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Selective deposition of gold particles onto silicon at
the nanoscale controlled by a femtosecond laser

through galvanic displacementf
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and Suocheng Wang

Control of the deposition location and morphology of metals on semiconductors is of considerable

importance for the fabrication of metal-semiconductor hybrid structures. For this purpose, selective

nanoscale deposition of gold on silicon was successfully achieved by a two-step method in this paper.

The first preparation step comprises the fabrication of ripples with a femtosecond laser. The second

preparation step is to immerse the samples in a mixed aqueous solution of hydrofluoric acid (HF) and

chloroauric acid (HAuCly). The periodically ablated ripple structures on silicon surfaces fabricated by the

femtosecond laser changed the physical and chemical properties of silicon and then controlled the

nucleation positions of gold nanoparticles. Gold particles tend to grow in raised positions of the ripples

and no substantial growth was observed in the recesses of the ablated ripple structures. Similar
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phenomena were observed on the modified ripple structures; this led to the formation of periodically

distributed gold sub-micron wires. Above all, this paper proposes a new mask-free method of selective

DOI: 10.1039/d0ra03059g

rsc.li/rsc-advances tedious experimental operations.

1. Introduction

Metal-semiconductor hybrid nanostructures demonstrate
excellent properties, as evidenced in some applications such as
catalysts, solar cells, sensors, surface-enhanced Raman scat-
tering (SERS), batteries, and various other applications."™
Among the methods of depositing metals on semiconductors
such as galvanic displacement,’ substrate catalysis," and
autocatalytic deposition,'* galvanic displacement is widely used
as a consequence of its simple operation and wide applica-
tion.”'*** Galvanic displacement is a common method in many
types of metal deposition on semiconductors, including Ag on
Si;* Au on Si;* Pt on Si;** Pd on Si;** Cu on Si;*® and Cu, Ag, and
Au on Ge," etc. Among the existing technologies, direct reduc-
tion deposition of metal ions through galvanic displacement on
semiconductors is a simple, low-cost process, but it is difficult
to control the reductive deposition sites of metal ions. This
makes it impossible to achieve nanoscale selective deposition in
the preparation of metal-semiconductor composite structures.
Some methods such as metal nucleation site arrangement® and
mask treatment'®'® were put forward to solve those existing
problems in galvanic displacement. For example, Masato and
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metal electroless deposition that can be realized without complicated experimental equipment and

Jillian used an ABC triblock copolymer template for the nano-
scale patterning of two metals on silicon surfaces.® However,
the existing methods also have some disadvantages and limi-
tations for instance low production efficiency, complex devices,
poor economy, and other drawbacks. To solve the existing
problems aforementioned, we propose a new method of
femtosecond laser-assisted reduction by galvanic displacement.

This paper aims to address the problematic aspects of such
methods that complicated preparation processes and vitiated
the operability of selective metal deposition and growth. In this
paper, we propose a two-step method to resolve the aforemen-
tioned problems. The first preparation step comprises the
fabrication of ripples with a femtosecond laser. The second
preparation step is to immerse the samples in a mixed aqueous
solution of HF and HAuCl,. In this step, the femtosecond laser
plays a key role for the following gold-selective deposition
because femtosecond laser can selectively process materials and
control their properties. The proposed method may have great
potential for preparing metal-semiconductor composite
structures.

2. Experimental section

Materials

N-type P-hybrid single side polished silicon (100) (5 mm x
5mm x 0.5 mm, p = 0.01-0.02 Q cm), purchased from Nanjing
NXNANO Tech. Co., Ltd were used. The HF solution and
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HAuCl,-4H,0 powders purchased from Sinopharm Chemical
Reagent Beijing Co., Ltd were used. The mass percentage
concentration of HF is 48% to 51%. The purity of HAuCl,-4H,0
is 99.95%.

Substrate fabrication

The femtosecond laser ablation of nanostructures on the silicon
substrate was carried out by using a chirped-pulse Ti:sapphire
laser system (Spectra Physics, Inc., Santa Clara, California, USA;
800 nm, 50 fs, 1 kHz). Before being subjected to femtosecond
laser processing, the samples were ultrasonically bathed with
ethanol and distilled water for 5 minutes each and were dried in
a vacuum oven for 5 minutes at 40 °C. Then the samples were
irradiated by a femtosecond laser. The laser pulse was perpen-
dicularly focused on the sample surface with a 100 mm focal-
length plano-convex lens. The sample was moved by
a computer-controlled six-axis translation stage (HEXAPOD, PI,
Inc., Karlsruhe, Germany) with a movement accuracy of 1 pm in
x-axis and y-axis direction and 0.5 pm in the z-axis direction.
The translating routes were Z-shaped [marked by a red dotted
line in Fig. 1(a)] with different interline distances and trans-
lating speed. The ablation laser fluence was 134 mJ cm ™ 2. After
being subjected to femtosecond laser processing, the samples
were ultrasonically bathed and dried as aforementioned before
processing. Then, the samples were deposited in a mixed
aqueous solution of 100 mM HF and 1.0 mM HAuCl, with
deposition times of 3 min and 10 min, respectively, at 25 °C.
Normal indoor illumination was maintained during the reac-
tion. The samples were immersed in distilled water to remove
residual solution on the sample surfaces after the reaction.

Characterization

The morphology of the fabricated samples was characterized
using a scanning electron microscope (SEM S-4800) and an
atomic force microscope (AFM, Dimension Edge PSS). The
crystal state measurements of fabricated silicon were performed
under 520 nm laser by using a Renishaw inVia Reflex spec-
trometer. The element composition distribution of the nano-
structures was investigated through energy dispersion X-ray
(EDX) spectroscopy. The X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi) was utilized to measure the chemical compo-
sition of the gold particles.

Fs laser irradiation (D)Ablated ripple

(d)

Metal deposition g
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Fig. 1 Schematic of the fabrication process. First, flat silicon samples
were directly irradiated by a femtosecond laser in an air atmosphere
(a), thus forming ablated ripples (b) and modified ripples (c) respec-
tively. Then, the fabricated samples were immersed in a mixed
aqueous solution of HF and HAuUCl, (d) to achieve metal-selective
deposition (e and f).
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3. Results and discussion
Ripple fabrication in open air

Laser ablation of silicon surfaces to make ripples has been
extensively studied in recent years. Scholars have debated the
exact formation mechanisms of ripples, with the most common
point that incident laser light interferes with surface waves.*®
The morphologies of ripples fabricated by a femtosecond laser
are shown in Fig. 2. Fig. 2 Type I is an ablated ripple-processed
structure on a silicon surface made by a femtosecond laser with
a translating speed of 100 pm s~ '; the schematic diagram is
presented in Fig. 1(b). The ablated ripple can be obtained by
performing a line scan with a lower translating speed for
increasing number of effective pulses. Type II is a modified
ripple structure processed on a silicon surface using a femto-
second laser with a translating speed of 1000 um s '; the
schematic diagram is shown in Fig. 1(c). The modified ripple
can be obtained by performing a line scan via increasing
translating speed for decreasing number of effective pulses.
Fig. S1f shows an AFM images of the two kinds of ripples
aforementioned patterned through femtosecond laser ablation.
The modified fringe height was about 14 nm and the ablated
fringe height was about 250 nm and the height spatial distri-
bution perpendicular to the fringe direction has a period of
about 800 nm.

In order to study the crystal characteristics of the different
regions irradiated by femtosecond laser, the micro Raman
spectroscopy experiment was carried out. Raman spectroscopy
is a nondestructive, useful method for measuring the crystalline
state of silicon due to amorphous silicon and monocrystals have
different Raman spectra.”* Fig. 3 shows micro Raman spectra
from different regions in Fig. 2 (different regions are marked by
square, circle and triangle, respectively). The black line is the
reference spectrum of the non-irradiated location of single
crystalline (100) Si. The spectrum has a peak at 520.5 cm ™. The
red line is the spectrum of the modified location and the blue
line is the spectrum of the ablated location. In the two laser

V=100pm-s*!

Type 11

-Zpﬁl
V=1000pm-s!

Fig. 2 Different morphologies of ripples for various translating speed.
Two types exist and can be distinguished by their surface morpho-
logical and chemical characteristics: ablated ripple (Type |, (b) is a high-
magnification version of (a)) and modified ripple (Type Il, (d) is a high-
magnification version of (c)).
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Fig. 3 Micro Raman spectra of (100) silicon surfaces. Non-irradiated
surface (black line); modified nanofringe (red line); ablated nanofringe
(blue line).

treated region, an additional broad band around 473 cm ™" can

be seen. This is the characteristic of amorphous silicon.”* The
micro Raman spectra results show that femtosecond laser
irradiation produced modified nanofringes and ablated nano-
fringes with amorphous silicon which plays a key factor for the
following selective deposition of metal ions.

Growth of gold nanoparticles on ablated ripple of silicon
surfaces via galvanic displacement

As has been mentioned, galvanic displacement has been
applied in many different fields, especially in the fields related
to making nanoscale metallic and semiconductor structures.
Galvanic displacement does not require additional reductants,
and the electrons required to reduce metal ions are provided by
the substrate.">*® During the whole process, it is necessary to
ensure that the oxidized substrates can be dissolved continu-
ously so that the electrons of the substrates can be transferred
to the solution through the surface, thus promoting the
continuous process of the whole reaction. In determining
whether the substrate can react with metal ions and the reaction
direction, it is only necessary to judge the standard electrode
potentials of both.”” In the case of silicon, hydrofluoric acid
must be added to ensure the continuous growth of metals,
because the simultaneous formation of silicon dioxide
produces a dielectric material, which prevents further reduction
of metal ions. In the presence of hydrofluoric acid, the oxide
layer of silicon was dissolved to soluble SiF¢>~ in situ according
to eqn (1):*

Si+ 6F —SiFs> +4e” E

sk js =12 Vs NHE (1)

=+142 V vs. NHE
(2)

AuCly™ +3e” > AW(s) +H4CT Ej 50

In galvanic displacement research, controlling the deposi-
tion position and morphology of metals on semiconductors is
a focus of research and has a crucial influence on their prop-
erties and applications. A search of the literature revealed no
studies using a femtosecond laser for the regulation of metal
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Fig. 4 SEM image of gold particles deposited on different silicon
structures in 100 mM HF and 1.0 mM HAuCl, mixed aqueous solution
for 10 min at 25 °C through galvanic displacement. (a) SEM image of
gold particles deposited on a bare Si surface. (b) SEM image of gold
particles deposited on an ablated ripple of silicon. (c) A high-magni-
fication version of (b).

ion reduction on silicon through galvanic displacement. Gold
ions can be easily deposited on silicon in the presence of
hydrofluoric acid.’ This type of reaction is suitable for the
deposition of many metals on silicon surfaces. Provided that the
redox potential of the metals is higher than the redox potential
of silicon, theoretically, this reaction can be carried out spon-
taneously and metal deposition occurs.”* Therefore, a silicon
sample can be ablated by a femtosecond laser and then
immersed in chloroauric acid aqueous solution containing
hydrofluoric acid for gold ion reduction through galvanic
displacement.

The reagent concentration and deposition time are two key
parameters for the selective deposition of gold particles.

Ilumination is also an important parameter when deposi-
tion takes place on N-type silicon. In the absence of light, the
selective deposition will be weakened, and sometimes there
would be no such experimental results of selective deposition.
When silicon surface is illuminated by white light, it can release
electrons and generates electricity. And it has been reported
that the excess electrons generated on the surface of silicon can
affect the morphology of gold reduction growth.** Therefore, in
all experiments, we have guaranteed the same and appropriate
natural light conditions. In this study, the chemical reaction
took place in the aforementioned system shown in Fig. 1.

Fig. 4(a) shows an SEM image of gold particles deposited on
a bare Si surface after galvanic displacement. The Si surface was
fully covered with gold nanoparticles, and no selective deposi-
tion occurred. Fig. 4(b) shows the SEM image of a ripple
patterned through femtosecond laser ablation and galvanic
displacement. The sample was fabricated by femtosecond laser
with a translating speed of 100 pm s '. Gold particles
completely covered on the protuberant part of the ripple
structure; no substantial growth was observed in the recess

o1 2 3

Position (um)
Fig. 5 AFM image of gold particles deposited on ablated ripple of
silicon in 100 mM HF and 1.0 mM HAuCl, mixed aqueous solution for
10 min at 25 °C through galvanic displacement. (a) AFM image. (b)
Topographic AFM cross-sectional height image along the red line in
panel (a).

This journal is © The Royal Society of Chemistry 2020
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[schematic diagram as shown in Fig. 1(e)]. The selective depo-
sition occurred on the ablated ripple structure. Fig. 4(c) displays
a high-magnification version of (b). Fig. 5(a) shows a three-
dimensional AFM images of a ripple patterned through femto-
second laser ablation and galvanic displacement. Fig. 5(b) is the
cross-sectional height image of (a). The height of the fringes is
about 350 nm and the section shape is similar to a triangle. The
EDX result in Fig. 9(a-d) presents the distribution of gold. The
distribution is highly consistent with the structure. In this
section we prove that a femtosecond laser can control the
deposition area of gold particles on fabricated nanostructures.
We speculate that the selective deposition of gold on the ablated
ripple was due to the change of solute distribution on the
substrate surface and it may be easier to accumulate charges on
the raised position of a ripple to react with the flourishing redox
reaction of gold ions.

Growth of gold nanoparticles on modified ripples on silicon
surfaces through galvanic displacement

The selective deposition of gold was successfully achieved on
the ablated ripple. Three-dimensional nanoscale structures may
be the main reason for selective deposition. To further study
gold-selective deposition by the control of a femtosecond laser,
we designed a gold deposition experiment on the modified
ripples. Fig. 6(a-c) shows SEM images of gold particles depos-
ited on different morphology of ripples with galvanic displace-
ment durations of 3 min. And Fig. 6(d) shows the deposition on
bare silicon with same galvanic displacement durations. The
gold deposited on the protuberant part of ablated ripple fabri-
cated with a scanning speed of 100 um s~ " as shown in Fig. 6(a)
which was similar with the result in Fig. 4(b). With translating
speed increased, ripples with ablation and modified transition
state appeared in the case of a translating speed of 500 pm s "
and gold deposition appeared on the unmodified fringes as
shown in Fig. 6(b). A fully modified ripple was fabricated at
a translating speed of 1000 pm s~ ' and gold deposition took
place on the unmodified fringes as shown in Fig. 6(c). Fig. 2(d)
illustrates two places between fringes on the modified ripple;
gold was deposited in a light-colored region (schematics are
presented in Fig. 1(c) and (e)). A light-colored region is an
unmodified region in which silicon is in a single-crystal state.

Fig. 6 SEM image of gold particles deposited on different types of
ripples and bare silicon substrates through galvanic displacement
events that lasted for 3 min: (a—c) ripple fabricated with translating
speeds of 100, 500, 800, and 1000 pum s~ (d) Bare silicon.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Morphological evolution of gold fabricated through different
galvanic displacement reaction times on modified ripples with
a translating speed of 1000 um s*: (a) 3 min, (b) 5 min, (c) 8 min, and
(d) 10 min.

The deposition growth of gold in the modified fringe region was
suppressed and the nanoscale control of gold nucleation sites
was realized by femtosecond laser-assisted galvanic displace-
ment on the surface of modified planar silicon. Arrays of gold
sub-micron wires formed on the surface of the silicon. The
width of each sub-micron wires was approximately 300 nm, and
the distance between them was approximately 480 nm. As the
translating speed of the femtosecond laser increased, small
amounts of gold particles appear in the modified region. The
reason for this phenomenon may be that the surface of the
modified ripple has different surface depressions and modifi-
cation depths under different pulse numbers,* which affects
the degree of inhibition of gold deposition in the modified
region. And different crystal types of ripple fringes may also be
a cause of the selective deposition of gold particles on silicon
substrates due to the growth of gold nanostructures on silicon
through galvanic displacement is termed heteroepitaxial
growth.”

When the deposition time was increased, the modified
substrate fabricated with a translating speed of 1000 um s~ * had
little effect on the gold particles selective deposition and gold
particles appeared on the modified fringes as shown in Fig. 7.
We measured the size of the 10 larger gold particles in the four
images in Fig. 7 respectively. And made a line chart of the
average diameter as shown in Fig. S4.1 According to the Fig. 7
and S4,7 the number and size of gold particles in the modified
fringes increased with time. According to the morphology of
gold particles in Fig. 7, the growth of gold is indicative of
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Fig. 8 AFM images for different galvanic duration times of gold
particles deposited on modified ripples fabricated with a femtosecond
laser translating speed of 1000 um s~ (a) 3 min, (b) 5 min, (c) 8 min,
and (d) 10 min. (e) is the topographic AFM cross-sectional height image
along the red line of (a—d).
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Fig. 9 EDX result of gold particles deposited on ablated ripples (a—d)
and modified ripples (e—h) fabricated with translating speeds of 100
pms~tand 1000 pm st respectively; galvanic displacement durations
were 10 min and 3 min respectively.
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Fig. 10 XPS spectrum for Au 4f and C 1s: (a) Au 4f spectra; (b) C 1s
spectra.

Volmer-Weber growth, which is in accordance with a previous
report.> Large-area selective deposition can be carried out using
the aforementioned method (see ESI Fig. S2 and S37) and the
experiment has high repeatability. Fig. 8 shows a three-
dimensional AFM images of a ripple patterned through femto-
second laser modification and galvanic displacement. Fig. 8(a-
d) is the morphological evolution for different galvanic
displacement reaction times of 3 min, 5 min, 8 min and 10 min
and (e) is the cross-sectional height images of (a-d). The fringe
height increased with time and the cross-sectional shape
between fringes changed from a rectangle at 3 minutes to
a triangle at 10 minutes. Fig. 9(e-h) shows the element distri-
bution of the nanostructured gold particles deposited on
modified ripples and silicon substrates after galvanic displace-
ment; the distribution is highly consistent with the structure.
Fig. 10 is an XPS test on the gold particles reduced on the ripple
substrate shown in Fig. S2(c).t Fig. 10(a) is the X-ray photo-
electron spectroscopy (XPS) of Au 4f spectra and Fig. 10(b) is the
XPS of C 1s for charge correction spectra and C 1s binding
energy region shows peak centered at 284.6 eV. The XPS spec-
trum in the Au 4f;, and Au 4f;), binding energy region shows
peaks centered at 84.2 eV and 87.9 eV, respectively, indicating
that the successful deposition of metallic gold.

4. Conclusion

In this study, we proposed a novel, simple, mask-free galvanic
displacement method to realize the selective deposition of gold
particles with a femtosecond laser. The proposed method has
only two simple steps. The first preparation step comprises the
fabrication of ripples with a femtosecond laser. The second
preparation step is to immerse the samples in a mixed aqueous
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solution of HF and HAuCl,. By optimizing the deposition time
and solution concentration of the galvanic displacement reac-
tion, highly ordered gold sub-micron wires can be prepared. It
can be inferred from the experimental results that the width
and spacing of the gold wires can be controlled by controlling
the width and spacing of the ripple fringes. The essential cause
of the selective deposition of metals is the selective regulation of
material properties by nanoscale application of a femtosecond
laser. This method is suitable for the selective deposition of any
metal ions that can undergo redox with silicon under appro-
priate reaction conditions and has high repeatability. This
method may have great application potential for preparing
metal-semiconductor composite structures, including fabrica-
tion of sub-micron wires, metal-assisted semiconductor
etching, energy storage, metal grating production, and other
processes.
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