Fast Fabrication of a Ag Nanostructure
Substrate Using the Femtosecond Laser
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etal nanoparticles (NPs) have at-
tracted much attention in recent
years because of the strongly lo-

calized electric fields induced by the collec-
tive oscillation of free electrons in the metal
that interact with the light impinging on
the NPs. This phenomenon is called loca-
lized surface plasmon resonance (LSPR),'
which is known to strongly depend on
the size, shape, surrounding medium, and
separation of NPs.>~'® LSPR can effectively
harvest the electromagnetic energy of in-
coming light and concentrate it into the
“plasmonic hotspots”.'’ "' Enhancement
of local-field intensity on the order of 10°
can be obtained relative to that of incident
light.'>~ 17

The phenomenon of hotspots has been
successfully employed in surface-enhanced
Raman spectroscopy (SERS) for molecular
sensing,'® % in photovoltaics,* 2% and in
photocatalytic water splitting,>*° in addi-
tion to a number of other potential applica-
tions such as medical imaging and cancer
treatment.>"3? It has also led to the demon-
stration of plasmonic nanolasers.>*3* Many
of these applications require active sub-
strates consisting of metal nanostructures
capable of delivering a high density of hot-
spots. A number of techniques have been
developed to accomplish this purpose. For
example, focused ion beam®® and e-beam?®
have been used to fabricate plasmonic sub-
wavelength structures with well-defined
geometries. These lithographic methods
capable of treating very limited substrate
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Using a femtosecond laser, we have transformed the laser-direct-writing technique into a

highly efficient method that can process Ag0, thin films into Ag nanostructures at a fast

scanning rate of 2000 um?/min. The processed AgO, thin films exhibit broad-band

enhancement of optical absorption and effectively function as active SERS substrates. Probing

of the plasmonic hotspots with dyed polymer beads indicates that these hotspots are

uniformly distributed over the treated area.
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area with a long processing time also re-
quire expensive setup and a highly stable
environment. In comparison, the relatively
inexpensive nanosphere lithography*®

be employed on large-scale substrates, but
uniformity has been a significant challenge.
Laser ablation is another interesting tech-
nique where metal NPs are lifted off from a
piece of metal submerged in a solvent with
a laser beam,*”*® but the NPs always end up
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in a solvent. An efficient, cost-effective technique
capable of rapidly treating large-area substrates with
good uniformity, high throughput, and better flexibil-
ity is obviously desirable. Among the various fabrica-
tion methods, the laser-direct-writing (LDW) technique
is one of the best candidates for the rapid, low-
cost processing of micro- and nanostructures.3~*3
This low-cost technique has the potential to achieve
throughput of 2—5 orders of magnitude higher than
other maskless techniques.**** In optical data storage
systems, 4 x 10'° nanofeatures of 20 nm in diameter
can be written by a laser beam in an optical disk driver
in 30 min on a single-sided commercial DVD disk
(surface area ~100 cm?) coated with the data record-
ing medium AgInSbTe alloy.** While this writing speed
may not be matched any time soon by any of the
plasmonic substrate fabrication techniques, it does
inspire the effort to explore the LDW technique on
mediums that can be rapidly processed into plasmonic
nanostructures. AgO, is such a medium from which Ag
nanostructures with dense hotspots can be obtained
by the LDW method following the photoreduction
reaction that produces an aggregate of Ag NPs from
AgO, film in situ as*>*®

2AgO, 2Ag +x0; )

In this paper, we report fabrication of Ag NPs from a
AgO, thin film deposited on a glass substrate with the
LDW technique using a femtosecond laser. Different
from LDW methods that use either continuous or
nanosecond lasers, the illumination of a femtosecond
laser turns out to be far more efficient in processing
AgO, thin films into aggregates of Ag NPs in terms of
both processing speed and sample performance. The
aggregates of Ag NPs are generated on the laser-
illuminated spot, which exhibits a broad-band optical
response in the visible regime. In order to directly
probe the hotspots around the Ag NPs under the
illumination of a white light source, we have used dyed
polymer beads that randomly drift in a water solution.
As the beads come close to the hotspots, the dye
molecules embedded in the beads get excited and
subsequently relax by emitting light. In this work, we
chose to use dyed polymer beads instead of dye
molecules because the latter cannot be easily removed
from the sample surface, making it not reusable for
subsequent measurement. The experimental setup
for fabrication of Ag NPs and detection of hotspots
is illustrated in Figure 1. The processed sample is
mounted on a total internal reflection (TIR) microscope
and submerged in a water solution of dyed polymer
beads. A charge-coupled device (CCD) camera is used
to record the fluorescence from the dye molecules at
the hotspots. A series of blinking has been observed as
the dye molecule carrying beads move in and out of
the hotspots.
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Figure 1. Schematics of LDW processing AgO, thin film being
mounted on a TIR microscope, immersed in dyed polymer
bead solution, excitation of drifting beads at hotspots, and
blinking of dye molecules embedded in the beads.

To demonstrate that the processed femtosecond
laser-treated AgO, thin films can be effectively used
as plasmonic substrates, we have also carried out SERS
measurement. We find that the laser-treated AgO, thin
film indeed acts as a SERS-active substrate and the
enhancement is comparable to the other previously
studied SERS substrates.?” The processing technique is
not only faster but also far simpler than other reported
methods.>>3° In addition, the hotspots are found to be
uniformly distributed across the laser-treated AgOy
area. SERS intensity can also be easily controlled by
varying the laser treatment condition.

RESULTS AND DISCUSSION

A matrix of “rings” is made on the 15 nm thick AgO,
film by a femtosecond laser (4 =800 nm, pulse duration
= 140 fs, repetition rate = 80 MHz see Methods
section). The power of the laser beam is 14 mW. Each
ring is created by a single laser shot with the exposure
time of 30 ms. The optical reflection image in Figure 2a
clearly reveals the ring structures that are formed
under the illumination of a laser beam with inner and
outer diameters of roughly 0.5 and 1.4 um, respec-
tively. The rings are made of Ag structures as evi-
denced by their higher reflectivity. The AFM image in
Figure 2b suggests that inner ring regions are ablated
holes, showing as dark purple spots in the reflectivity
measurement. Outside of the ring, the AgO, layer
remains intact. There is a transition region where Ag
NPs are formed sitting on AgO, with different layer
thickness. Figure 2c is the magnified SEM image of a
single ring where the aggregate of disordered Ag NPs
is shown as bright spots. The Ag NPs are also char-
acterized by a high-resolution transmission electron
microscope (TEM). The lattice fringes with d spacing of
0.235 nm match the interspacing of the (111) planes of
the face-centered cubic Ag, which is also in agreement
with that of bulk Ag (Figure 2d). The selected electron
diffraction pattern (inset of Figure 2d) shows the poly-
crystalline characteristic.
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d;14=0.235 nm

Figure 2. (a) Optical reflection and (b) AFM image of the
aggregates of Ag nanoparticles obtained on the laser-
illuminated AgO, thin film. (c) Magnified SEM image of an
aggregate of Ag NPs. (d) TEM image and electron diffraction
pattern of laser-generated Ag NPs.
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Broad-Band Resonant Light Absorption of Laser-Generated
Ag Structures. Figure 3a shows the size distribution of
generated Ag NPs in Figure 2d, which varies from 10 to
100 nm in diameter with an average size of 32.2 nm.
In addition, the SEM analysis reveals that the Ag
NP aggregate possesses a fractal structure with the
characteristic dimension of D = 1.75, similar to the
fractal Ag NP aggregates made by chemical reduction
methods.'**’ Figure 3b shows the absorption spectra
of the AgO, thin film before and after laser processing.
The relatively strong absorption around 400 nm for the
unprocessed AgO, is due to the existence of metallic
Ag in the film.*® The laser-treated AgO, thin film
exhibits significant increase of absorption in the wave-
length range of 400—700 nm. The optical absorption
spectrum is much broader than those obtained from
photoreduced Ag structures generated by pulsed
lasers with longer pulse durations (nanoseconds to
milliseconds), which typically display an absorption
peak around 430 nm as a result of the LSPR mode of
individual Ag monomers.*”~>°
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Figure 3. (a) Histogram of Ag NP diameters. (b) Optical absorption spectra collected from laser-processed as well as untreated
areas. (c—h) FEM electromagnetic simulation results of Ag NP aggregates obtained with normal incident y-polarized laser

light at wavelengths of 400, 532, and 700 nm.
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We have also carried out the electromagnetic
(EM) intensity simulation using a full-wave three-
dimensional Maxwell equation solver (COMSOL Multi-
physics 3.5a) based on the finite element method
(FEM). The Ag NPs in Figure 2d are chosen with the
use of image processing software. The Ag NPs are on a
BK-7 glass substrate (refractive index = 1.46) in the
simulation. The permittivity of Ag is described by the
Drude—Lorentz model®' with size effect taken into
consideration.>® Three incident wavelengths of 400,
532, and 700 nm that are y-polarized (axis shown in
Figure 3) are launched along the negative z-direction.
Overall, the best enhancement of electric field intensity
reaches 1000 relative to that of incident light. The
simulated results in Figure 3¢,f show that the hotspots
are dominated by the LSPR of individual Ag NPs rather
than by the coupling between the NPs as incident light
at 4 = 400 nm gets absorbed by the nanostructure. At
A =532 nm (Figure 3d,g) and 700 nm (Figure 3e,h),
however, the hotspots are localized in the narrow gaps
of neighboring NPs, suggesting strong coupling be-
tween them. Upon examination of Figure 3g,h, it is not
difficult to see that the locations of hotspots have
changed as the incident wavelength changes. There
is reason to believe that, in a highly disordered system
of NPs such as this, the EM energy of different wave-
length within the broad spectrum of an incident
light can get concentrated onto different locations of
the Ag NP aggregates, resulting in enhancement
of absorption over a wide spectral range across the
entire dimension of the rings. This broad absorption
enhancement covering the entire visible spectral
range is obviously desirable for harvesting solar energy
into plasmonically enhanced solar cells. Atwater et al.
recently proposed a solar energy absorber based
on a plasmonic nanostructure consisting of a metal—
insulator—metal three-layer system.>® The total thick-
ness of their three layers is 260 nm, about 17 times as
thick as the AgO, thin film (15 nm) used in this work. The
fabrication of their solar nanostructure required e-beam
lithography with a bilayer photoresist process on top
of multilayer deposition involving thermal evaporation
and chemical vapor deposition. In comparison, the
fabrication technique presented in this work is much
faster, simpler, and less expensive, and the laser-treated
AgO, thin films show potential to be optimized as an
efficient and low-cost solar energy absorber.

Blinking Experiment. The laser-treated AgOy thin film
is mounted in a total internal reflection microscope
(TIRM) system, which is based on an Olympus IX-70
microscope and a Nd:YAG laser (532 nm). A high
numerical aperture oil-immersed objective (Olympus
Co., Plan-Apo Oil TIRFM, 60x, NA = 1.45) is used, and
the incident angle is controlled by a fiber illuminator.
The reflection of the laser beam is blocked, and the
dark-field images are recorded by a CCD camera
(Hamamatsu Corp., ORCA-ER). The intensity is carefully
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adjusted by neutral density filters (Thorlabs Inc., NDC-
100C-2M) to yield about 1.26 uW immediately before
the sample. The upper surface of film is totally im-
mersed in the suspension of dyed polymer beads
(Duke Scientific Co., R500 fluorescent polymer spheres)
(diameter of 500 nm, refractive index of 1.59, 542 nm
ex/612 nm fl). The dyed beads are uniformly dispersed
throughout the deionized water (Milipore), and the
concentration is set at 5 x 107> M.

As soon as the solution is dropped on the sample,
blinking can be observed and recorded (see video in
Supporting Information). A frame of the acquired
original video is shown in Figure 4a; the size of the
recorded area is around 70 x 75 um?, and the camera's
exposure time is 0.2 s. Many blinking spots can be
observed at the laser-generated Ag rings simulta-
neously. In the 200 s observation period, 817 blinking
events are recorded, while no obvious blinking spots
are observed on a clean glass substrate (we use glass
substrate in the control experiment because we con-
sider that the Ag NPs can be formed on the AgO, thin
film with a long illumination time of a 532 nm laser) ina
control experiment.

We also simulated the near-field interaction be-
tween the dyed polymer bead and Ag NPs using a
three-dimensional FEM model. The simulation is con-
ducted on two real Ag NPs, one with a diameter of
44 nm and another of 50 nm, and both are captured in
SEMimages. As illustrated in Figure 4b, a polymer bead
with dye molecules (500 nm in diameter, refractive
index of 1.59) is separated 10 nm from the two Ag NPs
sitting on the glass substrate. A TM-polarized light
at 532 nm is incident at an angle of 66°, traveling from
the BK-7 glass to the water solution. Results shown in
Figure 4c clearly demonstrate the localization of EM
field that is enhanced by a factor of 1000 in the vicinity
of Ag NPs under the illumination of a linear TM-
polarized light.

The enhanced fluorescence of dye molecules on
polymer beads is a result of their near-field coupling
with the LSPR modes of Ag NPs. The enhancement takes
place in two sequential steps, one during the optical
absorption where the strong fields in hotspots enhance
the in-coupling of energy into the dye molecules, the
other during the relaxation of the molecules in which
the energy absorbed in the previous stage emits into the
LSPR modes at rates that are enhanced by the Purcell
factors associated with the large density of states of the
LSPR modes that are coupled with the far field.>*

Surface-Enhanced Raman Spectroscopy. Raman spectros-
copy is an effective method for identifying molecules
through their vibrational signatures.>>~>” SERS as a
technique that significantly improved the Raman
process has led to its wide applications in studying
molecular properties of low concentrations and in
some cases with sensitivity down to the level of a
single molecule.'®"
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Figure 4. (a) Screenshot of the original video recording of the blinking of dyed polymer beads (Supporting Information). (b)
Illustration of a uniformly dyed polymer bead of 500 nm in diameter in close proximity of a Ag NP pair of about 50 nm in
diameter. (c) FEM electromagnetic intensity simulation of a dyed polymer bead on Ag NPs. A TM-polarized light of 532 nmis

incident onto the glass substrate with an incident angle of 66°.

To demonstrate the effectiveness of the laser-trea-
ted AgO, as a substrate for Raman measurement, we
used the LDW technique to create the “NTU” pattern on
its surface. Each letter consists of an aggregate of Ag
NPs. The three letters are written at different laser
powers of 21, 11, and 7 mW, respectively. The well-
known Rhodamine 6G (R6G) dye molecules adsorbed
at the laser-treated AgO, thin film are employed to
probe the local electric field enhancement. R6G solu-
tion in 107> M is pipetted on the treated AgO, thin
film and purged by pure N, gas. The sample is then
analyzed by a scanning confocal Raman microscope
(WITec, CMR200) equipped with a semiconductor laser
(A =532 nm) as the light source.

Figure 5a,b shows the Raman and optical reflection
images collected from the same LDW-generated pat-
tern “NTU". As shown in Figure 5a, the SERS signal from
the laser-treated regions is obviously brighter than that
of the bare untreated region. In addition, the Raman
signal varies from letter to letter and displays strongest
intensity on the letter N written with the highest laser
power (21 mW), indicating different levels of enhance-
ment. Next, we use AFM measurement to establish the
relationship between the SERS enhancement and the
processing power. The AFM image in Figure 5¢ shows
the surface morphology of each character which in-
creases in width and depth as the processing laser
power. The magnified AFM images in Figure 5e—g
reveal that the average size of Ag NPs decreases, while
the surface density (NP number/um?) increases with
laser power. Since different surface densities of Ag NPs
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with various configurations and spacing widths usually
lead to varying intensities of local enhancement be-
cause hotspots are likely to be generated in the gaps
between metal NPs,'>'® we can then use laser power
to control the field intensities of the hotspots which in
turn will allow for performance optimization.

These results indicate that the laser-treated AgO,
thin films can indeed be used for SERS measurement.
In addition, the fabrication technique developed in this
work can be used to rapidly and reliably produce large-
area SERS-active substrates. The AFM, optical reflec-
tion, and Raman images in Figure S-1 of Supporting
Information are collected from the Ag NP aggregate
over an area of 65 x 100 um? obtained by scanning the
femtosecond laser beam with the output power of
14 mW across the AgO, thin film at the scanning speed
of around 33.3 um/s for the scanning width of 1 um,
yielding an area processing rate of about 2000 «m?/min.
The AFM measurement shows the similar Ag NP
aggregate. Figure 5d shows the Raman spectra of
R6G measured at the positions on the AgO, thin film
with and without laser processing. Within the laser-
treated region (red line of Figure 5d), typical features
of R6G at 612, 770, 1188, 1357, and 1646 cm ' can
be identified, in contrast to the Raman signal at
the region without laser processing (green line in
Figure 5d), which showed no such features at all. Using
the protocol in ref 25, we have determined the Raman
enhancement factor of 1.15 x 10%. In comparison with
the nanosphere lithographic technique®>*® often used
to fabricate plasmonic substrates, the LDW technique
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Figure 5. (a—c) Raman, optical reflection, AFM images of “NTU” pattern written on AgO, thin film by the femtosecond laser.
Letter “N” is written with a laser power of 21 mW, “T” with 11 mW, and “U” with 7 mW. The Raman image is obtained from R6G
(107> M) adsorbed on the laser-patterned AgO, thin film by integrating the spectral intensity over their identified Raman
peaks ranging from 568 to 623 cm . (d) SERS spectra of R6G molecules on the AgO, thin films with and without laser
processing (the corresponding Raman image is shown in Figure S-1 of Supporting Information.) (e—g) Magnified AFM images

of the letters N, T, and U shown on the scale.

employed here not only resulted in comparable Raman
enhancement but also yielded more dense hotspots
that are uniformly distributed across the treated area on
AgO, thin film. This technique is also found to be more
efficient when compared to other laser illuminating
methods involving either continuous®® or nanosecond*’
lasers. With the much higher pulse power delivered by
the femtosecond laser, we were able to continuously
scan across the sample surface at the rate of 2000 um?
per minute, which is far more efficient than the typical
illumination time of a few minutes required on a single
spot of 1 um? by those other methods. This highly
improved technique should broaden the use of laser-
treated AgO, thin films for plasmonic applications.

CONCLUSION

Using LDW technique with a femtosecond laser,
we have demonstrated its effectiveness in processing
a AgO, thin film deposited on a glass substrate into Ag
nanostructures consisting of aggregates of Ag NPs.

METHODS

The 15 nm thick AgO, thin films are reactively sputtered
on a transparent BK7 glass (Matsunami cover glass, 0.15 mm
thickness) in an Ar/O, (gas ratio 10/25) mixed-gas atmosphere
by a conventional magnetron sputtering machine (Shibaura
Mechatronics Corp.). The as-deposited AgO, thin film is

TSENG ET AL.

This technique has the advantage of rapidly processing
large-area substrates at low costs over other reported
processing methods. Broad-band optical absorption
enhancement in the visible region has been measured
from the processed AgO, thin films, suggesting its
potential application in harvesting solar energy. Blink-
ing of dyed polymer beads has been observed as they
move in and out of the plasmonic hotspots around
the Ag NPs in a water solution. The LDW-treated AgO,
thin film can also be utilized as an active substrate
for SERS measurement. We have successfully used the
LDW technique to create patterns on a substrate with
different levels of Raman enhancement by varying
the laser power. The femtosecond LDW technique
has been proven as a flexible and versatile method
for processing large-area AgO, thin films into plasmo-
nically active substrates. It holds promise as a highly
efficient and cost-effective approach for applications in
solar energy harvesting, molecular sensing, plasmonic
photocatalyst, and plasmonic nanolasers.

mounted on a nanoscale precision stage (Mad City Lab. Inc.,
Nano-LP200) as shown in Figure S-2 of Supporting Information.
A Ti:sapphire femtosecond laser (Coherent Inc, A = 800 nm,
pulse duration = 140 fs, repetition rate = 80 MHz) is used as a
light source. An attenuator and a shutter are used for the control
of the laser power and exposure time, respectively. The laser
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beam is expanded to a diameter of 6 mm by a spatial filter. A 1/4
waveplate transforms the laser beam into circular polarization.
Finally, the laser beam is focused by a high numerical aperture
oil-immersion objective lens (Zeiss, Plan-Apochromat, 100,
1.4 NA, 0.17 mm working distance) through the transparent
substrate on the AgO, thin film. A CCD camera is used for real-
time monitoring. Characterization of laser-structured AgO, thin
film is carried out using an AFM (Asylum Research, MFP-3D),
optical microscope (Leica, MPV-SP, 100x, 0.9 NA), and scanning
electron microscope (SEM, HITACHI, S-4300). The total absor-
bance of the sample is measured over a wavelength range of
400—700 nm using an optical spectrometer (B&W Tek Inc.,
BTC111E CCD array spectrometer).
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