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Control of Gold Surface Diffusion on Si Nanowires

Martien I. den Hertog,*,† Jean-Luc Rouviere,*,† Florian Dhalluin,‡,§ Pierre J. Desré,§ Pascal Gentile,| 
Pierre Ferret,§ Fabrice Oehler,| and Thiery Baron‡

†Laboratoire d′Étude des Matériaux par Microscopie Avancée, CEA/DRFMC.
‡Laboratoire des Technologies de la Microélectronique, CNRS UMR 5129.
§Laboratoire de Photonique sur Silicium, CEA/LETI/DOPT.
|Laboratoire Silicium Nanoélectronique Photonique et Structure, CEA/DRFMC.

Laboratoire d′Etude des Matériaux par Microscopie AVancée, CEA/DRFMC, CEA-Grenoble, 17 rue des Martyrs, 38052 
Grenoble Cedex 9, France, Laboratoire des Technologies de la Microe´lectronique, CNRS UMR 5129, CEA-Grenoble 17 
rue des Martyrs, 38052 Grenoble Cedex 9, France, Laboratoire de Photonique sur Silicium, CEA/LETI/DOPT, CEA-
Grenoble 17 rue des Martyrs, 38052 Grenoble Cedex 9, France, and Laboratoire Silicium Nanoélectronique Photonique et 
Structure, CEA/DRFMC, CEA-Grenoble, DRFMC, 17 rue des Martyrs, 38052 Grenoble Cedex 9, France

Silicon nanowires (NW) were grown by the vapor-liquid-solid mechanism using gold as the catalyst and silane as the precursor. Gold from 
the catalyst particle can diffuse over the wire sidewalls, resulting in gold clusters decorating the wire sidewalls. The presence or absence of 
gold clusters was observed either by high angle annular darkfield scanning transmission electron microscopy images or by scanning electron 
microscopy. We find that the gold surface diffusion can be controlled by two growth parameters, the silane partial pressure and the growth 
temperature, and that the wire diameter also affects gold diffusion. Gold clusters are not present on the NW side walls for high silane partial 
pressure, low temperature, and small NW diameters. The absence or presence of gold on the NW sidewall has an effect on the sidewall 
morphology. Different models are qualitatively discussed. The main physical effect governing gold diffusion seems to be the adsorption of 
silane on the NW sidewalls.

Silicon nanowires (SiNWs) have been actively studied during

the past decade, as they hold the promise of becoming key

building blocks in future electronic and optoelectronic

devices. They are compatible with silicon technology and

could be most elegantly grown directly on their final position

in a device on a wafer. However successful integration of

NWs in devices will depend ultimately on the degree of

control that can be obtained over structure and physical

properties. One important point is whether gold is incorpo-

rated at the NW either on the NW surface or in the NW

volume. Indeed in many applications, for instance electric

applications, it is important to have no gold incorporation,

as gold is known to create deep traps.1 However some

applications, like the realization of NW web,s2 could benefit

from the presence of gold clusters on the NW surface, as it

would avoid the additional deposition of gold nanoclusters

at the NW surfaces. For a while, it was not clear whether

gold was present on the NW surfaces. Hannon et al.3 have

shown that the gold catalyst particle can constantly lose an

amount of gold and that this gold would form 1-1.5 gold

monolayers on the wire surface. The result of a constant loss

of catalyst material is that the NW grows tapered, which is

incompatible with long narrow cylindrical NWs if no extra

gold is provided by the substrate. Other publications present

transmission electron microscopy (TEM) images apparently

showing no traces of gold on the NW surfaces, but this result

is not discussed in these publications.4,5 A few publications

have reported conditions modifying the presence of gold at

the NW surface. Kodambaka et al.6 have shown that addition

of oxygen during NW growth can alter the gold surface

diffusion since the NW surface is modified by the oxygen.

However the quality of the wires appears to be reduced. Pan

et al.7 reported the presence of gold-rich precipitates on the

boron-doped regions of SiNWs whereas there was no gold

on undoped regions. However, a systematic analysis of the

effect of growth parameters on the presence of gold at the

NW surface has never been realized. This is the aim of this

paper. We will show that the presence of gold at the surface

of NWs can be controlled either with temperature or silane
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partial pressure or with the initial size of the gold catalyst.

We will not analyze the possible presence of gold within

the NW volume as this topic has been addressed by atom

probe tomography8 and secondary ion mass spectrometry9

and is difficultly seen by TEM.

SiNWs were grown by chemical vapor deposition via the

vapor-liquid-solid process on a Si(111) substrate in a low-

pressure chemical vapor deposition (LPCVD) reactor at a

base pressure held constant at 20 mbar. Gold was used as

the catalyst and silane (SiH4) as the Si source. Hydrogen

(H2) was used as a carrier gas. After pretreatment of the

silicon wafer material, 2 nm of gold was deposited in a

vacuum of 10-6 Pa, or gold colloids of 10-100 nm (Ted

Pella) were dispersed on the silicon substrate. The substrate

was then loaded in the reactor and annealed between 500

and 900 °C under a H2 flow for several minutes, in order to

form nanocatalysts by dewetting of the Au layer. After

cooling down the substrate to the growth temperature, SiH4

was introduced by keeping the total pressure (SiH4 and H2)

constant. Wires were grown at different silane partial

pressures ranging from 0.054 to 1.023 mbar and at temper-

atures ranging from 430 to 650 °C. In literature partial silane

pressures of 0.03-1.6 mbar,10 0.1 mbar11 and 6 mbar,4,5 and

growth temperatures of 435 °C5 to 600 °C3 can be found,

showing that our growth parameters are mainly in the low

partial silane pressure range.

Also experiments were performed where the temperature

was modified during growth. To gain insight into the gold

surface diffusion rate, experiments were performed where

the sample was held at the growth temperature for a certain

time (anneal time) after growth had finished. Observation

of the mean distance traveled by the gold clusters with

respect to anneal time gave insight into the surface diffusion

kinetics. The presence or absence of gold nanoclusters at

the surface of SiNWs was observed either with a ZEISS

ultrascan scanning electron microscope (SEM) equipped with

an in-line detector or with a FEI TITAN TEM working in

scanning mode, i.e., working as a scanning transmission

electron microscope (STEM) at 300 kV. High-angle annular

dark field (HAADF) STEM images and energy dispersive

X-ray analysis (EDX) measurements were realized on the

TITAN microscope to determine the chemical content of the

nanoclusters (Figure.1). SEM allows quick and efficient

analysis of a great number of samples without special specific

specimen preparations, but the image quality is not as good

as that obtained in STEM. For STEM observations, SiNWs

were broken by ultrasound in an ethanol solution and

deposited on holey carbon grids from the suspension. All

observations were performed ex situ, after growth had

finished.

By changing the experimental growth conditions as

mentioned above, we were able to determine the main

parameters that influence the presence or absence of gold

nanoclusters on the side of the NW. These are silane partial

pressure, growth temperature and wire diameter. In the

following, first we describe the shape of the gold clusters

when they are present, then we illustrate the effect of the

three main parameters through a selection of NW images

that summarizes what has been observed in many images.

Finally, we discuss the experimental results.

Let us start with the gold cluster shape. We find that when

gold clusters are present, they always have the same average

size and the local dot density can only vary in the presence

of large flat facets. Figure 1 shows a characteristic HAADF

STEM image of a NW covered with gold nanoclusters. The

NW was grown at 575 °C with 0.077 mbar silane partial

pressure. The presence of gold in the brighter regions was

determined using EDX analysis (see Figure 1). The nano-

clusters have a diameter of 3-4 nm and a height of between

two and four gold layers, i.e., 0.6-1.3 nm, as measured at

the side of the NW (see Figures 1 and 2). The clusters are

present under a native SiO2 layer which forms after growth

when the wires are put in the atmosphere. An example is

shown in Figure 2: a HAADF STEM image at the side of a

NW grown at 575 °C with 0.13 mbar silane partial pressure.

Clearly two monolayers of gold can be observed on the wire

sidewall. The native oxide layer is just visible (a dotted line

is drawn to guide the eye) and has a thickness of ∼2 nm.

Approximately 35% of the wire surface is covered by gold

clusters (measured on nine images), implying that the

quantity of gold decorating the wire sidewall is equivalent

to approximately one monolayer. This number is in good

agreement with the value found by Hannon et al.3 Generally

the gold coverage is uniform, but a few flat facets of large

diameter NWs are sometimes free of nanoclusters. Nano-

clusters tend to be trapped at steps and corners (see Figures

1 and 2).

Figure 3 summarizes the effect of silane partial pressure.

In Figure 3, two NWs are shown with a diameter of 100

nm, grown under equal growth conditions with the exception

Figure 1. EDX spectra and STEM images of a SiNW grown at
575 °C with 0.077 mbar silane partial pressure. An arrow indicates
where the EDX spectrum has been taken. The brighter particles
are unambiguously gold rich clusters, as three typical gold lines
appear in the EDX spectrum around 2200 eV.
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of the silane partial pressure. The growth temperature was

500 °C. At low partial silane pressure (0.0804 mbar, Figure

3A) gold clusters cover the facetted NW sidewalls. At high

partial silane pressure (1.023 mbar, Figure 3B) most of the

NW sidewall surface is free of gold clusters except a length

l ∼ 300 nm situated near the catalyst particle. This observa-

tion will be discussed in the next paragraph. The magnified

view shown in Figure 3C shows the transition from gold-

covered silicon to a clean wire surface. No faceting on the

wire sidewall is observed. Clearly the partial silane pressure

has an effect on the gold surface diffusion.

Figure 4 summarizes the effect of temperature and NW

diameter. In panels A and B of Figure 4, two NWs are shown

with a diameter of 25 nm, grown under equal growth

conditions with the exception of the temperature. The partial

silane pressure was 0.19 mbar. The NW grown at 500 °C is

covered with gold clusters and slightly tapered (Figure 4A),

whereas the one grown at 430 °C has gold clusters only on

a length l ∼ 60 nm near the catalyst particle (Figure.4B). A

magnified view of the gold-covered region (Figure 4C) shows

that the catalyst particle is not a perfect hemisphere. This

will be discussed in the next paragraph. The comparison of

panels C and D of Figure 4 summarizes the effect of wire

diameter. The NWs of panels C and D of Figure 4 have been

grown in similar conditions (T ) 430 °C p ) 0.19 mbar).

The large diameter NW of Figure 4D (d ∼ 300 nm) is

covered with gold clusters, whereas the small diameter NW

of Figure 4C (d ∼ 25 nm) is not.

First let us analyze why gold-rich nanoclusters are always

observed at the top part of our NWs, on a length l (Figure

3B and Figure 4C). Many pieces of information concerning

the gold surface diffusion will be extracted from this analysis.

The presence of gold clusters near the catalyst is due to a

transition regime when the NW growth is stopped, i.e., when

silane valves are closed and the heating of the substrate is

switched off. This effect is particularly important in our

growth chamber which has a large volume and high-

temperature inertia. Due to the large volume, it takes 5 min

to change the gas composition of the growth chamber and

3 h to reach room temperature. Meaning that after the silane

source has been closed, the partial silane pressure is ramping

toward zero in 5 min, whereas the temperature remains fairly

constant. During cooling down the sample is under constant

flow of carrier gas (H2). Of course the gold clusters can only

come from the gold catalyst as the substrate is too far from

this top part of the NW. Just after the silane source has been

stopped, different mechanisms can happen: (i) NWs continue

Figure 2. HAADF STEM image on the side of a NW grown at
575 °C with 0.13 mbar silane partial pressure. Clearly two
monolayers of gold can be observed on the silicon (111) plane.
The silicon oxide layer is not very well visible; therefore a dotted
line is drawn to guide the eye.

Figure 3. Two SiNWs are shown with a diameter of 100 nm grown
at 500 °C with different silane partial pressures. (A) SEM image
of a wire grown at low partial silane pressure: 0.0804 mbar. Gold
clusters can be observed all over the wire surface. (B) HAADF
STEM image of a wire grown at a partial silane pressure of 1.023
mbar. Gold clusters can be observed on the 300 nm region l close
to the catalyst particle. (C) Zoom of the marked region in B showing
the end of the gold-covered zone. The difference in diffused distance
is indicated by b and is approximately 150 nm.

Figure 4. Three NWs are shown with diameters of 25 nm, A and
B, and 300 nm in D. Growth conditions were identical except for
the temperature. The partial silane pressure was 0.19 mbar. (A)
SEM image of a wire grown at 500 °C clearly covered by gold
clusters and slightly tapered. (B) HAADF STEM image of a wire
grown at 430 °C; gold clusters can be observed on the 60 nm region
l close to the catalyst particle. (C) A magnified view of the wire
shown in B, a dotted circle is drawn around the catalyst particle to
illustrate the deviation from a hemisphere. (D) SEM image of a
SiNW grown at 430 °C with a diameter of 300 nm. Gold clusters
can be observed all over the wire surface.
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growing by decomposing the last amount of silane in the

chamber and incorporating the last amount of Si present in

the catalyst; (ii) gold from the catalyst starts diffusing over

the surface of the NWs; (iii) gold starts forming clusters;

(iv) a silicon oxide layer is grown at the surface of the NW

and the gold remains at the Si/SiO2 interface. Since cooling

of the sample is done in a H2 atmosphere, it seems impossible

that point iv happens in the chamber in the few minutes after

the closing of the silane source. So mechanism iv clearly

happens after the other mechanisms. Other facts indicate that

mechanisms ii and iii are also separated in time. Diffusion

is a random mechanism involving atom diffusion. Since the

amount of gold present on the NW surface is approximately

one monolayer, it seems probable that at high temperature

(during growth) one or more liquid layers of Au or Au/Si

are formed on the NW surface by atom diffusion. After a

reduction in temperature, the gold starts to form clusters. If

the clusters were formed already at high temperature, it

would be likely that they would start to form branches at

the NW surfaces, each gold-rich cluster becoming a catalyst

for a tiny NW that we call branch. Branches on NWs can

only be formed if the temperature of the wire is reduced,

that is to say only if gold clusters are formed.12 As far as

mechanism i and ii are concerned, the analysis of the STEM

images (Figures 3B and 4B) indicate that they do not happen

simultaneously but are separated in time. Indeed, if the gold

cluster covered zone was growing during the 5 min necessary

for the evacuation of silane, the catalyst would lose material

in this last growth stage and this part of the wire would be

slightly tapered as the diameter of the NW is adjusted to the

diameter of the gold catalyst.4 Using a simple geometric

model,3 where the tapered part of the NW is supposed to

have a conical shape characterized by its semiangle �, one

finds that

tan �)
∆d

2l
)

d

2lmax

)
4e

d

where l is the length of the NW grown during the tapered

regime taken equal to the length of the covered zone (as

indicated in Figure 4B), d is the NW diameter at the

beginning of the tapered regime, and ∆d is the variation of

diameter after the growth of the length l. lmax is the maximum

length of the NW if all the catalyst is consumed and if ∆d

is equal to d. e is the thickness of the gold layer. The last

equality of the previous equation comes from the fact that

the volume of the gold clusters is taken equal to the volume

of the gold wetting layer. Assuming that the thickness e is

equal to one atomic gold plane, e ≈ 0.26 nm, the decrease

in wire diameter ∆d can be estimated to be 5 or 6 nm for

the NWs of Figures 4B and 3B that have diameters of 25

and 100 nm, respectively, and a hypothetical tapered length

l equal to the length of the gold cluster covered zone, being

60 and 300 nm, respectively. Such variations of diameter

should be visible, which is not the case as the NW diameter

remains constant. Furthermore it can be seen in Figures 4C

and 6 that the catalyst particle is not a perfect spherical cap

fitted to the NW diameter. This clearly indicates that gold

surface diffusion (ii) only starts after growth has finished

(i).

Another indication to show that the sequence of events is

indeed (i) followed by (ii) can be obtained by taking into

account the decay of the silane partial pressure after closing

the silane source. We estimate an exponential decay of the

silane partial pressure after closing of the source at time t )

1 min; see Figure 5. From our observations we know that at

this temperature (500 °C) gold surface diffusion can occur

for wires grown at a partial pressure of 0.5 mbar and lower

(for a NW diameter of 50 nm or higher). Also the growth

speed at the starting value for the partial pressure is known

(1 µm/min). It was shown in ref 13 that the silane partial

pressure can be directly related to the growth velocity (at a

fixed temperature) since the sticking probability of the feed

gas does not depend on the chemical potential of the catalyst

Figure 5. Estimated exponential decay of the silane partial pressure
in the growth chamber. The silane flow is closed at time t ) 1
min. The growth velocity at the starting partial pressure and the
partial pressure below which gold surface diffusion can occur at
this temperature (for a constant partial pressure value) are indicated.
Comparison of the gray surface and the striped surface allows
estimating the length the NW can grow, during which time gold
diffusion can occur.

Figure 6. Magnified view of a NW with a diameter of ∼25 nm,
grown under exactly the same conditions as the wire shown in
Figure 3B: a growth temperature of 500 °C with 1.023 mbar silane
partial pressure. The difference in diffused distance of the gold is
indicated by b and is approximately 60 nm. A magnified view of
the catalyst particle is shown in the inset: the catalyst particle is
considerably smaller than the wire radius. (The length of the gold
covered region l close to the catalyst particle is ∼300 nm
(comparable to the wire shown in Figure 3B)).
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particle. Now we can compare the gray surface (at constant

growth velocity, being equal to 1 µm NW length) and the

striped surface, being equal to the length the NW can grow

during the transition regime when gold surface diffusion

should occur. We can estimate the striped surface to be

around 600 nm. This explanation implies that the last part

of the NW (∼600 nm) should be tapered. As we have shown

in the foregoing this is not the case.

To explain observed influence of growth conditions on

the gold surface diffusion, we can consider two explanations.

A first possibility can be that the composition of the catalyst

particle can be changed in such a way that gold surface

diffusion can no longer occur because it becomes energeti-

cally unfavorable. We can express a change in chemical

potential for gold when going from the liquid catalyst particle

to a liquid (mono)layer on the wire surface. We consider

the chemical potential of the gold in the eutectic µ((Au))(d),

this can be written as

µ((Au))
(d) ) µ((Au))

0
+RT ln γAu * xAu * +

4V((Au))σ(AuSi)

d

where µ((Au))
0 is the standard chemical potential of pure liquid

gold at standard conditions, γAu* is the gold activity
coefficient and can be calculated by assuming the liquid
behaves as a regular solution using

ln γAu * )-
λ(1- xAu)

2

RT

and

λ) 4∆H

(if xAu* ) 0.5), where ∆H is the enthalpy of mixing (-10
kJ mol-1).14 xAu* is the gold fraction in the catalyst particle
(0 e xAu* e 1, 0.77 at 500 °C for the bulk at equilibrium),
Vj ((Au)) is the molar volume of liquid gold (1.02 × 10-5 m3

mol-1 without taking into account liquid contraction), σ(AuSi)

is the surface energy of the eutectic particle (1.25 J m-2)12

and d is its diameter (we assume the NW diameter ≈ catalyst
diameter, taking into account the contact angle does not
modify the result of the calculation). The chemical potential
of a liquid gold layer µ(Au)wire at the wire surface can be
written as

µ(Au)wire ) µ((Au))
0
+

2V((Au))σ(Si)′
d

where σ(Si)′ is the surface energy of solid silicon covered by
∼1 monolayer of gold. Since the surface energy of solid
silicon and liquid gold are 1.2415 and 1.2512 J m-2,
respectively, this value is taken to be 1.25 J m-2. The energy
balance is now given by

µ(Au)wire - µ((Au))(d) )

-2V((Au))σ(Au)

d
-RT ln γAu * γAu * )∆µ

because σ(Si)′ ≈ σ(AuSi). If ∆µ < 0, gold surface diffusion
can occur. For a NW with a diameter ranging from 5 to 300
nm, ∆µ increases exponentially from -0.3 to 3.7 kJ mol-1

(xAu* ) 0.77, T ) 500 °C). Taking into account the contact
angle of the droplet with the NW, which can be modified
by line tension15 for small diameters, does not change the

calculated values for ∆µ, if we assume a line tension of ∼-1

× 10-9 J m-1.15 Modification of the growth parameters silane

partial pressure and temperature can change xAu* and T. For

0.5 e xAu* e 0.99, ∆µ is positive and going through zero

for xAu* ≈ 0.99. ∆µ does not vary significantly for 430 °C

e T e 600 °C. This analysis shows that gold surface

diffusion is not favored energetically under all experimentally

observed growth conditions, since ∆µ can only become

negative if the wire diameter becomes very small, indicating

that gold diffusion is possible for very small NW diameters,

contrary to the observed effect, or if the catalyst particle is

purely gold. In this last case there is no eutectic and therefore

no liquid phase. This solution seems physically highly

unrealistic. Therefore it is clear that we cannot explain the

experimentally observed effects of growth conditions on the

gold surface diffusion by taking into account a change in

catalyst composition. This explanation is also unlikely

because we observe the absence of gold surface diffusion

for wire growth during the transition regime at and below a

partial silane pressure that is known to cause gold surface

diffusion at constant value. This indicates strongly that the

observed effect is not related with the relatively fast response

of catalyst composition to silane partial pressure (at this

growth velocity) but is a slower process.

A plausible explanation seems therefore that the wire

surface can be changed in a reversible way due to a change

in growth conditions, allowing or inhibiting the gold diffu-

sion. The only component we actively add in larger or

smaller quantities is the silane gas itself; therefore we propose

that the adsorption of silane gas on the wire sidewall

influences the gold diffusion. This hypothesis is consistent

with the observed effect of silane partial pressure. According

to Le Chatelier’s principle, an increase of the silane partial

pressure will naturally lead to a mechanism that counteracts

the imposed change, being an increase of adsorbed silane.

Now we consider the temperature effect. As we already

showed in panels A and B of Figure 4, a decrease in

temperature can completely block the gold surface diffusion.

Furthermore we performed experiments where the temper-

ature was decreased during growth. The result is a NW only

partially covered by gold clusters. A decrease in temperature

thermodynamically favors adsorption as physisorption or

chemisorption are exothermic processes (enthalpy of adsorp-

tion ∼20-100 kJ mol-1).16 Again, using Le Chatelier’s

principle, the system will favor mechanisms producing

energy when the temperature is lowered.16 So adsorption of

silane will be favored when the temperature is lowered. Also

a decrease in temperature will lower the mobility of the gold,

possibly enhancing the before mentioned adsorption effect.

It is evident that an adsorbed layer of silane molecules can

exist only if silane decomposition on the wire sidewall (i.e.,

uncatalyzed growth) is extremely slow. Indeed we find that

the uncatalyzed growth rate is negligible at temperatures

below 600 °C.

Now we consider the effect of the wire diameter. The

effect of wire diameter on gold diffusion might be explained

by an increase in chemical potential of the NW surface

atoms. The chemical potential of a SiNW can be written12
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µ〈Si〉(d)) µ〈Si〉(d)∞)+
2V〈Si〉σSi

d

where µ〈Si〉(d) is the chemical potential of silicon in the NW,
µ〈Si〉(d ) ∞) is the chemical potential for bulk silicon, V〈Si〉
is the molar volume of silicon, and σSi is the surface energy
of silicon. The chemical potential will increase for decreasing
diameter. However it is unclear if this will affect the silane
adsorption (possibly a smaller wire diameter mimics the
effect of a step edge on a crystal, which lowers the adsorption
energy17) or rather increases the gold-silicon interface
energy, thereby inhibiting the gold surface diffusion. More
theoretical studies are necessary to clarify this point.

Interestingly, the edge of the gold cluster covered zone in

Figure 3B,C is not straight (perpendicular to the growth

direction), but inclined. This suggests anisotropy in the gold

diffusion. We can observe a difference in diffused distance

b (Figure 3C) to be approximately 150 nm. A wire with a

diameter of 30 nm grown under exactly the same growth

conditions as the wire in Figure 3C, 500 °C growth

temperature with 1.023 mbar silane partial pressure (Figure

6), showed a difference in diffused distance of ∼60 nm. Since

a NW can be regarded as a cylinder in a laminar gas flow,

it can be seen intuitively that the larger the diameter, the

more important will be the pressure drop when going from

the flow side of the NW to the back side. The influence of

the carrier gas (after the silane source has been closed) on

the NW surface can possibly modify the layer of adsorbed

silane molecules. This effect will be increasingly inhomo-

geneous for increasing diameters. This might explain the

anisotropy of gold surface diffusion and its size dependence.

This indicates also that the gold surface diffusion can be

modified by a change of the NW surface, which in turn is

also influenced by the direction of the gas flow. Also Figure

6 shows that the catalyst particle size decreased considerably

with respect to the wire diameter. Clearly the NW diameter

did not adjust to the catalyst size but remained constant.

Confirming gold surface diffusion (mechanism ii) only starts

after NW growth has finished (mechanism i).

Now let us consider the gold diffusion rate. Two particular

NW growth experiments were realized under the same

conditions as the wire shown in Figure 3B (500 °C growth

temperature with 1.023 mbar silane partial pressure) except

that, after the silane flow was closed, the sample was

maintained at the growth temperature during a time τ1 ) 5

min in the first experiment and a time τ2 ) 15 min in the

second one, after which the sample was cooled down to room

temperature as usual. The length of the gold-covered zone

near the catalyst particle was now found to be around l1 )

600 nm and l2 ) 2500 nm in the respective experiments.

We use the two-dimensional random walk expression for

diffusion:16 the mean traveled distance is (Dτ)1/2, where τ is

the time interval during which the sample is maintained at

the growth temperature and D is the diffusion coefficient.

Taking into account that during cooling gold already diffused

over a distance of 300 nm, we thus have for the first

experiment l1 - 300 ) (Dτ1)1/2 and a similar expression for

the second one. This gives diffusion coefficients D of 3 ×

10-16 m2 s-1 and 5.4 × 10-15 m2 s-1 (at 500 °C) for the

respective experiments indicating that the gold diffusion is

slower just after the silane flow has been closed, which can

be explained by the fact that the remaining silane molecules

slow down the gold diffusion. In literature a value for D0 of

∼1 × 10-12 m2 s-1 can be found18 for a monolayer or less

of gold on Si(111). This again indicates that under our

conditions gold diffusion is slower because it is perturbed

by the remaining adsorbed silane molecules.

The observation that the gold diffusion only starts after

growth has finished indicates that the silane desorption is a

rather slow process. The residence half-life of an adsorbed

silane molecule can be estimated to be on the order of

minutes. This means that the barrier for desorption is

significantly higher than that for a physisorption process (∼25

kJ mol-1),16 where the residence half-life is predicted around

10 ns at room temperature.16 Possibly the adsorption process

does involve a chemical reaction where the silane molecule

is decomposed into an intermediate state where it remains

trapped a relatively long time (approximately minutes).

The observation of gold clusters on the doped regions of

Si NWs was explained by Pan et al.7 as instabilities at the

liquid/solid interface, caused by the addition of the dopant

gas flow. Since we regard only undoped samples, this

explanation is insufficient for our experiment. However since

in their experiments the silane gas flow was lowered by 80%

for growth of the doped region, this might be the same effect

of an increase in silane partial pressure favoring the silane

adsorption and inhibiting the gold diffusion on the undoped

regions.

It was shown by Ross et al.19 that the NW sidewall parallel

to the growth direction is not flat but shows periodic sawtooth

facets. This faceting could be due to the presence of gold

on the wire sidewall, since gold is known to induce faceting

on silicon surfaces.20–22 The surface structure of NWs is of

particular importance for applications since transport proper-

ties will depend to a great extent on surface roughness.

Interestingly, periodic sawtooth faceting of the NW sidewall

as described in ref 19 was observed for the completely gold

covered wires, but never on the wires showing gold clusters

only on a short region near the catalyst particle. If the gold

is diffusing during growth, the wire surfaces maintain at the

growth temperature until growth is terminated and surface

reconstruction can occur. However if the gold is diffusing

during cooling of the sample, the energy barrier for surface

reconstruction cannot be overcome and no sawtooth faceting

can be observed. The absence or presence of gold on the

wire sidewall thus has an effect on the sidewall morphology.

Recently an influence of silane partial pressure on the

critical wire radius was observed,12 indicating that small wires

(diameter below 30 nm) cannot grow at low partial pressures

(<0.05 mbar) for thermodynamical reasons. It should be

noted that the condition of high partial silane pressure, which

favors silane adsorption and inhibits gold diffusion, is also

a condition that favors very thin wire growth thermodynami-

cally.12 The growth of thin wires is therefore favored by two

decoupled processes resulting from an increase in silane

partial pressure (clearly thin wires cannot grow very long if

they constantly lose catalyst material). This can partly explain

the different results regarding the absence or presence of gold
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on the wire sidewall found in literature. Another explanation

for these different results is the partial silane pressure itself;

in most literature slightly higher partial silane pressure values

are used (values of 0.1 mbar11 to 6 mbar4,5 can be found in

recent literature) and growth is performed at relatively low

temperature (T e 500 °C). These are conditions that inhibit

gold diffusion (see Table 1). On the other hand, most

literature showing evidence of gold diffusion is performed

at very low partial pressures since the growth is carried out

under ultrahigh vacuum.3,6,23

In conclusion, we have shown that the gold diffusion on

SiNWs can be controlled by two parameters being silane

partial pressure and temperature. We propose a qualitative

model based on an increased silane adsorption on the wire

sidewall, which effectively blocks the gold diffusion. The

growth conditions to inhibit gold diffusion are summarized

in Table 1.

Also an effect of wire diameter on gold diffusion was

observed which might be due to an increase in chemical

potential of surface atoms as the diameter decreases. Control

of the surface diffusion of gold provides a tool to fabricate

long, uniform diameter structures with flat sidewalls and no

gold clusters decorating the NW sidewall. Also the possibility

exists to modify the sidewall morphology after growth by

performing a postgrowth anneal during which the gold can

diffuse over the wire sidewalls. In this way gold clusters

can be deposited on the NW sidewall, or a part of it, in a

controlled and reproducible way, allowing direct function-

alization of the NW.
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