (Ref. 12). (c) Case of GaAsNWs grown by MBE (Ref.
26).

than the droplet surface, the A/D term in the Eq. (4) can be
neglected. This lead to the expression, derived from Eq. (4)

—— = 7dj. (6)

The diffusion flux can be written as a Nernst—Einstein’s dif-
fusion flux expression24

. nD du
= (7)
kT dL
As a result, the growth rate expression has a form following:
dL 4Q  nD _ Agdfremt
—=— X —X MSI—. (8)
d d kgT ANw

The right term corresponds to the diffusion of Si adatoms
from the sidewall of the SiNW toward the triple line.

Apidiom=L s the difference in chemical potential between
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FIG. 5. Measurements of the top diameters (d,,) of the SINWs as a function
of their base diameters (dy,.). Measurements from the high density droplets
are reported in black squares and from low density droplets in gray squares.

the adatoms at the SiINWs surface and the triple line. n is the
Si adatom density on the NW sidewall. It will be taken here
as its maximum value, namely one monolayer. D and Ayw
are the diffusion coefficient and the effective diffusion length
of Si adatoms on the NW sidewall. The experimental data
were collected from the SiNWs fabricated by MBE. The
growth temperature and growth time is 500 °C and 60 min,
respectively. The values of D and Ay, following Ref. 25,
are estimated to be about 10719 ¢cm?/s and 1 um, respec-
tively, and A,u,g’i_L/ kgT=1. As shown in Fig. 4(a), the growth
rate of SINWs decreases with the increase in diameter and a
good agreement is observed between experimental data and
the curve from Eq. (8). In order to test Eq. (8), SINWs ex-
perimental data from Ref. 12 are also reported in Fig. 4(b).
The values of D and Ayw were chosen to be 4.1
X107 ¢cm?/s and 0.9 wm, respectively, because of the
lower temperature 525 °C compared to our growth tempera-
ture (550 °C). It should be noted that both experimental con-
ditions have the same deposition flux 0.05 nm/s. Thus
A,ugi_[‘/ kgT is changed only with temperature and is chosen
to be 1.03 correspondently. This diffusion model is also valid
for the MBE growth of III-V NWs such as GaAsNWs. In-
deed, it fits the experimental data of GaAsNWs from Du-
brovskii® group,?® as shown in Fig. 4(c).

C. Effect of growth conditions on tapering of SINWs

Two reasons can contribute to the tapering phenomenon
of SiNWs: the decrease in diameter of the catalyst droplet27
and/or the lateral growth of SiNW." In most technological
cases this phenomenon must be avoided in order to have
NWs with uniform diameter. It is thus important to under-
stand the physical mechanisms that lead to the tapering ef-
fect.

1. Effect of the number density of gold droplets on
tapering

In this part, the influence of the gold droplet density on
the tapering effect is considered. The SiNWs were grown
with two different densities of gold droplet under the same
low pressure and temperature. The results are reported in
Fig. 5. A linear behavior is found between the diameter d,
of the droplet at the top of the NWs and the diameter d; . of
their base. The slopes of both sets of data are identical. This

J. Appl. Phys. 107, 084902 (2010)
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FIG. 6. Degree of tapering, defined as Ad/L=(dy,se—d,,p)/L, as a function
of the NW diameter for two different silane partial pressures. dy,g and dyo
are, respectively, the base and the top diameters of the SINWs and L their
length.

indicates that the mechanism at the origin of the tapering
effect is the same for both conditions, namely, the reduction
in Au-rich droplets and the lateral growth. It must be noted
that in the case of the growth conditions used in this work,
the desorption of gold atoms from the droplet to the gas
phase can be neglected, as indicating in Ref. 28. Therefore,
the reduction in the Au-rich droplet size is only related to
diffusion of gold atoms from the droplet toward the NW
sidewalls. Remarkably, although the growth conditions are
the same, the tapering effect is more pronounced in the case
of the low density of droplets, when NWs with a similar base
diameter are considered. The reason will be discussed after-
wards.

2. Effect of silane partial pressure on tapering of
SiNWs

In this part, the effect of the silane partial pressure on the
tapering effect is considered. SINWs were grown under two
different pressures but with the same temperature (500 °C),
growth time (30 min) and density of Au-rich droplets. The
average tapering quantity corresponds to the decrease in the
diameter along the main axis of the NW. It is defined as
(dpase=diop)/L=Ad/L. As the ratio between Ad and L is
small, it corresponds to the angle between the main axis of
the NW and the segment defined by the NW sidewall. The
top and base diameters of the SINWs and their length were
measured with SEM. The results are reported in Fig. 6. At
low silane partial pressure, it clearly appears that the tapering
varies as the inverse of the length. Indeed, the rate of the
lateral growth can be considered constant for a given sample.
As discussed above, the dissociation of silane at the NW
sidewall does not lead to a diffusion of the Si atoms toward
the Au-rich droplet, but rather to their direct incorporation to
the sidewall, causing lateral overgrowth. If we asume that all
the NWs start to grow at the same time, the quantity of
lateral overgrowth will be the same whatever their initial
diameter at a given length from the NW basis. Since the
thickness of the Si layer overgrown on the Si sidewall along
the main axis of the wire depends only on the duration of the
growth and NWs with the bigger diameters have the higher
growth rate, the tapering angle will decrease as 1/L as the
total diameter increases. In contrast, at high silane partial
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FIG. 7. Average gold atoms variation in droplets compared to average gold
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sidewall surface and the reduction in gold atoms in the droplet during the
SiNW growth, respectively, for all three growth conditions. Error bars rep-
resent the deviation obtained from 12 samples.

pressure, the ratio between Ad and L is quite small and does
not significantly vary with as the total diameter of the NWs
increases.

It must be noted that the difference in the Ad/L values,
for a given SiNW diameter, when both effects, density/
pressure, are compared, is ten times much greater in the case
of a change in the silane pressure. This clearly indicates that
the effect of silane partial pressure is more significant on
tapering effect than the catalyst droplets density.

3. Discussion

As mentioned earlier, two reasons are at the origin of the
tapering effect: droplet size reduction and lateral growth.
This first part of discussion focuses on the gold atoms reduc-
tion in droplets. The reason for the reduction in droplet size
is the diffusion of gold atoms from droplet along the NW
sidewall. It has been shown in Ref. 27 that the diffusion of
gold atoms from the droplet toward the NW sidewall surface
is the major mechanism for tapering during growth. The evo-
lution of the number of gold atoms diffusing from the droplet
toward the sidewall may be estimated depending on the
growing conditions. In order to do this, the gold droplet is
assumed to be half a sphere, the contact angle of the droplet
being 90°. Also, it is supposed that the droplet is of pure gold
at the beginning of the growth and that the gold concentra-
tion at the end of the growth may be given by the Au/Si
phase diagram.29

Although the initial diameter of the Au-rich droplet is
not known, we measured the top and base diameters and first
assume that the base diameter does not change during the
growth. As a result, the reduction in the droplet size can be
measured from the difference between the base diameter
compared to the top diameter. For comparison, we calculate
the number of gold atoms required to wet the NW sidewall
with one monolayer.27 As this wetting layer is supplied by
the Au-rich droplet at the top of the NWs, it should be related
to the decrease in size of the droplet. Figure 7 shows the
comparison between both quantities and the plotted data cor-
respond to the average values obtained for 12 different NWs
and the three different growth conditions.
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It is clearly shown in the case of the high silane partial
pressure [Fig. 7(a)], that the lost of gold atoms in droplets is
not sufficient to cover the entire sidewall surface. As stated
previously, a high silane partial pressure results in saturation
of the atomic sites on the SiNWs sidewalls inhibiting the
gold diffusion process. Thus we were not able to detect a
significant tapering effect at high silane partial pressure.
However, the reverse situation is observed when the silane
partial pressure is low and whatever the number densities of
droplets are [Figs. 7(b) and 7(c)]. It can be assumed in these
later cases that gold diffussion occurs on the NW sidewall as
well as lateral growth. Owing to these considerations, the
results presented in Figs. 5 and 6 can be discussed.

At low silane partial pressure, the lateral growth contri-
bution to tapering of NWs can be assumed to be identical
because experimental conditions (same total pressure, same
silane partial pressure and same temperature) are the same.
However, Fig. 5 shows that the NWs prepared with the lower
density of droplet are more tapered. Therefore, this variation
in the tapering effect is only caused by the diffusion of gold
atoms on the NW sidewalls. It must be noted here that the
total number of gold atoms deposited on the Si substrates,
prior to SiNWs growth, has the same value because gold
deposition flux and time were the same for both samples.
Before NWs growth start, the regions between the droplets
show the same atomic reconstruction: a Au/Si(111)—(\3
X \6) phase.18 The Gibbs—Wulff theory indicates that the
gradient of chemical potential is the driving force for diffu-
sion on surface.”> In our case, the diffusion coefficient of
gold atoms on all NW surfaces has the same value because
the pressure and the temperature are identical for both
samples. The gold atoms flow on NW sidewall surface, j, can
be given by the relation of Nernst-Einstein [Eq. (7)]. As the
gold atom density on the surface is small, then gold diffuses
from the droplets toward the regions of the substrate located
between the NWs. Because these regions are bigger in the
case of a sample with a low density of droplets, they can
accommodate more Au adatoms diffusing from the droplets
during the growth. These droplets thus lose more gold atoms,
causing the formation of NWs that are more tapered.

Finally, we have shown in this work, Fig. 1, that the
growth direction of SiNWs will change from [111] to [112]
for relatively large SINWs diameters when the silane partial
pressure changes from low (0.08 mbar) to high (0.4 mbar), in
agreement with Ref. 30. Thus the optimized growing condi-
tion to avoid tapering effect and change in crystallographic
direction consists in using a moderate silane partial pressure
with a high total gas pressure.

IV. CONCLUSION

In this work, detailed analyses of the lengths and diam-
eters of SINWs grown either by CVD or by MBE allow to
determine how variations in the NW diameter modify the
growth rate and the morphology of the NWs. For the CVD
growth, an empirical model is proposed, where the growth
results from the Si species decomposed at the surface of the
catalyst droplet and the subsequent condensation of the Si
atoms at the interface between the Au-rich droplet and the
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SiNW shaft. On the contrary, the growth in MBE is predomi-
nantly related to the diffusion of Si atoms from the substrate.
Finally, in CVD, while the density of gold droplets is not
involved in the growth rate of the NWs, we have found that
it affects the degree of NW tapering, a high density of drop-
lets before growth leading to a reduction in the tapering ef-
fect. These observations are important for the optimization
and control of the growth of SiNWs and to avoid gold dif-
fusion at the SiNWs surface.
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