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Abstract

The hierarchical nanoporous structure is often described as a corrosion-derived, bi-continuous porous network
of interconnected ligaments. Nanoporous metallic materials have attracted much interest as they hold great potential
for advanced applications in various areas. In this study, nanoporous Au-Ag thin films were formed on the n-doped Si
(110) wafers, using magnetron sputtering deposition and subsequent electrochemical etching in HF solution. The
etched Aug 124802350065 film had a highly rough surface, including ligaments in sizes of 30-40 nm and small pore
channels with cross sizes of 10-30 nm on SEM analysis. AES depth profiling data showed that Ag atoms tended to
distribute more on the surface than underlying regions after the dealloying process. The thicknesses of films before
and after etching were approximately 150 nm and 100 nm, respectively. The nanoporous film exhibited a significant
current response toward the electrochemical oxidation of phenol at 0.7 V. The results indicate that the as-fabricated
nanoporous Au-Ag structure with the mentioned characteristics can be studied further for potential applications in
chemical and biochemical areas.
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Tém tit

Cdu triic nano xop hierarchy thwong dwoc néi dén nhir mot mang lwdi xop cia céc ligament gdn két véi nhau
dwoc hinh thanh do qud trinh an mon. Cdc vat liéu kim loai nano x6p van luén thu hit nhiéu sw quan tam vi chiing c6
tiém nang lon cho cac ing dung tién tién trong nhiéu linh vuc khdc nhau. Trong nghién ciru nay, mang mong Au-Ag
nano xop da duogc tao thanh cong trén nén n-doped Si (110) wafer bang ky thuat lang dong phun x@ magnetron va
etching trong dung dich acid HE. Mang mong nano xép Au-Ag dwege cdu tric tir cdc ligament c6 kich thude khodng
30-40 nm véi cdc 16 xép nhé dang kénh ré c6 kich thude chiéu ngang khoang 10-30 nm. Qud trinh phén tich theo
chiéu sdu ciia mang nano xop bang AES cho thdy rdang cdc nguyén tir Ag cé xu huéng phdn bé nhiéu hon trén bé mdt
s0 voi cac lop bén dudi. B day cua mang truoc va sau khi xue ly o khoang 150 nm va 100 nm. Mang mong Au-Ag
nano xép cho tin hiéu dong dang ké doi voi qud trinh oxy hoa phenol khi ap mot dién thé 60,7V, Nghién citu cho thay
mang moéng Au-Ag nano xop da dwoc diéu ché véi nhing ddc tinh néu trén c6 thé la mot chii dé nghién ciu day tiem
nang cho cac ung dung trong cdc linh viee héa hoc va hoa sinh.
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1. Introduction

The nanoporous (NP) structure has attracted great
interest owing to its distinct physical and chemical
properties compared to the compact system (Kwon et al.,
2024). Constructed by interconnected ligaments and
nanopore channels, NP metallic thin films with large
specific surface areas hold great potential applications in
diverse areas, such as electrochemical sensors, optical
devices, and catalysts (Kwon et al., 2024; Yuan et al.,
2024). Nanoporous gold (NPG) is a three-dimensional
bi-continuous NP network evolved from a corrosion or
corrosion-like process. An important feature of NPG is
its high surface-to-volume ratio due to a large fraction of
low-coordinated surface atoms (Kim, 2018, 2021), which
are normally located on terraces (CN =9), steps (CN =
7), or kink sites (CN =6). These are crucial for enhanced
catalytic activity, selectivity, and optical behavior. The
NPG with such a distinct structure exhibits important
features, including high surface area, excellent
conductivity,  tunable  porosity, = biocompatibility,
mechanical rigidity, and chemical stability (Kim, 2018;
Quynh et al., 2014; Seker et al., 2009). Hence, many
studies have explored its potential for applications in fuel
cells, supercapacitors, batteries, electrochemical sensors,
and other catalytic processes (Kim, 2021; Quynh et al.,
2015; Seker et al., 2009). The unsupported dealloyed
NPG was reported to demonstrate oxidation activity like
supported gold nanoparticles (Fujita et al.,, 2012).
Moreover, the NPG thin film fabricated from the Au-Si
system, was found to have pronounced electrochemical
activity toward several benzene derivatives (Quynh et al.,
2018).

The NPG can be produced by selectively removing
unwanted elements, such as Ag, Zn, and Cu out of
precursor alloys. Although the commercially available
Ag-rich Au-Ag alloy leaf has been commonly used,
cracks and difficult pore control due to unflexible alloy
compositions are the main hindrances (Wittstock et al.,
2012). Under this  context, methods like
electrodeposition, sputtering deposition, and electron
beam evaporation, have been used alternatively to form
alloy thin films on a substrate followed by a dealloying
process (Kim, 2018; Tran et al., 2018). This procedure
has been found to form NP films with high-quality and
tunable pore-related characteristics. For example, NP Au
derived from an Au,Si;film, or NP Pt from a Pt,Si,.,
film deposited by magnetron sputtering were reported to
exhibit good uniformity, tunable porosity and thickness,
and feasible handling (Kim, 2018; Tran et al., 2018).

To improve and expand the potential applications of
NPG, several attempts have been made to develop
bimetallic NP systems. Au-Ag systems have received
much interest as nanosized Au and Ag may show
enhanced localized surface plasmon resonance (LSPR)

(Nishi et al., 2024; Yuan et al., 2024). Ai-Qin Want et al.
reported the utilization of the Au-Ag alloy
nanoparticles/mesoporous  aluminosilicate for low-
temperature CO oxidation reaction (Wang et al., 2005).
Moreover, the complementary effects of Ag with Au on
organic molecules and biological activities have been a
topic of interest and have not been clarified yet (Yallappa
et al., 2015). The fabrication of NP thin Au-Ag thin film,
in which Ag composition is significant and amendable,
has been rarely reported until now. Also, their synergistic
chemical and biological activities are still under
investigation.

This study focused on the fabrication and
characterization of NP Au-Ag thin films with amendable
Ag content on a Si wafer substrate. The fabrication
process included two steps: magnetron sputtering
deposition and electrochemical etching in HF solution.
The characterization of the films was performed with
SEM-EDX and AES analyses. In addition, the
electrochemical behavior of the film was preliminarily
evaluated through the amperometric response toward the
successive addition of phenol.

2. Materials and methods
2.1. Chemicals

Sulfuric acid (>98%) was purchased from Sigma-
Aldrich. Hydrofluoric acid (48.0— 51.0%) was supplied
by Baker. Sodium hydroxide (>96.0%) was supplied by
Xilong Ltd. and phosphate-buffered saline (PBS) pH 7.2
was supplied by Thermo-scientific. All the chemicals
were used without further purification.

2.2. Fabrication of nanoporous Au-Ag thin films

Nanoporous Au-Ag (NGS) thin films were prepared
by a two-step process: co-sputtering deposition of Au-
Ag-Si on Si wafer substrates and wet etching in HF
solution (Kim, 2018; Quynh et al., 2014). At first, in a
vacuum chamber working at a base pressure of less than
2 x 107 Torr, the n-doped Si (1 1 0) substrate (1 cm x 2
cm) was coated subsequently with a Ti adhesive layer
(about 5 nm) and an Au etch stop layer (about 50 nm).
Then, Au, Ag, and Si were co-deposited at fixed plasma
powers (10 W, DC, for Au and Ag; 200 W, REF, for Si) to
receive the Au,Ag,Sij, films of about 150 nm. The
wafers were put on a rotating disk at positions S1 and S2
as illustrated in Figure 1. After deposition, the back side
of the sample was sealed with silicone glue before
electrochemical etching in 3% HF solution under a linear
potential sweep from 0 to 1.3 V at a 10 mV/s scan rate
(CH660, CH Instruments Inc.). After sealing, the
exposed surface for etching was 1 cm x lcm. The
electrochemical cell included a three-electrode system:
Ag/AgCl (3 M KCI) as the reference electrode, Pt wire as
the counter electrode, and a sealed sample as the working
electrode.
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(b)

Figure 1. (a) Schematic of sputtered Au-Si films, (b) top view of the sputter positions
to prepare Au-Ag thin films

2.3. Characterization of the NP Au-Ag films

The surface morphology and cross-section of the
films were observed under a field-emission scanning
electron microscopy (FE-SEM, SU-8220, Hitachi, High-
Technologies) at a working voltage of 10 kV, coupled to
an energy-dispersive X-ray spectroscopy (EDX). Depth
profiling of the films was conducted on an Auger
electron spectroscopy (AES) (PHI-700, Ulvac-PHI). The
films were depth profiled by a 10 kV electron beam
while vertically etched by a constant 3 kV Ar ion beam.
The sputter time was proportional to the film depth.

The electrochemical processes were performed on a
three-electrode system (CH660, CH Instruments Inc.).
The Ag/AgCl (3 M KCIl) electrode was used as the
reference electrode, Pt wire was the counter electrode,
and the NP thin film as the working electrode. The cyclic
voltammogram was collected in 5 M H,SO,4 solution
under cyclic scans from —0.25 V to 1.8 V (vs Ag/AgCl)
at a scan rate of 100 mV/s.

2.4. Preliminary amperometric test for phenol

Before an amperometric measurement, the NGS thin
film was cleaned in 0.5 M H,SO, solution under cyclic
scans from —0.25 V to 1.6 V (vs Ag/AgCl) at a scan rate
of 100 mV/s. Amperometric detection of phenol was
conducted in a glass cell containing 10 ml of electrolyte
with successive addition of phenol at a constant voltage
of 0.7 V at room temperature. The phosphate-buffered
saline (PBS) containing 0.15 M NaCl with pH 7.2 was
used as the electrolyte. The electric currents were
measured on a 1 cm x 1 cm exposed area, i.e. current
densities (current/cm?).

3. Results and discussion
3.1. Results of SEM-EDX analysis
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Morphologies of Au-Ag-Si thin films before and
after wet etching are presented in Figures 2 & 3. Before
etching, the film surface was flat and contained tightly
arranged grains in sizes of 20—30 nm. S1 and S2 have a
similar structure, thus only the S1 surface is presented
here (Figure 2). After etching, the granular surface
evolved into a NP structure (Figure 3). The etched Sl
has a more obvious NP structure than the etched S2. The
cross-sectional view suggests that S1 is more porous and
thicker than S2. According to EDX results (Table 1), the
atomic ratios of Si and Ag in S1 are higher than those in
S2, presumably due to the S2 position being close to the
Au target in the vacuum chamber. The high Si content of
S1 results in a porous structure of sponge-like Au-Ag
ligaments (30—40 nm), which are expected to have high
chemical and biochemical functions. However, since the
depth penetration of EDX is up to several micrometers,
much deeper than the thickness of the film, the Si content
detected in EDX should include Si from the Si substrate,
not only Si from the Au-Ag-Si layer.

Table 1. EDX analysis of NP Au-Ag thin films

Element S1 S2
Au 27.86 34.01
Ag 19.62 18.94

Si 52.52 47.05

Si/Ag/Au 1.89/0.71/1  1.38/0.56/1

atomic ratio

The electrochemical etching of Si in acid fluoric
(HF) solution is suggested to occur via the following
reactions:
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Electrochemical steps:

Si+2F 2 SiF, +2e (1)
Si+6F +2H" > SiF¢" + H,+ 4e” )
Si+6F > SiFg +4e 3)

Chemical step:
SiF, + 4F +2H" = SiF¢* + H, 4)

As Si was removed from the film, the atoms left
behind would self-arrange into a new porous network;
hence, a higher Si content results in a more porous
structure. The leaving of Si atoms from the first atomic
layer induces the remaining low-coordinated Au atoms to
diffuse and form clusters on the surface (Wittstock et al.,
2012). However, a high Si content may make the film
more vulnerable to cracking due to the formation of large
pores. That explains why several large, long pores
appeared on the etched S1 surface.

3.2. AES depth profiling data

The AES depth profiles of the SI sample,
before and after etching, are presented in Figure 4,
indicating the presence of the Au-Ag-Si layer, the
Au etch stop, and the underlying Si wafer. The atom
ratios of the unetched film were approximately 12%
Ag, 23% Au, and 65% Si, which were the average
values of the collected points during the depth
profiling in the first 6 min as illustrated in Figure 4a.
As calculated approximately based on the atomic
etching rate, the thicknesses of films before and
after dealloying were approximately 150 nm and
100 nm, respectively. The removal of Si resulted in
the reconstruction of the surface structure; the
surface became porous (under SEM images) and
enriched in Ag elements (AES data). The Ag content

Figure 3. SEM images of the nanoporous Au-Ag thin films

Figure 2. Surface morphology of the sputter deposited
AuAgSi film (S1)

15 M P N

was highest at the surface and decreased gradually
according to the depth of the film. The sputtering
time to the etch stop Au layer decreased because the
film collapsed after Si was removed from the film.
After dealloying, the remnant Si was detected only
on very first atom layers, indicating Si was almost
completely removed from the film. This is well-
agreed with the previous study which reported an
easy removal of Si from Au,Si;« alloy (Gupta et al.,
2012). Meanwhile, removing Si from a Pt,Si;
system was more difficult (Jung et al., 2011). The
pore size and presence of residual elements are two
important factors affecting the activity of NPG, and
the presence of a less-noble element normally used
to form nanopores, is inevitable by dealloying
technique (Fujita et al., 2012).
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Figure 4. AES depth profiles of the Auy.1,Agy 35165 thin film: (a) before dealloying, (b) after dealloying

3.3. Preliminary tests for electrochemical
performance
Figure 5 illustrates a representative cyclic

voltammogram of NGS (S1) in H,SO, solution from -0.2
V to 1.8 V. During the positive sweep, the broad anodic
peak arose from around 1.2 V to 1.5 V, revealing the
formation of metal (Au, Ag) oxides before oxygen gas
evolution. The peaks at about 0.9 V in the negative
sweep could be attributed to the reduction of oxide
layers. The flat, shallow shoulder at around 1.0 V is
suggested to result from the pre-monolayer oxidation
(Quynh et al., 2018). Such the voltammetric behavior of
NGS may attract an interest for a potential application in
catalytic electrochemical reactions.
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Figure 5. Cyclic voltammogram of NGS
in H,SO, solution

The dealloyed Au-Ag thin film (S1) exhibited a
linear current response upon successive addition of
phenol into PBS solution under a fixed voltage of 0.7 V
(Figure 6).
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Figure 6. Current response of NGS thin film
with successive addition of phenol
into PBS solution at 0.7 V

The current increased 148 nA per micromole with a
phenol concentration below 200 uM, and 95 nA per
micromole with a phenol concentration from 200 to 400
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uM. The step increase in current density in response to
phenol concentration may reveal the possible application
of this NP Au-Ag for sensing; however, many other
factors, such as the stability of NGS structure, need
further investigation. The presence of Ag in NPG thin
films significantly expanded the linear detection range of
the NPG only. Moreover, compared to other recently
developed sensing electrodes for phenol, this NP Au-Ag
shows, though lower current responses, a much broader
linear range. For instance, the Tyr-CNTs-Glu/NDs-
SS/GCE electrode gave a response up to 50 nm (Liu et
al., 2022), and the zincon—CTAB/ SPE(Aliabadi et al.,
2020) exhibits the performance in the range of 0-30 ppm.

4. Conclusions

The NP Au-Ag thin film was successfully fabricated
on the silicon wafer substrate using sputtering deposition
and subsequent selective wet etching. The dealloyed
AuO_legO'BSio‘ﬁs thin film exhibited an eXpeCted
hierarchical NP structure with Au-Ag alloy ligaments.
The sizes of small pore channels were in the range of 10-
30 nm, while the ligaments were about 30-40 nm. The
NP Au-Ag thin films were produced at relatively high
quality, easily handled, and exhibited pronounced
performance in preliminary electrochemical tests. The
findings of this study show the possibility of fabricating
NP Au-Ag thin film and its potential for applications in
diverse  fields, especially electrochemical and
biochemical fields.
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