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Surface-enhanced Raman spectroscopy (SERS) detection of analyte molecules at ultra-low concentrations re-
quires highly-efficient plasmonic nanostructures enabling a high hot-spot density. However, a facile and cost-
effective strategy toward large-area fabrication of efficient nanostructures with significant electromagnetic
field enhancement remains a great challenge. Further, SERS faces reliability issues with the molecular fingerprint
at ultra-low concentrations. This work shows a one-step rapid fabrication technique utilizing glancing angle
deposition for growing 3D nanopillars of Ag or Au, which is facile, scalable and cost-effective. The 3D nanopillar
substrates can reliably detect analyte molecules with concentrations as low as 10™'® M with a high signal-to-noise
ratio molecular fingerprint proven for Cresyl violet, p-aminothiophenol and Rhodamine 6G. The ultra-high
enhancement is realized in conjunction with the formation of a high hot-spot density due to localized surface
plasmons and surface plasmons at metal/air interface. A portable handheld Raman spectrometer is used to
evaluate the potential application of the nanopillars for on-site diagnostics. It avoids the need for sophisticated
tabletop instruments yet provides high-precision molecular specificity outside specialized laboratories. The 3D
nanopillar substrates show excellent molecular detection limits at 107> M concentrations when tested with a
handheld Raman spectrometer. The uniqueness of the 3D nanopillar features with the formation of a high density
of hot-spots and one-step nanofabrication methods provide a platform to unravel on-site diagnostics with cost-
effective approaches.

1. Introduction quadrant of local EM field intensity [16,17], where an enhancement

factor of 10'2 is reasonably attainable [18]. Thus, the key parameter to

Large-area fabrication of nanostructures providing highly efficient
localized surface-plasmon resonances (LSPRs) shows paramount
importance in various applications, such as surface-enhanced Raman
spectroscopy (SERS) [1,2], solar absorbers [3,4], thermal emitters [5,6],
photodetectors and bio/chemical sensors [7-12]. Particularly SERS, as a
label-free detection technique, identifies biological/chemical substances
at ultra-low concentrations down to the single molecule level with
molecular fingerprints. The low Raman scattering cross-section of the
molecules is significantly enhanced by many orders of magnitude when
the molecules are placed in the close vicinity of the strong electromag-
netic (EM) field of the interacting plasmonic nanostructures, which are
called hot-spots [13-15]. SERS enhancement is proportional to the

* Corresponding authors.

obtain considerable SERS enhancement is fabricating the plasmonic
nanostructure arrays enabling hot-spots and tunable LSPR to match the
incoming laser excitation.

A wide variety of nanostructures and fabrication methods have been
explored for SERS so far [19-28]; however, large-area and low-cost
fabrication approaches with minimum fabrication steps are still
missing for highly efficient nanostructures enabling them to provide a
large density of hot-spots. Usually, Au and Ag-based nanostructures are
used [29], where Au-based matrices are eminently stable but expensive
and typically offer lower SERS enhancement than Ag counterparts.
However, one of the main drawbacks of Ag is functional degradation in
ambient air [30], which will decrease the SERS enhancement over the
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long term.

Conventional tabletop Raman spectrometers provide molecular-
specific information at ultra-low concentrations with high sensitivity.
Nevertheless, the necessity of expensive and sophisticated instrumen-
tation with a large device footprint limits their on-site applications in
point-of-care diagnostics [31]. Therefore, it is crucial to fabricate
nanostructures that can provide the analyte fingerprint with excellent
specificity and, at the same time, detection of the molecules at ultra-low
concentrations using handheld (portable) Raman spectrometers.

Various one-step nanofabrication routes, such as laser ablation
[32-34] and thermal dewetting [35-37] methods, can generate metallic
nanopatterns over a large area with a high hot-spot density; however,
the SERS signal uniformity is questionable. Glancing angle deposition
(GLAD) technique [38-46] provides a selective growth of nanoparticles
onto planar/patterned substrates utilizing the shadow effect. 3D nano-
structures grown by the GLAD provide a simple route where the SERS
signal intensity will be increased by decreasing the nanostructure
diameter. Heretofore, the minimum diameter of the linear 3D nano-
structures obtained by such a technique has been ~100 nm [47-53].

This work describes an innovative approach for fabricating 3D
nanopillars of 40 nm diameter and length up to 350 nm, resulting in
analyte molecule detection at ultra-low concentrations of atto molar
level, i.e. approaching a single molecule recognition. Herein, we report
on the engineering of 3D plasmonic nanopillars comprised of Ag or Au
grown by an oblique angle deposition method and using the shadowing
effect. The oblique angle deposition method provides freedom for
designing complex 3D nanostructures with defined diameter, shape,
spacing and density by adjusting deposition rate, incident angle and
substrate temperature, and it eliminates the need for post- and pre-
processes such as etching and lithography. 3D nanostructures provide
a high density of hot-spots as well as a significant number of binding
sites for probing analyte molecules within the sampling area [20,
54-57]. The versatility of these Ag nanopillars is tested with various
molecules (Cresyl Violet (CV), Rhodamine 6G (R6G) and p-amino-
thiophenol (p-MA)), and the ultra-sensitivity is demonstrated with p-MA
molecules at low concentrations down to 108 M level. 3D nanopillar
substrates also show excellent uniformity of the SERS signals across
large areas, making them ideal candidates for bio/chemical sensing
applications. Moreover, for the first time, we demonstrate that using a
handheld Raman spectrometer, it is possible to detect the analyte mol-
ecules at ultra-low concentrations, down to a single molecule regime.

2. Material and methods
2.1. 3D Ag and Au nanostructure fabrication

3D nanostructures were grown by a custom-designed thermal
evaporation system, onto 2 x 2 cm? substrates cut from Si (100) wafers.
The substrates were left with their natural oxide, cleaned by ultrasound
in baths of acetone and ethanol, and dried with N,. A custom-built
vacuum system with a base pressure below 10~® mbar is used, and a
deposition rate in the range of 0.8 — 1.5 A/s for Ag and 2.0 — 2.5 A/s for
Au is maintained with the help of a quartz crystal oscillator. The sub-
strate was placed at 85° glancing angle with respect to the metal beam to
obtain tilted 3D nanopillar arrays. All presented SEM images are ob-
tained using a Zeiss 1540 XB machine.

2.2. Reflectivity measurements

Reflectivity spectra of the 3D nanopillar structures in the UV and
visible range are measured using a PerkinElmer Lambda 1050 spec-
trometer equipped with a 150 mm integrating sphere where the mini-
mum angle of light incidence is 8°. Reflectivity measurements are
performed in the optical range between 300 and 800 nm with a wave-
length scan step of 2 nm, where a labsphere spectralon reflectance
standard is used for normalization. To investigate the polarization-
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dependent reflectivity spectra, Glan-Taylor air-spaced polarizers are
used.

2.3. Finite-difference time-domain simulations

Optical properties (far- and near-field) of the 3D Ag nanopillars were
simulated using a commercial software (FDTD Solution, Lumerical Inc.,
Vancouver, Canada). A 5 nm mesh grid size is used all over the simu-
lation region, and the incident plane wave source is polarized along the
x- and y- directions. Periodic boundary conditions are used along the x-
and y- directions, while PML boundary condition is applied along the 2-
direction.

2.4. X-ray photoelectron spectroscopy (XPS) measurements

XPS was carried out in ultra-high vacuum by PHOIBOS 150 analyser
from SPECS utilizing X-rays produced by Mg anode. The pass energy was
fixed to 50 eV and to 25 eV for the collection of entire spectrum and
smaller energy intervals related to individual chemical elements,
respectively. Such approach ensured a high transmission and optimized
sensitivity for the identification of doublets and shifts. The samples with
Ag nanopillars were measured immediately after the fabrication as well
as after 1, 5 and 180 days kept in ambient atmosphere in order to study
the chemical changes.

2.5. SERS measurements

SERS measurements were performed by Renishaw inVia micro-
Raman spectrometer using a 100 x LEICA objective lens (numerical
aperture, NA=0.9), a laser with excitation at 532 nm, and a thermo-
electrically cooled charge-coupled device (CCD) as the detector. The
instrument was calibrated with respect to the first-order silicon phonon
peak at 520 cm !, and all the spectra were acquired at room temper-
ature in back-scattering geometry. The polarization of the excitation
laser source was set parallel to the x-axis unless otherwise specified. The
spectra were baseline corrected with a third-order polynomial using
Wire 3.4 software.

2.6. Handheld Raman spectroscopy

Raman measurements were acquired with a Bravo handheld Raman
spectrometer (Bruker) and controlled using OPUS spectroscopy soft-
ware. This device is equipped with a Duo laser system (wavelengths of
785 nm and 853 nm), recording the spectrum in two spectral ranges,
between 300 and 2200 cm ™! and 1200-3200 cm !, where it provides a
better overlap in the spectral range of 1200 and 2200 cm'. Raman
spectra are recorded in the spectral range using 32 accumulations. A
polystyrene standard is used prior to the measurements to ensure the
device’s operation. The laser power at the sample is 45 mW, which is
measured using a power meter from Thorlabs.

2.7. Analyte molecule deposition using chemisorption

Different analyte molecules were deposited on the 3D nanostructures
by chemisorption method using various concentrations ranging from 1
puM down to 1 aM level. For p-MA, the base solution was prepared by
dissolving the p-MA molecule in ethanol, whereas R6G and CV were
prepared using deionized water. Then, nanopillar structures were dip-
ped in analyte solution for 20 min for the concentration levels of 1 pM, 1
nM and 1 pM, while for 24 h in the case of 1 fM and 1 aM concentrations,
and then rinsed with either ethanol (p-MA) or deionized water (R6G and
CV) to remove the excess molecules that are not adsorbed to the metallic
surfaces. Afterwards, the nanostructures were dried with gas nitrogen
flow. The analyte molecules, p-MA, R6G and CV, employed in this study
were purchased from Sigma-Aldrich.
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3. Results and discussion

3.1. Design, fabrication and ultra-sensitive SERS detection using Ag
nanopillars

A schematic presentation of the 3D Ag nanopillar structures is shown
in Fig. 1(a), where D, L and a denote the diameter, length and tilt of the
nanopillar, respectively. Silver deposition was carried out at an oblique
angle of 85°, leading to the growth of nanopillars with « of 62° and L up
to 350 nm. After increasing the length above 350 nm, mergings of in-
dividual nanopillars were observed. A normal-incidence SEM image of
the nanopillars is shown in Fig. 1(b), and a cross-sectional image in the
inset (for L = 150 nm, also see Fig. S1) reveals the orientation of the Ag
pillars. The SERS spectrum recorded from p-MA molecules chemisorbed
from an atto molar (1 aM) concentration on Ag nanopillars is reported in
Fig. 1(c). Several characteristic Raman modes of p-MA are clearly seen,
highlighting the ultra-sensitive detection capability of the 3D Ag nano-
pillar structures.

3.2. Optical properties and SERS enhancement vs nanopillar length

Fig. 2(a) shows the reflectivity spectra of the planar Ag film with 150
nm thickness and Ag nanopillars with different L measured at room
temperature in the spectral range between 250 nm and 800 nm. The
planar Ag film shows high reflectivity in the visible-IR range and an
absorption edge around 300 nm. The Ag nanopillars with L = 150 nm
show a LSPR at 416 nm. By increasing L to 250 nm, an additional band
appears at a wavelength of 350 nm, which is assigned to the cavity-
enabled gap plasmons formed by the nanostructured arrays [3,5] and
supported by the simulations presented below. When L is further
increased to 350 nm, the cavity-enabled gap plasmon resonance mode
becomes more pronounced, resulting in higher absorption in the ultra-
violet range.

In order to investigate the sensing capability of these Ag nanopillars,
SERS measurements (Fig. 2(b)) were carried out, where p-MA molecules
at 1 pM concentration were chemisorbed onto the metal surfaces. The
SERS spectrum for the 150 nm long Ag pillar structure (green trace-
Fig. 2(b)) shows the characteristic Raman bands of p-MA molecule
centered at 1077, 1143, 1183, 1310, 1390, 1434 and 1577 cm™!. Their
molecular vibrational assignments can be found elsewhere [8,58,59].
An increase in the pillar length leads to a significant enhancement of the
Raman band intensities and signal-to-noise ratio (SNR). The inset shows
the variation of the SERS signal intensity of the 1434 cm™! band for
150-350 nm nanopillar lengths. An increasing SERS signal intensity
with Ag pillar length is observed, where the nanopillar with L = 350 nm
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shows the highest SERS intensity of 110 kilo-counts. This can be ascribed
to a decrement in the reflectivity of the Ag nanopillar with increasing L
causing an increasing contribution of cavity resonances (Fig. 2(a)). The
Raman spectrum (Fig. S2) measured for 3D Ag nanopillars prior to
chemisorption of p-MA shows no Raman bands corresponding to any
surface contamination, highlighting the fabrication quality of the
nanopillars. The uniformity of the SERS signal enhancement is investi-
gated by recording the spectra at different spatial (surface) locations (see
Fig. S3), where the spectra show uniform signal intensities for the
characteristic bands, including the high SNR band at 1434 cm ™. The
standard deviation is found to be less than 5%. An average SERS
enhancement of 6 x 10° was obtained by evaluating the Raman band of
p-MA at 1434 cm ™ lusing Ag pillars with L = 350 nm compared to the
planar Ag film used as a reference (SERS enhancement factor calculation
is shown in the Supporting Information).

The polarization-dependent optical properties and SERS enhance-
ment are evaluated using the substrates with 250 nm long Ag nano-
pillars. Fig. 3(a) shows the reflectivity spectra of the samples measured
with unpolarized, transverse magnetic (TM) and transverse electric (TE)
polarized light. The spectra obtained using TM and TE modes clearly
show the variation in the reflectivity, especially at a wavelength around
the LSPR caused by the structural anisotropy originating from the
nanopillar fabrication process. Fig. 3(b) shows the SERS spectra of the p-
MA molecules chemisorbed at 1 pM concentration, obtained using TM
and TE polarized light on Ag nanopillars with L = 250 nm. The SERS
spectrum obtained using TM mode shows higher signal intensity
compared to that of TE mode. These tendencies are further discussed
using the simulation results presented below.

3.3. FDTD simulations: calculated reflectivity spectra, electric and
magnetic field distributions

The obtained experimental results are supported by modeling of
reflectivity of the Ag nanopillars with L = 250 nm using the finite-
difference time-domain (FDTD) method. For that, an unit-cell of 2.8
x 4.5 pmz containing Ag nanopillars (as shown in Fig. 4(a)) was con-
structed and illuminated by x- or y- polarized plane waves. The simu-
lated reflectivity presented in Fig. 4(b) is in good qualitative
correspondence with the measured spectrum (Fig. 3(a)); however, a
slight mismatch in the spectral positions of resonances and reflectivity
values due to some deviations in shape, size and position of real pillars
compared to those used in the model can be observed. To verify the
experimentally obtained enhancement of the Raman signals, the electric
and magnetic field distributions for several excitation wavelengths (350,
400 and 532 nm) are shown in Fig. 4(c,d). It can be seen that

D =40 nm
L =150, 250 and 350 nm

at1am

Nl

K

SERS intensity (a. u.)

1000 1200 1400 1600 1800
Raman shift (cm™)

Fig. 1. (a) Schematic presentation of 3D Ag nanopillars. (b) Normal incidence SEM images of the 3D Ag nanopillar structures. The inset in (b) shows a cross-sectional
view of the pillars for L = 150 nm. (c¢) SERS spectrum recorded from p-MA (chemisorbed from atto molar concentration solution) on Ag nanopillar structures. In the
SERS measurement, an incident laser power of 22.25 pW and accumulation time of 10 s were used.
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Fig. 2. (a) Experimental reflectivity spectra of planar Ag film and Ag nanopillar structures (with L = 150, 250 and 350 nm) obtained with unpolarized light source.
(b) SERS spectra of p-MA chemisorbed at 1 pM concentration obtained from Ag film and Ag pillars of different L. The variation of the SERS band intensity at 1434
cm~! for different L is shown in the inset. For all SERS measurements, an incident laser power of 0.45 mW and accumulation time of 30 s were used.
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Fig. 3. (a) Experimental reflectivity spectra of Ag nanopillars (L = 250 nm) recorded with unpolarized as well as TM and TE polarized light. (b) SERS spectra of p-MA
chemisorbed at 1 pM concentration recorded from Ag nanopillars (L = 250 nm) with incident TM and TE light polarizations. In the SERS measurements, an incident

laser power of 0.45 mW and accumulation time of 30 s were used.

additionally to local fields formed at tops of the pillars the strong electric
and magnetic fields are localized between them (in the cavity regions),
resulting from the plasmonic resonances at the Ag/air interface. At an
excitation wavelength of 350 nm, the fields are more intense for the x-
polarized (TM) mode as the Ag nanopillars are much closer to each other
(they are tilted in this direction, see Fig. 4(a)), which induces stronger
near-field coupling and thus forms the lateral Ag/air/Ag cavities to
localize and absorb the incident light. However, the electric field is not
so well confined for the y- polarized (TE) light, resulting in the reflection
variation. The Ag nanopillars exhibit similar tendencies in field distri-
butions and reflectivities for other wavelengths (e.g., 400 and 532 nm).
The TM mode at a wavelength of 532 nm (the one used in the experi-
ments) shows much stronger local electromagnetic field confinement of
hot-spots compared to TE mode (Fig. 4 (c and d)), which supports very
well the polarization-dependent SERS measurements presented in Fig. 3
(b) where a high SERS signal enhancement is observed for TM polarized
light.

3.4. The versatility of Ag nanopillars for sensing of different analytes,
homogeneity and time stability of SERS spectra

The adaptability of 3D Ag nanostructures for bio/chemical sensing
applications was demonstrated by testing various chemisorbed mole-
cules. Fig. 5 shows SERS spectra obtained for p-MA, R6G and CV mol-
ecules on Ag nanopillars with L = 350 nm. All molecules show the
spectra with high SNR for clearly distinguishable characteristic Raman
bands: at 591, 674, 1188 and 1644 em™! for CV; at773,1362, 1510 and
1650 cm ! for R6G; and at 1077, 1143, 1183, 1310, 1390, 1434 and
1577 em ™! for p-MA showing good agreement with the literature [8,47,
60,61]. The Ag nanopillar substrates are found to provide a high uni-
formity of plasmonic properties, i.e. homogeneity of SERS spectra across
large surface areas as can be seen in Supplementary, where Fig. S4 shows
the Raman image for the intensity of R6G at 1650 cm ™! over nanopillar
area of 150 x 90 pm?.

According to the literature [62], Ag nanostructures can have a ten-
dency to chemical degradation (oxidation) in ambient atmosphere.
Therefore, chemical composition of the Ag substrates was tested using
XPS: the spectra of as-grown nanostructures were compared with those
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for the samples stored in air for 1, 5 and 180 days. It is known that an
oxide formation should lead to a small but detectable shift of the Ag 3d
peaks. Indeed, a shift to lower binding energy for about 0.10-0.15 eV
was observed after one day. However, keeping the samples in air for a
longer period of up to 180 days did not result in further negative shifts
(see Fig. S5). The XPS peak related to oxygen showed a small shoulder,
which could be associated with Ag,0 formation, but its intensity did not
show any considerable change with time. These data allow to conclude
about a thin oxide shell formation after initial taking the samples from
the vacuum into air but no oxidation on a long-time scale. These results
are in good agreement with the earlier obtained ones in [30].

Growth of oxide can considerably affect the SERS performance of
nanostructures, as for example was shown by Cheng et al. [63]. To study
time stability of Raman spectra, SERS measurements were taken on Ag
nanopillars (Fig. S6) after exposing the substrates to ambient air envi-
ronment for 1, 5 and 180 days. Ag nanostructures showed excellent
SERS signal reproducibility for the nanopillars kept in air up to 5 days.
After keeping the sample for 180 days in ambient atmosphere, a sig-
nificant reduction (15 x) in the SERS signal intensity is noticed, which
can be caused by the degradation of plasmonic properties due to other
reasons than oxidation. No additional bands other than characteristic
peaks of p-MA were observed in the spectra, i.e. indicating no surface
contamination affecting the analyte detection.

3.5. Ultrasensitive detection of p-MA molecules

In order to investigate the high specificity and ultra-sensitivity, the
SERS measurements were performed on Ag nanopillars with L = 350
nm, where p-MA molecules were chemisorbed at various concentrations.

Fig. 6 shows the SERS signal intensity when the molecular concentration
decreases from 1 pM to 1 aM. A decrease in the SERS signal intensity for
the characteristic bands is observed with reducing the molecular con-
centration. More details on the relationship between the intensity of
Raman bands and molar concentration of the analyte can be found in
Supplementary (Fig. S7). However, several bands can still be well
resolved for the lowest concentration of 1 aM level, which corresponds
to very few or even a single molecule within the laser spot area. More-
over, deposition of p-MA at 1 aM concentration on several nanopillar
substrates fabricated at identical conditions showed good reproduc-
ibility of the characteristic Raman bands (see Fig. $8). This very high
sensitivity is realized due to the high density of hot-spots originated by
the unique arrangement of the nanopillar arrays (high aspect ratio of
8.75 of individual pillars, good spatial separation from each other and a
high degree of structural uniformity). Interestingly, at 1 pM concentra-
tion of p-MA, the Raman band at 1077 cm ™! corresponding to al mode
of p-MA shows a high intensity, however, when decreasing the p-MA
concentration this mode becomes undistinguishable. The SERS
enhancement of a particular mode is highly dependent on the EM effect,
and it is based on how the adsorbed p-MA molecule is oriented on the
metal surface [59,64]. Nevertheless, at every concentration, the char-
acteristic bands can be assigned to p-MA although there is a slight shift
in the mode position.

Besides the ultra-sensing capability of the Ag nanopillars, repro-
ducing the SERS signals with uniformity and molecular specificity is
another critical factor for biosensing. To investigate that, SERS mea-
surements for p-MA molecules (chemisorbed at 1 aM concentration)
were performed at randomly selected spatial positions (within area of 4
cmz) on the same substrate (Fig. 7). The SERS spectra show slight
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Fig. 5. SERS spectra recorded for various molecules chemisorbed from 1 pM
solution on the Ag nanopillars with L = 350 nm. For CV and p-MA detection, an
incident laser power of 0.45 mW and accumulation time of 10 s were used. For
R6G analysis, an incident laser power of 22.25 pW and accumulation time of 10
s were used.

variations in the band position and intensity, which can be ascribed to
the orientation of the molecules that are adhered to the metal pillars at
different locations. This tendency is well-known and typically observed
at ultra-low molecular concentrations, particularly in the experiments of
single molecule detection [65-67]. However, the characteristic Raman
modes of p-MA are still clearly distinguishable in the obtained spectra
despite the above-mentioned small shifts and intensity variation. The
above-presented results on the achieved detection limits, reproducibility
and uniformity of SERS spectra over large nanopillar areas as well as
relative simplicity in fabrication demonstrate the state-of-the-art level of
our SERS matrices. Indeed, attempts of other research groups to utilize
GLAD technique for fabrication of substrates with Ag-based nano-
structures for SERS showed much lower detection levels [46,68,69]. Use
of other nanomaterials allows to obtain similar detection efficiency and
reproducibility but, in many cases, the tedious and complicated fabri-
cation steps limit their adaptability in practical applications, like, for
example, for SERS substrates based on warped spaces reported by Mao
et al. [25], 3D multilayered structures fabricated by Liu et al. [70], 3D
nanohump arrays with Ag nanoparticles made by Li et al. [56], 3D
nanolaminate plasmonic crystals coupled with Au nanoparticles ac-
cording to Nam et al. [71], 3D Si nanopillar covered with Au nano-
particles and Ag nanosheets [72] and Ag nanoparticles decorated 3D
sunflower nanoarrays [73].

3.6. Detection of analyte molecules using a portable handheld Raman
spectrometer

To evaluate the applicability of the 3D Ag nanopillars for on-site
diagnostics, a handheld Raman spectrometer is used to assess the
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Fig. 6. SERS spectra recorded for p-MA molecules chemisorbed on Ag nano-
pillars of L = 350 nm at 1 pM, 1 nM, 1 pM, 1 fM and 1 aM concentrations. For
all the SERS measurements, an incident laser power of 0.45 mW and accumu-
lation time of 30 s were used.

substrates (see Fig. S9(b)). Fig. 8 shows the SERS spectra of p-MA mol-
ecules chemisorbed on Ag nanopillars with L = 350 nm at concentra-
tions ranging from 1 pM down to 1 pM. At 1 pM concentration, the
characteristic Raman bands of p-MA are clearly seen with a high SNR.
The Raman bands at 1077 cm ™! and 1595 cm ™! show the highest in-
tensities, and a few other low-intense bands are also observed. It is worth
noticing that 1 pM p-MA spectrum (Fig. 6), measured using a stationary
Raman spectrometer, shows strong Raman band intensities for 1143,
1390 and 1434 cm™!. In the case of the handheld Raman spectrometer,
Fig. 8, high intensity bands were observed at 1077 cm ™! and 1595 em ™"
This difference is related to the dependence of the band intensity on the
excitation wavelength [8,74,75]. For the stationary spectrometer, a 532
nm excitation laser source is used, whereas in the handheld Raman
spectrometer, 785 and 853 nm lasers were used to acquire the spectra.
After decreasing the molecular coverage to nM and pM levels, intensive
Raman bands at 1077 cm ™! and 1595 em ™! are still observed.

Further, the versatility of the 3D Ag nanopillars for handheld Raman
spectrometer applications was evaluated using R6G molecules as ana-
lyte. The SERS spectra of R6G molecules chemisorbed at concentrations
from 1 pM down to 1 fM on Ag nanopillars with L = 350 nm are shown in
Fig. 9. Several characteristic Raman bands of R6G with a high SNR at
773, 1183, 1312, 1362 and 1510 cm ™! can be distinguished [8]. Albeit
the fM concentration level, well distinguishable characteristic bands of
R6G (with highest intensities at 1560 and 1609 cm ! bands [47]) are
distinctly noticed with the handheld Raman spectrometer.

3.7. Au nanopillars: fabrication, optical properties and Raman signal
enhancement

In order to test other commonly used plasmonics materials, we have
fabricated the nanopillars of Au with D = 40 nm, a = 62° and L of up to
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accumulation time of 10 s were used to acquire the SERS spectra.

Fig. 9. SERS spectra of R6G molecule chemisorbed at various concentrations
decreasing from 1 pM to 1 fM obtained on Ag nanopillars with L = 350 nm
using a handheld Raman spectrometer.
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350 nm using the same one-step oblique angle growth process. SEM
image of the nanopillars with L = 350 nm is shown in the insert of Fig. 10
(a). The experimental reflectivity spectra of the 3D Au nanopillars are
shown in Fig. 10(a). Similar to the Ag nanopillars case, a decrease in the
reflectivity is observed with increasing the pillar length. The SERS
spectra of R6G chemisorbed from 1 pM concentration on the substrates
with various lengths of the nanopillars are shown in Fig. 10(b). Well
distinguished Raman modes of R6G with a high SNR are clearly
observed, particularly at 1362, 1510 and 1650 cm ™. Similar to the case
of silver, an increment of band intensities is observed with increasing the
nanopillar length: Au nanopillars with L = 350 nm provide the highest
signals.

Fig. 10(c) shows the SERS signal intensity variation at the 1362 cm™!
band position for different molecular concentrations. A decrease in the
intensity is observed when the molecular concentration is reduced from
UM to fM level but even at the lowest used concentration the charac-
teristic bands can be registered with high SNR.

Homogeneity of the Raman signal enhancement was tested by
recording the SERS spectra at various random positions on the same
substrate. In Fig. 10(d), 50 SERS spectra of R6G obtained on the sample
with 350 nm long nanopillars illustrate highly uniform and reproducible
measurements. To demonstrate the potential of application of the Au
nanopillars for on-site diagnostics, R6G molecules at various molecular
concentrations (down to 1 fM) are tested with a handheld Raman
spectrometer. The SERS spectra in Fig. S9 clearly show the prominent
characteristic bands of R6G at 1362, 1560 and 1609 cm™! with a high
SNR at fM concentration. These results highlight the tremendous po-
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in ultra-sensitive SERS substrates.

4. Conclusions

In summary, we demonstrated a one-step scalable nanofabrication
route to make uniform 3D Ag and Au nanopillar arrays on the macro-
scale for SERS detection of the analyte molecules with concentrations as
low as atto molar level. As shown by the modeling, this ultra-high
detection capability was provided by hot-spot formation due to the
coupling of LSPR from the nanopillars with the cavity-enabled gap
plasmons. By increasing the nanopillar length up to 350 nm, a signifi-
cant enhancement in the SERS signal intensity was obtained. 3D nano-
pillar arrays showed versatility in detecting various molecules typically
used in SERS evaluations (CV, R6G and p-MA) at ultra-low concentra-
tions. And for the first time, we showed that it was possible to use the
developed substrates with nanopillars in a handheld Raman spectrom-
eter to detect the analyte molecules at ultra-low concentrations of femto
molar level. This work showed a clear perspective on the utilization of
3D nanopillar substrates for on-site diagnostics. The proposed SERS
matrices with 3D nanopillars fabricated by a cost-effective one-step
approach, choice of the appropriate metal, biocompatibility, and ultra-
sensitive molecular detection capability, potentially open a new venue
for ultra-sensitive SERS for recognition at single/a few molecule
regimes.
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