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*e process of gold nanoparticle (AuNP) precipitation on the silicon (Si) surface by galvanic replacement (GR) in dimethyl
sulfoxide (DMSO) solution depending on the concentration of H[AuCl4], temperature, and duration was investigated. It is
established that with an increase in the concentration of [AuCl4]− ions (from 2 to 8mM H[AuCl4]), both the size of AuNPs and
their surface coverage density are increased. It is demonstrated that an increase in temperature causes the size of AuNPs to
increase from 40 to 80 nm at 40°C to 80–120 and 120–160 nm at 50 and 60°C, respectively. As the duration of the GR process
increases, there is a tendency of the particle size growth. Under the studied deposition conditions, the organic aprotic solvent
medium contributes to the formation of spherical AuNPs with 2D substrate filling. It is established that the AuNPs deposited on
the silicon surface catalyze the process of metal-assisted chemical etching (MacEtch), which makes it possible to obtain Si
nanostructures in the form of nanowire arrays.

1. Introduction

MacEtch is one of the anisotropic methods for obtaining Si
nanostructures of different morphologies, in particular
porous Si [1–4], nanowires, and complex nanostructures
[5–10]. *ey are the basis for modern devices used in
nanoelectronics [11], optoelectronics [12–15], and devices
for energy conversion and storage [16–19]. *is method
involves the deposition of the discrete metal nanoparticles as
well as the porous metal nanofilms on the Si surface. *ese
metals serve as the catalysts of local etching of the substrate
in solutions based on oxidant and acid [1]. MacEtch occurs
through the electrochemical mechanism, when metal
nanoparticles (MNPs) are the cathode regions and the sil-
icon surface in direct contact with MNPs is the anode. *us,
electrochemical reduction of hydrogen in the cathode region
and local dissolution of Si with the formation of pores in the
anode region occur. *e higher potential difference

(ΔE � E0
Nn+/N −E0

Si4+/Si) between cathode and anode sections
leads to the greater rate of these processes. *is is primarily
due to the value of the standard electrode potential for the
metal (E0

Nn+/N).*erefore, metals which are characterized by
high values of this parameter, such as noble metals (Au, Pt,
Ag, and Pd), are used for MacEtch [8, 14, 19–21]. Noble
metals are also characterized by high chemical and elec-
trochemical resistance at the nanoscale level. *e pre-
dominant use of AuNPs as the catalysts in the MacEtch
method is due to the highest value of its standard electrode
potential (E0

Au3+/Au � 1.49V) and, consequently, to its high
catalytic activity.*is contributes to directional local vertical
etching of the Si surface and allows the Si nanowires to be
extracted with a high aspect ratio [1, 5, 10].

*e most common methods of metal nanoparticle
(MNP) deposition on a Si surface are the physical ones
[22, 23]. *ey require the use of expensive equipment and
are energy consuming. *erefore, in the last decade, there is
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a tendency to find alternative methods, among which is GR
[24–26]. Mostly, GR is carried out in an aqueous solution,
where the hydrogen release on cathode regions and the
etching of a substrate occur besides the main process of
metal recovery as byprocesses [25, 27–30]. *is complicates
the controlled formation of MNPs, as a necessary condition
for the surface modification. As it was shown in our previous
works [31–34], GR in the organic solvent medium over-
comes these disadvantages of aqueous solutions. In addition,
organic solvents often play a role of a surfactant due to their
electron-donor properties, affecting the geometry of nano-
particles and their size distribution.

*is study aims to establish the optimal conditions for
the control over the deposition process of catalytically active
AuNPs with good density and geometry on the Si substrate
surface by GR method thanks to the use of DMSO solvent.
*ese synthesized AuNPs are predicted to be used for
fabrication of Si nanostructures of given morphology via the
MacEtch method.

2. Experimental

For our studies, n-Si(100) substrates with resistivity of
4Ω·cm were used. *e substrate was cut into equal pieces of
1× 1 cm2. *e samples were preliminary washed in acetone
and ethanol in ultrasonic bath and then etched in a solution
containing 5% HF and DMSO solvent for 10min. *e de-
position of gold on a Si surface was carried out by the GR
method from solutions of 2–8mM HAuCl4 (HAuCl4·3H2O,
99.99%, Alfa Aesar) in the presence of HF (1% mass) in
DMSO solvent (99%, Alfa Aesar). Afterwards, the samples
were immersed in a solution of metal salt and kept in a
hydrostatic mode at the temperatures of 40–60°S for 0.5–
4min. After AuNPs were deposited onto Si surface, the
samples were washed sequentially with ethanol and acetone
and dried at the temperature of 60°C.

*e etching of the modified Si surface was carried out in
a solution based on HF (40%), H2O2 (35%), and deionized
water H2O. *e volumetric ratio of the components used in
etching solution was 4 :1 : 4.*e etching was performed for a
duration of 15min at room temperature, after which the
samples were washed in deionized water and dried in a heat
chamber (80°C).

*e morphology of the Si surface after the AuNP de-
position and MacEtch was studied using scanning electron
microscopes ZEISS EVO 40XVP and SELMI REM-106I,
respectively. *e images of the modified surface were ob-
tained by recording secondary electrons by scanning an
electron beam of 20 kV energy.*e chemical composition of
the resulting precipitates was characterized using the energy-
dispersive X-ray spectroscopy (EDX).

AuNP size and density were determined by using the
public domain Java image processing program ImageJ2 [35].
*e ImageJ2 package is a free cross-platform software with
an open architecture that allows calculating areas and sta-
tistical indicators of pixel values of different areas on images,
extracted manually or using threshold functions. *e sta-
tistical histograms were obtained using ORIGIN software
pack with its standard deviation values of nanoparticle size.

3. Results and Discussion

Galvanic replacement of gold by silicon in DMSO-based H
[AuCl4] solutions containing HF occurs by reaction (1). *e
process is carried out according to the electrochemical
mechanism, which includes the presence of anode and cathode
regions on the substrate surface where the electrically gener-
ating half-reaction (2) and the half-reaction of the [AuCl4]− ion
reduction (3) are localized.*e high value of the electromotive
force of the process ΔF0(E0

Au3+/Au −E0
[SiF6]2− /Si � 2.62V) pro-

vides high cathode current densities and, accordingly, high
rates of total reaction (1).

4 AuCl4 
−

+ 3Si + 18F− � 4Au + 16Cl− + 3 SiF6 
2−

(1)

Anode region: Si + 6F− ⟶ SiF6 
2−

+ 4e,
E0 � −1.20V

(2)

Cathode region: AuCl4 
−

+ 3e⟶ Au + 4Cl−,
E0 � 1.42V

(3)

*e high stability of complex ions [AuCl4]− (Kinstab.

� 1 · 10−19) causes a significant cathode polarization of gold
reduction. Cathodic polarization also intensifies the formation
of surface complexes on nanoclusters and metal nanoparticles
due to donor-acceptor coupling of adsorbed donor-based
solvent molecules [31]. *is contributes to the formation of
small-sized spherical particles, as well as their uniform dis-
tribution over the whole substrate surface (Figures (1)–(3)). As
it follows from EDX analysis, GR in DMSO solvent results in
the formation of Au deposits on the surface of Si (Figure 1(d)).

*e concentration of precipitating metal ions and the
temperature significantly affect the cathodic polarization.
*us, with an increase in the concentration of H[AuCl4]
from 2 to 8mM, the particles’ size and their density on the Si
surface increase (Figure 1). A tendency of the agglomerates
formation is also observed (Figure 1(c)). However, there is a
2D substrate filling with particles up to 100 nm in size
(Figures 1(a) and 1(b)). Consequently, the concentration of
ions [AuCl4]− is an effective factor of influence on the
morphology of AuNPs deposited by GR onto the Si surface.

*e temperature in the electrochemical processes is a
depolarizing factor. When it increases, the rate of the
electrically generating reaction of the anode dissolution of Si
rises (2) and, consequently, the current density at the
cathode regions (icathode) increases, thus leading to an in-
tensification of the cathode metal reduction (3). *erefore,
an increase in the temperature from 40 to 60°C tends to
cover the substrate surface by the increasing amount of
deposited AuNPs (Figures 1(b), 2(a), and 2(b)). An increase
in the temperature also causes desorption of DMSO mol-
ecules from nanoclusters and AuNPs. Consequently, the
inhibitory effect of the surface complexes on the nano-
particle growth decreases, and the “smoothing” effect is
neglected. *erefore, the size of AuNPs increases from 40 to
80 nm at 40°C to 80–120 nm and 120–160 nm at 50 and 60°C,
respectively (Figures 2(c)and 2(d)).
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During GR of gold on the Si surface by reaction (1), the
size of AuNPs grows in time without an increase in their
amount (Figure 3(d)). *is indicates that the process of
nucleation occurs in the initial period of GR, and in the
future, the predominant growth of the formed particles takes
place (Figures 3(a)–3(c)). It is known [36] that the activation
energy of the nucleation process is much greater than that of
the nanocluster and nanoparticle growth. *erefore, the last
process has a priority. *us, the duration of GR process is
one of the factors influencing the sizes of AuNPs on the Si
surface.

One of the main applications of galvanic replacement of
AuNPs on the surface of Si is the creation of Si nanowires.
At the same time, it is important to obtain an array of
discrete Au nanoparticles. Wu et al. [2] synthesized den-
dritic Au layers on the Si wafer surface by the GR method.
Furthermore, they have shown that the MacEtch of such
samples produces a porous structure but not an array of
nanowires. In contrast to the authors of the paper [2], we
synthesized discrete AuNPs by the GR method, the com-
pactness and density of which on the Si wafer surface being
controlled by selecting a proper temperature and de-
position time. No dendritic structures were found,
however.

Next, we used these synthesized AuNPs for fabrication of
Si nanowires of given morphology by means of the MacEtch
method. As a result of etching of the Si wafer samples
covered with AuNPs deposited from a solution of 4mM H
[AuCl4] at 50°C in the HF-H2O2-H2O etchant for 15min, the
arrays of Si nanowires on a Si wafer surface were formed
(Figure 4). *e morphology of Si nanowires is similar to

those obtained by other scientists [37]. Such a rough surface
morphology is promising from the point of view of ultra-
high light absorption, where the nanoforest acts as an an-
tireflective surface.

In Figure 4(a) we see that the nanowires are quite densely
spaced, forming a thick nanoforest. So, in this case, it makes
sense to conclude a high surface coverage of Si wafer with
nanowires.

*e cross section SEM image (Figure 4(b)) allows to
estimate the main nanorod parameters and average size. *e
nanowires’ diameter ranges from 100 to 300 nm, and the
height is about 2.5 μm (estimated from inset in Figure 4(b)).
*e vertical etching rate was 167 nm/min, so the height is a
function of etching time. We can predict that with longer
etching times the height of the nanoforest will increase. As
the nanowires’ height was the same order, we can assume
that the AuNPs synthesized in the DMSO solvent show a
good adhesion to the surface of Si wafer. Further studies are
needed however.

All technological conditions for the AuNP formation
on the surface of silicon wafers are suitable for the
nanowire fabrication, since, as it was shown in [9, 37], Si
nanostructures are formed using the metal catalysts both,
in the form of discrete close-packed particles, and porous
films as well. On the other hand, AuNPs in the form of a
porous film are not suitable for plasmonics as the plasmon
effects depend on the size and distance between the metal
nanoparticles. In our case, the technological conditions for
the deposition of AuNPs allow to obtain discrete particles
in which plasmon effects can be manifested. *ese issues
require further studies.

2µm

(a)

2µm

(b)

2µm

(c)

1 2

Au

Au

Si

3 4
Energy (kev)

5 6 7

(d)

Figure 1: SEM image of the Si surface covered with gold deposited from a solution containing 2mM (a), 4mM (b), and 8mM (c) H[AuCl4]
by the GR method in the DMSO solvent for 1min at 50°C and EDX spectrum (d).
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Figure 2: SEM image of the Si surface covered with gold deposited from a solution of 4mMH[AuCl4] by the GRmethod in DMSO for 1min
at 40°C (a), 50°C (b), and 60°C (c), and the size distribution histograms of AuNPs (d).
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Figure 3: Continued.
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4. Conclusions

Gold nanoparticles up to 100 nm are deposited on the Si
surface at 2–8mM H[AuCl4] in the DMSO solvent in the
presence of fluoride ions by the GR method at 40–60°C. *e
organic aprotic solvent medium contributes to the forma-
tion of spherical metal particles and the 2D surface filling of
the Si surface and also prevents the side processes to occur
during GR. *e main factors influencing the size of AuNPs
are the concentration of H[AuCl4], temperature, and the
process duration. As their values increase, the size of the
nanoparticles increases as well. Gold nanoparticles syn-
thesized by the GR method in the mixture of H[AuCl4] and
organic DMSO solvent on the Si wafer surface gave the
possibility to produce more complex structures by means of
the MacEtch technique in the form of Si nanowire arrays,
which are one of the most promising materials for modern
nanoelectronic devices. *us, the control over the process of

GR of AuNPs of given morphology, shape, size, and dis-
tribution on the Si surface opens up the opportunity to
create more complex device structures.
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Figure 4: Top-view (a) and cross section (b) SEM images of Si nanowires arrays formed after the 15min HF-H2O2-H2O etching of Si
substrate covered with AuNPs deposited from a solution of 4mM H[AuCl4] at 50°C.
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Figure 3: SEM image of the Si surface covered with gold deposited from a solution of 4mMH[AuCl4] by the GR method in DMSO at 50°C
for 0.5min (a), 1min (b), and 4min (c), and the size distribution histograms of AuNPs (d).
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