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ABSTRACT: In this work, we in situ monitor the laser annealing of template-fabricated

silver substrates using surface-enhanced Raman scattering (SERS) and 4-mercaptobenzoic
acid (4-MBA) as a molecular probe. The annealing process, which exhibits a strong
dependence on the laser power, yields a large (>50X) increase in the SERS of the
immobilized 4-MBA. This increased SERS response is correlated with the changing substrate
morphology using optical and scanning electron microscope images. We attribute the large
enhancement to the formation of nanogaps facilitated by binding of the 4-MBA through both
thiol and COO™ groups in a sandwich structure, resulting in both electromagnetic and

chemical enhancement. This annealing effect, associated with the continuous increase of SERS

intensity, was not limited to the AgNP arrays but included Ag films deposited on a variety of
nanoporous templates. This study provides a simple strategy for in situ optimization of

plasmonic SERS substrates.

B INTRODUCTION

Plasmonic effects are extensively applied to manipulate matter
at the molecular level and to in situ observe chemical and
physical properties upon external stimulus.' > For example,
localized surface plasmon resonance (LSPR) biosensors,™*
surface-enhanced Raman syectroscopy (SERS),”™" optical
switches or waveguides,”"> and plasmon-enhanced solar
cells, "7 rely on the properties of the underlying plasmonic
substrates. The materials for high-performance plasmonic
probes now extend from traditional metals and metallic alloys
to semiconductors and carbon-based materials.'*"*° In many
cases, the plasmonic substrates can be optimized to produce
higher sensitivity by modulating the fabrication procedure to
control the size, shape, composition, and pattern of nano-
particle arrays.”'~** Therefore, the ability to fabricate
nanostructures with high-resolution and precisely controlled
patterns is a major driving force behind the application of
plasmonic materials.”* >’

Thermal annealing and laser-induced annealing’"**
provide simple but powerful strategies for improving the
performance of plasmonic nanostructures. The thermal
approach usually requires high temperature and long annealing
times to cause structural alteration in most metallic substrates,
whereas the laser approach is more favorable for the localization
and patterning of substrates, allowing fine tuning of the
plasmonic nanostructures. The annealing effects on plasmonic
substrates are commonly characterized by the change of
substrate morphology, the shift of LSPR, and the intensity of
SERS. The sensitivity of both LSPR and SERS techniques
depends strongly on the plasmonic surface of the substrates and
their interactions with the excitation light.>*™** The annealing
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processes, for example, have been employed to create
nanoparticle arrays from metallic films with controllable particle
size and density.”*~*" Additionally, annealing can significantly
change the morphology, resulting in an LSPR shift and an
increased SERS sensitivity.””** Although these measurements
provide some information about the annealing process, it would
be advantageous to have a direct observation of the sensing
performance during the annealing process. In the ideal case, the
interaction between the substrate and analyte would be
monitored in real time via changes in the spectroscopic
signature of the probe. Furthermore, these in situ measure-
ments would provide insight into the detailed mechanism as a
function of the laser exposure. In previous work,** we found
that the symmetric stretch of the carboxylate bands
(v,(COO7)) of 4-mercaptobenzoic acid (4-MBA) is quite
sensitive to changes in the interaction between the silver (Ag)
surface and the carboxylate group of 4-MBA. This interaction is
associated with a shift in the carboxylate frequency from ~1410
cm™ for the unbound species to ~1380 or 1360 cm ™" when the
free carboxylate groups become associated with the Ag surface.

In this work, we study laser annealing on several different
SERS substrates by monitoring the changing SERS intensity
(Isgrg) and the Raman band shift of the immobilized 4-MBA as
a direct probe of the process. The SERS intensity increases with
laser exposure time, and the magnitude depends strongly on the
substrate and laser power for all substrates measured here. This
increasing SERS intensity is correlated with the changing
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Figure 1. SERS intensity of 4-mercaptobenzoic acid (4-MBA) on AgNP array as a function of time with laser exposure at 500 yW (283 yW/um?).

Raman intensity is given as counts/mW s.

substrate morphology as evidenced by scanning electron
microscopy (SEM) studies. Under optimized conditions,
more than 50-fold enhancement of 4-MBA SERS was observed.
More importantly, we find that the Raman band associated with
the symmetric stretch of the carboxylate group (v,(COO7))
can serve as a proxy to probe the molecule—substrate
interaction. When comparing with the unchanged ring
breathing modes of 4-MBA at 1588 cm™!, an obvious band
shift of v,(COO™) from ~1410 to 1360 cm™" is observed after
the laser annealing. This shift indicates an increased interaction
between the carboxylate group and silver surface (COO—Ag)
during annealing, which is most likely due to the shrinkage of
the gap between the nanoscale features.

B EXPERIMENTAL SECTION

Chemical and Materials. All reagents and materials were
obtained from Sigma-Aldrich and used as received without
further purification. These include 4-mercaptobenzoic acid, 4-
hydroxythiophenol (HTP), 1-dodecanethiol (DDT), sodium
hydroxide (NaOH), silver nitrite (AgNO;), sodium borohy-
dride (NaBH,), acetone, hexane, methanol, and chloroform.
Glass slides were obtained from VWR, and plain polystyrene
nanospheres (600 nm, 10 wt %) from Sigma-Aldrich were
diluted 1:1 by methanol prior to use. Chromium (Cr) chips
(99.99%) and silver rods (99.999) from Alfa Aesar were used as
the metal sources for thermal evaporation. Nanoporous
templates used for substrate fabrication include Whatman
anodic aluminum membrane (AAQ, 0.1 and 0.2 yum), osmosis
track-etched polycarbonate membrane (TrEM, 0.2 pm), and
nitrocellulose membrane (NC, 0.22 ym).

Substrate Fabrication. Silver nanoparticle (AgNP) array
substrates were prepared using a procedure similar to the
method reported by Martin et al.** Briefly, NaBH, was
dissolved in 50 mM NaOH aqueous solution to give 50 mM
NaBH,. Then, 50 uL of S0 mM AgNO, and 250 uL of
NaBH4/NaOH were added to S mL of distilled water (4 °C)
with vigorous mixing (vortex mixer) for 30 s. Thereafter, S mL
of acetone, 5 mL of hexane, and S uL of DDT were added to

the as-prepared AgNPs aqueous solution. Then, the mixture
was vigorously shaken by hand to accelerate the transfer of
AgNPs from aqueous phase to hexane phase. The surfactant
DDT attaches to the AgNPs surface through the metal—thiol
interaction and facilitates transfer of the AgNPs from the
densely packed AgNP arrays at the liquid—liquid interface.
Immediately, the floating AgNPs arrays were transferred to a
precleaned glass slide and then the whole substrate was dried
inside the fume hood. Gold nanoparticle (AuNP) array
substrates were prepared according to this method by replacing
the AgNO; stock solution with HAuCl, stock solution. Silver
nanoporous films (AgNF) were fabricated by thermal
deposition of 300 nm Ag film (308R, Ted Pella) on the
abovementioned membrane-based templates, including AAO,
TrEM, and NC. These templates were then removed by
dissolving in 0.1 M NaOH, chloroform, and methanol. The Ag
film on nanosphere (AgFON) substrate was prepared by
evaporating a 300 nm Ag film on a monolayer of polystyrene
nanospheres (600 nm) assembled by following previously
established procedures.”® The PS nanospheres of the AgFON
substrates were removed by chloroform to produce Ag pyramid
particle arrays (PPA).

SERS Measurements. All substrates were immersed in 10
mM 4-MBA or 4-HTP solution for at least 2 h prior to the
annealing measurement. To avoid interference from 4-MBA
molecules not bound to the surface, we thoroughly rinsed the
substrates with methanol after incubation. SERS measurements
were conducted on a home-built Raman spectrometer employ-
ing a HeNe laser (633 nm, Thorlabs) under ambient condition.
The laser beam was focused onto the substrate at 5, 50, 500, or
2000 W using an inverted microscope objective (Nikon, 20X,
NA = 0.5). The scattered light was collected by the same
objective and after passing through a Rayleigh rejection filter
(Semrock) was dispersed in a spectrometer (PI Acton
Research, f = 0.3 m, grating = 1200 g/mm). The light is then
detected with a back-illuminated deep-depletion CCD (PIXIS,
Spec-10, Princeton Instruments). The WinSpec 32 software
(Princeton Instruments) was used to operate the spectrometer
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Figure 2. (a) Optical microscopy image and (b) SEM image of the AuNP array after laser exposure at 2000 gW (1132 gW/um?) for 10 s, illustrating
the laser trajectory during annealing. (c, d) The magnified SEM images of unexposed and exposed (annealed) regions, respectively. The small size of
nanoparticles shown in (c) becomes much larger in (d) after laser irradiation.

and CCD camera. Integration of 1 s was used for all SERS
measurements.

Morphology Characterization. A scanning electron
microscope (Magellan 400, FEI) was used to collect SEM
images of plasmonic substrates before and after laser annealing.
After all SERS measurements, 2 nm iridium was sputtered on
the substrates to improve the sample conductivity and avoid
surface charging during SEM imaging.

B RESULTS AND DISCUSSION

Effect of Laser Power on Annealing. Previous annealing
studies of SERS substrates investigate the SERS intensity of the
adsorbed molecules before and after annealing under different
conditions but did not report on changes during the annealing
process.”****’ In our experiments, the 4-MBA probe molecule
was immobilized on the substrates prior to the annealing
process, which was then monitored in situ by continuously
acquiring the SERS spectra during annealing. Figure 1 displays
the SERS of 4-MBA obtained from AgNP arrays as a function
of laser illumination time (500 ¥W, 633 nm, 1.0 s scan time for
each spectrum). The diameter of laser spot for all experiments
is roughly 1.5 pm, leading to a relatively low power density of
~283 uW/um?’. Igpg increases steadily with the scan until
reaching a plateau around 20 s. When compared to previous
studies of laser-induced annealing employing either higher laser

powers or longer annealing times, we observe larger enhance-
ments at small laser powers and short laser exposure times.*’
The increase of Igggg is consistent with the results of our ex situ
measurements, which also indicated the dependence of Izps on
the annealing conditions. The AuNP arrays display a clear
morphology change as observed in both the optical microscopy
(Figure 2a) and SEM (Figure 2b). As shown in Figure 2a, the
trajectory of laser movement during the annealing process can
be monitored even at low magnification in the optical
microscope. Since the image contrast is largely dependent on
the ability of matter to scatter, absorb, and transmit the visible
light, we attribute the additional image contrast of AuNP arrays
to the changed absorption and scattering properties of gold in
the range of visible light.** Figure 2¢,d displays SEM images of
the AuNP array substrate before and after laser exposure,
respectively. As expected, the morphology of the AuNP arrays
changes after laser annealing process. When compared to the
relatively small nanoparticle size before annealing, a large
nanoparticle size emerges after 10 s of laser irradiation and it is
clear that the AuNPs reorganize during annealing.
Furthermore, we investigated the dependence of the
annealing on laser power and exposure time by in situ
experiments, which monitor the relative intensities and band
positions of the carboxylate stretching modes. As shown in
Figure 3, Iggrs does not increase appreciably as a function of
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Figure 3. Variation of the 4-MBA SERS on AgNP array as a function
of laser exposure time for powers of 5 W (black), 50 4uW (blue), 500
UW (red), and 2000 yW (green). Solid black triangle and solid blue
circle report on the SERS intensity measured using low (5 and S0 yW)
power after annealing at higher (2000 yW) powers, indicating the
changes induced are irreversible.

time when the laser power is below 50 yW (~28 pW/um?),
whereas it increases dramatically for laser powers over S00 W
and above. These results indicate a power threshold is required
to induce the annealing process, which involves the melting and
reconstruction of the nanoparticles. Using higher laser power
does not further increase the SERS intensity, and at laser power
over 2000 yW (1132 uW/um?), the SERS signal actually
decreases. This decrease might result from damage of probe
molecules at high power or elimination of the nanogap features.
Figure 4a illustrates high laser influence leads to larger particle
size and enlarged interparticle distance. Additionally, the
desorption or damage of the 4-MBA molecules could also
occur, as suggested by the changing Raman spectrum (Figure
4b). It should also be noted that the increasing SERS signal

arises from an irreversible change of the substrate, since Iggps
measured at low power (S and SO yW) increases after the
annealing when compared to the SERS from the same incident
powers before annealing (solid markers, Figure 3). We also
consider the dependence of the plasmon resonance spectra on
the SERS intensities of the substrate. Our results indicate that
SPR spectrum of the exposed region of the annealed substrate
can be either blue-shifted or red-shifted when compared with
an unexposed region. We believe it is likely due to the breaking
down of strong coupling systems, which is consistent with the
previous results reported by Itoh and Yamamoto.***°
Substrate Dependence of Annealing. To further
understand the annealing effect, similar measurements were
conducted on several other substrates. SEM images of these
substrates can be found in Figure S1 of Supporting
Information. We test the change of Raman intensity before
and after laser exposure of Ag-based substrates prepared by
different nanoporous templates. Table 1 summarizes the results

Table 1. Substrate Dependence of Annealing Effect”

substrates (metal film-template) pore/particle size (nm) L/,
AgNP array 20 8
AuNP array 20 7
Ag—AAO 100 57
Ag—AAO 200 23
Ag-NC 220 3
Ag—TrEM 200 1.3
AgFON 600 3
Ag—PPA 600 LS

“Iy and I, are SERS intensities of 4-MBA before and after annealing at
optimized laser power, respectively.

obtained after determining the optimized laser power for each
substrate. It can be seen that the increase of SERS intensity due
to annealing effect can be generally observed for these
substrates, although the magnitude of the increment varies
significantly. Figure S2 shows a waterfall plot for the largest
increase (57x) observed on Ag nanoporous film (AgNF)
fabricated using AAO membrane (100 nm pore size) as
template. The large substrate dependence of the annealing is
not completely clear. A possible reason is that the annealing
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Figure 4. Effect of high laser power on annealing of the SERS substrates and the resulting SERS spectrum. (a) SEM image of AuNP array annealed
at 7 mW. (b) Representative SERS spectra of 4-MBA obtained at optimized laser power (red) and overannealed power (blue).
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Figure 5. Schematic of the annealing effect showing the increased COO—Ag interaction. (a) SERS spectrum of 4-MBA before (red) and after
annealed (blue). (b) The ratio of the Raman intensity of the symmetric stretch carboxylate band (Ij54) to the ring breathing mode (I;5) as a
function of laser exposure time and (c) proposed mechanism of the annealing effect on COO—Ag interaction.

involves the melting and reconstruction of nanoscale features
that lead to the closing of the gap and generation of hot spots
that are essential to SERS enhancement, which is less likely to
occur on the substrates with much larger gaps. Consequently,
substrates with higher density of nanoscale features are more
likely to exhibit larger increase of SERS intensity due to
annealing. Another explanation is that different substrates may
have different heating efficiencies under the same laser
condition. This is supported by the fact that the smallest
increase was seen on pyramid particle arrays (PPA) and Ag
films on track-etched membrane (TrEM), both of which have
very low density of nanoscale features. Although most of the
substrates are on AgNP and Ag films on templates, a similar
annealing effect can be observed on Au nanoparticle (AuNP)
arrays. A higher optimized laser power (2000 yW) required for
observing optimized annealing effect compared with AgNP is
likely due to the higher melting temperature of the Au particles.

Proposed Mechanism of Annealing. Previous studies
suggested that the increase of SERS enhancement results
largely from the change of morphology of the substrates upon
annealing.’”*" Figure 2 shows a representative SEM image of
the AuNP arrays annealed at optimized laser power. It can be
obviously seen that the annealing involves the melting and
reconstruction of the metallic features. More importantly, the
changing Raman spectrum in Figure 4 plays a key role to
explain the mechanism behind the laser annealing process. The
annealing process can decrease the gaps between metallic
nanoparticles and produce more confined hot spots, which is

11035

reflected by the change of molecular interaction between the
probe molecule and substrate surface. This mechanism is
supported by the evolution of 4-MBA spectra in the annealing
process. In this study, 4-MBA is an ideal probe molecule
because it reports on the changing Raman intensity and several
of the vibrational bands shift according to their local chemical
environment. All 4-MBA bands increase when annealing at the
optimized laser power, and the 1360 cm™' band additionally
exhibits a larger increase (Figure Sa) relative to the other bands.
The peak at 1360 cm™" is attributed to the symmetric stretch of
the —COO interacting with the Ag surface, v(COO—Ag). As
shown in Figure Sb, the additional increase of ¥(COO—Ag)
compared with other modes suggests an increase in the COO—
Ag interaction as the gap of AgNPs shrinks. The smaller
distances allow the 4-MBA molecules to bridge the gaps in a
sandwich geometry through both thiol and carboxylate groups
(Figure Sc). The intermediate of bound COO—Ag interaction
and unbound COO- interaction further supports this
viewpoint (Figure S3). Similar measurements on AgNP arrays
and Ag—AAO using 4-hydroxythiophenol (HTP) as a probing
molecule produce ~9- and S-fold increases of Igppg upon laser
annealing. These results support the contribution of the COO—
Ag interaction to the SERS enhancement. Overall, although the
AgNP and AuNP arrays without annealing exhibit good SERS
enhancement, the particle distance of these substrates may not
be optimized for SERS measurement. Our proposed laser
annealing process can further decrease the gap of the metallic
nanoparticles, thus enhancing the interaction between the
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probe molecule and substrate surface and then leading to
higher signal enhancement.

Bl CONCLUSIONS

We report the in situ observation of the laser-induced annealing
of various plasmonic substrates using SERS measurements. The
annealing effect generally increases the SERS intensity and can
be observed on many substrates. A strong dependence on laser
power is also observed. The change of the SERS intensity is
related to the morphology change of the substrates upon
annealing, determined by optical and SEM images of the
substrates, and increased interaction between the probe
molecule and the substrate. The vibrational band v(COO—
Ag) also reports on the interaction of the COO— of the 4-MBA
molecules and suggests annealing can result in the formation of
nanogaps bridged by 4-ABT molecules.
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