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Silver (Ag) thin films decorated with carbon nanoparticles were achieved by ablating Ag/C thin film with an Nd:
YAG fiber pulsed laser under the environmental conditions. The structure and optical properties of the Ag/C
samples were investigated. In this study, the Surface plasmon resonance (SPR) wavelength of Ag/C samples shift
from 457 nm to 527 nm was realized using a different laser scanning rate. Compared to Ag samples, Surface
enhanced Raman scattering (SERS) of Ag/C samples was also observed due to decorating with nano-carbon,

which demonstrates good steadiness and high SERS intensity with the concentration of Rhodamine 6G (Rh
6G) with 10~° mol/L. In additional, the simulation results of finite-difference-time-domain (FDTD) verify SERS

performance.

1. Introduction

Since the 1970s, with the development of science and technology,
SERS detection sensitivity has gradually increased, and the technology
application has also continued to develop [1-3], and it has been widely
used in various fields such as physics, chemistry, materials, and
biomedicine [4,5]. Recent decades, with the emergence of plasma Au,
Ag, Cu and transition metal nanomaterials, the research and application
of Raman spectroscopy have attracted renewed interest [6,7]. At pre-
sent, the SERS effect mainly has two mechanisms: electromagnetic
enhancement (EE) and chemical enhancement (CE) [8,9]. In general,
electromagnetic enhancement is dominants and is mainly related to the
extensive local field caused by LSPR [4,10,11]. Therefore, the prereq-
uisite for metal nanoparticles to have excellent SERS performance is that
they have good LSPR properties.

Precious metals such as Au and Ag are ideal plasma materials for the
SERS substrate preparation because of their excellent chemical proper-
ties [12-14]. Ag is an ideal SERS active matrix material because of its
powerful and adjustable LSPR in the visible to near-infrared spectrum
[15]. However, these materials have not been widely used in SERS
substrates due to silver being easily oxidized susceptible to fluorescence
interference from the detected substance during the test [16-18].
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Besides, Ag and semiconductors’ composite structure can solve easy
oxidation, but the complexity of its manufacturing process still limits its
development [19,20]. Graphene is known to have excellent optical,
electrical and mechanical properties. The composite structure of gra-
phene and metal NPs has the advantage of simultaneously combining
magnetic and chemical enhancement in a single substrate [13,21-23].
Moreover, graphene has an excellent fluorescence quenching effect. The
mechanism is that the fluorescence of the fluorescein unit in the
measured substance will be quenched by graphene because of the energy
transfer from fluorescing into graphene [24]. Recently, Eider
Aparicio-Martinez et al. reported that the Ag@Graphene composites
were due to their easy synthesis of Ag NPs, their excellent plasmonic
properties, and the cooperation effect of the two materials in signal
enhancement [25]. Moreover, through laser modification, its composite
structure showed high SERS activity, and it allowed rapid detection of
Rh 6G. This research can solve the above problems to a certain extent.
However, in the process of actual preparation, lattice defects such as
vacancy and the oxygen-containing group will inevitably occur, so that
these performance indexes are much lower than the theoretical values
[26,27].

In this study, Ag/C bilayer film was designed based on the above, and
carbon was used to replace graphene to reduce the loss in the
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Table 1

Laser scanning parameter.
Parameter Unit Value
Laser w 8
Beam diameter mm 0.01
Pulse width ns 200
Frequency kHz 45
Scanning line spacing mm 0.01
Scanning rate mm/s 500-2500

preparation process, and the method was cost-effective. The surface of
thin films was then modified by pulsed laser. The LSPR efficiency of the
Ag/C samples can be valid adjusted by changing the laser scanning rate.
The laser modification has a significant impact on the sample compo-
sition, surface, optical absorption, and SERS performance. Also, the
electric field distribution of the sample has been well verified in the
FDTD technique.

2. Experiment

Electron-beam evaporation was used to be fabricate the Ag/C bilayer
films on BK9 substrate through high purity Ag target (99.9%) and Car-
bon target (99.9%). The thickness of bilayer film is 100 nm monitored
via quartz crystal microbalance (thickness of Ag and C is 90 nm and 10
nm, respectively). In this work, a pure Ag film (100 nm) was also
fabricated as a reference. All depositions are performed in a vacuum
(less than 5 x 10~* pa). And next, cover the blank BK9 substrates on the
surface of the film when the deposition is over. Then, These films were
modified by an Nd:YAG fiber pulsed laser at 1064 nm with 8 W laser
power and 200 ns pulse width under the environmental conditions. The
laser parameters are shown in Table 1. The scanning rate was set at 500
mm/s, 1000 mm/s, 1500 mm/s, 2000 mm/s, 2500 mm/s,
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respectively. These samples were defined as S1-S5 (Ag/C samples) and
S1’-S5'(Ag samples), respectively. Fig. 1 shows the schematic for the
experiment process.

X-ray diffraction (XRD, Miniflex600 system) and double beam
spectrophotometer (Lambdal050, Perkins Elmer) were used to analyze
the phases and optical absorption of samples. Observe the surface
topography with an atomic force microscope (XE-100 Park system,
AFM) and a scanning electron microscope (Merlin compact, Carl Zeiss,
SEM). Thermo Scientific Escalab 250Xi (XPS) was used to study the
composition of the samples. Raman signals was measured by the XploRA
PLUS Raman spectroscopy excited by a 638 nm laser.

3. Results and discussion
3.1. Structural and properties

The XRD 6/26 diffraction features for Ag and Ag/C films before and
after laser ablation were shown in Fig. 2. Two diffraction peaks at 38.6°
and 44.8° can be observed in both single Ag film and Ag/C composite
thin films, corresponding to the (111) and (200) crystallographic plane
of silver (JCPDS: 04-0783) in Fig. 2(a). Compared to that of a single Ag
film, crystallinity of Ag/C composite film was improved due to the
immobilization of Ag by carbon film [28,29]. This phenomenon causes
Ag’s diffraction peak in the Ag/C composite film to be stronger than that
of the Ag film. Generally speaking, since these crystal planes exhibit
minor surface free energy, for non-epitaxial deposition on the substrate,
the film surface tends to be (001) and (111) planes [30]. Also, the thin
thickness of the carbon film may lead to poor crystallinity, so there is no
pronounced diffraction signal of carbon. According to Fig. 2(b), XRD
diffraction features of Ag samples and Ag/C samples with the different
laser rates (1000 and 2000 mm/s), respectively. Compared with before
laser ablation, the diffraction intensity of samples after laser ablation is
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Fig. 2. XRD for Ag film and Ag/C film before (a) and after laser ablation (b).
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Fig. 3. XPS spectra of (a—b) Ag 3d for Ag film, S2/(1000 mm/s), Ag/C bilayer film and S2(1000 mm/s), (c) C 1s for Ag/C bilayer film and $2(1000 mm/s), (d) O 1s for

$2(1000 mm/s).

significantly reduced, caused by the thinning of film thickness. Mean-
while, there is no obvious peak-shift before and after laser ablation.
Under the same laser scanning rate, the diffraction peak intensity of the
Ag/C sample is stronger than that of the Ag sample, which is due to the
immobilization of the dispersed Ag nanoparticles on the nano-carbon.
Moreover, due to the poor crystal quality, no apparent oxide phase
was observed in samples.

3.2. Composition and valence states

From Fig. 3, we could see the XPS spectra of samples before and after
laser ablation. The films and samples’ shape and valence are in good
agreement with those reported in the literature. According to Fig. 3(a),
two peaks were found in the Ag film at about 368.2 eV and 373.2 eV,
which are 3ds/5 and 3dz /o of Ag atoms [31], and same as Ag/C film in
Fig. 3(b). The Ag 3ds,2 and Ag 3ds,» peaks appearing at 367.8 eV and
373.8eV are observed in S2’ (Ag sample with the scanning rate of 1000
mm/s). Those peaks correspond to oxidation states such as AgO [32,33].
Meanwhile, in S2, the peaks situated at 367.7 eV and 373.7 eV
responded to Ag', which indicates the formation of AgO after laser
ablation [34]. As exhibited by Fig. 3(c), for Ag/C film, the C 1s spectrum
can be deconvoluted into three individual peaks with binding energies of
283.9 eV, 286.3 eV, 288.1 eV. These peaks were assigned to C—=C, C-O,
C=0, respectively [33,35]. These peaks intensity of 286.3 eV and 288.1
eV were significantly weaker than that of 283.9 eV, which indicates that
a small number of C-O bonds and C—O doubts bonds in the carbon
matrix. Furthermore, compared with the Ag/C film, the binding energy
of the C=C, C-O, C=O0 corresponding to 284.6 eV, 286.7 eV, 288.6 eV
in S2, respectively. The full width of the half-maximum of the peak at
288.6 eV is slightly increased in S2, and the binding energy is generally
increased. The sharp peak at 284.6 eV corresponds to the sp? carbon
atoms, which indicates the presence of graphitic carbon [36]. In Fig. 5
(d), the O 1s spectrum of S2 can be deconvoluted into two individual
peaks at 531.4 eV and 532.5 eV, respectively. The former is attributed to
hydroxyl, and the latter is the Ag-O bond in the AgO structure [35,37],

indicating the presence of AgO in the samples.
3.3. Surface morphology

Fig. 4(a-d) respectively shows the AFM images of the sample before
and after laser ablation. The gross morphology of the Ag film or Ag/C
composite film are smooth. The RMS surface roughness (Rq) Ag film and
Ag/C film are 1.875, 1.920, respectively. After laser modification,
however, NPs decomposes from the film’s surface due to thermo-elastic
force. It adheres to the cover glass, thereby forming an ordered spherical
structure on the cover glass [34]. With the laser scanning rate increases,
the working time of the laser on the film is reduced, the thermal inter-
action time is reduced and finally leads to the gradual increase of the
surface roughness of the sample. As exhibited by Fig. 4(e), the RMS
surface roughness (Rq) value of the Ag film and samples are 1.875,
10.351, 14.013, 21.347, 27.058, and 38.143 nm, respectively. The same
trend was observed for Ag/C film and samples, and the RMS surface
roughness (Rq) value of the Ag/C film and ablated samples are 1.920,
9.979,10.799, 11.610, 13.692, and 15.473 nm, respectively, in Fig. 4(f).
However, at the same rate, the surface roughness of the Ag sample is
much larger than that of the Ag/C sample. As a carbon film, the covers
the outer surface of the Ag/C thin film. When the same laser is irradiated
on the film, part of the laser energy will be offset, resulting in a relatively
gentle increase in Ag/C samples’ roughness. Simultaneously, the
nano-carbon covering the surface of Ag nanoparticles is not considered,
so the roughness is relatively low.

Fig. 5 shows the corresponding SEM images of samples of before and
after laser ablation. Laser ablation has a vital influence on the
morphology of the material. Fig. 5(a) and (c) are SEM images for Ag film
and Ag/C film, respectively. The surface morphology of the film presents
a continuous structure. However, after laser ablation with a scan rate of
1000 mmy/s, the structure becomes discontinuous, and nanoparticles
with an ellipsoidal structure, as shown in Fig. 5(b) and (d). Meanwhile,
it can be intuitively found that the nanoparticle spacing of the Ag/C
sample is smaller than that of the Ag sample, and the size of
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Fig. 4. AFM images of (a) Ag film, (b) Ag sample of 1000 mm/s, (c) Ag/C bilayer film, (d) Ag/C sample of 1000 mm/s (e) The surface roughness of Ag and samples,

(f) the surface roughness of Ag/C and samples.

nanoparticles is larger than that of Ag samples. The inset diagram in
Fig. 5(d) shows the graphitic carbon covering the sample surface. In
addition, the element distributions (EDS) spectra of the films and sam-
ples are shown in Fig. S1.

3.4. Optical absorption

The absorption spectra of Ag samples were shown in Fig. 6(a), and
the inset shows the absorption spectrum of Ag film. Meanwhile, in Fig. 6
(c), the absorption spectra of Ag/C samples, the inset shows the ab-
sorption spectrum of Ag/C film. Compared with Ag film, the absorption
spectrum of Ag/C film has a wider absorption band. The resonance
absorption intensity of the two is stronger than that of the sample after
laser ablation. Before laser ablation, the film structure is continuous. It
has a broad absorption peak and a stronger absorption intensity [38].

However, localized electronic coherent oscillation occurs on the sam-
ple’s surface after laser ablation, which leads to the appearance of a
resonance absorption peak. As the laser scanning rate increases, the
wavelength of the absorption peak corresponding to the Ag sample also
shows a regular shift in the infrared direction from 428 nm to 486 nm,
and absorption peak intensity decreases accordingly. As shown in Fig. 6
(b), each inflection point corresponds to the wavelength of the
maximum value of per curve in Fig. 6(a), which is 428 nm, 442 nm, 462
nm, 474 nm, and 486 nm, respectively. For Ag/C samples, however, the
trend is similar to that of Ag samples. We can see from Fig. 6(c) that the
corresponding absorption peak wavelength has a significant red shift,
and absorption intensity gradually decreases. As shown in Fig. 6(d),
each point in the graph indicates the wavelength corresponding to the
maximum value per absorption curve, which is 457 nm, 492 nm, 497
nm, 505 nm, and 527 nm, respectively.
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Fig. 5. SEM images of (a) Ag film, (b) Ag sample with laser scanning rate of 1000 mm/s, (c) Ag/C bilayer film, (d) Ag/C sample with laser scanning rate of 1000 mm/

s and the inset shows the Ag film modified with nano-carbon.

At the same scanning rate, the Ag/C sample shows a stronger ab-
sorption intensity than the Ag sample, which is due to the larger nano-
particles of the Ag/C sample. The absorption intensity is also consis-
tent with the tendency of the diffraction peak in XRD (Fig. 2). Under
laser ablation, the continuous film transforms into a discontinuous nano-
ellipsoid structure so that these samples have a stronger LSPR effect.
Moreover, the wavelength of the plasmon is affected by the size and
shape of the particle, which is consistent with the quasi-static theory—
calculating the light absorption of NPs in the ellipsoidal structure [39].
When the sample is irradiated perpendicularly by the laser, the spacing
between NPs becomes smaller, resulting in a strong coupling induction
[40]. This series of reasons make the absorption curve of the Ag/C
sample show a more pronounced shift and broader range in the infrared
direction than that of the Ag sample. This phenomenon is consistent
with the effect shown by the surface morphology of the sample (Fig. 5
(a)—(d)). Moreover, the XRD and XPS results show that the laser scan-
ning rate change causes the transformation of the sample’s local
dielectric environment [32]. The Drude model proposed that the
refractivity of environmental medium also affects the LSPR wavelength
[41]. With the oxidation of NPs surfaces, the dielectric coefficient of
surrounding medium increases, and LSPR moves to the infrared direc-
tion accordingly [42]. To some extent, the thermal interaction time of
the film can be reduced by increasing the laser scanning rate, resulting in
the reduction of the absorption intensity. Moreover, for Ag/C samples,
there is a narrow absorption band in the ultraviolet wavelength region.
These peaks corresponding to the optical absorption of interband
tran-sitions [43].

3.5. SERS performance

To investigate the potential influence of laser scanning speed on
plasma characteristics. Rh 6G (10-5 mol/L) was used as a probe mole-
cule to study the SERS of samples. Fig. 7 (a) and (c) show the Raman

spectra of Ag samples and Ag/C samples, respectively. There are four
strongest Raman peaks observed at about 618, 1311, 1360, and 1507
em ™}, respectively. The peak of 618 cm ™! is the tensile vibration peak in
the surface of the oxacene ring, while those peaks of 1311, 1360, and
1507 em ™! are the stretching vibration peak of the C=C bond on the
benzene ring [44]. As the laser scanning speed increases, the Raman
intensity of the sample increases significantly. Fig. 7(b) and (d) show the
relationship between the change of Raman intensity and the substrate
number in Fig. 7(a) and (c) at 1507 cm L. Meanwhile, at the same
scanning rate, the Ag-C composite film ablative sample’s Raman
strength was stronger than Ag. Obviously, the SERS of the sample can be
affected by adjusting the laser scanning rate.

In general, the enhancement of the electromagnetic field plays a
crucial role in enhancing SERS, and the enhancement of the electro-
magnetic field mainly depends on the effect of LSPR. About the ab-
sorption curve (Fig. 6), all samples showed a significant LSPR effect,
leading to increased Raman signal strength. With the increase of the
laser scanning rate from 500 to 2500 mm/s, the LSPR peak of the Ag-C
sample was closer to the wavelength of the Raman excitation laser than
that of the Ag sample, thus showing a stronger SERS effect. Documented
evidence, the fluorescence of molecules was quenched by using gra-
phene as SERS substrate. For Rh 6G attached to graphene, the fluores-
cence background is significantly reduced, and the Raman signal is more
easily resolved [45]. Also, through laser modification of Ag@graphene
composites, relatively high SERS activity was obtained, and Rh 6G could
be rapidly detected. Meanwhile, the above experiments proved that
Ag/C composite thin films had a good SERS effect after being modified
by laser and proved the feasibility of replacing graphene with carbon.
Fig. 7(e) shows the Raman intensities of the Ag/C sample and Ag sample
with different days. Fig. 7(f) corresponds to the histogram of Raman
intensity in Fig. 7(e). Evidently, the Raman intensity of the Ag sample
decreased slightly, while that of the Ag/C sample was almost unchanged
after days. Therefore, the stability of Ag/C samples is better than that of
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Fig. 6. Optical absorption spectra of (a) Ag samples with various laser scanning rate, the inset at the top shows optical absorption spectra of Ag film, (c) Optical
absorption spectra of Ag/C samples with various laser scanning rate, the inset at the top shows optical absorption spectra of Ag/C bilayer film. Curve of wave crests of
(b) every absorption spectrum of Ag samples, (d) every absorption spectrum of Ag/C samples.

Ag samples.

To research the repeatability and uniformity of the sample, the
Raman signal intensity of the 1507 cm ™! peak was selected as a refer-
ence. In the case of a laser scanning rate of 2500 mm/s, five Ag samples
and five Ag—C samples were measured by the same method. Meanwhile,
the Raman intensity of the sample at 1507 cm™! after several days was
also compared accordingly. The relative standard deviation of the
measured values of all samples is less than 3%, which indicates that the
Raman intensity of the samples is basically the same [32]. In addition,
the Raman signal intensity of different batches of samples is almost the
same, which indicates that the samples prepared in the experiment have
good uniformity and repeatability. Fig. 8 shows the intensity errors bars
of the Raman peak at 1507 cm ™ for samples, corresponding to Fig. 7
(b), (d) and (f). Moreover, to verify the reproducibility of the SERS
spectrum. As shown in Fig. 9, 15 points were randomly selected in the
Ag/C sample with a laser scanning rate of 2000 mm/s. The relative
standard deviation of the measured values of all samples is less than
10%, indicating that the samples have good uniformity and reproduc-
ibility [46-48].

To further evaluate the sensitivity detection of the Ag/C substrates,
the changes of SERS signal intensity at different R6G concentrations
were compared. Meanwhile, compare and analyze the experimental
enhancement factor (EF,) and the theoretical enhancement factor (EF;)
[49-51], we choose the Ag/C sample with the Raman characteristic
peak at 1507 em™! under 1000 mmy/s. The SERS EF. and EF; was
calculated according to the following formula :

Isgrs C
gF, —szmsto

(€Y

" IoCsgrs

B

EF, =—% (2
|Eol

Where Iggrs and Iy represent the Raman intensity for 1 x 10" 12M of R6G
on the Ag/C sample and 1 x 107> M of R6G on BK9, and Cggrs and Cp
indicate the corresponding R6G concentration. Ey is the intensity of the
incident electric field, and E,; is the intensity of the electric field outside
the NPs. In additional, Fig. 10(a) shows the change of SERS signal in-
tensity from 10~ M to 10712 M R6G concentration. With the concen-
tration of R6G decreases, even when the concentration is as low as
10712 M, the SERS signal can be clearly observed. Fig. 10(b) shows the
Raman intensity of Iy and Isgrs. The EF, value is calculated as high as
1.35 x 10”. The maximum local electric field is 59.1 V/m, and the EF, is
1.22 x 10. The simulation structure matches the experimental results.

In order to study the influence of the laser scanning rate on the
electric field of the sample, the electric field distribution of some sam-
ples was simulated using the FDTD technique (Fig. 11). The x-y surface
of the sample is irradiated vertically with a 638 nm laser and polarized
along the y axis [4]. According to the prepared film thickness parame-
ters, Ag film 100 nm and Ag/C double-layer film (Ag 90 nm, C 10 nm)
were performed by FDTD simulation on the film surface. After laser
processing, according to the SEM images, the size of Ag/C composite
NPs was set to 100 nm and the size of Ag particles was set to 80 nm. The
FDTD simulation of particles of other sizes is shown in Fig. S2. Fig. 11 (a)
and (c) show the electric field distribution of the continuous Ag thin film
and the electric field distribution at the junction of the Ag film and the
carbon film. Due to the continuity of the film surface, the electric field
strength of the film is weak, and there is almost no difference between
the two. Fig. 11 (b) and (d) are the electric field distributions of Ag
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sample (1000 mm/s) and Ag/C sample (1000 mm/s), respectively. SEM
images can be seen that Ag/C samples can obtain large size NPs under
the same laser scanning rate. It can be seen from the simulation results

1 on (a) five different Ag samples, (b) five different Ag/C samples at 2000 mm/s, and (c) Raman intensity after 45

that the Ag/C sample shows a stronger electric field intensity than the Ag
sample, which explains the consistency of the above-mentioned SERS
effect. We attribute the enhancement of the SERS signal intensity to the
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accumulation of plasmonic NPs on the substrate, which ultimately led to
the existence of a large number of “hot spots”. The place where the red
color gathers in the picture is the hot spot’’, which represents the
enhancement of the electric field. Comparing the simulation results and
the experimental results, it can be found that both are in good
agreement.

4. Conclusions

This experiment is improved basis on predecessors. The Ag/C thin
film was prepared by substituting carbon for graphene. The SERS per-
formance of silver thin films decorated with carbon nanoparticles tuned
by laser modification at diverse laser scanning rates has been studied.
The results show that the LSPR wavelength of the Ag thin film decorated
with carbon nanoparticles has a significant red-shift with the continuous
increase of the laser scanning rate. The Raman scattering intensities are
significantly enhanced because of the rise of the particle size, particle
aggregation state, and dielectric environment of the carbon

nanoparticles decorated Ag thin film. Structure stability is better than Ag
as-ablated samples. These study results are in good agreement with the
FDTD simulation.
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