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Abstract

Via electroless metal deposition, we have successfully synthesized micrometer scale silver disks with perfectly

hexagonal structure on Si-incorporated diamond-like carbon (Si-DLC) films and discussed their growth mechanism in

terms of self-assembled localized microscopic electrochemical cell model and diffusion-limited aggregation process. The

self-assembled electrochemical reaction automatically ceases by exhausting all the Si nanocrystalline clusters on the

surface of the amorphous carbon matrix. The growth of silver disks on Si-DLC films follows Volmer–Weber growth

mechanism and the rate of nucleation is slow. The disks have a fcc crystal structure with (1 1 1) stacking faults lying

parallel to the (1 1 1) surface and extending across entire disk.
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1. Introduction

Very recently, several groups have taken pro-
gress in making nanodisk-like particles [1–6]. The
silver nanoprisms with triangular or truncated
triangular shape [3] and nanodisks with truncated
triangular or hexagonal shape [4] have been
observed using different methods. These peculiar
d.
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silver nanostructures have optical properties dif-
ferent from silver nanospheres and can be expected
to have applications in optics [3,4]. However,
synthesis of perfect hexagonal micrometer scale
silver disks and experimental evidence for their
growth process are still absent.
In this work, we report a self-organized synth-

esis of perfectly hexagonal micrometer scale silver
disks via electroless metal deposition on Si-
incorporated diamond-like carbon (Si-DLC) films.
Electroless metal deposition in ionic metal (silver)
HF solution is based on microelectrochemical
redox reaction in which both anodic and cathodal
processes occur simultaneously at the wafer sur-
face [7]. The method is a very simple and low-cost
fabrication technique and has been widely used
in microelectronics and metal coating industry
[8–10].
2. Experimental procedure

Si-DLC films were deposited on p-type, B-
doped Si (1 0 0) (1–5O cm) wafers using Si cathodic
arc and acetylene dual plasma immersion ion
implantation & deposition (PIII&D) [11,12]. The
details of the deposition method are described as
follows: acetylene gas was first bled into the
vacuum chamber at the vicinity of the metal arc
discharge plume. In this way, the gas plasma was
simultaneously induced when the cathodic arc was
triggered. The arc was ignited within the pulse
duration of about 300 ms and repetition rate of
60Hz. The amount of the silicon discharge was
controlled by the main arc current between
cathode and anode. The plasma was guided into
the vacuum chamber by an electromagnetic field.
The duct was biased to 20V to build up a lateral
electric field while the external solenoid coils
wrapped around the duct produced the axial
magnetic field with the magnitude of 100G. The
samples were positioned about 15 cm away from
the exit of the plasma stream.
After the deposition, one set of samples were put

in a 5.0mol/L HF solution containing 0.02mol/L
silver nitrate at 50 1C for 60min. The container
was a conventional teflon-lined stainless steel
vessel. In the case of silver deposition, the etched
wafer is always covered with a layer of loose silver
dendritic film and can be easily scraped using a
knife [13]. For microstructural observation, the
silver dendrites were detached and the resultant Si
wafer was ultrasound treated in a water bath for
10 s to clean the surface and then further rinsed
with de-ionized water and blown dry in air.
Powder X-ray diffraction (XRD) spectrometer

was used to characterize the silver nanostructures.
Data were collected on a Japan Rigaku D/Max-
RA X-ray diffractometer with Cu Ka radiation
(l ¼ 1:54178 (A). The morphology and chemical
composition of the samples were characterized
with a FEG JSM 6335 field-emission scanning
electron microscope (SEM) and an Oxford INCA-
200 energy dispersive X-ray spectrometer (EDX).
All the measurements were performed at room
temperature.
3. Results and discussions

Recently, some investigators commonly utilize
the term ‘‘electroless deposition’’ interchangeably
to describe three fundamentally different plating
mechanisms [14]. They include autocatalytic, sub-
strate catalyzed, and galvanic displacement pro-
cesses. Autocatalytic plating baths are commonly
employed in electronics fabrication and typically
contain a metal salt, pH adjuster, complexing
agent, reducing agent, and other various additives.
Once initiated, the reduced metal species serve to
catalyze subsequent metal reduction [14]. Simi-
larly, substrate catalyzed deposition baths also
contain a metal salt and reducing agent, but metal
reduction is facilitated on the substrate surface,
and once completely coated, metal ions cease to be
reduced from solution [15,16]. Galvanic displace-
ment proceeds in an entirely different manner, in
that deposition is carried out in the absence of an
external reducing agent or electric current, the
reducing electrons are derived from the valence
band or bonding electrons of the solid and reduce
metal ions in solution to metallic particles on the
surface [17]. Deposition proceeds as long as
oxidized substrate ions are able to permeate
through the metal film into solution, or until a
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Fig. 1. (a) SEM image of the surface morphology of the etched

Si-DLC film after the detachment of silver dendrites, (b) a

higher magnification SEM image of Fig. 1(a). (c) EDX

spectrum of the silver nanoparticles.
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dielectric layer of oxidized substrate forms, there-
by, halting electron transfer.
In this case, Si–Si bonds in the crystal lattice of

Si-DLC films act as the reducing agent for the
Ag+ ions in solution. Ag+ ions in the vicinity of
the silicon surface capture electrons from the
valence band of silicon and are deposited in the
form of metallic silver nuclei. With the deposition
and growth of silver nuclei, SiO2 is formed
simultaneously underneath the silver nanoparti-
cles. HF is necessary here because the silicon oxide
produced must be etched away and dissolved into
water, leading to Ag(s) and concomitant oxidation
of Si(s) to SiF6

2– in the following spontaneous
redox reaction:

4AgþðaqÞ þ SiðsÞ þ 6F�ðaqÞ ! 4AgðsÞ þ SiF2�
6 ðaqÞ.

In our previous work, silver capped Si nano-
wires were found when etching the Si wafer
continuously using aforementioned electroless
metal deposition method [18–20]. This is consistent
with galvanic displacement proceeding, because
the oxidation and dissolution of the silicon
substrate occur selectively and continuously be-
neath the metal deposits. Herein we describe the
implementation of this facile methodology to
prepare perfectly hexagonal micrometer scale
silver disks on Si-DLC films, where the self-
assembled electrochemical reaction automatically
ceases by exhausting all the Si nanocrystalline
clusters on the surface of the amorphous carbon
matrix.
Fig. 1(a) exhibits the SEM image of the surface

morphology of the etched Si-DLC film. Sparse
particles are distributed on the surface. A magni-
fied SEM image of particle distribution is pre-
sented in Fig. 1(b). The distance of two particles
can be seen to be �6 mm, which is also the mean
distance of close-packed particles in Fig. 1(a). Our
EDX analysis proves that these particles on the
silicon substrate are silver (Fig. 1(c)). Further
characterization on silver particle is shown in
Fig. 2. We found that the silver particles have a
perfect hexagonal shape. The diameters are in the
range of 2–3 mm.
In the case of silicon substrate, silver nanocrys-

tallite films form spontaneously by immersion of a
degreased silicon wafer (/1 0 0S-orientation, p-
type) in HF–AgNO3 solution for 30 s. The
obtained SEM results revealed that the thin silver
film is dispersive and nanostructured, with grain
sizes on the order of 100 nm (see Fig. 3). Unlike
other metal nanoclusters such as Pt, Cu, Fe, etc.
which have a strong tendency to coalesce and form
a continuous grain film in the process of electroless
metal deposition, the silver nanoclusters deposit-
ing on the wafer surface form tree-like dendrites,
which involves in cluster formation by the adhe-
sion of a particle with random path to a selected
seed on contact and allows the particle to diffuse
and stick to the formed structure [13,18,21].
On 60min etched Si-DLC substrate, loose film

composed of fine silver dendrites with shapely
stems, symmetrical branches, and leaves were also
found (see Fig. 4(a)). Typical XRD pattern of the
silver dendritic nanostructures is shown in Fig.
4(b). The four diffraction peaks can respectively be
indexed to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1)
planes of face-centered-cubic (fcc) silver, with a
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Fig. 2. From (a) to (d), SEM images (scale bar: 500 nm) of individual silver disk. (e) Schematic diagram of profile view of a silver

crystal (1 1 1) oriented on the substrate.

Fig. 3. SEM image of silver nanocrystallite films formed

spontaneously by immersion of a degreased silicon wafer

(/1 0 0S-orientation, p-type) in HF-AgNO3 solution for 30 s.
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lattice constant of a ¼ 4:080 (A, which is in agree-
ment with the reported value a ¼ 4:086 (A (JCPDS
04-0783). The silver film is rather loose and
could be easily detached using a knife from the
surface of Si-DLC substrate. Hexagonal micro-
meter scale silver disks are just under the dendritic
film and attached on the surface of Si-DLC.
Obviously, galvanic displacement of Ag ions from
hydrofluoric acid solutions onto Si-DLC film was
halted when exhausting all the Si nanocrystalline
clusters on the surface of the amorphous carbon
matrix.
The mode of growth for deposition of a metal

onto a foreign substrate is dependent on the
interaction energy between the adsorbed metal
atom and the substrate and on the difference in
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Fig. 4. (a) SEM image of the silver dendrites and (b) XRD

pattern of the silver dendrites.
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inter-atomic spacing between bulk metal phase
and the substrate [22]. In general, for any growth
process the growth mechanism and the structure
of the deposited film are determined by the
relative rates of the particle flux and surface
diffusion. Three different modes of growth can
be identified: layer by layer (Frank–van der Merwe
growth), 3D island formation (Volmer–Weber
growth) and Stranski–Krastanov growth. In many
cases, deposition of metals onto semiconductors
follows a 3D island formation mechanism of
growth due to the weak interaction energy between
the adsorbed metal atom and the semiconductor
[17,23–28].
The rate law for growth of 3D islands during
electrochemical deposition is dependent on the
mechanism of nucleation and growth. Models for
electroless deposition onto a foreign substrate
usually assume that nucleation occurs at certain
specific sites on the surface [29,30] and the
nucleation mechanism is generally described in
terms of either instantaneous or progressive
nucleation [17]. If the rate of nucleation is fast in
comparison with the subsequent rate of growth,
then nuclei are formed at all possible growth sites
within very short times and nucleation is consid-
ered instantaneous. Conversely, if the rate of
nucleation is slow, then nucleation will continue
to occur at the surface while other clusters are
growing and nucleation is considered progressive.
Therefore, Si–Si bonds supply the electrons used

to reduce the silver salts on the surface, leading to
subsequent dissolution of the Si nanocrystalline
clusters on the surface of the amorphous carbon
matrix as the oxide. The growth of silver disks on
Si-DLC films follows Volmer–Weber growth
mechanism and the rate of nucleation is slow.
The internal crystalline determines the silver
nanocrystal shape, because different crystal planes
have significantly different surface energies: even
nanocrystals with ‘‘spherical’’ morphologies typi-
cally exhibit facetted geometries such as truncated
icosahedrons that reduce exposure of high-energy
crystal planes [31].
Pileni et al. [32] have suggested that the (1 1 1)

stacking faults exist in planelike structures, which
are considered to be the cause for the occurrence
of the 1

3 (4 2 2) forbidden reflections. They have
pointed out that the growth in parallel to the
stacking fault plane is the fastest. Thus, the
existence of the stacking fault is the key for the
formation and growth of the diskette morphology.
This can be confirmed in Fig. 2(b) for the
formation of the silver disks, in which the (1 1 1)
stacking fault planes are apparent. Though the
diffraction peak indexed to the (1 1 1) plane of fcc
silver is not observed in the XRD spectrum of the
etched Si-DLC film with silver disks at a glancing
angle of 1.51 (Fig. 5), the silver disks still have the
same XRD pattern as the silver dendrites when
the measured range is 2y ¼ 25�801 (Fig. 4(b)). In
Fig. 5, we can still see the weak diffraction peak
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Fig. 5. XRD spectrum of the etched Si-DLC film with silver

nanodisks at a glancing angle of 1.51.
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indexed to (2 0 0) plane of fcc silver. Since the
(1 1 1) planes are the basal planes of the prepared
silver disks, the growth at the edges of the disks
should be along the (1 0 0) or (1 1 0) direction (see
Fig. 2(e)) which results in the formation of
polyhedral structures, as shown in Figs. 2(c)
and (d) [4].
4. Conclusion

In summary, a rapid, inexpensive method of
fabricating perfectly hexagonal micrometer scale
silver disks on Si-DLC films has been described on
the basis of electroless metal deposition technique.
Formation of the silver microdisks can be under-
stood on the basis of self-assembled localized
microscopic electrochemical cell model and diffu-
sion-limited aggregation process. The self-as-
sembled electrochemical reaction automatically
ceases by exhausting all the Si nanocrystalline
clusters on the surface of the amorphous carbon
matrix. The growth of silver disks on Si-DLC films
follows Volmer–Weber growth mechanism and the
rate of nucleation is slow. The disks have a fcc
crystal structure with (1 1 1) stacking faults lying
parallel to the (1 1 1) surface and extending across
entire disk.
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