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a b s t r a c t

Tunable localized surface plasmon resonance (LSPR) properties of silver thin films were realized by CO2

laser irradiation. The effects of laser irradiation on the structure, morphology and optical property of the
samples were investigated by X-ray diffraction (XRD), scanning electron microscope (SEM), atomic force
microscopy (AFM), UV-VIS-NIR double beam spectrometer and Raman system, respectively. XRD patterns
show that laser irradiation has the effects of improving grain growth and orientation of Ag thin films.
With laser irradiation power increasing, the topography of as-irradiated silver thin films were observed
to develop discontinuous nano-ellipsoid structure with a red-shift of the surface plasmon resonance
wavelength in visible region. Both the various ellipsoid sizes and the states of aggregation of as-
irradiated silver thin films contributed to increase significantly the sensitivity of surface enhanced
Raman scattering (SERS). Additionally, the simulation result of Finite-Difference Time-Domain (FDTD)
was proved to be in good agreement with that of the experiment.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Surface plasmons have attracted lots of interests in recent years
for their localized surface plasmon resonance (LSPR) properties
[1,2]. When the resonance frequency of conduction electrons and
incident light are matched, LSPR induced by collective electron
charge oscillations in metallic nanoparticles (NPs) shows its strong
confinement and enhancement of near-field amplitude [3e5]. It is
indicated that LSPR hasmany potential applications, such as surface
enhanced Raman scattering (SERS) [6,7], photothermal therapy
[8,9], nonlinear optics [10], biological and chemical sensors [11e13],
plasmon enhanced fluorescence [14,15] and other fields. In partic-
ular, SERS has attracted considerable attention due to its nonde-
structive and single molecular level sensitivity [16e18]. The
efficiency and intensity of these applications largely depend on the
LSPR wavelength which is not only determined by the size, shape
and the surrounding medium of metallic NPs but also by metal
materials [4,19e21]. It is demonstrated that strong tunable LSPR
can be achieved by modifying these factors appropriately.
At present, researches on surface plasmon resonance mainly
focus on noble metals which have the unique LSPR properties due
to their strong resonant oscillations [2,9,22]. Among various noble
metals, silver, gold and copper are mostly used in plasmonic ap-
plications because of their low optical loss. Gold has the advantage
of being chemically stable but a higher cost compared with silver.
Considering the cost of silver and gold, copper is applicable yet it is
easily oxidized [23]. Therefore, silver (Ag) is a reasonable choice to
research LSPR properties. Its fine LSPR tunability from visible to
near-infrared wavelength can be realized by controlling the size
and shapes of Ag NPs appropriately. However, it is still a challenge
to fabricate desirable size and shapes of Ag NPs. For examples,
electron beam irradiation technique shows slow and costly pro-
cesses [24]; the arrangement of colloid monolayers has disadvan-
tages about poor reproducibility [25]. Compared to these
conventional methods, laser irradiation technique has been studied
theoretically and experimentally for its unique advantages which
make Ag thin films transformed into droplets with different shapes
directly due to its good ductility [26,27]. These Ag samples with
nanoparticle structures can be fast and easily prepared by this
technique with flexible and low-cost process at the same time. To
achieve the tunable LSPR properties, laser irradiation technique is
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Fig. 1. The XRD patterns of the as-annealed and as-irradiated Ag thin films with
various laser powers.

Fig. 3. Surface roughness of Ag thin films corresponding to gradually increased laser
power.
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applied to prepare Ag NPs with various sizes and gaps by changing
certain parameters of the laser equipment such as laser wave-
length, laser energy and scan rate and so on. Nevertheless, the
practical application of laser irradiation technique is still worthy of
deeper researches for its detailed influence on the sizes and shapes
of NPs.

In this paper, we proposed a cost-effective technique, CO2 laser
irradiation, to achieve fine LSPR tunability of Ag thin film. This CO2
laser with long wavelength, different from the short-wave lasers
which are commonly used to prepare Ag NPs in previous experi-
ments, only has the thermal transmission when irradiates Ag thin
films. The LSPR absorption peaks of the Ag thin films were tuned by
varying the laser irradiation power. The influences of laser irradi-
ation power on the structure, optical absorption and Raman scat-
tering properties of Ag thin films were investigated in the paper.
Fig. 2. AFM images of Ag thin films irradiated with laser powers of (a
Also, the simulation method of Finite-Difference Time-Domain
(FDTD) was employed to figure out the electric field distribution of
Ag thin films.

2. Experiment

Ag thin films with a thickness of 15 nmwere deposited on fused
quartz substrates by electron beam evaporation at room tempera-
ture. The thickness of thin films was monitored by a quartz crystal
microbalance. After finishing the deposition process, the as-
deposited thin films were annealed in situ in the same vacuum
chamber with the temperatures of 100 �C for 30min. These as-
annealed Ag thin films were irradiated by a continuous wave CO2
) 0W, (b) 0.5W, (c) 1W, (d) 1.5W, (e) 2W, (f) 2.5W and (g) 3W.



Fig. 4. SEM images of Ag thin films with laser powers of (a) 0W, (b) 0.5W, (c) 1W, (d) 1.5W, (e) 2W, (f) 2.5W and (g) 3W.
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laser source whose wavelength is 10.6 mm with various laser
powers. The laser parameters adopted in the experiment were as
follow: laser beam powers were set as 0.5, 1, 1.5, 2, 2.5 and 3W,
respectively, the beam diameter was 0.1mm, and the scan speed
was set as 50mm/s. For comparison, as-annealed Ag thin film was
also used in the study. The as-annealed film and as-irradiated films
weremarked as sample 0 (S0), sample 1 (S1), sample 2 (S2), sample
3 (S3), sample 4 (S4), sample 5 (S5) and sample 6 (S6), respectively,
which are in accord with the increasing laser power (0e3W).

The crystal structure of the samples were analyzed by X-ray
diffraction (XRD) using a Rigaku MiniFlex600 system, with Cu Ka
radiation (l¼ 0.15408 nm). The surface morphology and roughness
were characterized by atomic force microscopy (AFM) (XE-100,
Park System) and scanning electron microscope (SEM) (S-4800,
Hitachi). The optical absorption of the samples was measured with
an UV-VIS-NIR double beam spectrophotometer (Lambda 1050,
Perkins Elmer), the scan step and integration time were set 2 nm
and 0.24 s, respectively. Raman scattering spectra were examined
using a confocal microprobe Raman system (inVia Raman Micro-
scope, Renishaw) with 633 nm laser. All the measurements were
carried out at room temperature.



Fig. 5. (a) Absorption spectra of Ag thin films with increased laser irradiated powers;
(b) Curve of wave crests from every absorption spectrum.

Fig. 6. Raman scattering spectra of Rh B on Ag thin films with increasing laser powers.
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3. Results and discussion

3.1. Structural properties

The XRD patterns as shown in Fig. 1 reveal the influence of laser
irradiation on the structure of Ag thin films. According to Fig. 1, no
diffraction peaks are observed in the as-annealed sample, meaning
that it is amorphous. However, a broad diffraction peak appears in
the as-irradiated samples at around 38.184� (2q), which is corre-
sponding to (111) crystallographic plane (JCPDS: 04e0783). It in-
dicates that no obvious grain growth is observed during the case of
annealing processing, while the grain growth occurs by laser irra-
diation. Additionally, the intensity of the diffraction peaks has a
slight increase with the laser power increasing. It also indicates the
preferential orientation of Ag grains along the (111) crystallo-
graphic direction. The results show that laser irradiation leads to
the occurrence of (111) crystallographic direction of lowest surface
energy and improves the crystallinity of Ag thin films.

3.2. Surface morphology

Fig. 2 shows the AFM images with the scanning area of 3 mm � 3
mm for as-annealed sample (Fig. 2 (a)) and as-irradiated samples
(Fig. 2 (b)-(g)). The morphology of as-annealed sample exhibits
disorder (as shown in Fig. 2 (a)). After being modified by laser
irradiation, the thin film was transformed into orderly spheroidal
structure. According to Fig. 2 (b)-(g), the size and spacing of those
structured samples increase with the increase of laser powers. The
values of the root mean square (RMS) surface roughness of these
samples are 2.244, 3.131, 3.911, 4.601, 5.846, 6.000 and 7.552 nm,
respectively, as shown in Fig. 3.

Fig. 4 shows the SEM images of Ag thin films with various laser
powers. In Fig. 4 (a), the as-annealed sample shows a disorder
surface. It is obvious that laser irradiation makes Ag thin films
broken into defined particles with a discontinuous structure ac-
cording to Fig. 4 (b)-(g). With the laser power increasing, Ag NPs
with nano-ellipsoid structure have the gradually increasing particle
size and spacing. These SEM results illustrate the uniformity with
AFM images.

In case of laser irradiation, the laser energy is transferred to Ag
thin films, resulting in the thin film melts. Then instability of the
films drives breakup into droplets with nanosize solid metallic
particles since Ag is among the metals that poorly wet the sub-
strate. This breakup allows the self-assembly of supported nano-
particle arrays therefore Ag thin films are readily transformed into
Ag NPs with nano-ellipsoid structure by laser irradiation [27,28].
With the increase of laser power, the size of Ag NPs becomes lager,
which results in the increase of the distances between particles.
Additionally, the grain growth means the higher grain size,
broadened height distribution and low valleys, which causes the
increase of RMS [29].

3.3. Optical absorption

Fig. 5 (a) shows the absorption spectra of as-annealed and as-
irradiated Ag thin films. For as-annealed sample, the shape of its
absorption spectrum which is similar to those reported by others
[30], is featured by a broad peak at about 500 nm. However, for the
as-irradiated sample, the resonance absorption shifts to the shorter
wavelength with a narrowed peak. Along with the increasing laser
powers, there is a red-shift of LSPR wavelength from 448 to 522 nm
and a rise of absorption intensity in the absorption spectra of as-
irradiated samples. As shown in Fig. 5 (b), there is a wave crest
which represents the wavelength corresponding to the maximum
absorption in each absorption spectrum, and the value of these



Fig. 7. FDTD simulated electric field amplitude patterns for Ag NPs (a)e(c) with the same particle radius but increasing gaps and (d)e(f) with the same particle gaps but increasing
radius.
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wavelengths is 500, 448, 454, 474, 486, 508 and 522 nm,
respectively.

It is apparent that laser irradiation has themodified effect on the
shift of LSPR wavelength and the intensity of absorption peak by
varying the laser power. This phenomenon can be explained by the
surfacemorphology of Ag thin films, as shown in SEM images (Fig. 4
(a)-(g)). By laser irradiation, the Ag thin film is transformed into
nano-ellipsoid structure which enables the existence of stronger
LSPR [29], and the discontinuity of Ag thin film produces a stronger
resonant frequency which results in the blue-shift between as-
annealed and as-irradiated samples (S0 and S1). At the same
time, the continuous thin film with a broad peak develops into
structured ellipsoid that leads to the existence of a narrowed peak
[4]. During laser irradiation, the thermal energy from CO2 laser is
transferred into Ag thin films, resulting in the different size and
spacing of Ag NPs with different laser powers. The plasmon
wavelength and absorption cross-sections vary with the size and
shape of the NPs, according to the Gans theory, the popular qua-
sistatic theory about the calculation for the optical absorption of
NPs with an ellipsoidal structure [31]. The plasmon wavelength
nearly linearly relies on the diameter of the NPs, therefore the LSPR
wavelength red-shifts due to the increased size of Ag NPs. On the
other hand, the enhanced intensity of LSPR peak is attributed to the
higher absorption cross section of the lager particles size [24]. It
indicates that the oscillation modes have direct relations to the size
of Ag NPs, and that the plasmon absorption maximum shifts to
longer wavelength with the size of Ag NPs increasing [32]. In
general, laser irradiation directly causes the shift of the plasma
resonant peak.
3.4. SERS performance

To research the potential application of LSPR properties, these
samples were used as SERS substrates in the experiment. The
probing Rhodamine B (Rh B) molecule which is a typical artificial
dye was chosen as a test compound to study the application of Ag
thin films. The Rh B molecule solutions with the concentration of
10�4mol/L were dosed onto the surface of these Ag samples. In
Fig. 6, the three strongest Raman peaks, at about 1648, 1361 and
1504 cm�1, corresponding to C]C stretching modes of aromatic
rings are observed in the as-annealed sample.With lowpower laser
irradiation, the Raman scattering intensity of Rh B molecule
significantly enhances on the as-irradiated substrates. However, the
Raman signal intensities gradually decrease with the irradiated
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laser powers further increasing. It is apparent that the Raman signal
intensities of as-irradiated samples can be adjusted flexibly in
accord with the different laser powers.

On the basis of the electromagnetic enhancement theory, by
laser irradiation, the surfaces of samples are rougher and more
structured, but the size and the gap of Ag NPs become lager, which
causes less tips or “hot spots” to excite the local electrical fields,
resulting in the decrease of Raman intensity [33]. As a result, the
increasing laser power easily modifies the size and spacing of Ag
NPs and on this account it controls the intensity of Raman signals as
well.

To further verify the conclusions above, the simulation of Finite-
difference time domain (FDTD) was employed to calculate the
electric field distribution for these laser irradiated samples. In this
simulation, a 633 nm laser irradiated perpendicularly to the x-y
plane of the Ag samples with the polarization along the y-axis di-
rection. Fig. 7 illustrates the electric field intensity of Ag NPs with
various sizes and gaps. For these Ag NPs with the same size in
radius and different particle gaps (Fig. 7 (a)-(c)), the intensity of the
electric field has a decreased trend when the gap becomes lager.
The tips or “hot spots”, gather of the red spots on local surface in
figures, formed between the spacing of NPs tend to be obviously
weaker from Fig. 7 (a) to (c) due to the increasing gaps. Further-
more, in order to prove the particle spacing is more influential than
particle size on electric field intensity, Ag NPs with the same par-
ticle gaps and increasing sizes are shown in Fig. 7 (d)-(f). It dem-
onstrates that when the particle sizes become lager, the electric
field intensity in Ag NPs has no significant difference if there exists
enough distance between particles. On the whole, the increase of
gaps in Ag NPs leads to the decrease of the SERS intensity due to the
weak intensity of tips or “hot spots”. The simulation results are in
good agreement with the experimental results above.

4. Conclusions

In conclusion, the influences of laser irradiation on Ag thin films
for structural and optical properties were investigated in this paper.
The results show that laser irradiation can improve the grain
growth and orientation of Ag thin films and transforms the thin
films into nano-ellipsoid structures. The LSPR wavelength red-
shifts in visible region for the increasing size and spacing of Ag
NPs induced by various laser powers. Additionally, the Raman
scattering can be adjusted by different laser power due to the
variation of LSPR in Ag NPs, which is in linewith the results of FDTD
simulation.
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