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ABSTRACT: Surface-enhanced Raman scattering (SERS) with deep-UV excitation is of
particular interest because a large variety of biomolecules such as amino acids exhibit
electronic transitions in the UV spectral range and resonant excitation dramatically
increases the cross section of the associated vibrational modes. Despite its potential, UVSERS is still little-explored. We present a novel straightforward scalable route to fabricate
aluminum nanovoids for reproducible SERS in the deep-UV without the need of
expensive lithographic techniques. We adopt a modiﬁed template stripping method
utilizing a soluble template and self-assembled polymer spheres to create nanopatterned
aluminum ﬁlms. We observe high surface enhancement of approximately 6 orders of
magnitude, with excitation in the deep-UV (244 nm) on structures optimized for this
wavelength. This work thus enables sensitive detection of organics and biomolecules,
normally nonresonant at visible wavelengths, with deep-UV surface-enhanced resonant
Raman scattering on reproducible and scalable substrates.
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has weak optical absorption down to wavelengths of 200 nm
and is capable of supporting surface plasmons in the UV.11−15
Nanovoids have proven to be an attractive substrate due to
their highly reproducible geometry as well as their high
electromagnetic enhancement with robust fabrication tolerance
and have been fabricated by electrodepositing metals such as
gold, silver, or palladium around a template layer of polymer
nanospheres.16−19 However, electrodeposition of aluminum is
particularly complicated and only possible from ionic liquids.20
Our alternative route utilizes self-assembled colloidal sphere
templates, combined with the ease of physical vapor deposition
and template stripping. Avoiding electrochemical techniques for
the fabrication improves the simplicity and scalability of this
route for commercial production. Template stripping of metal
ﬁlms has mostly been demonstrated on substrates such as
mica21 and silicon22 with noble metals such as gold and silver,
which can be released from the template directly, owing to the
diﬀerent crystalline structure of the two phases and weak
adhesion. Aluminum, however, forms strong bonds with silicon;
therefore, direct template stripping is not possible, and longchain ﬂuorinated silane spacers or release layers need to be
used.23 We eliminate this additional complexity by using a fully
dissolvable template. Furthermore, although deep-UV SERS
has been reported on evaporated aluminum ﬁlms,24 on
aluminum nanoparticle arrays,25 on bow-tie antennas,26 and
in tip-enhanced Raman scattering (TERS) experiments,27 none
of these structures are measured to give reproducible signals. In

ince the discovery of surface-enhanced Raman scattering in
the 1970s,1−3 this technique has been improved in many
ways and is now a powerful method to determine the
composition of a large variety of substances. To date, the
most commonly used excitation wavelengths are in the visible
and near-infrared (NIR) spectral ranges. On the other hand,
excitation in the deep-UV (<300 nm) allows combination of
surface enhancement with resonant enhancement of a large
number of molecules through surface-enhanced resonant
Raman scattering (SERRS).4 This opens up numerous exciting
possibilities such as the study of photoinduced reactions and
detection of biomolecules such as DNA and proteins in their
native state at low concentrations, highly sought after for
biochemical characterization. Excitation in the deep-UV also
increases the spatial resolution while the ﬂuorescent background is simultaneously reduced as most molecules do not
ﬂuoresce in the deep-UV.5
SERS detection requires the use of metallic nanostructures
such as nanoparticles6 or nanostructured surfaces to excite a
surface plasmon resonance. Both of these have been utilized
extensively, but for portable and high-throughput detection
strategies, the latter have proved highly suitable. For widespread
use of SERS detection techniques, a key requirement is the
reproducibility of the spectra, which critically depends on the
fabrication tolerances of the nanostructured surface.7 Although
there has been considerable research on SERS substrates, only a
few of them actually demonstrate reproducible spectra.8−10
Despite the potential of SERS in the deep-UV, no such
substrate is commercially available for this wavelength regime.
Here, we present a novel route to fabricate aluminum
nanovoid surfaces for SERS in the deep-UV in a straightforward
and inexpensive way. In contrast to gold and silver, aluminum
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performed for each spectrum. We used an objective with 40×
magniﬁcation (OFR LMU-40x) and a numerical aperture of
0.5. The setup included a 3600 lines/mm grating and provided
a spectral resolution of 6 cm−1. For NIR SERS, we used a 785
nm diode laser source and a 1200 lines/mm grating.
Aluminum nanovoid substrates were prepared as described
above. We used adenine in a 1 mM aqueous solution as our
interrogation molecule. A small droplet was placed on the
substrate and covered with a quartz coverslip. In order to avoid
molecular photodegradation, SERS measurements were
performed in wet conditions. This ensures constant coverage
of the nanovoid surface as molecules are constantly replenished
by diﬀusive ﬂows. Calibration Klarite substrates for SERS with
NIR excitation were obtained from Renishaw Diagnostics.
For simulations, we used Lumerical 7.5, a commercial FDTD
Maxwell solver. Due to computational complexity, we only
modeled a single void rather than a hexagonal array, which we
have previously shown captures the essential plasmonic
modes.15−18
Aluminum nanovoid substrates on polyimide ﬁlms were used
for UV-SERRS measurements. Figure 2A,a depicts a typical

this work, we optimize our aluminum nanovoid structures to
give ∼106 surface enhancement and study their plasmonic
properties. Thus, our work paves the way for widespread
utilization of UV-SERRS substrates for sensitive detection of
biomolecules.
PMMA sheets (GoodFellow) were rinsed in ethanol and
water. Colloidal polystyrene spheres (Thermo Scientiﬁc) were
mixed with ethanol to increase the wettability and spread over
the PMMA sheet by spin coating, where they form a monolayer
via self-assembly. We prepared a range of samples using sphere
diameters between 100 and 500 nm. Subsequently, a layer of
aluminum (Kurt Lesker, purity 99.99%) was deposited onto the
spheres via electron beam evaporation. The aluminum
deposition speed is critical. Fast deposition increases the
amount of heat transferred to the template spheres and causes
partial melting. This leads to corrugations on the void surface.
Therefore, we initially used a slow deposition rate of 0.1 Å/s for
the ﬁrst 5 nm, subsequently increased it to 0.5 Å/s for the next
15 nm, and ﬁnally set to a value of 1 Å/s until a thickness of
400 nm was reached. A polyimide tape (Onecall) was then
secured on top of the aluminum ﬁlm, and the PMMA and
template spheres underneath were dissolved in THF, and the
sample was rinsed in water. The void structure is obtained on
the bottom side of the evaporated ﬁlm. The voids are almost
perfect hemispherical cavities with short pillars at the interstices
of the three touching template beads. The cavity size
corresponds directly to the diameter of the polymer nanosphere used for template formation. Figure 1 depicts the
fabrication process and the obtained pattern found by scanning
electron microscopy (SEM). For SERS measurements, the
substrate was ﬁxed on a glass slide.
For Raman and SERS measurements, we used a Renishaw
inVia Raman microscope. The UV excitation light had a
wavelength of 244 nm and was provided by a frequencydoubled 488 nm argon ion laser. The laser spot size was 5 μm,
and the optical power density on the sample was 1500 W/cm2.
The exposure time was 30 s, and 10 acquisitions were

Figure 2. (A) (a) UV-SERRS spectrum of a 1 mM adenine solution on
a 200 nm void structured aluminum surface (red) compared to the
UV-SERRS spectrum on an evaporated aluminum surface (blue) and
the resonant Raman spectrum of adenine solution without a plasmonic
surface (black). The inset shows the structure formula of adenine. (b)
UV resonant Raman spectrum of bulk adenine in powder form. (c)
NIR SERS spectrum (excitation 785 nm) of adenine solution on
Klarite. (B) Field intensity (|E|2) in the void for a 100 nm cavity: (i)
cross section and (ii) the view from the top. The ﬁeld is concentrated
in a small volume near the rim. (iii) Intensity in a 200 nm cavity with
an additional mode deeper inside of the void (the volume mode). (C)
SERRS enhancement in the enhanced ﬁeld region on voids for
increasing void diameters. The dashed line is a guide for the eye.

UV-SERRS spectrum of adenine obtained on an aluminum
nanovoid surface (red spectrum) with a 200 nm cavity
diameter. We took many spectra on three diﬀerent substrates
for each void size and found variations of the peak heights of
15% (see Figure S1 in the Supporting Information). We believe
that this reproducibility is limited mainly by lattice defects
occurring during the self-assembly process. Nevertheless, in the
context of various alternative SERS-active geometries, this value
signiﬁes good spectral reproducibility. Adenine peaks are also
observed but are much weaker on an aluminum ﬁlm evaporated

Figure 1. (A) Fabrication of the nanovoid ﬁlms: (a) Deposition of a
monolayer of polystyrene template beads on a PMMA substrate via
spin coating, followed by slow evaporation of aluminum on the
template; (b) A polyimide sheet was placed on top of the aluminum
ﬁlm. (c) The PMMA layer and polystyrene beads were dissolved in
THF. (d) The void pattern was obtained on the bottom side of the
aluminum ﬁlm. (B) SEM of the voids: top view and view at 45°
(inset).
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In the case of the volume mode for the 200 nm cavity, the
Raman-enhanced molecules do not have to be as near the
surface and hence have reduced interaction with it. In the case
of the rim mode for the smaller nanovoids, the ﬁeld is highest
near the surface; therefore, the molecules contributing to the
SERRS spectra have substantial interaction with the surface.
Hence, the observed diﬀerences in SERRS intensity and peak
position between the two void sizes stem from the fact that the
SERRS in the two cases is reported from diﬀerent regions of
the nanovoid architecture and thus directly relates to the
diﬀerences in the nature of the supported plasmon modes.
In order to characterize the plasmonic response of the system
and further understand the observed enhancements, we
modeled the extinction spectrum for varying void diameters.
The red dashed line and the blue dashed line in Figure 3

on a silicon wafer (blue spectrum) due to its inherent
roughness and the resonance enhancement of the molecule.
Very small but unclear peaks are observed for the adenine
solution without any aluminum surface (black) due to
resonance enhancement alone. The resonant Raman spectrum
of adenine powder (Figure 2A,b) and the nonresonant SERS of
1 mM adenine solution at 785 nm excitation on Klarite (Figure
2A,c) are shown for comparison. We note that in the
nonresonant SERS spectrum with 785 nm excitation (Figure
2A,c), the most prominent peak is at 736 cm−1, while in the
UV, the bands at around 1300 cm−1 are much stronger. These
are mostly the in-plane stretching modes of several C−N
bonds. While relative changes in intensity of diﬀerent peaks are
usually attributed to orientation changes, the absence of the 736
cm−1 mode suggests the role of resonance enhancement to
account for the diﬀerences between aluminum nanovoid and
gold Klarite surfaces. The peaks between 1242 and 1600 cm−1
are resonantly enhanced due to the delocalized character of the
involved electrons as they are in-plane stretching modes and
will be aligned with the electronically excited transition dipole.
The peaks at 736 and 630 cm−1 are ring breathing and
deformation modes,28 respectively. They will not be aﬀected by
excitation of the molecular dipole and therefore do not undergo
resonance enhancement. Additionally, charge-transfer mechanisms can contribute to the stronger enhancement of the bands
between 1242 and 1600 cm−1 under UV excitation.29
In order to optimize our substrate for deep-UV excitation, we
tested a range of diﬀerent void diameters between 100 and 500
nm. High SERRS signals were obtained with 100 and 200 nm
cavities, while larger voids do not show signiﬁcant improvement
over the rough aluminum surface. We measured an average
enhancement factor of 100 for the 200 nm void and 60 on the
100 nm void. In order to understand the geometry of the “hotspot regions” in these two cases, we simulated a hemispherical
aluminum nanovoid using Lumerical. In the case of the 100 nm
voids, the ﬁeld is concentrated in only a small volume in the
proximity of the rim region (Figure 2B, i and ii). In the 200 nm
cavity, the magnitude of the ﬁeld in the rim region is much
weaker, but an additional mode occurs deeper inside the void
(Figure 2B,iii). We denote the two diﬀerent modes as the rim
mode and volume mode, respectively.30 Due to the stronger
localization of the ﬁeld in the 100 nm void into a small volume,
the number of molecules contributing to the SERS signal is
much smaller, and the eﬀective enhancement is signiﬁcantly
higher (see also the Supporting Information). Figure 2C
depicts the observed surface-enhancement dependence in the
enhanced ﬁeld region on the void diameter, which is almost 6
orders of magnitude on the 100 nm void.
We further observe shifts of the UV-SERRS peaks compared
to those of the resonant Raman spectrum of bulk adenine. The
most prominent peak is shifted from 1333 cm−1 in the bulk
Raman spectrum compared to 1324 cm−1 in the SERRS
spectrum. The peak at 1478 cm−1 is not shifted, while the third
peak is shifted to higher wavenumbers from 1593 to 1599 cm−1.
The direction of the shift is governed by the interaction of the
respective molecular dipole with the metallic surface. We also
note diﬀerences in the ratios of the three prominent peaks
(1324, 1478, and 1599 cm−1) in the respective SERRS spectra
(see Figure S1 in the Supporting Information). In particular,
the band at 1599 cm−1 is more prominent in the case of the 100
nm void. We attribute this to the spatial location of the high
ﬁeld enhancement regions inside this structure.

Figure 3. Simulated optical extinction of aluminum nanovoids with
diﬀerent diameters at normal incidence in aqueous media. The
location of the rim mode and volume mode is indicated by red and
blue dashed lines, respectively. The green dashed line indicates the
Raman excitation wavelength. The highest plasmonic activity at 244
nm is achieved for a void diameter of 125 nm.

indicate the rim mode and the volume mode, respectively.
Excited at 244 nm, the Raman excitation line, the 100 nm void
exhibits the highest plasmonic activity indicated by the highest
optical absorption in this range. The plasmon mode on the 100
nm void is further red-shifted by ∼0.6 eV due to the natural
oxide layer on aluminum (see Figure S2 in the Supporting
Information). However, overall, we ﬁnd that surface oxidation
does not dramatically change the SERRS on such aluminum
nanovoids. The SERS activity decreases with increasing size of
the void, and with larger voids (>400 nm), negligible
absorption is seen. This correlates well with the observed
SERRS enhancements.
We present a straightforward novel route to fabricate
aluminum nanovoids without the need for complex electrochemistry or lithographic methods. Our approach uses a
modiﬁed template stripping technique with a soluble backing
layer to fabricate aluminum nanovoids. The simplicity of the
techniques involved makes this approach scalable and suitable
for large-scale production. It caters to the current lack of
availability of commercial substrates for deep-UV SERS. We
studied SERRS on these aluminum nanovoid surfaces and
found that with appropriate geometries, high enhancements
(∼106) over and above resonance enhancements are observed.
We further electromagnetically simulated our aluminum
hemispherical nanovoids in order to understand the observed
SERRS spectra and enhancements. Our results show that
nanostructured aluminum surfaces are indeed able to support
signiﬁcant plasmonic activity, which leads to high enhance1451
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ments with deep-UV SERRS. We ﬁnd that the natural oxide
layer only marginally aﬀects the enhancements within this
geometry.
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