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ABSTRACT: We report the ultrasensitive detection of
adenine using deep-UV surface-enhanced resonance
Raman scattering on aluminum nanostructures. Well-
defined Al nanoparticle arrays fabricated over large areas
using extreme-UV interference lithography exhibited sharp
and tunable plasmon resonances in the UV and deep-UV
wavelength ranges. Theoretical modeling based on the
finite-difference time-domain method was used to under-
stand the near-field and far-field optical properties of the
nanoparticle arrays. Raman measurements were performed
on adenine molecules coated uniformly on the Al
nanoparticle arrays at a laser excitation wavelength of
257.2 nm. With this technique, less than 10 amol of label-
free adenine molecules could be detected reproducibly in
real time. Zeptomole (~30000 molecules) detection
sensitivity was readily achieved proving that deep-UV
surface-enhanced resonance Raman scattering is an
extremely sensitive tool for the detection of biomolecules.

Raman spectroscopy is an important analytical technique
that provides information about molecular bonds on the
basis of their unique vibrational signatures. However, its
application at low analyte concentrations is limited by the
inherently low Raman cross sections (typically 1073'—107%
cm*/molecule)." Surface-enhanced Raman scattering (SERS)
has emerged as an important technique for enhancing the
Raman scattering cross section. Here, enhancement of the
electromagnetic (EM) field at the metal nanoparticle surface
due to the excitation of localized surface plasmon resonance
(LSPR) in a metal nanostructure is considered to be the
dominant SERS enhancement mechanism.>~* Molecules on the
metal surface or in close proximity to it experience the
increased EM near-field and therefore scatter more efficiently.
With recent advancements in the fabrication of metal
nanostructures and improved detection techniques, SERS has
emerged as a technique capable of ultrasensitive detection
down to a single molecule.”™” However, for realization of
practical SERS-based sensors for quantitative and real-time
applications, the high sensitivity and specificity of this
technique must be accompanied by controlled and high-
throughput fabrication techniques and reproducible and,
preferably, label-free detection schemes.

Since the Raman scattering cross-section scales with the

fourth power of the excitation frequency (@*),' UV and deep-
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UV (DUV) excitations have long been utilized to extend the
application of Raman spectroscopy to many organic and
inorganic molecules that have small Raman cross sections in the
visible and near-IR (NIR) regions.® Furthermore, with DUV
excitation, the fluorescence and Raman bands are well-
separated which leads to a fluorescence-free background and
thus boosts the signal-to-noise ratio (SNR) of the Raman
spectra.” Additionally, many important biomolecules, such as
proteins and DNA, have their electronic absorption bands in
the DUV region, resulting in a resonance Raman (RR) effect
that provides up to 10°-fold enhancement of the Raman cross
section.'’ Such a large enhancement combined with the high
molecular specificity of the RR process has been gainfully
exploited for highly sensitive biophysical studies on complex
biomolecules.'' ™3 Combining the advantages of both SERS
and DUV-RR phenomena, DUV surface-enhanced RR spec-
troscopy (DUV-SERRS) has great potential for ultrasensitive
and highly specific biomolecular detection.

SERS studies are generally limited to the visible and NIR
regions because the commonly used noble-metal substrates
support strong plasmon resonances at these wavelengths.>™*
The EM enhancements exhibited by these substrates are very
small in the UV and DUV because of damping caused by the
interband transitions."* UV-excited SERS studies'>™" were
explored on transition metals such as Pd and Rh with limited
success. In contrast, Al, which has a low absorption down to
200 nm,'* is a promising plasmonic material in the UV and
DUV wavelength ranges. Although it is well-known that a
relatively stable natural oxide layer of 2—5 nm thickness is
formed on its surface,”® Al nanostructures have been shown to
exhibit strong plasmon resonances at wavelengths ranging from
DUV to NIR.**">* Surface-enhanced fluorescence (SEF)** and
SERS®® on rough Al surfaces and tip-enhanced Raman
scattering (TERS)?” using Al tips have been demonstrated in
the UV and DUV wavelength ranges. Theoretical calcula-
tions”**° have indicated that high enhancement factors (EFs)
can be achieved using Al nanostructures.

In this communication, we report DUV-SERRS of adenine
molecules on fabricated Al nanostructures. The Al nanoparticle
arrays were fabricated using extreme-UV interference lithog-
raphy (EUV-IL). This method enables the fabrication of
periodic nanostructures over large areas with sub-10 nm
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resolution and high throughput.’’ We fabricated various Al
nanoparticle arrays with a particle height of 70 nm and
diameters varying from 65 to 140 nm in a square lattice with a
periodicity of 200 nm [see the Supporting Information (SI)].
As shown in Figure 1a,b, the nanoparticles were highly uniform
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Figure 1. (a) Large-area scanning electron microscopy image of a
typical Al nanoparticle array. (b) Magnified image of the nanoparticle
array. (c) Far-field optical extinction spectra of nanoparticle arrays
having a height of 70 nm, periodicity of 200 nm, and various particle
diameters (2r). The vertical dashed line indicates the laser excitation
wavelength (257.2 nm).

over the fabricated area (400 gm X 400 pm). Individual
particles exhibited a tapered-cylinder morphology with a
diminution angle of ~12°, as deduced from measurements of
the top and bottom diameters of the nanoparticles. An UV
optical setup was developed (see the SI) for LSPR and Raman
measurements.

The extinction spectra of the Al nanoparticle arrays with
various nanoparticle diameters (2r) are shown in Figure lc. We
observed these arrays to exhibit two strong plasmon resonances
within the measured wavelength range. The resonance peaks at
~350 and ~250 nm are attributed to the dipolar and
quadrupolar plasmon modes, respectively. As the particle size
increased, there was a general red-shift and broadening of the
resonance peaks along with an increase in the corresponding
extinction coefficient. Our results clearly demonstrate that
tunable and sharp plasmon resonances can be achieved in the
UV and DUV regions using Al nanoparticle arrays.

Adenine, a thoroughly studied Raman-active biomolecule,
was chosen as the analyte for DUV-SERRS measurements
because it has a strong absorption band in the DUV close to the
excitation wavelength of 257.2 nm. As indicated in Figure lc,
the laser excitation coincides with the quadrupolar resonance of
the nanoparticle arrays. Although the dipolar resonance modes
might lead to higher SERS enhancement, these modes are in
the blue and near-UV wavelength region, where the advantages
of DUV excitation would not be accessible. The samples were
prepared by sublimating adenine (99% purity, Sigma-Aldrich)
on the Al nanoparticle arrays under high vacuum (~3 X 107
mbar). Often-used techniques for analyte deposition such as
dip-coating, drop-coating, and spin-coating generally produce

1967

inhomogeneous analyte distributions unless appropriate
functionalization methods are used. Sublimation, on the other
hand, allows for uniform deposition of known amounts of
analyte on the substrate surface and therefore enables
quantitative spectroscopic measurements. The sublimation
temperature used was ~180 °C, which is far below the melting
temperature of adenine at atmospheric pressure (360 °C). The
film thickness was monitored in situ by a calibrated quartz
crystal microbalance. The absorption spectra of adenine films
deposited on fused silica substrates (see the SI) indicated that
the familiar liquid-phase absorption band of adenine at 260
nm>*7** was red-shifted to ~272 nm in accordance with
previous studies.”® The presence of this absorption band clearly
indicates that we were able to deposit adenine without any
significant thermal degradation. Furthermore, absorption
measurements performed over different parts of the sublimated
films gave rise to similar absorption values, indicating that the
deposited film had a uniform thickness.

The Raman spectra of 1 nm thick films of adenine deposited
on a bare substrate and on an Al nanoparticle array are
presented in Figure 2a. We observed a clear enhancement in
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Figure 2. (a) Raman spectra of a 1 nm thick adenine film deposited on
fused silica (FS) and on an Al nanoparticle array with 2r = 140 nm.
The signal collection time was 1 s. (b) Intensity of the 1335 cm™’
Raman band plotted against the nanoparticle diameter. (c) Peak
intensities of the 1335 cm™' adenine band at different positions on FS
and on Al nanoparticle arrays with various particle diameters.

the Raman signal from adenine on the Al nanoparticle
substrate. With an incident power of 0.65 mW and a signal
integration time of 1 s, the intensity of the RR spectrum is
barely discernible over the prevailing background noise. In
contrast, the SERRS peaks are clearly distinguishable, with an
SNR of ~50. We note that in the SERRS-enhanced spectra,
only the Raman bands around 1335 cm™' are selectively
enhanced at this excitation, whereas in SERS experiments in the
visible range, the adenine band at 730 cm™ is preferentially
enhanced.”® These Raman bands around 1335 cm™ correspond
mainly to stretching modes of various CN bonds of adenine.*”
No relative shift in the positions of RR and SERRS bands was
observed. The broad bands located below 1000 cm™" in the RR
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spectrum in Figure 2a are the Raman bands of the fused silica
substrate.

Although photoinduced molecular de§radation is a major
concern in the DUV wavelength range,® the incident optical
power used here, 0.65 mW, which corresponds to a power
density of ~90 kW/cm? at the focal spot, allowed the Raman
signal to be collected for reasonably long durations (see the SI).
For a 1 nm thick adenine layer, we calculated the number of
adenine molecules present in the illuminated laser spot to be
~9 amol (see the SI). The Raman signal strength could be
improved by a factor of 2—3 by increasing the collection time.
Further, since the effective coverage of Al nanoparticles was
only 25% and an SNR of 3 is sufficient for analytical detection,
we estimate the detection sensitivity of our current system to be
~50 zmol (~30 000 molecules).

We further performed SERRS measurements on nanoparticle
arrays with different particle diameters. In Figure 2b, the
intensity of the strongest peak (1335 cm™') is plotted as a
function of nanoparticle diameter. It is seen that the SERRS
intensity decreased with decreasing nanoparticle diameter and
that the signal was smallest for adenine on the bare fused silica
substrate. The measured signal was strongly correlated with the
position and the strength of the quadrupolar mode, and
therefore, the observed signal enhancement can be attributed to
the enhanced near-field associated with this resonant mode. In
Figure 2c, the peak intensity of the 1335 cm™ adenine band is
plotted for Raman measurements made at different positions
on nanoparticle arrays and fused silica substrates. The peak
intensity remained fairly constant for the individual measure-
ments made on the same substrate. This clearly proves that the
analytes can be detected reproducibly with high sensitivity
using designed Al nanoparticle arrays as SERRS substrates. In
contrast to previous studies claiming similar sensitivity,”” the
high sensitivity in our case was achieved without using any
surface functionalization. The reproducibility of the Raman
signal on the fused silica substrate also confirmed that adenine
was deposited uniformly by the sublimation technique.

We also carried out simulations based on the finite-difference
time-domain (FDTD) method to gain insight into the far-field
and near-field optical properties of the nanoparticle arrays. As
shown in Figure 3¢, the nanoparticles were modeled as tapered
cylinders with an Al core and a 3 nm thick AL,O; shell. The
simulation domain was limited to the unit cell of the
nanoparticle array by employing appropriate periodic and
absorbing boundary conditions. A uniform square mesh with a
pitch of 1 nm was used for discretization of the simulation
domain. The Drude—Lorentz model with the optical constants
tabulated in ref 14 was used to model the material properties,
and a Gaussian pulse was used as the excitation source. As
shown in Figure 3ab, a good overall match between the
experimental and simulated plasmon resonance spectra was
obtained within the calculated spectral range (200—500 nm).

Optical near-fields were calculated using a plane wave with a
wavelength of 257.2 nm and polarization parallel to the
substrate plane. The calculated near-field distributions are
presented in Figure 3d,e. It can be seen that the EM field
intensity (IEI*) was the highest at the edges of the
nanoparticles. The maximum calculated intensity of ~1630,
shown as two bright dots in Figure 3e, was achieved on the top
edge of the Al core along the polarization axis. However, this
was not accessible to the molecules on the surface because of
the presence of the oxide shell. The maximum field intensity
outside the oxide layer was ~100 and localized at the top
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Figure 3. Comparison of (a) experimental and (b) theoretical far-field
optical transmission spectra of various nanoparticle arrays. (c)
Nanoparticle morphology used for the simulations. The base diameter
was 27, the height (h) 70 nm, the diminution angle (#) was 12°, and
the AL, Oy shell thickness was 3 nm. (d) Near-field distribution at 257.2
nm on the top surface (above the oxide shell) of a 140 nm diameter Al
nanoparticle. (e) Cross-sectional view of the near-field distributions.

corners of the nanoparticles. Since the EF in SERS scales
approximately with [EI*, the calculations indicate that the
maximum EF could be as high as 10*. Nevertheless this EF
would be limited to a highly localized area on the nanoparticle
surface, and the average EF was ~850 on the top surface of the
nanoparticle. In comparison, we observed that the Raman
signal of adenine on nanoparticle arrays with the same diameter
was ~13 times higher than that on the bare substrate. Since
most of the signal enhancement comes from the top surface of
the nanoparticle, which accounts for 25% of the area for the
largest nanoparticles, we estimate the average experimental EF
to be ~50, a value which is much lower than the calculated one.
The difference between the experiment and theory may result
from differences between the nanoparticle parameters used for
the simulations and those of the fabricated nanoparticle array.
The edges of the simulated nanoparticles where most of the
field enhancement was localized had a sharpness defined by the
pitch of the mesh (i.e, 1 nm). Even if such sharp edges could
be produced, they would undergo oxidation,” and hence, the
nanoparticles would have an effective rounded edge resulting in
a lower enhancement. The oxide layer may also be thicker than
the assumed value of 3 nm, leading to a further decrease in the
EF outside the shell. In addition, the fabricated nanoparticles
had a finite roughness due to the crystalline nature of Al, and
this effect of roughness is difficult to take into account using the
FDTD method. Thus, our simulations provide a good
understanding of both the near-field and far-field optical
properties of the Al nanoparticles, while simulations with
further refinements may yield better correlations between the
observed and calculated enhancement factors.

In summary, in this communication we have demonstrated a
DUV-SERRS effect resulting from adenine films sublimated on
designed Al nanostructures. The signal enhancement results
from an increased EM near-field associated with the
quadrupolar plasmon resonance modes of the nanoparticle
arrays. Less than 10 amol of adenine molecules were detected
reproducibly within a collection time of 1 s. The detection
sensitivity of the current optical setup is estimated to be
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~30 000 adenine molecules. Higher sensitivity could readily be
achieved by increasing the collection and detection efficiency of
the optical setup, and the detection limit could also be further
improved by optimizing the Al nanostructures. Nanoparticle
dimers, for example, exhibit extremely high EM enhancements
in the interparticle gaps® and could give rise to higher EFs. In
conclusion, DUV-SERRS promises to be a highly useful
analytical technique for ultrasensitive and label-free detection
of biomolecules in real time.
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Details of substrate fabrication, instrumentation, absorption
measurements, and SERRS intensity decay measurements. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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