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a b s t r a c t

The applicability of a novel gold–epoxy surface nanocomposite for surface-enhanced Raman scatter-
ing (SERS) is investigated. The nanocomposite consists of ellipsoidal nanoparticles in a hexagonal
arrangement, where the average particle diameter (D0) and interparticle gap (D) can be controlled in
the 0.15–1.00 (D/D0) range on a large surface area (several cm2). Numerical simulations were used
to estimate the SERS enhancement factors of substrates with five different particle arrangements.
The fabricated substrates’ surface was functionalized with 20 base-pair long double-stranded DNA
molecules and the intensities of the characteristic Raman peaks related to DNA were used to
quantify the substrate performance. It was proved that by optimizing the fabrication parameters and
maximizing the interparticle coupling, the characteristic Raman intensities could be increased by more
than 2.5 orders of magnitude.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

One of the most promising application areas of plasmonic
oble metal nanoparticles is surface-enhanced Raman scattering
SERS), an ultrasensitive vibrational spectroscopy method that
rovides specific fingerprint information of analytes [1]. Accord-
ng to the widely accepted electrochemical enhancement mecha-
ism, SERS enhancement can reach multiple orders of magnitude
n the intense plasmon near-field around the excited particles.
he field intensity and the spectral position of the LSPR (localized
urface plasmon resonance) absorption peak are strongly depen-
ent on the geometrical properties of the nanoparticle arrange-
ents (e.g., particle shape, size and interparticle distance). For
ifferent Raman excitation wavelengths, these respective param-
ters should be optimized in order to maximize the achievable
ERS enhancement with the nanostructures, which is the main
ffort and focus of many recent works [1–3]. It was also shown
hat the near-field intensities could be multiplied by utilizing
oupling between the nanostructures and the resulting hotspots
ontribute significantly to the overall SERS enhancement. The
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fact that decreasing the interparticle gap leads to an increased
Raman intensity has been proven both experimentally and by
simulations [4–6].

Since hotspot density is critical for SERS, one should consider
it a primary criterion when choosing a SERS substrate for a given
application. Generally, selecting a suitable technology for sub-
strate fabrication is not trivial and usually requires many compro-
mises. Top-down techniques, such as direct writing lithography
(electron beam lithography [7] or focused ion beam lithogra-
phy [8]), grant excellent control over the size and spacing of
the nanostructures, but only on a limited surface area. Other
deposition-based techniques might have poor control over the
size/shape of the particles or have small nanostructure surface
coverage [9,10]. Bottom-up techniques, such as wet chemical
synthesis, also give reasonable control over the shape and size of
the nanoparticles (e.g., spheres, rods, triangles, core–shell struc-
tures), but with the subsequent surface chemistry, it might be
challenging to control the particle spacing [11,12]. Lately, atten-
tion has been turned towards nanocomposites [13] and template
based-fabrication technologies (e.g., nanoimprint lithography [3,
14]) with which highly sensitive nanoparticle arrays could be

fabricated on relatively large surface areas.
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Recently, we introduced a novel gold–epoxy surface nanocom-
posite, which was successfully used as an LSPR sensor for nu-
cleic acid detection [15]. The fabrication technology is based
on preparing a nanobowled aluminium template, made by an-
odic oxidation and subsequent etching. The template’s hexagonal
structure is used to create ellipsoidal gold nanoparticles, retaining
the same hexagonal pattern. The particles’ size (diameter and
thickness) and the interparticle gap can be tuned by controlling
the gold thin film deposition and subsequent annealing param-
eters. After synthesis, the particle arrangement is transferred to
the surface of a transparent epoxy substrate. The main advan-
tages of these plasmonic nanocomposites, considering either LSPR
or SERS applications, are the following. (1) The precise control
over the shape, size and interparticle distance can be maintained
on a large surface area (several cm2) in a homogeneous way
(see Supplementary Materials Figs. S1-S3). (2) Through these
parameters, the substrates’ plasmon absorption peak can be fine-
tuned between 535–625 nm, enabling optimization of the Raman
excitation wavelength. (3) The interparticle gap (D) and particle
diameter (D0) ratio (D/D0) can be controlled in the 0.15–1.00
range, which provides a high hotspot density on the whole sur-
face. (4) The nanoparticle arrangement is stable on the polymer
surface in fluidic environments; the substrates are robust. (5)
The substrates can be considered cost-effective due to the large
surface area and the generally inexpensive fabrication technology.

The substrates’ SERS performance was quantified by DNA
sensing. A DNA molecular layer was bound to the gold nanopar-
ticles in a protocol identical to label-free sensing scenarios with
a thiolated single-stranded probe-DNA and a complementary
target-DNA molecule. Sensitive quantification of DNA molecules
is increasingly important in many fields, such as pathogen de-
tection, environmental monitoring or disease diagnostics. SERS is
an excellent candidate for a successful DNA detection platform
and it can give an accurate signal with high sensitivity [16]. Re-
cently, several studies utilized SERS substrates for label-free DNA
detection [16,17], with sensitivity enabling even single-molecule
detection [18]. Low DNA concentrations were also detected by
using Rhodamine B (RB) as a Raman label [19]. Here, our aim
was not to test the substrates for label-free DNA detection, we
merely used DNA since the molecules’ inherently small size and
characteristic Raman peaks make them ideal target materials for
quantifying SERS performance related to these application areas.

2. Materials and methods

2.1. SERS substrate fabrication

The fabrication technology of gold–epoxy nanocomposite sub-
strates is presented in detail in our previous work, including the
optimization of the technological parameters [15]. Here, only a
short description of the main process steps is given, as presented
in Fig. 1. In the first phase, a nanobowled aluminium template
is formed by the controlled porous anodic oxidation of an alu-
minium sheet and the subsequent selective chemical etching of
this porous anodic alumina (PAA) layer. In the second phase,
the nanoparticles are created by solid-state dewetting (SSD), in-
cluding the deposition of a gold thin film on the nanobowled
template and its subsequent thermal annealing. The last phase is
the transfer of the nanoparticle arrangement onto the surface of
a transparent polymer substrate. This phase consists of polymer
casting, aluminium template removal by chemical etching and
the subsequent plasma etching of the polymer substrate to make
the nanoparticles accessible.

The size and distribution (e.g., the interparticle gap) of the
particles can be controlled in discrete steps by regulating the
fabrication’s parameters. The nanobowled aluminium template
2

fabrication was achieved by one-step anodizing. Two stable work-
ing points were chosen, both yielding hexagonally ordered cells,
illustrated in Fig. 2 and referred to as type A and type B. For
the type A template, an oxalic acid solution (0.3 M) was used at
7 ◦C with a potential of 40 V for 20 h; for the type B substrate, a
sulphuric acid solution (0.3 M) was used at 0 ◦C with a potential
of 25 V for 15 h. The control over the nanoparticles size was
achieved by repeated thin-film deposition and annealing. Here,
a precisely optimized film thickness is crucial for the desired
nanoparticle formation. For type A substrates, the best results
were achieved with subsequent layer depositions of 6 nm + 5 nm
for A1 and A2 substrates, while for type B substrates, the optimal
thickness was found to be 8 nm + 7 nm + 5.5 nm (B1, B2 and
B3 substrates, respectively). The annealing temperature and time
were 300 ◦C for 5 min in all cycles. To transfer the nanopar-
ticle arrangement, a two-compound epoxy resin was used as a
substrate (Elan-tron W 363 and EC 570, in a weight ratio of
100:33). After transfer, the polymer’s surface was etched in a RIE
chamber (PlasmaPro 80, Oxford Instruments Plasma Technology)
in oxygen plasma for 40 s at a pressure of 6.7 Pa, power of 50
W and O2 flow rate of 50 sccm. For a more detailed description
of these processes, please see [15]. For imaging, a high-resolution
scanning electron microscope (SEM, FEI Verios 460L) was used
in the secondary electron (SE) mode with a 5 keV acceleration
voltage.

2.2. SERS measurements

For Raman spectroscopy, a Renishaw InVia micro-Raman spec-
trometer was used. The wavelength of the laser source used for
the excitation was 785 nm, with 100% power. The exposure time
was 10 s with 5 accumulations. This wavelength is higher than
the plasmonic absorption maxima of the substrate (between 535–
625 nm [15]) and was selected to avoid any degradation of the
epoxy substrate, which was previously observed with 532 nm and
633 nm excitations [20]. For the characterization of the surfaces,
two measurement modes were used.

In the normal mode, the excitation spot has a diameter of ∼1.8
µm, which was achieved by using a 50× objective (LWD50X, with
NA = 0.55). The focus was set manually in this mode by monitor-
ing the measured Raman intensities in a continuous acquisition
mode and maximizing the signal intensities. In the Z dimensional
scan mode, a Renishaw MS30 high speed encoded stage and a
pinhole were used with a confocal depth profiling step size of
100 nm. After setting the focus (similarly to that described for
the normal mode), spectra were obtained in the ±15 µm range
of this plane with 100 nm step resolution.

2.3. Surface functionalization

For the experiments, 20 base long probe-DNA and respective
target-DNA molecules were purchased from Sigma-Aldrich (Ger-
many). The complementary sequence is from the β-giardin gene
of the parasite Giardia lamblia [21], which was previously tested
by us for label-free sensing [15]. The DNA base sequences are the
following (from 5′ to 3′): probe-DNA: CGTACATCTTCTTCCTTTTT-
[ThiC6]; target-DNA: AGGAAGAAGATGTACGACCA. For surface
functionalization, 1 µM probe and target DNA solutions were
prepared in a buffer containing 0.75 M NaCl and 50 µM Na2HPO4
(pH 6.8). The same buffer was used to prepare the hybridization
solution and also for rinsing the sample between each step. For
cleaning the samples prior to DNA functionalization, 15 s low-
power (20 W) O2 plasma treatment was applied (at 0.4 mbar).
Subsequently, the probe-DNA solution (1 µM) was drop coated
n the sample surface. After an overnight DNA immobilization,
mM solution of MCH (dissolved in buffer) was used to remove



A. Bonyár, S. Zangana, T. Lednický et al. Nano-Structures & Nano-Objects 28 (2021) 100787

n
b
s
b
w
s
s

2

(
b
f
a
a
b
f
t
a
e
d
T
p
T
c

3

i
m
s
T
c
i
u
w
a
t
p
c
a

Fig. 1. The main fabrication steps of gold–epoxy nanocomposite SERS substrate preparation [15].
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on-covalently bound DNA strands from the surface. DNA hy-
ridization was performed for 2 h at RT from a 1 µM target-DNA
olution. Before the Raman-spectroscopy measurements, only the
uffer was used to rinse the substrates and all measurements
ere then performed in air. For data on the stability of the SERS
ubstrates and recommendations for cleaning procedures, please
ee the Supplementary Materials Section 4.

.4. Numerical simulations

The numerical simulations were performed with the MNPBEM
Metallic NanoParticle Boundary Element Method) MATLAB tool-
ox [22], which was explicitly developed to calculate the electric
ields and optical properties of nanoparticles. Nano-spheroids in
hexagonal arrangement were used to model the nanoparticles
rrays. The particles’ size and interparticle gaps were determined
ased on SEM images (>16 µm2). The spheroids were created
rom 144 vertices, and the ‘retarded’ solver was used to calculate
he field intensities on the illuminated arrangement, which solves
ll the Maxwell equations on the surface elements. A plane-wave
xcitation was used at a wavelength of 785 nm. The propagation
irection was normal to the plane of the particle arrangement.
he wave was linearly polarized in the plane, having three com-
onents with polarization angles of 0, 60 and 120o, respectively.
he electric field is calculated as the sum of these three excitation
omponents.

. Results and discussion

The SERS performance of five different Au-epoxy nanocompos-
te substrates – consisting of five different nanoparticle arrange-
ents – was investigated experimentally and with numerical
imulations. Fig. 2 presents SEM images of all five arrangements.
he distribution of the particles is uniform on the whole fabri-
ation area of around 2 cm 2, as illustrated with additional SEM
mages in the Supplementary Materials (Fig. S1). The SEM images
sed to measure the size of the nanoparticles were obtained
hile the nanoparticle arrangement was still on the nanobowled
luminium template. For SEM images obtained after the transfer
o the epoxy substrate, please see Fig. S2. The homogeneous
urple colour of the completed surface nanocomposites also indi-
ates a stable and uniform particle arrangement after the transfer,

s can be seen in the photograph of Fig. S3. d

3

As discussed in Section 2.1, by controlling the pore size and the
eposited layer thickness, the size and interparticle distance of
he spheroidal particles can be influenced. For type A substrates,
he average size of the pores is 68 ± 3 nm; for type B, it is
109 ± 4 nm. The diameter of the resulting particles increases
denoted as D0 and calculated as the equivalent circle diameter
ased on SEM images) with the first (A1, B1), second (A2, B2) and
hird (B3) deposition, and the annealing cycle. The histograms of
he measured size distributions are given in Fig. 4a. Based on the
EM images, it was found that the thickness of the spheroids also
cales with their mean diameter. The diameter/thickness ratios
or the five arrangements were found to be 2.13 (A1), 1.73 (A2),
.9 (B1), 1.7 (B2) and 1.4 (B3). The interparticle distances (D) were

calculated as the difference between the average pore size and
the particle diameter. These values were used to construct the
models for the numerical simulations.

A generally accepted approach to compare achievable SERS
enhancements with the electromagnetic field strength of the
nanoparticles is the fourth power-law relation of Eq. (1); where
SERS EF is the SERS enhancement factor, E is the magnitude of the
electric field, λ is the wavelength of monochromatic illumination,
r and θ are the polar coordinates, since the field strength is
ependent on the position [23].

ERS EF (λ) =
E (λ, r, θ)4

E0 (λ, r, θ)4
(1)

To correlate our SERS substrates’ performance, namely, the inten-
sity of the measured Raman peaks of DNA, a modified version of
Eq. (1) was used. By using Eq. (2), the electric field is calculated
around the particles up to a given distance (rl) from their surface
with BEM (boundary element method) simulations, as illustrated
in Fig. 3c. As given in Eq. (2), the average field enhancement is
calculated in 2D (in the plane of the nanoparticles) in the (r0
– (r0 + rl)) range, where r0 is the radius of the ellipsoid, and
(r0 + rl) is the outer radius of the integral. For our calculations rl
was selected as 7 nm to match the estimated length of the DNA
molecules that cover the nanoparticles.

SERS EF (λ) =

∫ 2π
0

∫ r0+rl
r0

E(λ,r,θ)4

E0(λ,r,θ)4
drdθ

(r0 + rl)2π − r20π
(2)

ig. 3 presents the electric field enhancement, illustrated for type
substrates with the same average pore size (68 nm) but with
ifferent particle diameters (51 nm in Fig. 3a and 60 nm in
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Fig. 2. SEM images (false colours) of top and tilt view (45◦) presenting the size distribution of the five different nanoparticle array types. Image (c) illustrates the
shape and position of the nanoparticles inside the nanobowls. The particle diameter will be referred to as D0 , while the interparticle distance is denoted as D.
Fig. 3. Electric field enhancement (E/E0) simulated with hexagonal nanoparticle arrangements. Unit cells and field enhancement for substrate type A with the same
average pore size (68 nm) but with different particle diameters: 51 nm in (a) and 60 nm in (b) and (c). (c) Illustration of the 7 nm region, which was used for the
calculations based on Eq. (2).
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Figs. 3b and 3c). It can be seen that the interparticle plasmon
coupling is properly excited with our plane-wave illumination
and that a smaller interparticle distance results in a higher elec-
tric field enhancement, as expected. Fig. 3c illustrates the 7 nm
region used to calculate the SERS EF based on Eq. (2). Additionally,
he particle size distribution, given in Fig. 4a, was taken into
onsideration to estimate the response of our SERS substrates as
recisely as possible. For this, the SERS EF was simulated and
alculated based on Eq. (2) for all arrangements by changing the
anoparticles’ size in the unit cell (Fig. 3) with 1 nm size resolu-
ion. The resulting SERS EF in the function of the dimensionless
/D0 value is plotted in Fig. 4c. Narrowing the interparticle gap
eads to an increasing electric field intensity and also an expo-
entially increasing SERS EF. This effect is a known trend, which
as previously observed experimentally for other nanoparticle
ystems [4–6,24]. Based on Fig. 4c, the most intense enhancement
tarts below D/D0 <0.3, between 0.1 and 0.3, the SERS EF gains two
rders of magnitude, from 104 to 106. The trends are similar for
ll particle arrangements; however, larger particles with the same
/D0 value (considering both diameter and thickness, which were
caled with the former) yield higher enhancements. An average
ERS EF for the five different arrangements were obtained by
onsidering the particles size distributions. These distributions
4

ere implemented by calculating weight functions based on the
istograms (Fig. 4a) and calculating a weighted average from
igs. 4b and 4c. The resulting values were 2.8×103 and 9×103 for
1 and A2, and 5.8×103, 1.9×104 and 3.2×104 for B1, B2 and B3
ype of substrates, respectively. Although these calculated SERS
nhancements strongly correlate with the average interparticle
ap between the particles, several factors that might influence
heir performance could not be considered. One is their irregular
hape, which may form local hotspots with a lower than average
nterparticle distance. Based on Fig. 4c, this might significantly
ncrease the SERS EF. The same is true for the small satellite
anoparticles squeezed between the bigger particles (evident in
ig. 2 for substrate type B3). For these reasons, the actual SERS
F of the substrates might be expected to be higher than the
stimated values. Conclusively, based on the simulations, signifi-
ant differences can be expected from the substrates in terms of
aman peak intensity.
Figs. 5 and 6 present the obtained SERS spectra on the gold–

poxy nanocomposite substrates. The spectra shown in Fig. 5
ere obtained in the normal mode (as defined in Section 2.2)
y manually focusing the laser spot on the substrate’s surface. In
ig. 5a, the reference spectrum measured on the epoxy substrate
s given (measured on substrate type A2), while Fig. 5b presents
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Fig. 4. (a) The distribution of particle diameters, measured based on SEM images. (b) Weight functions calculated from the histograms in (a), in the function of D/D0 .
c) SERS EF obtained from the numerical simulations (calculated based on Eq. (2)), plotted in the function of D/D0 .
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he spectra after probe-DNA immobilization and after target-DNA
ybridization. The repeatability of the SERS signal in various spots
n one sample, both for bare epoxy and after DNA functionaliza-
ion, is demonstrated in the Supplementary Materials (Figs. S4a
nd S4b). Spectra obtained on different types of SERS substrates
re also compared here (Fig. S4c) and show good reproducibility
etween the substrate types.
In Fig. 5a, all the marked peaks correspond well to epoxy

elated peaks, in good accordance with the literature. Namely,
40 cm−1 is related to epoxy ring deformation, 822 cm−1 to –
H wagging, 1113 cm−1 to epoxy ring deformation, 1460 cm−1

o –CH2 deformation and 1610 cm−1 to aromatic ring stretch-
ng [25,26]. In Fig. 5b, the two spectra after DNA immobilization
nd hybridization differ significantly from the epoxy reference.
lthough some smaller peaks can be associated with the epoxy
ubstrate (e.g., wide bumps around 650 and 1600 cm−1), most are
haracteristic of the DNA. Based on the rich available data on the
haracteristic Raman peaks of DNA molecules [27–33], the most
ntense peaks can be assigned to the following vibrational modes
for a detailed collection of the identified peaks, please see Table
1 in the Supplementary Materials): 745–753 cm−1 for thymine
tretching in C5–CH3; 828–835 cm−1 for phosphodiester O–P–
stretching and thymine C4–C5 stretching (combined); 888–

98 and 925–935 cm−1 for deoxyribose C–C vibrations; 1021–
033 cm−1 for thymine C–N–C bending [27]. Several peaks can
e assigned to purine bases (Guanine, Adenine), e.g., 1333, 1361,
453 and 1484 cm−1.
Although the investigation of the changes in the peak positions

nd intensities after DNA hybridization was not the primary focus
f our research, we have to note that changes in these quantities
an be expected due to the following reasons. In the case of a
ealistic DNA molecule (with multiple types of bases) the relative
ontribution of the bases in the total SERS spectrum depends on
he position of the base relative to the hotspots on the surface
nd thus on the orientation of the DNA chains. The bases that are
ocated in the highest E-field regions will contribute more to the
verall spectrum. Since our probe-DNA is pyrimidine rich – 17 out
f 20 bases are either T or C, as illustrated in Fig. 6a – and since
he probe starts with a poly-T sequence (which is closest to the
urface of the nanoparticles and thus is exposed to the highest
ield intensities), our spectra will always be dominated with
hymine characteristic peaks, as can be seen in Fig. 5b and Figs.
4a-c. The binding of the target molecule can be either indicated
y the increased intensity of DNA characteristic peaks (due to
ore bases and phosphate backbone) or by the appearance of
urine base related peaks (since the target is purine-rich). Vari-
nce in the relative peak intensities can be expected due to local
nhomogeneities in the DNA orientation. For further information
5

egarding the relative contribution of individual DNA bases in the
aman spectrum, please see [27,32,33].
Fig. 6 presents the Z scan mode results, measured on the same

ample used for Fig. 5b, after target-DNA hybridization. In this
ode, a pinhole was used, and the focal plane was scanned with
100 nm step resolution (as discussed in Section 2.2). Initially,

he laser spot was focused on the surface manually and then the
can was performed in a ±15 µm range from this location in
he normal direction. The detected intensity of the Raman peaks
aturally varies by changing the focal plane. As shown in Fig. 6b,
he intensity of the obtained spectra has a clear maximum in the
unction of the distance along the normal direction. The spectrum
ith the highest peak intensity is shown in Fig. 6a, and this point
as selected as the arbitrary zero position in Fig. 6b to plot the

ntensity distribution of three selected peaks.
All selected peaks have a very sharp maximum in the same po-

ition along the normal direction. The full-width-at-half-
aximum of this peak is 100–200 nm (keeping in mind the
00 nm step resolution of the scan). This value corresponds well
ith the estimated thickness of the nanoparticle arrangement,
onsidering that the laser spot has a diameter of around 1 µm
n this mode and that the average surface roughness (Sa) of the
ubstrate was between 15–30 nm in a 1 µm2 area, with min–
ax distances below 150 nm (measured with AFM in a B3 type
ubstrate). Based on this, it can be confirmed that the majority
f the SERS signal originates from a very thin layer of space,
orresponding to the plane of the particle arrangement, and in
his plane, the DNA-related peaks are strong and well-defined. In
ig. 6b, the two peaks related to thymine (754 and 1021 cm−1)

yield nearly zero signal outside this focal plane, while the peak at
1333 cm−1 has some intensity originating from the substrate as
well. This fluctuation in the 1333 cm−1 signal is probably due to
overlapping –CH2 vibrations (e.g., around 1 and 1.5 µm in Fig. 6b).

To compare the five substrate types and establish the relation-
ship between their hotspot densities and their SERS performance,
the maximum Raman intensities of the selected peaks were plot-
ted against the calculated SERS EFs, calculated based on the
numerical simulations. To compare the performance of the dif-
ferent substrates in the best possible way, the results obtained
with the Z dimensional scan mode were used. In this mode, the
highest signal intensity can be expected when the focal plane
of the excitation beam exactly matches the plane of the parti-
cle arrangement, which eliminates the variance originating from
manual focusing in the normal measurement mode. Thus, the
maximal Raman intensity for a selected characteristic DNA peak
was determined based on the Z scan results for each substrate
type in the focal plane of the particle arrangement. The three
characteristic peaks which were selected are thymine C5–CH
3
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Fig. 5. SERS spectra illustrating peaks corresponding to (a) the epoxy substrate, measured on an A2 type substrate; (b) DNA molecules after probe-DNA immobilization
and target binding, measured on a B2 type substrate. The spectra were obtained in the normal mode of the Raman spectrometer.
Fig. 6. (a) A SERS spectrum measured with the Z scan mode of the spectrometer on a B2 type substrate after target-DNA binding (corresponding to Fig. 4b, measured
with the same sample). (b) Raman intensities of three characteristic peaks in the function of the focal plane’s position. The step resolution was 100 nm, the plane
with the highest intensity was chosen as the arbitrary zero position. The spectrum presented in (a) was measured at this plane.
Fig. 7. The measured Raman peak intensities in the function of the SERS enhancement factors, which were calculated for the different substrate types/nanoparticle
arrangements with BEM simulations. Graphs (a)-(c) corresponds to the maximal peak intensities for specific peaks, while (d) corresponds to the highest characteristic
peak in each spectrum.
s
d
c

stretching (Fig. 7a), phosphodiester P–O–P stretching (Fig. 7b)
and thymine C–N–C bending (Fig. 7c). In Fig. 7d, the intensity of
each spectrum’s highest DNA-related peak – obtained at the focal
plane – is plotted against the SERS EF.

As can be seen in Fig. 7, the correlation between the obtained
aman intensities and the calculated SERS EFs is strong, especially
or the thymine C–N–C bending (Fig. 7c) and the highest charac-
eristic peak (Fig. 7d) plots. In Figs. 7a and 7b, slight variations can
e observed, which can be considered natural , being caused by
ocal inhomogeneities on the surface, the particle arrangement or
n the DNA layer (e.g., its density or orientation). All of these can
ause the relative SERS intensity of different DNA related peaks
o vary from spot to spot.
6

The maximum difference between the Raman intensities ob-
tained for different substrates can be more than 2.5 orders of
magnitude, e.g., for the thymine C–N–C bending at 1021–
1033 cm−1, it was between 110 (a.u.) and 61600 (a.u.) for sub-
trates A1 and B3, respectively. This measured Raman intensity
ifference is at least one order of magnitude smaller than the
alculated max–min SERS EF difference: 2.8×103 and 3.2×104

for these same substrate types. It seems that the factors which
were not considered for the simulation, namely the irregular
shape and smaller satellite particles, could all contribute smaller
interparticle gaps and thus higher SERS EFs, and these indeed
play a significant part in determining the overall response of the
substrates.
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The presented results in Figs. 6 and 7 prove that the quality
of the nanocomposite is suitable for SERS purposes and that the
transfer of the nanoparticles to the polymer substrate and its
subsequent etching (as discussed in Section 2.1. and illustrated
in Fig. 1) results in a well-maintained arrangement both laterally
and along the normal dimension. Fig. 6 shows that the particles
are confined to a 100–200 nm thick layer, while Fig. 7 confirms
that the designed interparticle gaps are retained after the transfer,
and thus the hotspot density of the substrates can be controlled.
All substrate types that have characteristic Raman intensities
above 104 (a.u), e.g., A2, B2 and B3, could be used to investigate
molecular layers and interactions with success.

4. Conclusions

The applicability of a novel gold–epoxy surface nanocom-
posite, consisting of ordered ellipsoidal gold nanoparticles in
hexagonal arrangements, as highly sensitive and cost-effective
SERS substrates was demonstrated. The characteristic peaks of
a DNA monolayer were used to quantify the SERS performance
of each substrate type. It was shown that by controlling the
fabrication technology parameters, the interparticle gap, and thus
the hotspot density of the arrangements, could be positively in-
fluenced. Using a Z-dimensional scanning spectroscopy mode and
finding the focal plane of the particle arrangements, the obtained
SERS intensities could be directly compared with numerical sim-
ulations, which aimed at estimating the SERS enhancement factor
by calculating the electric field intensities. It was proven that
the increased performance could be related to a smaller av-
erage interparticle distance and stronger interparticle coupling.
By maximizing this effect, 2.5 orders of magnitude increase in
the measured characteristic Raman intensities could be achieved.
One of the proposed substrate’s main strengths is that it can be
prepared on a several cm2 large surface area (with precise control
over the particle arrangement on the whole surface), which can
offer a cost-effective solution for many applications.
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