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The intergrowth mechanism of silicon nanowires and silver dendrites formed
by electroless metal deposition has been investigated by scanning electron
microscopy. A self-assembled localized microscopic electrochemical cell model
can adequately describe the self-organized Si nanowires growth. Using these
in situ prepared Si nanowire arrays as templates, a diffusion-limited aggre-
gation process is proposed to explain the formation of the silver dendritic

nanostructures.
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INTRODUCTION

In the past, a variety of silicon nanostructures
has been extensively studied."” Among them, sili-
con nanowires (SiNWs) have attracted considerable
attention due to their potential applications in
interconnects and basic components in future nano-
electronic and, especially, optoelectronic devices.”®
It has been suggested that SiNWs smaller than
100 nm in diameter may be used in high-speed
quantum-wire field effect transistors and light-emitting
devices with extremely low power consumption.’

A number of techniques based on the vapor-
liquid-solid growth mechanism® have been devel-
oped to fabricate SiNWs, including physical vapor
deposition, laser ablation, evaporation, and solution
methods.?'® However, high temperature, hazardous
silicon precursors, complex equipment, and other
rigorous conditions are often the disadvantages of
these techniques. Recently, a relatively fast and
effective method has been developed to fabricate
SiNWs.%!* This method is derived from electroless
metal deposition on a silicon wafer and selective
etching. Electroless metal deposition in an ionic
metal (silver) HF solution is based on a microelec-
trochemical redox reaction in which both the anodic
and cathodic processes occur simultaneously on the
silicon surface.'® This is a simple and inexpensive
fabrication technique and has been widely used in the
microelectronics and metal coating industries.'®'®

Using this promising technique, we have previ-
ously assembled visible light-emitting semiconductor
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nanomaterials at the tips of SINWs'**” resembling

nano-beacons that are potentially useful in future
nanodevices. However, the detailed growth process
of the SiNWs is not clear due to the lack of direct
experimental verification so far. Herein, we analyze
the growth processes of large-area SiNWs and den-
dritic silver nanostructures in detail, using serially
acquired scanning electron micrographs, and
propose an intergrowth mechanism to explain the
formation. Because the performance of silver in
applications such as electronics, catalysis, and
photonics can be significantly enhanced by forming
silver nanostructures with well-controlled dimen-
sions,?!?? silver nanostructures that possess sym-
metrical and sharp silver dendrites that grow
simultaneously bode well for these applications.

EXPERIMENTAL

First, p-type, B-doped silicon (100) (1-5 €2 c¢m)
wafers were cleaned by acetone to degrease the Si
surface, followed by etching in a diluted aqueous HF
(~10 wt.%) solution for 10 min. Subsequently, the
cleaned silicon wafers were etched in a 5.0 mol/LL HF
solution containing 0.02 mol/L silver nitrate at 50°C
for different periods of time. The container is a con-
ventional Teflon-coated stainless steel vessel. After
the etching process, the silicon wafers were rinsed
with de-ionized water and blown dry by air. The
thick silver dendrites covering the silicon wafer
were detached before microstructural investigation.
Each etched silicon wafer was cut into two pieces.
One piece was used as a control sample, and the
other was treated in an ultrasonic water bath for a
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short time to clean the surface. The morphology and
chemical composition of the samples were deter-
mined using a FEG JSM 6335 field-emission scan-
ning electron microscope (SEM, JEOL Company,
Tokyo, Japan) equipped with an EDAX PV7715/89
ME energy dispersive x-ray (EDX) spectrometer.
All the measurements were performed at room
temperature.

RESULTS AND DISCUSSION

Figure 1(a) shows the SEM image of surface mor-
phology of the silicon wafer etched for 20 min. fol-
lowed by a short-time (10 s) ultrasonic treatment.
The diameters of the SiINWs can be observed to be in
the range of 30-200 nm, and their lengths are 1—
2 pm. It can be also found that some silver nano-
clusters with diameters of 100-300 nm are still
embedded in the Si nanowire array. The length of
the SiINWs on the silicon wafer is observed to
increase to ~7 pm after etching for 40 min. (see
Fig. 1b). In comparison, the sample that undergoes
ultrasonic treatment for a short time (10 s) shows no
noticeable silver nanoclusters in the Si nanowire
array. The observation is the same for the Si wafer
after etching for 60 min.; that is, showing no silver
nanoclusters in the array (see Fig. 1c). However, it
can be observed that further increase in the silicon
nanowire length (~25 pm) leads to tilting of the
SiNWs, and the heads of some of the SiNWs are
found to lean against each together.

The vapor-liquid-solid mechanism based on
growth from a liquid metal seed particle® is gener-
ally accepted for the growth of one-dimensional (1D)
silicon nanostructures. However, we believe that
the formation mechanism of these as-synthesized
SiNWs is quite different from the previously pro-
posed mechanisms.®!'"1* For the silver/silver ion
system with a highly positive equilibrium potential
[E°(Ag"/Ag) = 0.7996 V],** the energy levels of the
silver ion overlap with those of silicon around the
valence band, and silver deposition can occur on
both p-type and n-type silicon in the dark via the
injection of holes from the silver ion into the solu-
tion.***7 Figure 2 shows the schematic of the silver/
silver ion system in which the acceptor states overlap
the valence band of the silicon. For a p-type silicon,
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the injected holes can either be transported to the
external circuit giving rise to a direct current, or
they can be involved in an oxidation process such
as etching of the silicon.”® For n-type silicon, holes
can recombine with electrons in the conduction
band, resulting in a deposition current (if band
bending is not too large), or under conditions of deep
depletion, the holes can also be involved in an oxi-
dation process.”® If the positions of the band edges
remain fixed during the deposition process, then if
the reverse reaction is neglected, the deposition cur-
rent is independent of the applied potential.

In the etching process, the holes injected from the
silver ion are consumed by an oxidation process, and
deposition can occur without an externally applied
bias. The possible mechanisms for zero-current elec-
troless deposition are shown in Fig. 3:

e The injected holes are consumed by oxidation
on the silicon surface so that the substrate
atoms are replaced by silver atoms (displace-
ment plating).

* The holes injected during silver deposition
are transferred to an electron donor in the
solution.

E('Ii

Fig. 2. Energy band diagram illustrating the possible mechanism for
the deposition of silver onto silicon in contact with a solution, based
on injection of holes into the valence band from the silver/silver ion
system with a sufficiently positive equilibrium potential.

Fig. 1. SEM images of the silicon wafers etched for different times in a 5.0 mol/L HF solution containing 0.02 mol/L silver nitrate at 50°C, followed

by a short-time ultrasonic treatment for (@) 20 min., (b) 40 min., and (c) 60 min.
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Fig. 3. Schematic illustrations of the three mechanisms of electroless deposition: (a) holes injected from silver ions (Ag ") are consumed by silicon
oxidation, and because the products (SiFs>") are soluble, dissolution of the silicon (displacement plating) occurs; (b) injected holes are captured
by an electron donor in the solution; and (c) silver ions are catalytically reduced on an existing silver nucleus involving electrons donated by a

reducing agent in the solution.

e The silver ion and reducing agent in the solu-
tion react directly at catalytic sites on the
surface without involving the substrate in the
charge transfer process.

In the first case (Fig. 3a), the oxidation products
must be soluble in the solution in order to prevent
the formation of a passivating layer. This is possible
on Si because SiO, is soluble in a low-pH HF solu-
tion. In principle, the thickness of the silver film is
limited because the deposition process cannot con-
tinue once complete coverage is achieved. The mor-
phology and adhesion of the deposit may be poor
caused by the simultaneous dissolution of silicon
and deposition of silver. The second case (Fig. 3b)
is not often encountered in the deposition of metals
on semiconductors because the rate of transfer of
holes to the solution is usually slower than the trap-
ping of holes by surface atoms, which is the first
step in the oxidation mechanism. This situation
is similar to the stabilization of semiconductor sur-
faces under illumination in photoelectrochemical
energy conversion.?” The third case (Fig. 3c) is often
used in electroless deposition of metals on semicon-
ductors. For instance, small clusters of palladium or
some other activating metals are deposited by the
displacement mechanism (Fig. 3a), and then they
act as catalytic sites for the reduction of the metal
ions and oxidation of the reducing agent in the
solution.

Formation of nanostructured SiNWs with unique
shape can be understood on the basis of a self-
assembled localized microscopic electrochemical cell
model.® At the initial stage, silicon etching and sil-
ver deposition occur simultaneously on the Si wafer
surface. The deposited silver atoms form nuclei first

and then nanoclusters, which are uniformly distrib-
uted on the surface of the silicon wafer. These silver
nanoclusters and the Si surrounding these silver
nuclei can, respectively, act as local cathodes and
anodes in the electrochemical redox reaction, which
can be formulated as two half-cell reactions 1 and 2:

Agt + e — Ag (1)

and
Si+ 6F —SiFs +4e (2)

That is to say, numerous nanometer-sized free-
standing electrolytic cells could be spontaneously
assembled on the surface of the silicon wafer in
the aqueous HF solution. As silver is deposited,
the surrounding silicon acting as the anode is
etched away, while silver nanoclusters acting as
the cathode are successfully preserved, and many
of them are dispersed in the silicon nanowire array.
Thus, the presence of these nanoscale electrolytic
cells leads to selective etching of the silicon wafer.

In silver deposition, the etched silicon wafer is
always covered by a layer of thick silver dendritic
film, which is rather loose and can be easily deta-
ched from the surface of the silicon wafer. This thick
and loose silver film should originate from reduction
of silver nitrate on the silicon surface. The deposited
silver atoms form nanoclusters and stick together.
In Fig. 1la, we can clearly see that the silver nano-
clusters are embedded in the Si nanowire array, but
in Figs. 1b and 1c, no noticeable silver nanoclusters
are observed in the nanowire array. This indicates
that with increasing etching time, most of the silver
nanoclusters diffuse along the pore channels onto
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the nearby preformed silver seeds above the SiNWs,
thereby decreasing the number of silver nanoclus-
ters in the nanowire array.

In order to verify this process, we fabricated such
an etched silicon wafer. The sample fabrication pro-
cedures are described as follows. After etching for
1 min. in the mixed solution, the silicon wafer was
annealed at 600°C in air for 10 min. to obtain the
dense silver film. The annealed silicon wafer was
subsequently put into the same vessel and etched
for 60 min. After etching, the silicon wafers were
rinsed with deionized water and blown dry by air.
Figure 4a shows the SEM image of the etched silicon
wafer. No similar SiNWs are observed, but many
silver nanoclusters resembling islands are observed
on the silicon wafer surface. This result indicates
that the dense silver film formed at 600°C annealing
limits diffusion of the silver nanoclusters from the
nanopores of the surface layer, thereby hindering
the formation of the self-assembled localized micro-
scopic electrochemical cell. Figure 4b displays
another SEM image of the etched silicon wafer.
We can see that some nanopores still exist on the
surface layer (indicated by the dark arrow), but
there are no silver nanoclusters on the walls of the
nanochannels or in the nanopores. It can be inferred
from the two SEM images that the formation of the
nanopores is a precondition for the subsequent sili-
con nanowire growth. Initially, many small, flat
honeycombs form around one tiny deposited silver
nanocluster. In other words, numerous nanosized
honeycomb-like anodes and silver atoms acting as
the local cathode form an electrochemical cell. With
increasing etching time, the honeycombs around the
silver nanoclusters are etched further, and many of
them combine to form one nanopore (see the black
arrow in Fig. 4b). Finally, the silicon honeycombs
around the silver nanoclusters acting as anodes
are etched together, forming the SiNWs.

The diffusion process of the silver nanoclusters
can also be observed on the control silicon wafers
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with no subsequent ultrasonic treatment. At the ini-
tial stage, the deposited silver atoms form nuclei
first and then nanoclusters, which are distributed
on the surface of the silicon wafer, as shown in
Fig. 5a. The corresponding EDX spectrum in Fig. 5b
provides direct proof. Figures 5¢c-5h show the SEM
images of the silicon wafers etched for different
times. In Figs. 5¢ and 5d, the silver nanoclusters
can be seen in the silicon nanowire array. After
etching for 30 min., changes are observed on the
surface of the silicon wafer. Many silver nanoclus-
ters diffuse and stick together on top of the SINWs
(see Fig. 5e). In the samples etched for 40 min. and
50 min., the silver dendritic nanostructures can be
found, as shown in Figs. 5f and 5g. The deeper the
silicon wafer is etched, the more the silver nanoclus-
ters diffuse and stick. In the 60 min. etched sample,
we can see symmetrical branches of silver dendrites
on the surface (see Fig. 5h). Figure 5i shows the
cross-sectional SEM image of a 40 min. etched sili-
con wafer. It can be observed that the SINWs are
nearly perfectly perpendicular to the surface of the
silicon wafer and have a uniform distribution.

We have also etched a plasma-treated silicon
wafer with a diamond-like carbon (DLC) surface film
using the same experimental procedures.’” Because
the carbon film cannot be etched away, no SiNWs
are observed, but a large number of silver nanoclus-
ters form on the surface (see Fig. 6). The results
further prove that the formation mechanism of the
silver dendrites is in situ growth of the SiNWs.

The formation mechanism of these observed silver
dendritic nanostructures is schematically illus-
trated in Fig. 7. At the beginning, silicon etching
and silver deposition occur simultaneously on the
silicon surface. These cells can self-assemble on
the surface of the silicon wafer. The synchronized
growth of silver dendrites should be considered
within the framework of a diffusion-limited aggre-
gation model,”" which involves cluster formation by
the adhesion of a particle via a random path to a

Fig. 4. SEM images of the silicon wafer etched by a different procedure, showing (a) many silver nanoclusters in the etched silicon wafer surface
and (b) no silver nanoparticles in the nanopores.




Intergrowth Mechanism of Silicon Nanowires and
Silver Dendrites

Fig. 5. SEM images of the silicon wafers etched for different times in a 5.0 mol/L HF solution containing 0.02 mol/L silver nitrate at 50°C: (a) 30
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sec, (c) 10 min., (d) 20 min., (e) 30 min., (f) 40 min., (g) 50 min., and (h) 60 min. (b) EDX spectrum of deposited nanoclusters shown in 30 s
etched silicon wafer. (i) Cross-sectional SEM image of 40 min. etched silicon wafer.
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Fig. 6. SEM image of the silver film formed on the diamond-like
carbon film.

selected seed on contact and allows the particle to
diffuse and stick to the formed structure. The in situ
prepared honeycombs around the silver nanoclus-
ters can be regarded as the templates, similar to

the work of Xiao on the synthesis of ultrasonically
assisted template of palladium and silver dendritic
nanostructures.’” During the initial stage, a high
concentration of the silver salt and reduction agent
lead to reduction-nucleation-growth of the silver
nanoclusters, forming a chain-like network. As the
reaction continues, the concentrations of both the
silver salt and reduction agent greatly decrease.
The growth of silver nanoclusters is then mainly
driven by the decreased surface energy resulting in
the formation of the dendritic silver nanostructures.

CONCLUSIONS

The SiNWs and unique silver dendritic nano-
structures have been self-organized via a simple
electroless metal deposition method. Formation of
the silver nanoclusters and SiNWs can be under-
stood on the basis of the self-assembled localized
microscopic electrochemical cell model. Using in
situ prepared honeycombs around the silver nano-
clusters as the templates, the synchronous growth
of silver dendrites is considered within the frame-
work of a diffusion-limited aggregation model. On
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Fig. 7. Schematic illustration of the intergrowth process of the SiNWs and silver dendrites.

the basis of our proposed mechanism, we believe
that the electroless metal deposition technique
may also be extended to other metal/semiconductor
systems, such as the formation of InP, SiC, and GaN
1D nanostructures.
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