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ABSTRACT

In this study, three different types of hybrid structures SERS sensors made from different
mixing ratio of trimetallic (Ag-Au-Pd) nanoparticles of [Aul: Agl: Pd1] , [Aul: Ag2: Pd1],
[Aul: Ag2: Pd2] in surface alloying forms deposited on macro porous silicon (macroPsi)
layer were created and extensively tested. By using a simple and fast immersion process,
trimetallic (Ag-Au-Pd) nanoparticles were created utilizing ion reduction of numerous
metallic salts on a macro porous silicon (macroPsi) layer. The macroPsi layers were created
using a laser assisted etching (LAE) technique for 15 minutes with a constant density of
approximately (28mA/c.m2). At a constant concentration (10-3 M) of HAu.Cl4, Ag.NO3 and
Pd.CI2 to synthesize Au-NPs, Ag-NPs and Pd-NPs, immersion processes with various mixing
ratios were performed. The hybrid structures of SERS sensors were examined using XRD, FE-
SEM, and Raman microscopes. The sensors were tested at different concentrations from 10-
6 to10-12 of MB target molecules. The SERS trimetallic sensors demonstrated a considerable
reliance on hot spot zones among trimetallic nanoparticles. Higher enhancement factor with
lower detection limit of Raman signal was obtained from (Au 1: Ag 2: Pd 2) hybrid structures
SERS sensor of about 1.5x1010 and 10-14 respectively, due to extra ordinary specific surface
area and high surface density forming trimetallic nanoparticles . The variations of mixing
ratio of trimetallic (Ag-Au-Pd) provide an effective pathway to develop the sensors
performance towards detection of lower concentrations.

Keywords: Ion reduction process, P-Si SERS sensors, Trimetallic Au-Ag-Pd alloy-
nanoparticles.

1. INTRODUCTION

The metallic nanoparticles NPs are showing strong dipolar excitation as localized. Surface
.plasmon .resonances (L.S.P.R), where the mobility of the free electron cloud which is confined at
the metal-dielectric interface will be set in resonance through optical radiation at specific wave-
length based on the types and the dimensions of nanoparticles [1]. It has been indicated that such
resonance oscillation is one of the metal’s distinctive characteristic that is presently utilized in a
lot of applications such as nano-photonics, bio-markers, photonic crystals, in addition to bio-
sensing [2-9]. LSPR frequencies regarding metallic NPs are very dependent on surrounding
medium, shape, size, as well as morphology. Some other metals such as Ni, Pd, and Pt showed
excellent plasmonics response [ 10-14], even though that the noble metals (Cu, Ag, and Au) are
dominating the scientific studies because of their distinctive optical properties [15-17]. The
colloidal solution regarding metal NPs showing excellent absorption in visible region as well as
showing extremely intense color, whereas the other metals showing weak and broadband in UV
region [ 18-20]. Due to the fairly easy surface chemistry, the potential to attach molecules,
stability, and bio-compatibility, coinage metals have been of high importance in some
applications, such as biosensors and drug- delivery [21,22].
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Copper (Cu), gold (Au), and spherical silver (Ag) NPs have L.S.P.R absorption band in red, green,

and blue regions, respectively that might be subjected to tuning through different shapes and
sizes [23-25].

Surface enhanced Raman scattering (SERS) is integrating rise sensitivity-levels with the
spectroscopic accuracy. Therefore, huge capability with regard to the chemical and bio molecular
sensing [1-4]. The LSPR excitation in gold and silver NPs is showing strong extinction as well as
scattering spectra which are recently were utilized for significant SERS improvement. With
regard to the SERS signals, typically extremely weak impact, was indicated to be improved
through order of 1013 with the existence of nano-meter-sized Ag “hot particles”, that allow the
potential to investigate Raman scattering at sole molecular scale [5,6]. The significance regarding
extensive applications of Raman spectroscopy with the use of roughened metallic surfaces is
developing re-producible and improving the practical substrates with regard to analytical targets,
i.e,, for high sensitivity in detecting trace contaminants and pollutants. Basically, trimetallic Au-
Ag-Pd nanoparticle catalysis outperformed bimetallic catalysts and monometallic. Significant
catalytic activity of trimetallic nanoparticles could be related to consecutive electrical effect
among elements in particle [7]. The control of the metallic nanoparticles like surface morphology,
density, particle size, shape and elemental structure of alloy NPs have specified as major aspects
for tuning the device's sensitivity and chemical reactivity. [8]. In this work, three different types
of surface alloying hybrid structures SERS sensors made from different mixing ratio of trimetallic
(Ag-Au-Pd) nanoparticles have been reported. The main aim is to enhance the performance of
the sensor by increasing enhancement factor with lowering limit of detection of Raman signal
through controlling the hot spot regions among the trimetallic nanoparticles.

2. MATERIAL AND METHODS
2.1 Chemical Materials

Methylene blue MB powder (C16H18N3SCl) with a purity of 95% purchased from FLUKA was
used to prepare concentrations ranging from 10-6 to 10-12 of MB. To present suitable 40 percent
hydrofluoric acid (HIMEDIA) and etching solution (20 percent HF), diluted with high purity
ethanol (99.8 percent). Ag-NO3, Pd-Cl2, HAu-Cl4:3H20 salts were obtained from Sigma-Aldrich
Germany, and the purity of the salts was approximately (99.99%), (99.9%), and (99.8%),
respectively, and were utilized to generate the needed electrolyte solution for the ion reduction
process. To prepare an aqueous solution, a 1 mM Pd-CI2 salt was dissolved in 0.15 M HF and a
few drops of 37 percent HCL at 60 °C under magnetic stirring for around thirty minutes. Making
an aqueous solution with a concentration of 1 mM, the Ag-NO3 salt was dissolved in triply
distilled water. Using distilled-water and 2.9M HF, prepare HAuCl4¢3H20 at a concentration of
(1 mM). These salt solutions' and MB's concentrations were calculated according to the following
formula (1) [14]:
w

Molarity =TIt (1)

M.Wt (g/Mol) represents the molecular weight , V represents the size of the dissolved solution
and W (g) represents the weight of the salts.

2.2 Preparation of Hybrid Structures Trimetallic SERS Sensor
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To prepare n-type Si 100 substrate with an electrical resistivity of 10cm and macro.PSi substrate
were employed. Si native oxide was eliminated from Si substrate prior to etching operation by
immersing the substrates for 4 minutes in a 12 percent HF-aqueous solution. In an etching
mixture solution of 40 percent HF and 99.999 percent C2ZH50H in a ratio of 1:1, as-prepared
macroPSi layers were created using LAE. The Si substrate was etched for fifteen min with a
constant density of approximately (28mA/c.m2). with power density of about 25 mW/cm2. and
630 nm laser irradiation. After the etching process, the as-prepared macroPSi substrate was
washed in liquid and dried in the open air.

Macro Psi was modified by trimetallic nanoparticles by usage of an immersion process of porous
layer in aqueous solution of 10-3 M HAu-Cl4, 10-3 M Ag-NO3, 10-3 M Pd-CI2 with different
mixing ratio of [Aul: Agl: Pd1] , [Aul: Ag2: Pd1], [Aul: Ag2: Pd2] to prepare three different
types of hybrid structures SERS sensors S1, S2 and S3 respectively. The following cathodic
reactions occur during the ion reduction of Au, Ag, and Pd, respectively. [15-18]:

28i +6HF —> HiSiFs + 4H+ +4e (2)
Aud + 3 — Au (3]
Agt+e- — Ag 4
Pdi- + 2e- —>Pd (5)

Figure 1 shows a proposed schematic depiction of the preparation for trimetallic surface alloy
structures. (1). Force interaction between ion of the metals and substrate macroPsi will also play
a significant role in changing tri-layer deposition.
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Figure 1. Schematic illustration of preparation surface alloying hybrid structures SERS sensor with
trimetallic Ag-Au-Pd NPs/macro Psi based on the Volmer-Weber growth model.

3. RESULTS AND DISCUSSION

3.1 Structural Characterization

Pore size distribution and image of FE-SEM of the as-prepared macroPSi layer are shown in
Figures 2(a,b). The surface is clearly made up of dense homogeneous semi-spherical pores. Pore
size is around 0.5 to 6.5 m, with the top of the pore size distribution being about (0.5) m and
standard deviation( o) is 78.949. PSi acts as a minimizing agent in the ion reduction. thus, clearly
minimize metallic ions having positive reduction possibility with regard to hydrogen [26- 28].
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Figure 2. () FE-3EM of as-prepared macro P31 (b) Statistical distribution of pore sizes.

Figure (3) depicts typical FE-SEM images of three different types of hybrid structures SERS
sensors S1, S2 and S3. Figure (3a) show FE-SEM images of Au-Ag-Pd NPs/macroPSi at mix ratio
(Aul: Ag 1: Pd 1) were deposited on the macroPSi surface are primarily found in pore walls,
particularly when their combined size exceeds the pore volume. Electron affinity of metallic ions,
Pd, Ag and Au were around (0.562, 1.304, and 2.308) eV, the major cause of the creation of the
surface alloying process. [18]. The surface morphology of all types of trimetallic nanoparticles
sensors, is consisted of large density of tiny particles ranging in size from (8) to (17) nm, with the
major volume being around (13) nm, as shown in the figure (3a) S1 sensor . While, figure (3b) at
mix ratio(Au 1: Ag 2: Pd 2) S2 sensor, it's shown The aggregation of Au-Ag-Pd NPs on the Si
surface has a greater chances of formed nanoparticles is larger than that of S1 sensor. The size
distribution of formed NPs of S2 sensor, with a major value of around (9) nm and a range of (6)
to (13) nm (figure 3b) and the surface density of trimetallic nanoparticles is lower than that of
the others sensors. The histogram of hot spot regions size distribution among trimetallic
nanoparticles is illustrated in figure 4a-c. As shown in S2 sensor, a small size , high density of
surface alloys trimetallic nanoparticles. In comparison to the other S1 and S2 sensors, sensor S2
exhibits a high level of spatial homogeneity of Au-Ag-Pd NPs over the macroPSi surface. The
histogram of hot spot sizes among the formed nanoparticles is spanning from (15) to (40) nm,
and the size distribution's peak is about (20) nm, with a percentage of (38%) and standard
deviation( o) is 4.918 as can be seen in the figure (4a) S1 sensor. While, figure (4b) at mix ratio
(Au1l:Ag2:Pd 2)S2sensor, it'sshown thatthe hotspotsizesis varied from 10 to 35 nanometers,
with a maximum peak of 20 nanometers with percent (46 % ) and o is 3.344 (Figure 4b). Finally
for S3 sensor fig4c, The volume fraction of trimetallic nanoparticles around (25-45) nm, peak of
around (30) nm with percent (33 % ) and o is 6.188.
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Figure 4. Histogram of hot spot regions size distribution of modified as-formed macroPsi layers of (a) 31, (B)
82, (c) 53 sensors.

The structural properties related to the Au-Ag-PdNPs deposited over Si surface were studied
through analyzing its XRD pattern. Figure.5 (a-c), illustrates the diffraction peak structure for Au-
Ag-Pd/macroPsi surface alloying nano structure. The lattice characteristics of Au-Ag-Pd alloy
nanoparticles are identical, (4.065, 4.079 and 3.859). There seems to be an interaction between
the peaks for Ao ,gold, silver, and palladium, accordingly, indicating that these metals are alloyed
nanoparticles. [23, 24]. The nanoparticles volume of NPs was calculated by the Sherrers equation

(6) [25].

_ K&
T Beosd

(6)

The specific surface area is indeed one of the eligible criteria for nanostructured materials, and
given by equation (7) [26]:

_ 6000
5.5. A= Dep

(7)

Where, p is the densities of Pd, Ag, and Au are 12.023, 10.5, and 19.3g/cm3, correspondingly,
whereas the densities of trimetallic are around 12.1758, 13.09789, 16.4041, and 12.13426
g/cm3, respectively. These numbers can be figured out with the help of equation (8) [27]:
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Where, a = wt. % Au, c = wt. % Pd, D = density of trimetallic Au-Ag-Pd nanoparticles (g/cm3), and
b = wt. % Ag and. From the obtained data of Au-Ag-Pd/macroPsi surface alloying nano structure,
its clear that the S2 sensore has lower nanoprticle sizes of about 5nm and hence higher S.S.A of
about 102(m2/gm) . this is strongly related with the availibilty of ions in reduction so;ution , so
the lower formed nanopoarticles sizes is achieved with high density of ions i.e high rate of
generation nanoparticles .

Table 1. Nanoparticle size and 5.5.4 of 51, 52 and 53

Phase(111)

Sensors’ Types  Mixing Ratio Nanoparticle size(nm) 5.5.A(m2/gw)

Sy Anl: Ag], Pd] 11 45
82 Aul: Ag2. Pd] 17.65 21.5
Sz Auj: Ag2, Pd2 5 102
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Figure 5. XRD Pattern of 5.5.A4 of (a) 51, [b) 52 and (c] 53 Sensors

3.2 Raman spectra of trimetallic NPs surface alloying SERS sensors

Three different type of surface alloying SERS sensors S1, S2 and S3 were fabricated and tested
extensively against different concentrations of Methylene blue (MB) target molecule. In the
surface alloying SERS sensors, the macroPsi substrate was evaluated at 10-4 M after being dipped
in MB at concentrations of 10-6, 10-8,10-10 and 10-12 M. See Figure 6, The (MB) Raman
spectrum for macroSi (without the trimetallic nanoparticles) exhibits a very modest Raman signal
with a distinct peak at 1625 cm-1 (main peak ). Figure 7 describes SERS spectra of surface
alloying SERS sensors S1, S2 and S3. The Raman bonds have seven distinct peaks that can be found
in the varying of 400-1600 cm-1, at 1625, 1396, 1302, 1154 and 772,502, 448 cm~-1. Those peaks
are inextricably linked to C-C, C-N, C-H, C-S-C and C-N-C bond stretching vibrations. The Raman
enhancement effect of raman spectra is given by the following formula (9) [30]. Table 2 illustrates
the enhancement factor IF as a function to sensors types.
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IF = !sens/Csers (9)
Ips/Crs

Where IRS is the Raman signal of the Si with a concentration of CRS and ISERS is SERS signal peak
intensity at a specific level concentration of CSERS With regard to this study, the highest SERS IF
has been indicated to be 1.5x1010 when mixing ratio of Au-Ag-Pd NPs/macroPSi hetero
structures is (Au 1: Ag 2: Pd 2) S2 sensor. The limit of detection (LOD) for MB has been computed
via the equation (10):

LOD = 3Sd/ d (10)

The SERS peak intensity standard deviation of the calculated outcome at Raman shift is denoted
by Sd, and the calibrated curve slope is denoted by d.
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Figure 6. Chemical structure and Raman spectrum of ME of as-prepared macro5i with 10-4M

concentration.

To establish a quantitative analyzing of the surface alloying SERS sensors S1, S2 and S3, a relation
among the measured peak intensity 1625 cm—1 (main peak) is seen in Figure 8. This figure shows a
linear the connection among them at concentration of 10-6 to 10-12 M. Correlation offers ultra-high
Raman signals. The chief explanation for this performance is due to the density of hot spots among
trimetallic alloys. In extra, the S.S.A of the of trimetallic NPs surface alloying nanoparticles themselves.

An effective energy transition among the trimetallic NPs and molecules of MB intimate the locations
with a lot of hot spots can increase the sensitivity and limit of detection of surface alloying SERS sensors
towards the target molecules and therefore; boosts Raman signal. The effective significant variable for
evaluating the action of the fabricated sensors, IF be figured out with the help of equation 9. Figure (8)
shows the IF against the concentrations of MB solution. Imposing a continuous increase in the IF with
a reduction in the concentration of the target molecule. Very small molecule concentrations increase
the likelihood of locating the target molecule, resulting in its recognition and an IF increase due to SERS
signal strengthening.

The limit of detection of Raman signal LOD of tri metallic surface alloying SERS nanoparticles /
macroPSi layer sensors for MB was computed via using equation (10). The limit of detection of about
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(10-13, 10-14 and 0.5* 10-12 and M) were attained with S1, S2 and S3 respectively. The obtained LOD
limit of S2 trimetallic sensor is substantially lower than what had previously been reported in mono and
bimetallic SERS sensors [26, 28, 29]
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Figure 7. SERS spectra of surface alloying SERS sensors 51, 52 and 53 at concentrations 10-%, 10-8, 10-17
and 10-12M,
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ME concentration

(M)

Enhancement Factor (EF)
51 sensor

Enhancement Factor
(EF) 52 sensor

Enhancement Factor
(EF) 53 sensor

10-

2.4=101

1.1=103

1.2x103

108

1.2=105

4.2x10%

3.5x10%

10-10

2.4=107

1.1=x108

3.5x107

10-12

3.5x10%

1.5=1010

5.8x10%

1.6E+05

1.4E+05

1.2E+05

1.0E+05

8.0E+D4

6.0E+04

4.0E+04

Enhancement Factor (EF)

2.0E+D4

0.0E+00

10,-10 10,-8
MB concentration (M)

Figure 8. Relationship between MB concentrations and the enhancement factor of 51, 52 and 53 for the

main peak 1625 cm-1,

4. CONCLUSION

In this paper, an efficient improvement of the sensitivity and limit of detection SERS sensors was
carried out by controlling mixing ratio of trimetallic (Ag-Au-Pd) nanoparticles for the discovery
procedure of very minimum concentration of MB target-molecules. An easy and low-cost ion
decrease procedure was utilized to create three types of Ag-Au-PdNPs/ macro P-Si SERS sensors.
Updating mixing ratio of trimetallic (Ag-Au-Pd) ions guide to the formation of low-dimensional
structures that are efficient and essentially uniformly distributed Ag-Au-Pd NPs hotspot regions
nanoparticles with a high specific surface area. The plasmonics characteristics of trimetallic (Ag-
Au-Pd) nanoparticles were employed for sensing the ultra-minimum 10-12 M concentration of
MB molecules. Higher IF with minimum limit of detection of Raman signal was achieved from (Au
1: Ag 2: Pd 2) hybrid structures SERS sensor of about 1.5x1010 and 10-14 respectively. The
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variations of mixing ratio of trimetallic (Ag-Au-Pd) provide an effective pathway to develop the
sensors performance towards detection of lower concentrations.
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