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Abstract

Surface Enhance Raman Spectroscopy (SERS) is a well-known technique
used to analyze solutions of various substances that are at very low
concentration levels. To create plasmonic resonance, many researchers
have used Au nanoparticles decorated on SERS. Although Au
laser-engrave; nanoparticles offer high efficiency and high stability, they are expensive.
An inexpensive noble metal with high numbers of free electrons, Ag
nanoparticles has become an interesting alternative. However, Ag has a
major drawback because it is easily oxidized. Therefore, this research
3D hybrid SERS; aims to combine the good properties between Au and Ag nanoparticles for
Raman signal enhancement. A low-cost laser marking technique was used
to engrave aluminum surface. The Au/Ag nanoparticles were co-sputtered
on the aluminum template with decorating times ranging from 30-360 s.
FE-SEM was used to characterize the nanostructure of the nanoparticles
on SERS. Hydrophobic properties of the SERS surface were identified by
contact angle measurement. A Raman spectrometer was used to measure
the intensity of the enhanced Raman signal. From the results, the
decorating time that provided the highest contact angle and highest Raman
intensity enhancement was 270 s for both Ag and Au/Ag nanoparticles.
The limit of detection of Ag and Au/Ag aluminum SERS was 108 M for
Rhodamine-6 G. The enhancement factor for Ag aluminum SERS was
slightly greater than that for Au/Ag aluminum SERS, as expected. After
60 days of shelf-life testing, Ag aluminum SERS presented the highest
Raman enhancement. However, the Raman signal from Ag aluminum
SERS dramatically decreased, afterwards. On the other hand, Au/Ag
aluminum SERS showed a constant ability to enhance the Raman signal
for as long as 150 days.
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1. Introduction

Surface Enhance Raman Spectroscopy (SERS) is an ultra-sensitive surface-based Raman technique.
SERS is a well-known surface with powerful detection. Normally, SERS is used for detecting
analytes at very low concentrations. There are 3 types of SERS: colloid-based [1, 2], thin film-based
[3, 4] and 3D-hybrid structure-based SERS [5-9]. Colloid-based and thin film-based SERS can
enhance the Raman signal, but they are non-uniform and non-repeatable devices. These SERS
require a high production cost and involve a complex process. On the other hand, 3D-hybrid
structure SERS is low cost, easy to fabricate, repeatable and uniform [9]. An important part of SERS
is a nanostructure of noble metal that is decorated on the SERS surface. SERS can enhance the
Raman signal detected by a Raman spectroscope more than one million times because of plasmonic
resonance [10]. This phenomenon occurs by vibration of free-electron clouds at the surface of the
noble metal. Distancing between the noble metals, called hot spot, from 50 to 100 nm, causes a high
electromagnetic field that induces the Raman spectrum intensity [11].

Nowadays, SERS is used in many applications, for example, in medicine to analyze blood
[12] and in forensic science to analyze addictive substances or dietary supplements [13]. Many
researchers try to improve the efficiency of SERS in order to enhance the Raman signal. Recently,
our research team discovered a new fabrication SERS prepared by a low-cost laser-engraved
aluminum substrate. The SERS was built using Au nanoparticles as the decorating noble metal on
laser-engraved aluminum substrate [9]. The decorated Au nanoparticles on SERS produces high
stability; however, it is expensive.

Many researchers have studied SERS with Ag nanoparticles replacing Au nanoparticles;
Ag also has a high degree of free-electron surface. Various techniques have been used to fabricate
SERS devices; however, the processes were complex, time-consuming, expensive and left chemical
residues [14-17]. Some SERS featured non-uniform Ag distribution, uncontrollable amounts of
nanoparticles, and were difficult to handle, such as the paper/filter-based SERS [15, 16]. Kim et al.
[10] produced a handy SERS with Ag decoration in 2017. The SERS presented a significant Raman
enhancement; however, easy oxidation in the air was still a major problem with this noble metal. In
the same year, Ju et al. [17] introduced a way of protecting the Ag nanoparticles with small nitrogen-
doped graphene quantum dots that preserved the SERS performance in a normal indoor
environment. Though the SERS showed a good performance after storage for 30 days, there were
many chemical reagents used in the preparation process.

In this work, we sought to create better performance of laser-engraved aluminum substrate
SERS than was evident in previous research [9]. The laser marking technique adopted was simple,
low-cost, non-toxic, and could be used for mass production. In order to increase cost effectiveness,
the decorating Au nanoparticles were replaced by Ag nanoparticles. However, the weakness of Ag,
which is easily oxidized, remained a concern. Therefore, an interesting decorative material, which
was a combination of Au and Ag nanoparticles, was selected. The SERS with an alloyed Au/Ag
enhancing metal was expected to be low cost, highly efficient, and was thought to offer high stability
SERS. Ag and Au/Ag nanoparticles were deposited on the laser-engraved aluminum substrate by a
sputtering technique which provided a uniform and controllable nanoparticle distribution. The easy-
to-handle SERS chip with homogeneous enhancing material required a small amount of testing
solution and simple maintenance.

Surface topography of the nanoparticles, hydrophobic properties at the SERS surface, and
the Raman signal enhancement from Ag and Au/Ag aluminum SERS were investigated. Moreover,
the efficiency of Ag and Au/Ag aluminum SERS was verified by its limit of detection, enhancement
factor, and shelf-life. We expected to discover a high-performance SERS fabricated with low-cost
materials and by low-cost techniques.
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2. Materials and Methods
2.1 Aluminum sheet engraving

A commercial aluminum sheet with thickness of 0.4 mm was used as a template. A rough structure
of the template was designed and fabricated by laser mark technique. Firstly, an aluminum sheet
was cleaned with strain remover. After nitrogen gas drying, the aluminum sheet was ready for laser
marking. Then, the micro-nano structure on the aluminum surface was engraved with a laser
markings machine and engraving machine with laser class IV at 1060-1070 nm (Smart mark,
Photonics Science Co., Ltd). The laser power, fill spacing, and frequency used in this research were
12 W, 0.02 mm and 30 kHz, respectively [9]. The micro-nano structures of the bare aluminum sheet
template, after laser-engraving process, were studied by Field-Emission Scanning Electron
Microscope (FE-SEM; Hitachi, SU8030).

2.2 Ag aluminum SERS fabrication

After the engraving process, Ag nanoparticles were decorated on the aluminum sheet template by a
magnetron sputtering technique (lab-assembled, single-cathode PVD system). An ultra-high
vacuum (UHV) sputtering system with 5 x 10 mbar base pressure was used. When the chamber
reached the base pressure, Ag nanoparticles were deposited on the aluminum sheet template. The
operating pressure was 1.1 x 10~ mbar. This process was performed under 90 W of AC power and
30 sccm rate of Ar gas. Sputtering times were varied from 30-360 s. Finally, the Ag aluminum sheet
template was cut into 5 x 5 mm? piece, which became the Ag aluminum SERS samples.

2.3 Au/Ag aluminum SERS fabrication

Au/Ag nanoparticles were decorated on the aluminum sheet template by magnetron sputtering
technique used to make the Ag aluminum SERS. Both Au and Ag were sputtered together at the
same time under the same conditions used in our previous work [18]. The base pressure of the co-
sputtering in the chamber was 5 x 10 mbar as in Ag system. However, the sputtering conditions
for Ag and Au/Ag nanoparticles were different. Au and Ag targets were connected with DC power
and AC power, respectively. The operating pressure was 4.2 x 10~* mbar. The co-sputtering process
was performed under 50 W of both power supplies with 20 sccm rate of Ar gas. Sputtering times
were also varied from 30-360 s. After that, the sample was cut into square piece of 5 x 5 mm?.
Finally, the alloyed Au/Ag aluminum SERS were completely fabricated.

2.4 Ag and Au/Ag aluminum SERS characterization

After Ag and Au/Ag aluminum SERS were successfully fabricated, the topography of Ag and
Au/Ag aluminum SERS were examined using FE-SEM. The diameters and hot spots of the
nanoparticles at different decoration times were measured from FE-SEM images. Contact angle
measurement was used to analyze the hydrophobic properties of the SERS surface. Droplet of DI
water, about 20 ul, was used in this process. Rhomdamine 6G (R6G) solution at 1 x 10° M
concentration was used as a testing solution. Droplet of R6G, about 2 pl, was used to test the SERS.
The efficiency on enhancement of the Raman signal was examined by inVia Raman microscope
from Renishaw. The laser wavelength and exposure time used in the Raman test were 785 nm and
30 s, respectively. To study SERS ability to enhance the Raman signal at very low concentrations,
limit of detection (LOD) was tested using R6G solution with varied concentrations from 1 x 107 to
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1 x 10" M. The enhancement factor (EF) values of Ag and Au/Ag aluminum SERS were calculated.
Finally, shelf-life was assessed by storing the SERS in an ambient environment. For accuracy
purposes, the Raman signals from the SERS were tested from the 1% day to the 150" day by selecting
different areas on the same SERS.

3. Results and Discussion

Aluminum sheet templates were successfully prepared using the laser-engraved technique as in
literature [9]. The FE-SEM image illustrated the micro-nano structure on the aluminum surface;
those images are not shown here. A homogeneous rough surface was used as the SERS template.
Ag and Au/Ag nanoparticles were sputtered on the template with varying sputtering times at 30, 90,
180, 270, and 360 s. Topography images of the decorated Ag and Au/Ag nanoparticles on the
aluminum sheet were investigated by FE-SEM. The structures of Ag nanoparticles on the aluminum
sheet SERS are presented in Figure 1 a)- e). The FE-SEM images show that the Ag nanoparticles
were widely spread on the rough surface of the aluminum sheet template. The diameters of the Ag
nanoparticles increased with increasing decoration time. Figure 2 a) shows the relationship between
diameter and decoration time of the Ag nanoparticles, which were 78.31+4.03, 95.64+5.03,
105.91£7.44, 116.11+10.25, and 125.30£11.12 nm, when the sputtering times were 30, 90, 180,
270, and 360 s, respectively.

As was the case for the Ag aluminum sheet SERS, the Au/Ag aluminum sheet SERS was
also prepared by sputtering Au/Ag nanoparticles on the engraved aluminum template. Topography
images of Au/Ag aluminum sheet SERS were presented by FE-SEM, as shown in Figure 3 a) - e).
After increasing sputtering time, the diameters of the nanoparticles also increased. At 30, 90, 180,
270, and 360 s of decorating, the diameters of Au/Ag nanoparticles were 37.63+2.03, 51.92+3.89,
60.14+4.52, 64.20+£6.85, and 72.09+7.61 nm, respectively. The diameters of the alloyed Au/Ag
nanoparticles increased with increasing decoration time as shown in Figure 2 b).

From the results, both Ag and Au/Ag nanoparticles were revealed to be spherical structure.
Increasing sputtering time enlarged the diameters of the nanoparticles. The average diameter of
Au/Ag nanoparticles was a little bit smaller than Ag nanoparticles. There were some agglomerates
occurring early in the decorating process. However, the nanoparticles fully covered the rough
aluminum surface. Uniformity of the nanoparticles increased with increasing decoration time.

Because of nanoparticle aggregation, hot spots could not be measured. Thus, the optimum
decoration time which provides a good enhancement of the Raman signal could not be predicted.
From literature review, some researchers reported that hydrophobic property of the SERS surface
determined the efficiency of the Raman signal enhancement [6, 19-21]. Therefore, in this part,
hydrophobic properties of the Ag and Au/Ag aluminum SERS were determined.

For the Ag aluminum SERS, the contact angles of DI water droplets on the surface of the
SERS with decoration times at 30, 60, 120, 240, and 360 s were 120+2.25, 121+1.06, 126+0.97,
139+0.52, and 129+0.31 degree, respectively, as shown in Figure 4 a) - e). The results of contact
angle measurement of the Au/Ag aluminum sheet SERS are shown in Figure 5 a) - ¢). The contact
angles were 111£3.02, 113+£2.42, 120+1.21, 137+0.94, and 131+0.53 degree, when measuring
droplets of DI water on Au/Ag surface at sputtering times 30, 60, 120, 240, and 360 s, respectively.
From the results, both Ag and Au/Ag aluminum SERS surfaces presented the highest contact angle
at 270 s of decoration time. Moreover, over the decoration time range of 30 to 270 s, for both Ag
and Au/Ag aluminum SERS, increasing of contact angle depended on decoration time and the
highest contact angle presented when the sputtering process was continued to 270 s. However, the
contact angle decreased when the decoration time was 360 s, as shown in Figure 6 a) - b).
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Figure 1. FE-SEM images presenting topography of Ag nanoparticles decorated on aluminum
sheet with decoration times: a) 30's,b) 90 s, ¢) 180 s, d) 270 s, and e) 360 s
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Figure 2. Relationship between decoration time and nanoparticle diameter of a) Ag nanoparticles
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Figure 3. FE-SEM images presenting topography of Au/Ag nanoparticles decorated on aluminum
sheet with decoration times: a) 30 s, b) 90 s, ¢) 180 s, d) 270 s, and €) 360 s

Figure 4. Contact angles of DI water droplet on Ag aluminum SERS with decoration times at
a)30s,b)90s,¢) 180 s, d) 270 s, and e) 360 s
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Figure 5. Contact angles of DI water droplet on Au/Ag aluminum SERS with decoration times at
a)30s,b)90s,¢) 180s,d) 270 s, and e) 360 s
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Figure 6. Relationship between decoration time and contact angle of DI water on
a) Ag aluminum SERS and b) Au/Ag aluminum SERS

The superhydrophobic surface SERS can enhance the Raman signal greatly because the
contact area between molecules of solution and SERS surface is small. After the solution dries, the
solution molecules settle at the bottom. Hence, this small contact area is full of the tested molecule
which increases the intensity of the Raman signal [6]. Therefore, from the contact angle results, we
concluded that a decoration time of 270 s, which provided the highest contact angle, offered the
optimal efficiency to enhance the Raman signal for both Ag and Au/Ag aluminum SERS.

The Raman spectra of R6G solution for the Ag aluminum SERS with decoration time from
30-360 s are shown in Figure 7 a). The individual Raman shifts of R6G Raman spectrum, which are
610, 1367, and 1512 cm’!, are presented. Intensities of R6G spectrum increased with continuing
nanoparticle sputtering process from 0 to 270 s and reached the highest intensity at 270 s. The
intensities obviously dropped when decoration time went past 360 s.

For Au/Ag aluminum SERS, the intensities of the R6G solution Raman signal are shown
in Figure 7 b). The intensities increased with increasing decoration time until 270 s. After that, the
intensity decreased, and at 360 s sputtering, the intensity of the signal was the same as that of the
Ag aluminum SERS at the same sputtering time.

From the Raman spectroscopy analysis, Ag and Auw/Ag aluminum SERS were able to
enhance the Raman signal. The optimum time to sputter the nanoparticles was 270 s for both the Ag
and Au/Ag systems. At this condition, the SERS revealed the best efficiency to enhance the Raman
signal according to their hydrophobic properties.
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Figure 7. The Raman spectrum of R6G solution enhanced by
a) Ag aluminum SERS and b) Au/Ag aluminum SERS at different nanoparticle sputtering times

The best enhancing SERS with 270 s sputtering time were selected to compare their
efficiency of enhancement of Raman signal by calculating the Enhancement Factor (EF). EF is a
number used to express the ability of SERS to enhance the Raman signal at any solution
concentration. This factor is internationally accepted and widely used to clarify SERS performance
[22]. The EF values of Ag and Au/Ag aluminum SERS were calculated using the equation 1 [23].

I surf N bulk
EF = (Ibulk) X (N surf) (1)
where /;,r1s an intensity of the vibration modes in SERS and /y. is the vibration mode in the Raman
spectrum. Ny 1s the number of a probed molecules on the Raman spectrum, and Ny,ris the number
of a probed molecules on the SERS.

The substrate used for /.4 was a glass slide. The enhancement factors of the SERS were
calculated from the reference peak of the Raman spectrum at 1367 cm™!. We found that EF values
of Ag and Auw/Ag aluminum SERS were 3.19 x 10° and 4.85 x 108, respectively. Ag aluminum SERS
showed higher EF value than Au/Ag aluminum SERS, as expected. Both Ag and Au/Ag aluminum
SERS, in our work, demonstrated an impressive ability to enhance the Raman signal. From the
literature, the EF values of SERS fabricated with Ag nanoparticles are in the range of about 4.5 x
10°t0 4.20x 107 [15, 17, 22, 24-26]. For practical purposes, SERS should enhance the Raman signal
for analytes even at very low concentrations. Therefore, to confirm the efficiency of our SERS, limit
of detection and shelf-life were examined.

One of the important properties of SERS is it can enhance the Raman signal even at a very
low concentration of solution. Therefore, the lowest solution concentrations at which the Ag and
Au/Ag aluminum SERS could enhance the Raman signal, or the limit of detection (LOD), were
studied. The Ag and Au/Ag aluminum SERS with 270 s sputtering time were selected to be tested
with R6G solution at various concentrations from 1 x 10 to 1 x 10° M. Figure 8 a) - b) shows the
Raman shift of R6G Raman spectrum for Ag and Au/Ag aluminum SERS. At 1 x 10° M
concentration, R6G Raman spectrum enhancement could be observed for both Ag and Au/Ag SERS.
However, when the concentration was decreased to 1 x 10 M, both Ag and Au/Ag aluminum SERS
did not show any R6G Raman spectrum. From the LOD testing, although the EF value of the Ag
aluminum SERS was higher than that of the Au/Ag aluminum SERS, the efficiencies of
enhancement of the Raman signal for both Ag and Au/Ag aluminum SERS were of the same level.
We found that addition of Au nanoparticles in Ag system did not significantly reduce the
enhancement of the Raman intensity of Ag nanoparticles.
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Figure 8. Limit of detection of R6G solution from a) Ag aluminum SERS and
b) Au/Ag aluminum SERS

Shelf-life, which is an expression of SERS ability, is measured when the SERS is kept in
an ambient environment for a long time and the Raman enhancement signal is checked over the
period. There are a lot of factors to make SERS de-grade, for example, humidity, temperature, and
pressure. In this experiment, the shelf-life of Ag aluminum SERS, Au/Ag aluminum SERS, and a
commercial SERS chip were observed and compared. The commercial SERS chip, invented by
ONSPEC Lite NECTEC, was made by decorating Au nanoparticles on an aluminum sheet [9]. R6G
solution with 1 x 10° M concentration was used as a testing solution. The Raman spectrum data of
the SERS were collected for 150 days and the results are shown in Figure 9. The raw data received
from each SERS were calculated by averaging the intensities of R6G Raman spectrum at peak
positions of 610, 1367, and 1512 cm’!. Before testing, the Ag aluminum SERS showed the highest
enhancement intensity of the Raman signal, followed by Au/Ag aluminum SERS and Onspec Lite
NECTEC SERS chips, and this trend remained for 60 days. Though the enhancement ability of the
Ag aluminum SERS rapidly decreased after first 7 days of the period, it still provided the highest
Raman signal intensity. After that, the signal detected from the Ag aluminum SERS decreased and
eventually, demonstrated the lowest ability to enhance the Raman signal after 90 days, due to
oxidation.

On the other hand, the Au/Ag aluminum SERS demonstrated a constant ability to enhance
the Raman signal. Over first 90 days, Au/Ag aluminum SERS showed a greater intensity effect than
the commercial one, and slightly decreased after that. The alloyed Au/Ag nanoparticles improved
the stability of Ag aluminum SERS, maintaining an effective ability to enhance the Raman signal.
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Even though the Ag aluminum SERS presented an excellent capability to enhance the
Raman signal, because of its oxidation, the SERS proved to be an irregular device. Otherwise, the
alloyed Au/Ag nanoparticle proved to be a good combination material used as an enhancing noble
metal for a low-cost SERS. The Au/Ag aluminum SERS exhibited high efficiency and consistent
Raman signal enhancing performance. In this research, we successfully created the mass-produced
and highly efficient SERS chip that required a small amount of testing solution, simple maintenance,
and was stable over long-time storage.

4. Conclusions

The mass-produced and high efficiency Ag and Au/Ag aluminum SERS were successfully
fabricated using a low-cost laser-engraved technique. From topography images studied with FE-
SEM, the nanoparticles fully covered the aluminum surface and the diameters of the nanoparticles
increased with increasing decoration time. The hydrophobic properties of the SERS were related to
the Raman signal enhancement. The optimum sputtering time for both Ag and Au/Ag nanoparticles
was 270 s, which provided the greatest contact angle and the Raman intensity. The performance of
Ag and Au/Ag aluminum SERS were investigated by measuring enhancement intensity, calculating
EF values, testing LOD and observing shelf-life. The Raman intensities and EF values from Ag and
Au/Ag aluminum SERS were of the same level. The LOD of both SERS was 1 x 10 M measured
with R6G solution. Because of oxidation problems, Ag aluminum SERS provided the lowest
intensity after 90 days of shelf-life testing. We found that the combination of Au and Ag
nanoparticles improved the stability of SERS device over the long term.
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