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Abstract
Bimetallic Ag–Au alloy nanoparticles with a tunable size and composition were synthesized by laser beam power density. A set
of Psi substrates with different morphologies fabricated by laser-assisted etching process with laser power density from 10 to
40 mW/cm2 was explored as a substrate for materialization bimetallic Ag–Au alloy nanoparticles by a simple immersion plating
process of Psi in a mixture of AgNO3 and HAuCl4 solutions. The materialization of alloy nanoparticles was confirmed by
scanning electron microscopy (SEM), X-ray diffraction (XRD), and energy-dispersive X-ray analysis (EDS). The results showed
that the sizes and distribution of Ag–Au alloy nanoparticle sizes were easily well-ordered by changing the surface morphologies
of Psi layer. Pore-like structures with different pores shapes: ultra-fine pores, irregular (grotto form), circular, and star full pore
shape (gambling pores) with different sizes were prepared by changing the irradiation laser power density. Bimetallic Ag–Au
alloy nanoparticles, phases, crystalline size, specific surface area, and growth sites of Ag–Au alloy nanoparticles were signifi-
cantly influenced by pore shape. The lower nanoparticle size with higher S.S.Awas obtained when the laser power intensity was
about 30 mW/cm2.
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Introduction

Psi is a complex silicon matrix synthesized by etching pro-
cess of silicon wafer in a solution having hydrofluoric acid
(HF) [1]. As a result of adjusting the etching conditions
(etching current density, time, irradiation power density,
and wafer doping), the surface morphology, porosity, and
the type and the density of hydrogenated bonds Si–Hx (x =
1,2,3) groups of Psi layer can be well-ordered. Psi is a
promising material for chemicals and biosensors [2, 3].
The Si–Hx (x = 1,2,3) groups and their sites on the surface
of Psi are capable of reducing the metallic ions to form
metallic nanoparticles deposited on the Psi by a simple
immersion process of Psi in aqueous solution of metallic

ions [4]. In various practical properties, the activities of
Ag–Au alloy nanoparticles are more efficient than those
of the corresponding monometallic Ag–Au NPs, for exam-
ple, in sensors, the catalysis and surface-enhanced Raman
scattering (SERS) [5]. Au presents extraordinary biocom-
patibility, chemical stability, and easy surface alteration; it
is frequently considered to be more appropriate for chem-
ical and biomedical uses, Ag alternatively presents higher
plasmonic features in the visible range, and it is much more
appropriate for optoelectronics and sensing applications.
So, to combine these unique properties, a great deal of
attention has been devoted to the production of core shell
and alloy bimetallic nanoparticles [6].

This paper aims to study the influences of laser power
density and the morphologies of n-type Psi on the forma-
tion mechanism of Ag–Au alloy nanoparticles through ion
reduction process attaining the best condition and adjusting
the alloy nanoparticles. The morphological properties of
the resulted Ag–Au NPs involving nano sizes, distribution,
and surface area were inspected depending on the X-ray
diffraction, SEM, FTIR, and EDS analysis.
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Experimental part

Chemical materials

Hydrofluoric acid 40%, (HIMEDIA), India, was used as re-
ceived and diluted through high-purity ethanol 99.9%
(SIGMA-ALDRICH, Germany) to form the suitable etching
solution of 20% HF. HAuCl4 (99.98%) and AgNO3 (Aldrich,
99.99%) were dissolved in triply distilled water (Millipore
water) to make solutions of 10−3 M, according to the follow-
ing formula [7]:

Molarity ¼ W=M:Wt

V
ð1Þ

where W (g) is the weight of the AgNO3 and HAuCl4, M Wt
(g/mol) is the molecular weight, and V is the volume of the
dissolved solution. Lastly, 0.5 M aqueous KOH was used to
determine the porosity and layer thickness of Psi layer by
using gravimetric measurements. The schematic illustration of the procedures for synthesis

of bimetallic alloy Ag–Au NPs/Psi heterostructures is
depicted in Fig. 2.

As shown in Fig. 2, one-step method was used to create
bimetallic alloy Ag–Au NPs stayed on the Psi in the first step;
the monohydride Si–H located onto the bulk Si surface was
converted into dihydrides SiH2 or trihybrids SiH3 by the etch-
ing process and hence a Psi layer was synthesized. After the
immersion process of the Psi layer for 3 min in the mixture of
AgNO3 and HAuCl4 solutions, the Ag–Au NPs/Psi
heterostructures were synthesized. As the electronegativity of
Ag and Au is greater than that of silicon, the metallic ions Ag+1

and Au+3 in the region of the Psi surface are supposed to cap-
ture electrons from the Si. The deposited Au and Ag atoms first
form nuclei and then nanoclusters to give AuNPs and AgNPs.

Results and discussion

Morphological features of bare Psi

Porosity and Psi layer are very important factors that describe
the surface morphology of Psi layer, which depends on the
etching conditions [10] and were calculated by gravimetric
method [11]. Porosity of the Psi layers started from 34% at
low laser power density (about 10 mW/cm2) and exceeded
76% at high laser power density (about 40 mW/cm2), while
the porosity of 20 and 30 mW/cm2 was about 65 and 74%,
respectively. High laser power densities permit deeper pene-
tration inside the sample and generate pores with larger size.
The achieved result is similar to those obtained by other re-
searchers [12, 13]. Figure 3 displays the relation between the
Psi layer and the laser power density. In this figure, the Psi
layer thickness increases with the increase of the laser power

Fig. 1 Setup of laser-assisted etching process

176 Gold Bull (2018) 51:175–184

Porous silicon formation

Bare Psi samples were prepared using one side mirror-like
(100)-oriented n-type monocrystalline silicon wafer with re-
sistivity (10 Ω/cm2) produced by Okmetic company as a
substrate in an etching solution consisting of a 1:1
combination of 48% HF and 99.999% C2H5 OH. All
samples were rinsed in diluted 10% HF for 10 min to
remove the native oxide layer on the Si surface. A set of Psi
samples was prepared using laser-assisted etching process
with a constant current density of 20 mA/cm2 for 20 min,
under an irradiation source of (CW) 630-nm laser source at
different power densities (10 to 40 mW/cm2). The Psi samples
were then washed in water and dried at ambient air; the setup
of the etching process is shown in Fig. 1.

Synthesis of bimetallic alloy Ag–Au NP

Bimetallic alloy Ag–Au NPs/Psi heterostructures were pre-
pared by simple immersing process of Psi in a mixture of
10−3 M AgNO3 and HAuCl4 solutions with a ratio of 1:1 for
immersion time of about 3 min at room temperature. The ion
reduction process of AuNPs and AgNPs is by the Si–Hx (x =
1, 2, 3) groups of the porous layer. The pathway of the reaction
can be expressed as follows [8, 9]:

Si + 6HF           H2SiF6 +4H
+

+ 4e ð2Þ

Au
3+

+3e
-

Au  ð3Þ

Ag1þ þ e−→Ag ð4Þ

http://www.okmetic.com/www/page/semiconductor_wafers


density. This rise in both porosity and layer thickness with
laser power density is due to the increase of the silicon disso-
lution process that happens as a result of the generation
electron-hole couples [12, 13].

The surface morphology (pore form and size distribution)
provides very essential structures of bare Psi layer and differs
according to the laser power density. Increasing the laser pow-
er density changes the topography of the Psi surface, in addi-
tion to changing the amounts of dangling bond (growth sites)
located on the surface of porous silicon and within the pores

inside the porous matrix [14]. These will control the density of
ion reduction centers and thus produce a metallic nanoparticle
function to laser power density; Fig. 4 reveals the influences
of laser power density on the Psi morphology. The SEM im-
ages of the bare Psi surface of laser density of 10, 20, 30, and
40mW/cm2 are presented. According to the values of the laser
density and the analysis of SEM images, there are four types
of macro pore-like structures forms:

1. Formation of ultra-fine pore-like structure. The high den-
sity and expanding of the pores led to an overlap in some
pores. The pore is ranging from 0.025 to 0.475 μm, and
the ultimate of size distribution is about 0.025 μm. The
pores are aligned randomly over the surface. This struc-
ture was synthesized on the Si surface using low laser
power density of about 10 mw/cm2.

2. Formation of pore-like structure with irregular shape
(nearly grotto form). The pore diameter is ranging from
0.5 to 1.9 μm, and the ultimate of the size distribution is
about 1.3 μm. This type of macroporous structure was
fabricated on the Si surface using a laser power density
of about 20 mW/cm2.

3. Formation of pore-like structure with regular shape (nearly
circular form) with significant pores overlapping process.
This type of macroporous structure was synthesized on the
Si surface using a laser power density of about 30 mW/
cm2. The pore diameter is ranging from 0.225 to 0.675 μm,
and the ultimate of the size distribution is about 0.425 μm.
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Fig. 3 Psi layer versus of laser power density

Fig. 2 Schematic representation
of the processes for the synthesis
of Psi-stayed bimetallic alloy. a
Hydrogen passivation covering
the bulk Si surface with
monohydrides Si–H. b Hydrogen
covers of Psi surface with
dihydrides Si–H2 or trihydrides
Si–H3. c AuNPs and AgNPs in or
on the interface of the Psi
produced simultaneously by the
ion reduction process. d A little
aggregated AuNPs and AgNPs
with more silver-rich alloy and
random distribution on Psi
support
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4. Formation of pore-like structure with star full form (nearly
like gambling form) due to the high rate of pores overlap-
ping process on the porous surface. The average dimen-
sions of the star full between the opposite points are rang-
ing from 2.65 to 3 μm. This type of macroporous structure
was fabricated on the Si surface using higher laser power
density of about 40 mW/cm2. The charge carrier genera-
tion rate Gt owing to the absorption of the incident photon
flux (ɸabs) within the porous layer thickness (LPsi) is given
by [15]

Gt ¼ ɸabs=LPsi ð5Þ
and

ɸabs ¼ ɸin 1−Rpsi
� �

1−e−α Lpsi
� � ð6Þ

whereɸabs is the amount of laser photons absorbed in a
porous layer, ɸin is the incident photon flux, Rpsi is the
reflectivity of the Psi layer, and α is absorption coefficient
of Psi layer. Based on Eq. 6, the absorption laser power
density rises within the Psi layer and leads to an increase
in the porosity on a linear approach. The rise of the po-
rosity and the laser power density will increase the pore
size in the Psi matrix. So, the Si dissolution process is a
function of the laser power density and reflectivity of the
Psi layer. This absorption will enhance the amount of the
Si–Hx (x = 1, 2, 3) (growth sites), and hence, the Ag and
Au ion reduction will take place down in the porous layer
itself [16].

The effects of the laser power density on the chemical
species of bare Psi surfaces were determined by FTIR
signals from the porous silicon. As shown in Fig. 5, the

Fig. 4 SEM images of bare
macro Psi and statistical pore
diameter distributions after
irradiation via a 10, b 20, c 30,
and d 40 mW/cm2
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hydrogen passivation covers the bulk Si surface with
monohydride Si–H, dihydride Si–H2, and trihydride Si–

H3 bonds. The laser power density controls the types of
such group and the intensity of the absorption [17].
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Fig. 5 FTIR absorbance spectra
of bare Psi after irradiation via a
10, b 20, c 30, and d 40 mW/cm2

Fig. 6 SEM images of bimetallic
alloy Ag–Au NPs and their
statistical particle diameter
distributions over Psi after
deposition and irradiation via a
10, b 20, c 30, and d 40 mW/cm2
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Specific peaks are present in the infrared absorption (FTIR)
spectra corresponded tomonohydrides Si–H; bending mode is
located at 975 cm−1, Si–O–Si bond at 1106 cm−1, trihydrides
Si–H3 bond at 945 cm

−1 mode, and dihydrides Si–H2 bending
between 600 and 800 cm−1 [18]. The presence of Si–O–Si
bond in all bare Psi samples is due to the natural oxidation
process, which occurs owing to the exposure to the ambient
air [19]. The spectra of all samples obviously manifested an
increase in the absorption of the resulting peaks with the in-
crease of the laser power density.

Morphological features of bimetallic alloy Ag–Au
NPs/Psi heterostructures

Modifying the Psi surface features, such as the pore shape and
pore size, is one of the significant features for controlling the
AuNP and AgNP nanosizes. The topography and the sizes of

bimetallic alloy Ag–Au NPs were found to vary according to
the Psi surface features, like the pore size and shape, at the
fixed dipping condition [20, 21]. Figure 6 characterizes the
surface morphology of bimetallic alloy Ag–Au NP Psi sub-
strates at different laser power densities (10 to 40 mW/cm2).
While, Fig. 7 demonstrates the cross-sectional SEM image of
the bimetallic alloy Ag–AuNPs/Psi after deposition as a func-
tion of the laser power density.

As shown in Fig. 6, there are three different proposed
mechanisms for the materialization of the bimetallic alloy
Ag–Au NPs based on Psi morphology. In the ultra-fine pore-
like structure, which owns the lowest pore sizes, the aggregat-
ed bimetallic alloy Ag–Au NP sizes fluctuated from 100 to
1100 nm andmainly located on the tops of the fine pores in the
porous surfaces. The lowest value of the bimetallic alloy Ag–
Au NP size is higher than that of the ultra-fine pore sizes, and
the highest value of the bimetallic alloy Ag–Au NP size is

Fig. 7 Cross-sectional SEM
image of bimetallic alloy Ag–Au
NPs/Psi after deposition with
laser irradiation via a 10, b 20, c
30, and d 40 mW/cm2
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higher than that of the biggest value of the pore sizes.
Consequently, the density of the bimetallic alloy nano districts
is expected to develop (in/out) the ultra-fine pore itself. For
pore-like structure with an irregular shape (nearly grotto form)

and a regular shape (nearly circular form), as in Fig. 6b, c, the
pore diameter has a large value comparedwith bimetallic alloy
Ag–Au NP size and has a high tendency to enter into the
pores. The circular pore shape leads to synthesize bimetallic

Fig. 8 The EDX spectra of the
bimetallic alloy Ag–Au NPs
embedded in Psi as a function of
irradiated laser power densities
via a 10, b 20, c 30, and d 40mW/
cm2

Fig. 9 The XRD spectra of the
bimetallic alloy Ag–Au NPs
embedded in Psi as a function of
the irradiated laser power
densities via a 10, b 20, c 30, and
d 40 mW/cm2
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alloy with a high degree of uniformity and isolated spherical
seeds distributed over the pore surface compared with that of
grotto form pore-like structure, in which the growth of nano-
particles is mainly occurred at the pore boundaries in the ag-
gregated form. The sizes of bimetallic alloy Ag–Au NPs will
range from 100 to 1300 nm and 25 to 375 nm for Fig. 6c.
Figure 6d manifests that the bimetallic alloy Ag–Au NPs de-
posited on the silicon surface region and at the outer shell of
the pore region. The sizes of bimetallic alloy Ag–Au NPs will
range from 75 to 375 nm. These different forms of bimetallic
alloy Ag–Au NPs refer to the fact that the metallic deposition
process is governed by the amounts of Si–Hx (x = 1, 2, 3)
(growth sites) and where they produced after the etching pro-
cess. The surface of silicon regions is fully coated with the
monohydrides Si–H while for the porous structures, the types
of growth sites are mainly dihydrides Si–H2 and trihydrides
Si–H3; these are widely located at the inner surface of pores
and the tips of silicon nanocrystallites. So, the growth of bi-
metallic alloy Ag–Au NPs is modified with these different
forms.

The EDX spectra of the bimetallic alloy Ag–Au NPs de-
posited on bare Psi as a function of the laser power density are
illustrated in Fig. 8a–d.The EDS analysis confirmed the pres-
ence of Au, Ag, and Si elements on the Psi sample. The pres-
ence of Si element is due to the Si substrate. As shown from
this figure, three specific points can be recognized easily; the
intensity of AgNPs peak is higher than that of the AuNPs, the
deposition rate of the Ag NPs is higher compared with the
AuNPs, and the higher deposition rate of bimetallic alloy
Ag–Au NPs is obtained in the porous surface consisting of
an ultra-fine pore-like structure compared with the other
structures.

X-ray diffraction analysis

The X-ray diffraction analysis of the bimetallic alloy Ag–Au
NPs/Psi heterostructures, synthesized by the laser-assisted
etching process with different laser power densities of 10 to
40mW/cm2, is depicted in Fig. 9. The bimetallic alloy Ag–Au
NP materialization as the result of the metallic ions Ag+1 and
Au+3 reduction process can be greatly due to the identical

lattice factors of 0.408 and 0.409 nm for Au and Ag, respec-
tively. This small variation in lattice factors being smaller
than the amplitude of thermal vibrations of atoms has al-
ready been postulated to favor the alloy formation even at
the nanometer scale [22]. Bimetallic nanoparticles are very
essential as catalysts due to their extraordinary surface-to-
volume ratios [23]. Gold and silver have the similar face-
centered cubic (FCC) structure and interatomic spacing,
and they certainly construct an alloy phase, which has been
removed from the introduction [24]. XRD data of bimetal-
lic alloy Ag–Au NPs showed specific diffraction peaks at
(38.12) and (44), which can be indexed to (111) and (200)
planes of pure Ag and Au (ASTM Standard Card). It ap-
proves that Ag and Au are the chief composition of the
bimetallic alloy. The investigational and typical diffraction
angles of AuNPs and AgNPs at the laser power densities
are tabulated in Table 1. In this table, the variation in the
diffraction angle (2θ) is owing to the local occurrence of
the microscopic deformation (strain) and the overlap of the
diffraction peaks of both small and large ones [25, 26].

The reliance of the bimetallic alloy and specific surface
area of Ag–Au NPs on the laser power density reveals new
features for adjusting the characteristics of the bimetallic
Ag–Au NPs. The width of the diffraction peak is influ-
enced by the crystallite sizes, and the big crystallite sizes
resulted sharp peaks, while the small size causes wider
peaks [25]. The peaks of the bimetallic alloy Ag–Au NP
samples are very broad and indicate rather small particle
sizes. The Ag–Au NPs size and therefore a higher specific
surface area (S.S.A.) were achieved with the smaller

Table 1 Investigational and
typical diffraction angles (2θ) of
Ag–Au bimetallic alloy
nanoparticles in the planes (111)
and (200)

Laser
Power
density
(mW/cm2)

Diffraction angle
in (111) 2θ in degree
Experimental
standard

ASTM
(Silver)

ASTM
(Gold)

Diffraction angle
in (111) 2θ in degree
Experimental
standard

ASTM
(Silver)

ASTM
(Gold)

10 38.2 44.2

20 38.12 38.116 38.184 44 44.277 44.392

30 38.2 44.4

40 38.2 44.4

Table 2 The grain size of the Ag–Au bimetallic alloy nanoparticles in
the planes (111) and (200)

Laser power density
(mW/cm2)

Size of Ag–Au alloy
nanoparticle in (111)
plane (nm)

Size of Ag–Au alloy
nanoparticles in (200)
plane (nm)

10 9.2 8.7

20 7.29 8.1

30 5.36 6.29

40 6.53 8.9
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particle sizes. The average bimetallic alloy Ag–Au NP size
was calculated by using Scherer’s formula [27]:

L ¼ 0:9 λ
Bcosθ

ð7Þ

The S.S.A., which is the unique specific value of the nano-
structured material, is known as [11]

S:S:A: ¼ 6� 103

D*ρ
ð8Þ

where ρ is the density of Au and Ag (19.3 and 10.5 g/cm3),
respectively, whereas the density of the bimetallic alloy Ag–
Au NPs according to the laser power density (10, 20, 30, and
40 mW/cm2) is about 12.624, 11.943, 12.049, and 12.171 g/
cm3, respectively. These values can be determined using equa-
tion, which depends on the EDS analysis [28, 29]:

D ¼ a*ρþ b*ρ
aþ b

ð9Þ

where D: density (g/cm3), a: wt.% Au, and b: wt.%Ag.
Table 2 demonstrates the rise in the grain size of the bime-

tallic alloy Ag–Au NPs in the plane (111) and (200) on Psi
samples when increasing the etching laser power density. The
lowest bimetallic alloy Ag–Au NP grain size is about 5.36 nm
at 30 mW/cm 2, while the highest is about 9.2 nm at 10 mW/
cm2. In Table 3, the lowest S.S.A of the Ag–Au alloy nano-
particles is about 51.7 nm at 10 mW/cm2, whereas the highest
is about 92.91 nm at 30 mW/cm2. This means that the SEM
analysis indicates the aggregated nanoparticles. This variation
is owing to the point that the bimetallic alloy Ag–Au NP
materialization is influenced by the morphology of Psi.

Conclusion

In this work, bimetallic Ag–Au alloy nanoparticles with a
tunable size and composition were synthesized using ion re-
duction process of Au and Ag ions by the dangling bonds of
the Psi layer. Four types of pore morphology, ultra-fine pores,
irregular (grotto form), circular, and star full pore shape

(gambling form) with different sizes, were synthesized by
the laser-assisted etching process. Varying the laser power
density changes the morphology of the Psi surface, in addition
to changing the amount of dangling bond (growth sites) locat-
ed on the surface of porous silicon that will control the density
of ion reduction centers and thus produce metallic nanoparti-
cles as a function of the laser power density. Bimetallic Ag–
Au alloy nanoparticles deposited with a high degree of unifor-
mity and isolated spherical seeds distributed over the pore
surface with the size ranging from 25 to 375 nm. Additional
works in the use of these new bimetallic Ag–Au NP alloys
will open a novel scene in the field of applied nanosciences.
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