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HIGHLIGHTS

® The surface of the patterned Ag thin films is covered by periodic microstructure.

® The volume fractions of Ag and Ag,0 are dependent on laser scanning rate.

® LSPR was observed in the as-irradiated samples.
® These samples exhibit tunable self-defocusing nonlinearity.
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Patterned Ag thin films were obtained through laser irradiation at ambient conditions. We investigated the
effects of laser scanning rate for the structure and optical properties of patterned Ag films. XPS results show that
the volume fractions of Ag and Ag,O are dependent on the laser scanning rate. The localized surface plasmon
resonance was observed in the as-irradiated samples and increased with the acceleration of the scanning rate.
Moreover, with the variations of laser scanning rates and excitation energy, these samples exhibit tunable self-
defocusing nonlinearity caused by charge transfer and the enhanced electromagnetic field at the interface be-

1. Introduction

Optical limiters show a reduced transmittance as a function of laser
irradiation or flux and can be used to shelter the eyes and sensitive
optics from laser harm. Numerous work has been done to develop
perfect broadband optical limiting (OL) materials based on mechanisms
like reverse saturable absorption [1], multiphoton absorption [2], and
nonlinear scattering [3]. Noble metal nanomaterials like gold and silver
have drawn considerable attention because of their unusual photo-
electric properties as well as the potential applications in photon
technology. Their linear optical properties are believed to be dominated
by surface plasmon resonance (SPR), which also improves their non-
linear optical (NLO) response [4-6]. However, due to the interband
transition and the fixed carrier density, the noble metals have a high
optical loss, and their applications in integrated optics are limited [7,8].
To improve their optical properties, thin films based on metal and
semiconductor materials have been proposed owing to their high de-
gree of optical nonlinear and ultra-fast time response [9,10]. There are
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many methods to fabricate metal-semiconductor materials, such as
chemical synthesis, chemical vapor deposition, doping, and so on.
However, these methods involve chemical pollution and high cost.

Laser patterning is a technology that uses the heating effect of laser
ablating the surface materials of metals to leave persistent patterns. The
irradiated area will be oxidized at ambient conditions. Compared with the
methods mentioned above, it has many advantages, such as flexibility, high
quality, high speed, and no pollution [11-13]. For the patterned metal thin
films, in which metals and oxides are tightly coupled to produce different
functions, show properties far beyond individual structures. Generally, the
NLO properties of metal-semiconductor films can be influenced by the
energy transfer among the hybrids system, the SPR of noble metal nano-
particles, the plasmon-excition interaction, and the resultant local field
environment [14]. Since the physical and optical properties of the hybrid
system are profoundly affected by the size, shape and composition, strate-
gies for the fabrication of metal-semiconductor hybrid materials become
more attractive [15], and the accuracy and flexibility of laser patterning
technology are reflected.
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Fig. 1. (a) Schematic of the laser irradiation process, and (b) Z-scan system.

In this work, patterned silver thin films with periodic micro-
structures were obtained by laser irradiation. We explored the NLO
properties of silver and patterned silver thin films at 1550 nm with a
mode-locked picosecond laser. Moreover, the surface morphology,
crystal structure, optical linearity, composition, and the electric field of
the samples were investigated.

2. Experiment

The Ag thin film was deposited on the glass substrate by electron
beam evaporation using a silver target (99.99%) at room temperature.
The chamber was evacuated to a base pressure of less than 5 x 107 Pa,
the working pressure was 0.8 Pa, and the deposition rate is about 2 nm/
min. The layer was 100 nm monitored with the quartz crystal micro-
balance, denoted as S1. Then, it would be irradiated by Nd: YAG
1064 nm laser under ambient conditions with different scanning rates.
The process of laser treatment was shown in Fig. 1(a). The laser was
operated at 0.2 W; the pulse width was 100 ns, both the scanning line
spacing and beam diameter were 0.01 mm. Besides, the scanning rate
set as 2000, 2500, 3000, and 3500 mm/s, respectively. These as-irra-
diated thin films were denoted as S2-S5, respectively.

Z-scan is a single-beam experimental technique with high sensi-
tivity, which is utilized for measuring the NLO properties of materials,
as shown in Fig. 1(b). The mode-locked picosecond laser (Menlosys-
tems, 100 MHz with a 2 ps pulse width) at 1550 nm with different
incident intensities and the Gaussian beam is focused by 15 mm focal
length lens. The surface of the samples was observed through the
confocal microscopy and atomic force microscopy (AFM). The crystal
structure and absorption spectra of the samples were obtained by X-ray
diffraction (XRD) and dual beam spectrophotometer, respectively. The
surface components of the samples were characterized by X-ray pho-
toelectron spectroscopy (XPS). Furthermore, the Finite element method
was employed to investigate the electric field of the as-deposited Ag
thin film and patterned Ag thin films.

3. Results and discussion
3.1. Optical characterization

The confocal microscopy and AFM images of the samples are shown
in Fig. 2. The as-deposited Ag thin film is continuous with a smooth
surface. However, after laser patterning, the machined surfaces were
covered with periodic microstructures at different scanning rates,
which caused by the phase shift of laser spots along the scanning di-
rection leading to the formation of grid-like surfaces [16]. Furthermore,
Ag films highly tend to agglomeration by heating. In the case of laser
irradiation, the laser energy is transferred to the Ag film, resulting in
the melting of the film [17]. With the scanning rate increasing, the area
of oxidized material in a specific area decreases, and the width (white
part) between two adjacent elements increases. Specifically, in order to
retain more Ag materials, a higher laser scanning rate is necessary to
reduce the thermal effect of laser on the metal. The inserted AFM
images in Fig. 2(b-e) and Fig. 2(a) are the surface morphologies of local
areas of Ag thin films with and without laser irradiation, respectively.

The gross morphology of the as-deposited Ag thin film is a smooth one.
After modification by laser, the materials in the irradiated area were
dissolved and then solidified to form spherical or ellipsoid, which
means that good texture nanoparticles and a bumpy landscape can be
obtained. The surface roughness values of the samples are 2.1, 10.2,
9.2, 9.8, and 8.7, respectively, as shown in Fig. 2(f). Compared to that
of the as-deposited Ag film, the roughness value (RMS) of these as-ir-
radiated samples increased significantly and reached around 9 nm.

XRD patterns of the as-deposited Ag and patterned Ag thin films are
shown in Fig. 3(a). The as-deposited Ag thin film exhibits two diffrac-
tion peaks at around 38.12°(26) and 44.26°(26), corresponding to
(1 11) and (2 0 0) plane of cubic Ag phase (JCPDS No. 89-3722), re-
spectively. It is evident that the silver grains have a preferential or-
ientation along the (1 1 1) crystal direction. In general, for non-epi-
taxial deposition, the film structure tends to be (1 1 1) or (0 0 1) planes
due to the minimum surface free energy [18,19]. After modification by
laser, peaks at around 38.14°(20) and 44.4°(26) correspond to (1 1 1)
and (2 0 0) plane of Ag phase (JCPDS No. 89-3722), respectively. The
further shift of the diffraction peaks indicates that the film stress in-
creases. Besides, it should be noted that when the laser is applied to the
surface of the Ag sample at a lower scanning rate, the thermal effect is
more obvious and more silver is removed, resulting in the diffraction
peak intensity being lower than that of the sample with a faster scan-
ning rate. No prominent phase of oxides was observed in the as-irra-
diated samples due to its poor crystal quality.

The absorption spectra of the samples are shown in Fig. 3(b). Owing
to the successive structure of as-deposited Ag thin film, no obvious
absorption peak was observed [20]. However, these as-irradiated
samples exhibited obvious LSPR peaks in the visible band and increased
with the increase of scanning rate. Laser irradiation has a positive in-
fluence on LSPR phenomena, which can be explained through the ex-
istence of nano-ellipsoid structures of Ag thin films after laser irradia-
tion [21], and the intensity of LSPR is related to the amount of silver
treated. Moreover, in addition to the surface plasmon absorption of the
as-irradiated samples, there are slight absorption bands in the UV wa-
velength region. These peaks correspond to the light absorption pro-
duced by the interband transition [22].

Fig. 4 reveals the representative XPS spectra of samples. Fig. 4(a)
shows the Ag 3d doublets of S1 with binding energies at 374.4 eV and
368.4 eV assigning to Ag°® 3ds,, and Ag® 3ds,», respectively [23]. After
irradiating the Ag thin film at a lower scanning rate of 2000 mm/s, Ag
3d peaks can be fitted into four peaks, as shown in Fig. 4(b). Besides the
peaks of Ag®, the peaks situated at 374 eV and 368.1 eV were corre-
sponding to Ag* [24], which demonstrates the formation of Ag,0 after
laser irradiation. Moreover, the content of Ag® and Ag* on S2 is 23.1%
and 76.9%, respectively. Observably, the Ag™ content on S2 is greater
than that of Ag®, which indicates the surface of the Ag sample was
mostly oxidized when irradiated at a low laser scanning rate. Fig. 4(c)
shows the XPS spectrum of S5, the laser scanning rate is 3500 mm/s,
which is higher than that of S2. The binding energies at 368.1, 368.4,
374, and 374.4 eV are ascribed to the signals of Ag* 3ds,», Ag® 3ds,2,
Ag™ 3ds,, and Ag® 3ds,, respectively, which is similar to S2. However,
the content of Ag® and Ag"* on S5 changed, where the content of Ag®
increased to 40.21% and Ag* decreased to 59.79%. To some extent, the
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Fig. 2. (a-e) Confocal microscopy pictures and AFM images of samples with different laser scanning rates, and (f) the surface roughness of samples as a function of

laser scanning rate.

acceleration of the laser scanning rate can reduce the thermal interac-
tion time and the oxidation degree of Ag thin film. Fig. 4(d) exhibits the
O 1 s spectra peaks of the samples, which can be divided into two peaks
at 532.7 eV, and 531.4 eV, respectively. The former is ascribed to Ag-O
bonding in Ag,0O structure, and the latter is hydroxylic [25,26], sug-
gesting the presence of Ag,0 in the as-irradiated samples. The co-ex-
istence of Ag and Ag,0 in the as-irradiated samples is clearly proved by
XPS results.

3.2. NLO properties

In a nonlinear regime, the total absorption coefficient a can be de-
scribed as a(I) = ag + S(I)I, where ay, B(D), and I represent the linear
absorption coefficient, the nonlinear absorption coefficient, and the
laser intensity, respectively. The normalized transmittance Ty,.m(2) are
fitted by the following equation:

In[1 + ¢,(2)]

Torm (2) = a @
0

Here q,(z) = BIoLey)/(1 + 22/zd), L = [1 — e=®L]/ag, where I,
Legs 2, 20, and L are the peak intensity at the beam-waist, the sample’s
effective path length, the straight-line distance between the sample and
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the focal point, the diffraction length of the beam and the thickness of
the sample, respectively.

Fig. 5(a-c) shows the normalized transmittance of as-deposited Ag
and patterned Ag thin films obtained through an open aperture Z-scan
system with different input power densities, and the excitation wave-
length is 1550 nm. When the peak irradiance incident on samples is
5.2 X 10™* GW/cm? no distinct nonlinear absorption behavior was
observed in S1. However, these patterned Ag samples show normalized
transmittance valleys when they are close to the focus (high intensity),
indicating the presence of reserve saturable absorption (RSA) in Ag-
Ag-0 thin films. Moreover, the depth of the normalized transmittance
valleys of these Ag-Ag,0 samples will deepen with the increase of laser
scanning rate. When the peak irradiance energy increased to 9.8 x 10
GW/cm? and 3.1 x 10 GW/cm? respectively, as before, no obvious
nonlinear absorption behavior was observed in S1. However, the valley
depth of Ag-Ag>O samples increases and the gap between the curves
becomes larger, as shown in Fig. 5(b) and (c). The corresponding
nonlinear optical coefficient f§ is shown in Fig. 5(d). At the same ex-
citation energy, 3 shows positive and increases with the acceleration of
laser scanning rate, which indicates the effect of laser irradiation on f8
enhancement and shows that the patterned Ag thin films have tunable
optical nonlinearity. Moreover, when the excitation energy is different,
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Fig. 3. (a) The XRD patterns and (b) Absorption spectra of samples before and after laser irradiation.
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Fig. 5. (a-c) Open aperture Z-scan curves of the samples at different laser power densities; (d) the value of nonlinear absorption () of the samples; the FDTD
simulated electric field amplitude patterns of samples (e) before and (f) after laser irradiation.

the change rate of f§ value among samples is also different. Under the
excitation of 3.1 x 10" GW/cm?, f has the maximum change rate from

2 x 107 cm/GW to 9.6 x 10% cm/GW.

The observed RSA performance is a clear signal of OL activity in

materials, which is usually caused by nonlinear absorption, excited
state absorption, and multiphoton absorption mechanism [27]. Gen-
erally, the RSA behavior of materials originates from the absorption
process, which is determined by secondary photons bringing excited
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electrons from the lower conduction band to the higher conduction
band [28]. Besides, when the intensity of the incident laser is constant,
the optical nonlinearity response of these patterned silver samples in-
creases with the increase of the silver concentration, which is attributed
to the increase of the molecular density and the high ionic mobility of
the Ag ions affect the change of the electrical transport properties [29].
Concurrently, the enhanced electromagnetic field at the interface be-
tween Ag and Ag,0 will rapidly enhance RSA response [30]. In order to
investigate the electromagnetic field of bare Ag and patterned Ag
samples, the finite element method was applied. In this simulation, a
1550 nm laser is perpendicular to the x-y plane of the sample, and the
polarization direction is along the y-axis. The simulated electric field of
the samples is shown in Fig. 5(e-f). The maximum electric field strength
of the samples with and without laser irradiation is 4.4 and 0.625, re-
spectively. Obviously, the electric field strength of patterned Ag sam-
ples is stronger than that of bare Ag, which ensures that the nonlinear
absorption effect of patterned Ag samples is more clear, as shown in
Fig. 5(a-c). Therefore, the simulation results are consistent well with
nonlinear absorption phenomena.

4. Conclusion

In this study, patterned Ag samples were obtained by laser irra-
diation with different scanning rates under ambient conditions. We
investigated the influences of laser irradiation on the structure and
optical properties of patterned Ag thin films. The results show that the
surface of patterned Ag thin films is covered by periodic microstructure
after laser irradiation, and the irradiated area varies from continuous
film to nano-ellipsoid with corresponding the surface plasmon re-
sonance in the visible region. XPS analysis shows that a different
amount of Ag,0O will be formed when the as-deposited Ag films irra-
diated by laser at different scanning rates. The observed nonlinear ab-
sorption is explained by charge transfer and the enhanced electro-
magnetic field at the interface between Ag and Ag,O, which is in
accordance with the results of FDTD simulation.
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