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ABSTRACT: The fabrication of surface-enhanced Raman scattering (SERS) 325

substrates with large areas, high activities, desirable uniformities, and aggregated

hot spots evenly distributed in the UV (ultraviolet) region has been regarded as a

formidable task. In the present work, by means of elaborate structure designs and ”’i &

material selections, we have fabricated periodic light-trapped nanocavities that —~—  r——
have overcome the abovementioned difficulties. Specifically, a great amount of ALK, - R
electromagnetic energy has been localized in nanocavities due to repeated D B> T T T
reflections of the trapped incident light, thus re-amplifying abundant hot spots of - b d@b WSS

the aluminum film. At an excitation wavelength of 325 nm, the acquisition of RV g VO 5V nTVon)
ultrahigh SERS enhancement factors (210°) has been successfully achieved, and

signal intensities are uniformly distributed after repeated measurements. In the b

originally weak UV region, our nanostructure design and its associated mechanism

may provide a guide for future SERS-related research.

B INTRODUCTION For instance, Loffler et al.’' have fabricated Al nanoparticle

arrays by extreme ultraviolet lithography, which yields large-
area, high-throughput UV-SERS substrates. Also, the prepara-
tion of large-scale high-enhancement-factor substrates has been
achieved by controlled self-assembled Al nanostructures by Li
et al.>> Simple template self-assembled polystyrene spheres™
and nano-imprint lithography™* are used to fabricate reusable
and mass-produced UV-SERS substrates. However, it seems
that securing all merits including convenient preparations of
samples with large areas, low costs, multiple abundant hot
spots of uniform distributions, excellent repeatabilities, and
strong enhanced performances does embrace a certain degree
of difficulties.

In the present experimental and simulative work, we design
periodic light-trapped nanocavities by utilizing the abundantly
reserved Al material. Via periodic light-trapped nanocavities,
abundant light energy can be localized inside these nano-
cavities, in which the contained energy manages to re-amplify
hot spots on the Al film, leading to the acquisition of an
enhanced effect and the suitability for SERS substrates of
structured nanoarrays in the UV area. The sample area can size
up to the decimeter level, and the enhancement factor of

As a powerful analytical tool with ultrahigh sensitivity and
specificity, surface-enhanced Raman scattering (SERS)' ™ has
motivated a variety of applications in physics,* chemistry,”
biology,6 surface science,” materials science,” and other fields.”
To construct effective SERS enhanced platforms, researchers
have utilized noble metals, such as Au'”'' and Ag,lz’13 to
generate surface-plasmon-resonance (SPR) hot spots that span
visible and near-infrared wavelengths. In the ultraviolet (UV)
region, however, cost-effective SERS substrates that feature
large-scale, unsophisticated preparation methods, numerous
hot spots, great uniformity, and high activity remain lacking.
Appropriate structure designs and material selections of
substrates play crucial roles in producing hot spots with strong
electromagnetic fields in the UV regime. Fortunately, in the
visible interval, pioneering researchers have already accom-
plished designing structures based on resonance coupling
effects,"*™'® resonant cavity effects dependin% on standing
waves,'” field focusing effects caused by tips,"*"” and lightning
rod effects’ among others, providin§ a valuable guide for
extension studies to the UV regime. 122 Nonetheless, UV-
SERS substrates, which have been fabricated via electro-
chemical oxidation reduction cycle electrodeposition or =
magnetron sputtering in transition-metal systems (Ni, Ru, Received: June 28, 2021 F&&ﬁ%ﬁﬁ%c e
Rh, and Co),”*">° may sometimes exhibit low activities and Revised:  July 12, 2021 !
weak signal uniformities. Published: July 28, 2021
Generally, as an appropriate material that can effectively
support the resonance of high intensity surface plasmons in the
UV region, AI*7% has greatly attracted researchers’ interest.
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Figure 1. Schematic illustration of fabricating light-trapped nanocavities. (a) Si wafer after the cleaning process, (b) self-assembly of monolayered
PS arrays, (c) PS templates after RIE, (d) PS templates with the deposition of the Al film (e) templates after stripping away the PS arrays, and (f)
Finally finished templates with imbedded nanocavities after Si is etched by ICP under the Al film.

repetitive Raman signals from adenine molecules reaches
greater than 10%, which qualifies as the international advanced
level.

B METHODS

Materials. Monodispersed polystyrene nanospheres (10 wt
% aqueous solution), with a diameter of SO0 nm, were
purchased from Bangs Laboratories. For UV-SERS experi-
ments, adenine with a purity of 99.0% was bought from
Innochem Co., Ltd. Single crystalline silicon wafers (100)
obtained from Giant Electronic Optical (Zhe Jiang) Co., Ltd.
were used for the sample preparation.

Self-Assembly of PS Arrays. Silicon wafers were ultra-
sonically cleaned in deionized water, acetone, and ethanol for 6
min prior to being immersed in piranha solution (H,SO,:H,0,
= 3:1 volume ratio) with 240 °C boiling for half an hour and
then being washed by deionized water several times. When the
cleaning was finished, these silicon wafers were stored in
sodium lauryl sulfate solution for further use. The mixed
solution of 240 uL of PS solution and 250 uL of ethanol was
prepared and sonicated for 30 s in a microcentrifuge tube.
Afterward, the diluted PS solution was removed into a S mL
injector ready for the next step.

At the initial stage in the self-assembly process, two cleaned
silicon wafers were placed into the Petri dish in different
places, with the first one at the bottom of the Petri dish acting
as a supporting template while the other one on the edge with
a tilt angle of 45° acting as an auxiliary role in the experiment.
Afterward, deionized water was slowly added into the Petri
dish till the waterline exactly reached the tilted silicon wafer.
The injector with the prepared PS solution was then fixed on
an injection pump, whereas the syringe needle of the injector
was placed adjacently. In the following steps, the injection rate
was adjusted and the tilted silicon wafer was used as a
supporting platform, such that each drip of the solution was
homogeneously dispersed on the water surface. After a PS
monolayer thin film that floated on the water surface was
observed, the injection pump can be turned off. Thereafter, a
peristaltic pump was operated at a speed of 11 mL/min for 4 h,
aiming to purify the PS monolayer film through exchanging the
water under PS particles. This operation was followed by

pumping water (8 mL/min) until the monolayer PS film was
totally settled on the first silicon wafer. Finally, it was stored at
room temperature after the wafer was completely dried prior to
the fabrication process.

Probe Molecules. We prepared 1 mM adenine aqueous
solution in a centrifuge tube with ultrasonic heating at 50 °C
for 30 min to ensure that the adenine powder was fully
dissolved. Then, 20 pL of adenine aqueous solution was
measured to be drop-cast onto the surface of the sample until
the droplets evaporated naturally.

SEM. A scanning electron microscope (SEM, Hitachi S-
4800, Japan) was used to characterize the morphology of the
prepared samples.

Reflectance Spectra Characterization. The reflectance
spectra of arrays were recorded by an Avantes fiber
spectrometer system (Avantes BV, Apeldoom, Netherlands)
with a reflection probe, which was fixed perpendicularly to the
sample surface. Spectra were collected under an excitation
power = 90 W, beam size = 2 ym, and exposure time = 25 ms,
and we used the reflectance spectra of a pure Al film as a
reference spectrum.

UV-SERS Measurements. UV-SERS measurements were
conducted by a microscopic confocal Raman system (LabRAM
HR Evolution, HORIBA). The laser (excitation wavelength of
325 nm) was focused on the sample using an LMU-40X-NUV
microscope objective (NA = 0.47), and UV-SERS signals were
collected under an excitation power = 0.2 mW, acquisition
time = 60 s, laser spot = 1 um, and gratings = 1800 gr/mm.

FDTD (Finite-Difference Time-Domain) Solutions.
Simulations based on the 3D FDTD numerical method
(Lumerical Solutions, Canada) using Yee cells were carried
out to study the 325 nm optical properties of the light-trapped
nanocavity system. A normal incident plane wave with
polarization along the x-axis was used as the light source. In
the entire simulation process, a perfectly matched-layer
boundary condition along the z-direction and a periodic
boundary condition along the x- and y-axes were prescribed.
To ensure both the convergence and the accuracy, we set the
simulation time to 1000 fs and the Yee-cell size to 1 nm.

Being retrieved from simulations, the refractive index in
terms of the PS colloid spheres equaled 1.585, and the optical
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Figure 2. Representative SEM images of Al nanostructures with a fixed period of 500 nm and an average diameter of 350 nm. (a) Cross-section
view of Al nanovoids (without ICP etching on Si). (b) Top view of nanocavities. (c) Cross-section view of nanocavities. (d) Cross-section view of

nanocavities. Si cavities can be clearly seen after the upper Al film is lifted.

parameters of aluminum and silicon were listed in the software
material database. Finally, the electromagnetic field enhance-
ment was post-processed by log(E,,./E,)*, where E,,. and E,
represent the localized electric field and the incident electric
field, respectively.

B RESULTS AND DISCUSSION

Preparation and Morphological Characterization. In
Figure la—f, we feel obligated to first describe the construction
of the nanostructure, which constitutes an essential part of the
proposed work. Polystyrene (PS) arrays fabricated by nano-
sphere lithography were utilized as supporting templates.
These templates were subsequently etched by reactive ion
etching (RIE) for 30 s, aiming to adjust the size of PS spheres
with an etching rate approximately equal to 5 nm/s. Next,
these pre-etched templates were placed in an electric beam
evaporation system (aTEMD-500 China), where thin Al films
(50 nm) were deposited onto the PS templates under a high
vacuum of 9.9 X 10™* Pa and a deposition rate of 4 A/s.

Afterward, these templates experienced a stripping process
by using thermal conductive tape, indicating that PS spheres
could be totally peeled off. Eventually, an inductively coupled
plasma (ICP Sentech Germany) etching device was used to
etch Si substrates.

Actually, geometrical features of light-trapped nanocavities
can be tuned by changing the lattice parameter, the diameter of
PS spheres, the thickness of Al films, and the depth of Si
cavities. In this work, our favorite modulation is based on the
depth of Si cavities. The depth ranges from 100 to 400 nm
with an increment of 100 nm. These Si nanocavities formed by
ICP etching with antireflective capability can enhance the
absorption of the incident light on the Al film. For the purpose
of comparison, Al nanovoid samples were designed to
demonstrate our light-trapped nanocavity properties.

In Figure 2, both nanovoids and nanocavities exhibit a high
degree of homogeneity in a large area, and the overall standard
deviation of the diameter is 1.738 nm, thus achieving uniform
and reproducible responses. The top view of hexagonal
nanocavities is shown in Figure 2b. From the cross-section
image in Figure 2c, conspicuous orderly Si cavities are
observed under Al films compared to Figure 2a, indicating
that Al nanovoids have not undergone an ICP process. Here,
we show only the most representative nanocavities with 300
nm etching depth that look nearly hemispherical cross-
sectional-wise. Incidentally, the images of those small ghost-
looking circles result from the silhouette of the rugged cross
section shown in the inset of Figure 1f. For the purpose of fully
presenting the structure and morphology, a cross-section SEM
image of nanocavities with the upper Al film lifted is shown in
Figure 2d, which exhibits the high ductility of the Al film.

Optical Characterization. Far-field spectral reflectance is
also systematically measured in Figure 3. By adjusting ICP
etching depths (from 0 to 400 nm), the short-wavelength
plasmonic resonances can be tuned under normal incidence. A
vertical dotted line is exactly located at 325 nm, indicating the
Raman excitation wavelength. It can be seen that both the
spectra of without ICP etching and with 100 nm ICP etching
display no resonance dip between 300 and 350 nm, but with a
weak resonance at about 250 nm in the 100 nm ICP etching
system. In the case of 200 nm etching depths, however, the
resonance peak intensity increases and the resonance wave-
length shifts toward longer wavelengths at around 287 nm. As
ICP etching depths increase to 300 nm, the resonance
wavelength further red-shifts, with a resonance peak centered
in the vicinity of 338 nm, which is located near the
experimental 325 nm Raman laser source. After further etching
to 400 nm, the resonance peak in the ultraviolet region
disappears. It is worth noting that the SPR mode is considered

https://doi.org/10.1021/acs.jpcc.1c05175
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Figure 3. Reflectance spectra of light-trapped nanocavities at normal
incidence with different ICP etching depths compared with no ICP
etching. All of them acquired under 30 s RIE and a 50 nm Al film.

as a result of the coupling of the LSPR (localized surface
plasmon resonance) mode, SPP mode, cavity mode, and
lightning rod effect (to be shown in Figure S).

UV-SERS Effects. We proceed to explore SERS capabilities
of our light-trapped nanostructures in the ultraviolet region.
Because molecules with absorption peaks exactly near 325 nm
contribute to resonance Raman enhancements, we cannot
clearly differentiate whether the enhanced Raman signal
originates from SERS or from surface-enhanced resonance
Raman scattering. Due to the fact that the electric absorption
peaks of adenine™® at 260 nm are situated far below our Raman
laser source at 325 nm, here adenine molecules are
intentionally chosen as the non-resonant Raman probes at
325 nm excitation. In addition, the deposition of adenine
molecules on the substrate surface is mainly govered by
physical adsorption. Therefore, no charge transfer’® occurs,
leading to little shift of the molecular absorption peak. As seen
in Figure 4a,b, the SERS spectra obtained from the nanocavity
systems clearly exhibit four prominent modes (1241, 1324,
1475, and 1590 cm™'). UV-SERS peaks are compared with
peaks of the resonant Raman spectrum of bulk adenine, and
the comparison is discussed (see in the Supporting
Information).

From Figure 4a, we compare the respective Raman spectra
in terms of adenine adsorbed on nanostructured light-trapped
nanocavities (with different ICP etching depths), Si substrates,
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Figure 4. Raman spectra of adenine (1 mM) molecules adsorbed on substrates. (a) Al-based substrates, (b) Au-based substrates, and (c) the same
light-trapped nanocavity sample at scattered points, (d) converting (c) into an intensity image.
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Figure S. Simulation results of light-trapped nanocavities with structural dimensions: diameter = 350 nm, thickness of the Al film = 50 nm, and
depths of Si nanocavities = 300 nm. (a) EM field distribution of the top surface. (b and c) Cross-sectional views of the EM field distributions.

and Al films as well as Al nanovoid architecture. Strikingly, the
strongest peak at 1324 cm™" (stretching modes of various CN
bonds of adenine)’’ appears prominent in the case of
nanocavities at 300 nm ICP etching depth, namely, 13 times
stronger than the pure aluminum film and 187 times that of the
Si film. By contrast, the signal intensity of Al nanovoids is 9
times inferior to that of Al nanocavities, revealing more
electromagnetic field enhancement regions inside this novel
nanocavity structure. Furthermore, we explore SERS capa-
bilities by changing the diameter size and Al film thickness. We
find that substrates that experienced RIE for 30 s (diameter
size = 350 nm) exhibit the strongest enhancement and
substrates with a 50 nm Al film can be considered to have the
optimal parameters (see Figures S4 and SS in the Supporting
Information for details).

To further verify the superior performance of this structure,
we perform SERS experiments on Au-based systems under the
same condition in Figure 4b. Then, we discover that arrays of
Au nanocavities do not exhibit such a powerful enhancement
ability in the UV region due to the loss produced by the
presence of interband transitions®® in the UV range. However,
Au nanocavities continue to show stronger enhancements than
the Au film, and these structured nanocavities may serve as
better candidates for SERS substrates in the visible range.
Therefore, these nanocavities may be ideally applied to other
plasmonic materials. Meanwhile, Raman signals of adenine
spectra display uniform distribution, as shown in Figure 4c,d,
and scattered points from the same sample appeared to have
similar intensities (between 4000 and 4700 counts),
confirming the satisfactory homogeneity and reproducibility
of Al nanocavities. We further demonstrate the SERS signal
uniformity by performing the mapping of the substrate on a
random area (see the result shown in Figure S3 in the
Supporting Information). The calculated relative standard
deviation (RSD) of the mapping result is approximately
10.26%.

The enhancement factor is accepted as the most direct
parameter to measure the surface reinforcing effect. Therefore,
we quantitatively estimate the SERS effect of substrates, and
the SERS enhancement factor of Al light-trapped nanocavities
is achieved to be 1.3 X 10°, based on the 1324 cm™! mode (see
the Supporting Information for details). Our results thus
confirm the ability of light-trapped nanocavities for serving as
high-performance SERS platforms in the UV region.

Simulations based on the FDTD numerical method are
conducted to confirm this enhancement mechanism. In Figure
5, LSPR mode and SPP mode’”*” on the Al—air interface,
cavity mode in Si cavities, and the lightning rod effect on the
edge of the nanohole clearly coexist to form a hybridized mode
in the proposed system. Strong hot spots are effectively
generated at the edge of the upper Al film. Interestingly,
abundant hot spots successfully appear in such Si cavities
below the Al film as we expected. In this case, the coexistence
and the interaction of multiple modes yield the enhancement,
indeed constituting a very complicated physical process.
Truthfully, it is difficult to distinguish the contribution of
each mode if the cavity mode generated inside the Si cavity,
the LSPR mode generated in the nanohole, the SPP mode in
periodic Al nanostructures, and the lightning rod effect on the
edge of the nanohole are all included. However, by changing
the depth of the cavity, the synergy and competition effect of
several modes show a conspicuous SPR resonance peak near
325 nm of the far-field reflection spectrum, suggesting a large
amount of concentrated energy conversion. Thus, by changing
the structural parameters and then modulating the interaction
between multiple modes, we finally achieve the purpose of
regulating SPR. Moreover, the effect of alumina layers has been
further analyzed in Figure S2 and we find that surface oxidation
does not dramatically change the EM enhancement on such Al
surfaces and inside Si cavities of light-trapped nanocavities.

B CONCLUSIONS

In this work, a method to enhance Raman signals by increasing
the light-trapped capability has been developed. Through the
combination of nanosphere lithography and the etching
technique, ordered nanocavity arrays of large areas have been
fabricated. The experimental enhancement factor has reached
six orders of magnitude, and an excellent uniformity of SERS
signals is achieved on the whole wafer. Moreover, the 3D
finite-difference time-domain method is used to investigate
near fields of light-trapped nanocavity-dependent plasmonic
resonances and validate experimental results. This platform
contributes significantly to potential applications of low-cost
Al-based materials in UV-SERS detection, which can be
promisingly adapted in the industrial manufacture of highly
sensitive and reliable bio-sensing devices for applications
within the UV region.
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