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Plasma-Tunable Metasurfaces for SERS Nanosensing of
Hazardous Chemicals

Vasyl Shvalya,* Andrii Breus, Oleg Baranov, Damjan Vengust, Janez Zavašnik,
and Uroš Cvelbar*

The demand for rapid, field-deployable detection of hazardous substances has
intensified the search for plasmonic sensors with both high sensitivity and
fabrication simplicity. Conventional approaches to plasmonic substrates,
however, often rely on lithographic precision or complex chemistries limiting
scalability and reproducibility. Here, a facile, one-step synthesis of vertically
aligned 2D nanosheets composed of intergrown Cu2O/CuO crystallites is
presented, fabricated via oxygen plasma discharge on copper substrates.
Decorated with a discontinuous Ag nanoparticle layer, the substrates serve as
high-performance plasmonic metasurface exhibiting nanomolar sensitivity of
explosive molecules, with detection limits as low as 4–5 nm for tetryl and
2–3 nm for HMX under 488 nm excitation. Importantly, the SERS (Surface
enhanced Raman scattering) activity expands into a broad spectral range (488,
535, 633 nm), enabled by the formation of plasmonic “hotspots” network
within nanoparticle gaps, crevices, that cumulatively boost SERS signal. A
pronounced red-shift in the symmetric NO2 stretching mode of tetryl is
further demonstrated, attributed to LUMO-mediated charge transfer from the
Ag Fermi level—highlighting the need for laser- and substrate-sensitive
interpretation of vibrational data. Together, these findings advance the
rational design of low-cost, reproducible SERS substrates for trace chemical
detection, with potential for integration into autonomous sensing platforms.
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1. Introduction

Surface-enhanced Raman spectroscopy
(SERS) is a leading technique for finger-
printing molecular structural dynamics
at ultralow concentrations, enabled by
localised surface plasmon resonances that
amplify Raman scattering signals near the
surface of metallic nanostructures by sev-
eral orders of magnitude.[1,2] Its potential in
real-world sensing, ranging from environ-
mental monitoring to forensic explosives
detection, critically depends on the quality
of the underlying plasmonic substrate.[3,4]

Among various nanostructured platforms,
vertically aligned 2D architectures offer
unmatched near-field confinement and
high surface accessibility, making them
ideal candidates for reproducible, high-
sensitivity SERS.[5,6] However, scalable fab-
rication of such vertically oriented 2Dmeta-
surfaces remains a persistent challenge.
A wide range of synthesis techniques,

including laser-assisted patterning, ther-
mal oxidation, and chemical vapor depo-
sition, solution‑based chemical and elec-
trochemical growth, template‑assisted and

glancing-angle deposition, and nature‑inspired or green meth-
ods, have been employed to produce vertically aligned nanos-
tructures from metal oxides, carbon‑based architectures (e.g.,
CNTs, graphene), and hybrid composites with further deco-
ration using nanoparticles by drop-casting or sputtering of
Au, Ag films for SERS purposes.[7,8] Still conventional ap-
proaches bring some imitations associated either with high
cost, complex processing steps, and poor adaptability to field
deployment.[9–11] Wet-chemical or thermal oxidation strategies
can produce metal oxide nanostructures, but rarely yield the ver-
tical morphologies required for optimal SERS enhancement.[12]

These technological factors underscore the need for simpler,
more versatile fabrication strategies that can generate the de-
sired vertical geometries while retaining material and struc-
tural heterogeneity - an essential feature for broadband plas-
monic activity. Plasma-based processes, on the other hand,
have proven to be very promising for the production of high-
quality functional nanostructures made of transition metals, car-
bonaceous materials, and polymers[13–15] They offer the pos-
sibility of tailoring the desired morphology with atomic pre-
cision in a single step.[16,17] This can advance fabrication
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strategies for SERS-active patterns and metasurfaces, overcom-
ing the decades-lasting limitations of classical bottom-up and top-
bottom approaches.[18]

In this work, we present a one-step plasma oxidation method
to engineer vertically aligned CuO/Cu2O nanosheets directly
on copper substrates. Rather than pursuing perfect uniformity,
our method harnesses plasma-induced stresses, rapid oxidation
kinetics, and energetic ion bombardment to drive the coales-
cence of 1D oxide growth fronts into extended 2D sheet-like
domains.[19,20] These intergrown CuO/Cu2O nanosheets exhibit
wedge-like geometries and stacking faults that increase structural
complexity and surface roughness. UponAg nanoparticle decora-
tion, the resulting metasurface displays highly localized electro-
magnetic fields, supported by both simulation and experimental
analysis, which span awide excitation range (488–633 nm). These
homogenously distributed plasmonic “hotspots” at the surface of
2D sheets, which are formed at crevices, edges, and nanoparticle
junctions, and are crucial for achieving reproducible and tunable
SERS enhancement.[21–23]

Importantly, we show that this platform enables the de-
tection of explosive molecules (HMX and tetryl) at nanomo-
lar levels, with clear vibrational signatures that shift depend-
ing on excitation wavelength. The most informative Raman
mode corresponding to the symmetric stretching vibrations of
the N═O bond in tetryl can be located at very different posi-
tions, namely at 1328, 1335, and 1376 cm−1 for 488, 535, and
633 nm lasers, respectively. This spectral tunability is attributed
to LUMO-mediated charge transfer between the analyte and sil-
ver nanoparticles, resulting in redshifts and broadening of the
NO2 stretching bands; a key mechanistic insight with implica-
tions for SERS data standardization and spectral database de-
velopment. Together, our findings demonstrate that structural
imperfections and disorder, which are often viewed as a draw-
back, can be strategically employed to create versatile, high-
performancemetasurfaces formolecular sensing at trace concen-
trations. This opens a pathway toward cost-effective, lithography-
free SERS metasurface platforms with potential for portable
detection systems in security, environmental, and biomedical
applications.

2. Experimental Section

2.1. Plasma Setup and Synthesis Process

A schematic representation of the experimental setup and the ar-
rangement of the samples on the cathode surface can be found
in (Figure 1a). The setup was installed in a cylindrical stain-
less steel vacuum chamber with a diameter of 300 mm and a
length of 350 mm. Both the cathode and the anode were made
of graphite and had a cylindrical shape with the dimensions
∅40 mm × 6 mm (cathode) and ∅15 mm × 5 mm (anode). The
distance between the electrodes was 30 mm. A disk-shaped cop-
per screen with a diameter of 100 mm and a thickness of 1 mm
was placed under the cathode, which was put under a floating
electrical potential. A graphite insert with a diameter of 8 mm
and a height of 6 mm was installed in the center of the cath-
ode. At a distance of 4.5 mm, two copper samples with a diam-
eter of 8 mm and a height of 5 mm were placed on the cath-
ode so that their flat surfaces (front surfaces) were facing the

graphite sample. The scheme was used to ensure a high dis-
charge current and the necessary level of heating to the copper
samples.
Before inserting into the vacuum chamber, the samples were

cleaned in an ultrasonic bath with isopropyl alcohol. After ion
cleaning of the samples in argon plasma, oxygen was supplied
to the chamber until the pressure reached the value of 350 Pa.
After the ignition of a conventional glow discharge, an operation
mode with the discharge voltage of 630 V and the discharge cur-
rent of 0.25 A was reached (P = 155–160 W, the reflected power
was kept below 5W), while the operationwas interrupted by short
arcs developed over the surface of the graphite insert every 2–5 s.
The arc ignition resulted in changing the geometry of the insert
from cylindrical to the shape of a truncated cone due to erosion.
Thus, the graphite insert served as a mean to change the stable
mode of glow discharge operation to the glow-to-arc transition
mode, which was supposed to change the conditions for the syn-
thesis of copper oxide nanostructures developed on the surface
of copper samples. During the experiment, the temperature of
the copper samples was measured by a pyrometer and was main-
tained at 520 °C. At these conditions, the glow-to-arc transition
mode provides the treatment of the synthesis area with fluxes of
intense plasma supplied in a pulse mode to achieve the benefits
of plasma-immersed ion implantation and deposition techniques
(PIII&D), i.e., growth of surface structures while preserving low
temperatures of substrates, when oxide nanostructures do not
grow. The process of the plasma treatment lasted for 20 min, and
after the end of the process, the samples were cooled for 30 min
in the vacuum chamber.

2.2. Structure and Surface Characterization

Spectra of the samples were recorded using an NTEGRA confo-
cal Raman spectrometer at an excitation wavelength of 633 nm
with an incident power of ≈3 mW at a spot size of 10 μm
focused by a ×20 objective. The spectra were recorded at dif-
ferent spots of the sample and averaged to eliminate struc-
tural variations. The phase composition and crystal structure
of the samples were assessed by X-ray diffractometer (D4 En-
deavor, Bruker AXS GmbH) in Bragg-Brentano parafocusing
geometry, using K-alpha radiation operating at 30 mA, 40 kV.
The spectra were recorded in the range of 2𝜃: 5–100° with
a step size of 0.04° 2𝜃. The analysis of surface morphol-
ogy and site-specific cross-sections was made by dual-beam
Scanning Electron Microscope−Focus Ion Beam with a Ga-ion
source (SEM-FIB, Helios NanoLab 650i, FEI Inc.). The surface
of the sample was in-chamber protected by Pt deposit, and
then cut by Ga-ions at 20 kV 100 pA. The features were vi-
sualized by secondary electrons recorded by Everhart–Thornley
detector at 15 kV and 0.80 nA. The phase composition and
structure of the nano-sized samples were analyzed by trans-
mission electron microscope (TEM, Talos F200X G2, Thermo
Fisher Scientific - TFS) operating at 200 keV in scanning mode
(STEM). The micrographs were recorded by a high-angle an-
nular dark field detector (HAADF, Panther, TFS). The chem-
ical composition of the samples was assessed by an energy-
dispersive X-ray spectrometer system (ChemiSTEM, Super-X,
TFS).
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Figure 1. a) Plasma setup used for oxidation of copper samples; b) Averaged Raman spectrum from the spots indicated by yellow squares; c) XRD
patterns showing a coexistence of Cu2O (red) and CuO (blue) phases.

2.3. SERS Optimization and Electric Field Modeling

Substrates are coated with a 100 nm-thick Ag film deposited us-
ing a magnetron sputtering device (Quorum Q150R S, Quorum
Technologies) with in situ layer thickness monitoring for plas-
monic applications. The process was conducted sequentially in
2 steps of 50 nm each. For SERS measurements (Figure 6a,b),
crystal violet (purchased from Sigma–Aldrich) was dissolved in
Milli-Q water to prepare solutions with varying concentrations.
Explosives Tetryl andHMX (obtained fromAccuStandard) are di-
luted in Milli-Q water and then deposited onto the substrates by
pipette. For comparative CV-SERS study and for explosives SERS
measurements with 488 and 633 nm lasers were performed us-
ing NTEGRA confocal Raman spectrometer, while for 535 nm
study, Horiba Jobin-Yvon LabRAM HR spectrometer was uti-
lized. For each case a ×20 objective with NA0.4 was used, the
measurement time was 2 s× 5 accumulations, and the power was
in the range of 0.8–1 mW. The software package COMSOL Mul-
tiphysics was used to carry out the case study “Electromagnetic
Waves, Frequency Domain (ewfd)” to simulate the field distribu-
tion with the created plasmonic layer geometry at 488, 535, and
633 nm.

3. Results and Discussion

3.1. Synthesis of Metasurface Samples in Plasma Discharge

As a result of the treatment (the presented sample was ex-
posed for 20 min, see Figure 1b), we observe a visually uniform
black layer covering the entire surface of the copper samples.
Typically, the low-pressure oxygen plasma treatment produces
a sequence of Cu-Cu2O(layer)-CuO(layer)-CuO(structures). Both
tenorite (CuO, monoclinic) and cuprite (Cu2O, cubic) phases
have their own Raman peak combinations that are characteristic
of their crystal structures. For tenorite CuO, the peaks are at 290–
300 cm−1 (Ag mode), 335–345 cm−1 (Bg mode), and 610–620 cm−1

(Bg mode), which correspond to the vibrational motions within
the CuO lattice. For cuprite Cu2O, the Raman vibrations are 210–
220 cm−1 (T2g mode), 416 cm−1 (Eg mode), and 520 cm−1 (A1g
mode).[24,25] In our case, the spectrum after 20 min of treatment
shows only the presence of the CuO phase, indicating that the top
layer is dense and thick enough to prevent the laser from pene-
trating into the deeper Cu2O layer. The X-ray diffraction pattern

(Figure 1c), on the other hand, shows a combination of peaks
originating from the cubic Cu2O (cuprite) and monoclinic CuO
(tenorite) phases. On closer inspection, it is noticeable that some
of the peaks for the underlying C2O phase, particularly (200), are
shifted toward lower 2𝜃 angles compared to reference data, which
indicates an expansion of the unit cell, the presence of anisotropic
residual stresses, and/or crystal lattice defects. Therefore, it can
be assumed that the plasma causes strong swelling stresses in
the cuprite layer, while CuO is relatively stress-free.

3.2. Morphology of the Surface After Plasma Oxidation

The morphology of the sample treated for 20 min shows the ap-
pearance of vertical 2D structures in the form of nanosheets,
densely populating the sample’s surface (Figure 2a). They appear
over a large area and form an irregular arrangement with an ap-
proximate spacing of ≈5 ± 2 μm. The sheet’s walls (Figure 2a–c)
are wavy, topped by nano-fingers (geometry: height 5–10 μm,
width 5–10 μm, thickness of ridges at the very top < 50 nm).
A detailed FIB cross-section insight (Figure 2d–f) shows dense
inner structure without porosity, and wedge-like morphology of
the sheet, thinning from bottom to top. The top CuO layer is very
thin, ≈2–3 μm, at the same time the Cu2O is tenths of microme-
ters thick, on average ≈60–70 μm. It is noteworthy that the thick-
ness ratio of the Cu2O/CuO layers in the plasma treatment is on
average 20–25, which is significantly higher than in classical ther-
mal oxidation in an oxygen-rich atmosphere, where this number
is on average not higher than 4–5, as reported by Košiček et al.[26]

SEM-EDS mapping of the surface shows a Cu/O ratio close to
1, which aligns with the Raman results (Figure S1, Supporting
Information).

3.3. Local Nano-Structure by TEM

To unveil a local structure of the formed 2D nanosheets, a se-
ries of TEM investigations was performed. As the TEM exami-
nation shows (Figure 3, rows 1–4), the sheets are not only com-
posed of the CuO phase, but are built up of intergrown Cu2O and
CuO crystallites. In addition, the sheets contain multiple stack-
ing faults and other structural imperfections. According to the
STEM-EDS, domains distinguished in the HAADF micrographs

Small 2025, e06814 © 2025 The Author(s). Small published by Wiley-VCH GmbHe06814 (3 of 13)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202506814 by Jozef Stefan Institute, W
iley O

nline L
ibrary on [16/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 2. a–c) SEM micrographs of the surface and subsurface of the copper sample treated for 20 min in the plasma reactor (O2 pressure 350 Pa,
temperature 520 °C); d–f) FIB cross-section showing the internal structure of the vertical nanosheets.

(Figure 3, row 3) have various Cu/O ratios. The structure ana-
lyzed by XRD and high-resolution imaging shows distorted cubic
Cu2O periodicities, but predominantly follows amonoclinic CuO
packing. This structural variation is most likely influenced by the
local composition, which differs from region to region. FFT anal-
ysis of the non-homogenous “fringed” area shows the presence of
intergrownmonoclinic CuO and cubic Cu2O phases. It is certain
that the further growth of the wall exhibits stacking distortions
and forms domains with different Cu/O ratios. These domains
resemble twinning structures, but neighboring regions differ in
their composition. The growth is not strictly uniform, but they
generally stack along the direction of growth from the surface,
although some tend to deviate from this trend. The domains also
vary in size, particularly in thickness, some are only a few unit
cell layers thick, while others extend deep into the wall. The ran-
dom broken finger-like structure, detached from the top-end of
the sheet, further illustrates the structural duality of 2D sheets
with coexistence of the cuprite and tenorite phases, as shown
by HAADF and EDS study (Figure 3, row 4). The darker middle
region in the HAADF of the finger corresponds to a Cu/O ra-
tio of 1, while the lighter region is richer in copper, reaching up
to 60 at%.

3.4. Simulation of the 2D Sheets Growth Kinetics

A comprehensive model was developed to describe the observed
phenomena in the growth of 2DCuOnanosheets (Figure 4a). The
model is described in detail in the Supporting Information, and
considers the following zones that are responsible for the main

events in the process (Figure 4b): 1)–Copper substrate that is a
source of Cu atoms, which are considered as the first component
of the nanostructures; 2)–Cuprous oxide layer that is considered
as a source of Cu2O aggregates. Cu atoms diffuse from Cu sub-
strate through Cu2O layer by use of grain (ɛc1b) and lattice (ɛc1l)
diffusion. When reaching the boundary between Cu2O and CuO
layers, copper atoms undergo the reaction CuO+ Cu → Cu2O;
3)–Cupric oxide layer that is considered as the final stage of
Cu transformation. Cu2O aggregates diffuse from Cu2O layer
through CuO layer by use of grain (ɛc2) diffusion. When reach-
ing the surface of CuO later, Cu2O aggregates undergo the re-
action 2Cu2O +O2 → 4CuO; 4)–Exposed surface of CuO layer
that is considered as a place of adsorption and, thus, a source
of O2 molecules with internal energy (ɛi-O2) according to reac-
tionCuO +O2(gas) ↔ CuO +O2(eaO2nws)

. O2 molecules diffuse (ɛx2)
from the surface toward the boundary between Cu2O and CuO
layers, where they undergo reaction 2Cu2O +O2 → 4CuO; ɛx-dis
is the energy of the dissociation at the presence of Cu2O. ɛaO2i
are the adsorption energies of O2 molecule on CuO layer (i→ 0),
side surface of CuO nanostructure (i→ s), and tip of CuO nanos-
tructure (i → t), respectively; ɛi-O2 is the internal energy of O2
molecule. Cu2O aggregates diffuse along the surface of nanos-
tructures (ɛc2s) toward the nanostructure tips; 5)–Plasma environ-
ment that is a source of O2 molecules to be adsorbed on the ex-
posed surface of CuO layer. The elaborated model with guidance,
detailed description, and equation roadmap (Equations S1–S50,
Supporting Information) can be found in the “Supporting
Information”.
The developed model was applied to simulate the growth of

an array of vertically-standing 2D CuO nanowalls obtained after
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Figure 3. The first and second rows display HAADF-STEM micrographs revealing the local morphology of the nanosheets and the distribution of the
principal chemical elements Cu and O. Row 3 represents EDS line profile analysis (blue line and inset) accompanied by a local structural analysis
showing the presence of intergrown tenorite-CuO and cuprite-Cu2O phases. Row 4 shows HAADF micrograph of the detached top finger-like particle,
with corresponding local chemistry analysis showing the distribution of Cu and O elements.
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Figure 4. a) SEM-SE micrograph showing the collocation of the vertical CuO/Cu2O sheets; b) Schematic of the growth of nanowalls with five character-
istic zones, which are considered in a model of the growth of 2D CuO nanowalls: Cu substrate (1), Cu2O layer (2), CuO layer (3), surface of CuO layer
exposed to plasma (4), and plasma environment (5); c) Modeled geometry of the sheets as a function of growth time; d) 3D model of randomly dis-
tributed vertical nanosheets obtained after 20min of plasma treatment at given oxygen pressure (350 Pa) and temperature (520 °C); e) Low-magnification
SEM micrograph revealing a random but homogeneous distribution of vertical sheets with their average width and thickness after 20 min of plasma
processing consistent with the model.

the action of a plasma environment for 20 min, and the experi-
mentally measured parameters of the nanosheets were used to
fit the energies of activation of the processes involved in the syn-
thesis. The results of the simulation are shown in Figure 4c,d.
The model reveals the potential effect caused by the ion treat-
ment on the growth of copper oxide nanostructures. When com-
paring with the reported results on thermal growth, it can be
concluded that the rate of growth of copper oxide layers is ≈20
times faster for the plasma-enhanced process than for the ther-

mal growth. At the same time, the length (height) of the nanos-
tructures is about for 5 times lesser for the plasma treatment.
Within the frame of the developed model, the faster growth is
explained by the lesser energies of activation of the processes,
caused by the ion bombardment and enhanced adsorption of oxy-
gen. Moreover, the energies of the boundary and lattice diffusion
of copper atoms through Cu2O layer are much larger for the case
of thermal growth, which can be attributed to the development of
large internal stresses in Cu2O layer in the case of plasma growth.
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Figure 5. a) Total diffuse reflectance for as-prepared copper surface after plasma oxidation and after Ag sputtering; b–d) SEMmicrographs showing the
morphology of the Ag layer deposit on top of the ridges and on the sidewalls of the CuO/Cu2O sheets; e) Modeling the electric field in the vicinity of
randomly interacting Ag nanoparticles with a size of 15–30 nm for two polarization cases at 488 nm excitation.

At the same time, the energy of Cu diffusion in the CuO layer
is lesser for the thermal growth, which can be attributed to the
less dense structure of the layer conditioned by the absence of
ion bombardment. At the same time, the dynamics of growth of
Cu2O and CuO oxide layer exhibit the typical “square root” de-
pendence, also theoretically explained by the model. The formed
nanostructures populate

3.5. SERS Optimization, Field Distribution, LoD, and RSD

Further, the samples were decorated with Ag (magnetron sput-
tered, Quorum Q150R). First place, the Ag sputtering signifi-
cantly elevates the diffuse reflectance (DR%) profile in the visi-
ble range (Figure 5a).[27] The EDS analysis (Table 1) confirms the

presence of Ag on the surface. The deposition was performed in 2
steps of 50 nm, and upon closer inspection, the resulting Ag layer
is non-homogeneous and shows multiple overlapping islands,
nanoparticles, and clusters of 10–30 nm separated by different
gap sizes. In addition, the layer reveals nanoroughness that in-
cludes tiny uncovered areas on the surface of the sheet, forming
gaps and crevices of different geometries. Ag nanoparticles and
nanoaggregates colonize the ridges, sides and nanofingers of the
sheets (Figure 5b–d) and create an excellent plasmonic medium.
After pipetting and drying the crystal violet solution on the Ag-

covered surface, the organic dye forms a nanometer-sized layer
(typically in a range of 1–10 nm) that penetrates into the crevices
and crevices and covers the surfaces of the Ag nanoaggre-
gates. Therefore, nearfield enhancement is crucial for SERS in
this scenario. To demonstrate the importance of irregular-sized
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Table 1. EDS spot analysis of the surface before and after Ag deposition.

Sample Cu at.% O at.% Ag at.% C at%

Before Ag deposition 38.9 48.5 0 12.6

After Ag deposition 37.6 47.5 3.5 11.5

nanoparticles, crevices, and gaps, the following geometry was de-
signed, and the electric field was simulated for 488 nm excitation
with linear polarization of the field component along the X- and
Y-axis. A rectangular plate (CuO data are taken for simplicity,[28]

with n = 0.864, k = 0.204) with the dimensions 100 × 200 nm
(thickness 100 nm), populated with Ag spheres randomly con-
nected to each other with a size of 15–30 nm. In this manner,
the plasmonic layer features are close to those observed by mi-
croscopy. The field shown is normalized to the maximum value
obtained for the Y-polarization, for the XY-plane located 1 nm
above the surface of the CuO plate. For both linear polarization
cases, Figure 5e, the field is strongly localized in the tiniest gaps
especially involving the smallest particles. The field intensity de-
cays rapidly while moving away from the gaps along the Z-axis.
At 10 nm above the parent surface, the intensity is already two
orders of magnitude lower; however, it becomes more homo-
geneous, and larger particles contribute more to the overall en-
hancement (Table 2). For themodeling, an incident field intensity
of 10−6 W μm−2 was used, which is in a typical range for SERS
practice.[29]

Next, the Ag-covered sensor drop-casted with Raman marker
(crystal violet, 10−6 m), then dried and sent for SERS measure-
ment, focusing initially on signal fluctuation across the sam-
ple area. The measurements were done in the following sce-
nario: 488 nm laser, ×20 objective with N/A = 0.4, spot-to-spot
exposure with 200 μm separation between consequent measure-
ments. The presented (Figure 6a) is a averaged over 50 spectra of
a crystal violet vibrational fingerprint with a set of strong modes:
1615 cm−1 (C═C stretching vibrations), 1375 cm−1 (C─H bend-
ing and C─N stretching vibrations), 1175 cm−1 (C─H in-plane
bending motions), 915 cm−1 (C─H out-of-plane bending vibra-
tions), 805 cm−1 (C─H out-of-plane bending and ring deforma-
tion vibrations), and 435 cm−1 (ring deformation vibrations).[30]

The signal variation of the most intense mode between 1170
and 1190 cm−1 for 50 spectra is shown in Figure 6b. The rela-
tive standard deviation RSD is ≈9.7% and shows better signal
stability than several previously reported high-performance
SERS substrates.[2,31,32]

For analytical enhancement factor (aEF, mode at 1170–
1190 cm−1) estimation, the following formula was applied
aEF = ISERS∕(PSERS×TSERS×NSERS)

IR∕(PR×TR×NR)
, which additionally accounts for ex-

posure time (T), laser power (P) used for SERS and Raman

measurements.[33,34] Taking the uncoated CuO/Cu2O substrate
as a reference, the silver-decorated surface has an aEF in the
range of 6 × 106– 9 × 106, similar to other high-performing
substrates.[34,35] To clarify whether the additional gain in SERS ac-
tivity is due to vertical patterning, we also compared Ag-decorated
structures with Ag-decorated Si wafers coated with the same
sputtering parameters (Figures S5 and S6, Supporting Informa-
tion). The tests show that the vertical orientation produces more
hotspots, especially on top of the ridges and on the sidewalls,
which increases the total number of hotspots available for illu-
mination. Using the CV modes at 1180, 1382, and 1618cm−1

measured at a concentration of 10−6 m (Figure S7, Supporting
Information), we see a 2.5–3.2 times higher signal produced by
CuO/Cu2O@Ag, further justifying the benefit of vertical nanos-
tructuring for SERS improvement by introducing the “depth ef-
fect”. The limit of detection and operational range were estimated
by monitoring the maximum intensity of the 1170–1190 cm−1

band as the concentration of crystal violet decreased (Figure 6c).
Since the mode has a complex shape due to mutual contribution
of overlapping bands, its shape reveals minor profile alteration
with concentration. By projecting the maximum intensity of the
1170–1190 cm−1 range onto a logarithmic scale of concentration
and using a linear fit function (Figure 6d), the limit of detection
is found to be ≈1.5–2.0 nm, considering a typical S/N criterion
of 3:1.[23,36] The signal-to-noise (S/N) ratios are 1.97 and 8.77 for
1 and 10 nm, respectively, which places our metasurface among
the best performing vertical nanoarchitectures in terms of SERS,
showing similar RSD and EF.[37–39]

3.6. SERS of Tetryl and HMX

Two high-energy molecules were SERS-tested, both of which
have four nitro groups in their molecular structure, namely an
aromatic tetryl compound and a cyclic aliphatic HMX compound
with alternating carbon and nitrogen atoms. The SERS spectra
for both are displayed in Figure 7a,b as a function of their concen-
tration. Based on theoretical DFT calculations and previous ex-
perimental reports, the characteristic vibrational modes for tetryl
can be identified as follows: the peak at 822 cm−1 could be linked
to the out-of-plane C─Hbending or C─C skeletal vibrations com-
mon in aromatic or nitro compounds.[40–43] The peak at 941 cm−1

is typically related to deformation vibrations in the aromatic ring

Table 2.Maximum value of field intensity (488 nm) along the Z-axis while moving upward from the CuO surface.

Polarization +1 nm
[V m−1]

+3 nm
[V m−1]

+5 nm
[V m−1]

+7 nm
[V m−1]

+9 nm
[V m−1]

X-axis 3.2 × 107 2.4 × 106 1.3 × 106 6.4 × 105 2.4 × 105

Y-axis 7.1 × 107 3.2 × 106 1.2 × 106 4.8 × 105 3.1 × 105
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Figure 6. a) Typical SERS profile for crystal violet (10−6 m) collected with Ag-deposited CuO/Cu2O sheets; b) bar graph revealing intensity of the mode
located between 1170 and 1190 cm−1 for each collected spectrum; c) concentration study showing intensity and shape evolution of the selected spectral
range; d) estimated limit of detection using data presented for 1170–1190 cm−1. The RMS60X-PFC Olympus Plan Fluorite Objective with Correction
Collar, 0.9 NA, was used for the measurements. Acquisition of the spectra: 0.5 s exposure and 5 accumulations.

Figure 7. SERS data for Tetryl a) and HMX b) molecules accompanied with detection limit studies c,d) for 488 nm laser.

Small 2025, e06814 © 2025 The Author(s). Small published by Wiley-VCH GmbHe06814 (9 of 13)
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Figure 8. a–c) Electric field intensity distribution for the geometry mimicking the actual plasmonic layer deposited on the CuO surface for 633, 535,
and 488 nm incident wavelengths; d) corresponding SERS spectra of the tetryl molecule with the same laser wavelength showing a broadening of the
vibrational profile and a red shift of the electron-accepting N═O bond of the tetryl.

or nitro group-related modes. The band at 1088 cm−1 is likely
associated with in-plane C─H bending or symmetric C─NO2
stretches. The peak at 1250 cm−1 is usually associated with asym-
metric C─NO2 stretching vibrations. The peak at 1335 cm

−1 is
a clear indication of symmetric nitro (NO2) stretching motions.
The mode at 1476 cm−1 could be assigned to the bending vi-
brations of CH2 groups or ring deformation modes. Finally, the
broad peak at 1602 cm−1 is characteristic of C═C stretching in
aromatic systems or vibrations of nitro and heterocyclic groups.
The vibrational properties of the cyclic HMX structure are in

turn dominated by NO2 groups and CH2 groups in the cyclic
structure. The peak at 877 cm−1 stands for the ring deforma-
tion or skeletal vibration modes in which CH2 groups are in-
volved. The band at 1015 cm−1 is associated with symmetric
N─NO2 stretching vibrations. The mode at 1182 and 1222 cm−1

is often associated with CH2 wagging or bending coupled with
C─NO2 stretching vibrations. The peak at 1294 cm

−1 represents
NO2 symmetric stretching. The peak at 1395 cm−1 is due to CH2
bending or symmetrical NO2 stretching vibrations. The peak at
1604 cm−1 is associated with symmetric NO2 stretching and ring-
related vibrations. The mode at 1658 cm−1 is likely coupled C-
NO2 stretching.

[44–47] The concentration behavior of two themost
intense modes 1329 cm−1 for tetryl and 1182 cm−1 for HMX
were monitored and their intensities plotted on a semilogarith-
mic scale (Figure 7c,d). After a linear fit (R2 > 0.980), it can be
suggested that limit of detection is ≈4–5 nm for Tetryl and 2–
3 nm for HMX molecule. Also, the HMX compound demon-
strates slightly better RSD behavior at similar concentrations,
which might be related to better stability of HMX in terms of
volatilization under environmental conditions, thermal and pho-
tothermal stability.[48,49]

Finally, the same substrate was used to display the changes
in the spectral profile of the molecular footprint upon differ-

ent irradiation wavelengths commonly used in SERS (488, 535,
and 633 nm). For example, in the case of silver nanostructures
and nanoparticles for the same tetryl molecule, the position
of the symmetrical NO2 stretching mode varies from 1357 to
1329 cm−1, depending on the laser used.[50,51] For this study, the
substrate is first numerically verified, which shows a strong plas-
monic coupling of the electric field for the selected lasers. Ir-
regularities and structural imperfections of the plasmonic layer
indicate that the shorter wavelengths efficiently activate smaller
gaps, crevices, and particles. Lasers with longer wavelengths acti-
vate larger particles and gaps. Nevertheless, the maximum value
of the field (V m−1) for the sample in the same XY plane (po-
larization along the x-axis) remains in the same order of mag-
nitude: 3.18 × 107, 4.34 × 107, and 2.56 × 107 for 488, 535, and
633 nm, respectively (data extracted fromFigure 8a–c). Aftermea-
suring using similar laser powers settings, exposure times, and
objectives the spectra of tetryl are displayed in Figure 8d. The
figure suggests a noticeable redshift for the 𝜈symNO2 from 1376 to
1327 cm−1 when considering 633 and 488 nm lasers. Also,modes
are broader, similar to the situation reported by Milligan et al.[50]

The red shift is attributed to enhanced LUMO-mediated CT
(charge transfer), in which electrons are donated from the Fermi
level of the Ag nanoparticle into the low-lying LUMO of the nitro
group of the tetryl. The increased electron density in the anti-
bonding orbitals weakens the N═O bonds and shifts the vibra-
tional frequency to lower wavenumbers. The broadening of Ra-
man peaks in Ag-tetryl SERS spectra is due to several contribut-
ing processes, including faster dephasing caused by stronger
electron–vibrational coupling,[52,53] collateral thermal strain,[54,55]

wavelength-dependent plasmon resonances,[56,57] and chemical
(charge-transfer) enhancement.[58] In the following discussion,
we navigate these effects but, importantly, neglect anyCuO/Cu2O
support because the oxide is completely shaded beneath an

Small 2025, e06814 © 2025 The Author(s). Small published by Wiley-VCH GmbHe06814 (10 of 13)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202506814 by Jozef Stefan Institute, W
iley O

nline L
ibrary on [16/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Ag layer thicker than the optical/electronic-percolation thresh-
old (< 10 nm) and can neither inject photocarriers nor tune
the near field. Charge transfer (CT) itself reshapes the molec-
ular polarizability: tetryls LUMO (≈–3.3 eV) and HOMO (≈–
4.8 eV) flank the Ag-Fermi level (≈–4.3 eV), leaving a 1.0 eV Ag
→ LUMO gap that dwarfs the 0.5 eV HOMO → Ag gap.[59–61]

In Jensen’s four-orbital interaction representation,[56,57] the 𝜎-
donation pathway is HOMOTetryl →Ag-LUMO (in case of clusters
< 2 nm, our case is Fermi level), while the chemically dominant
𝜋-back-bonding follows Ag-Fermi → 𝜋

*(NO2) LUMO, weaken-
ing the N─O bonds and red-shifting 𝜈sym(NO2) from ≈1376 to
≈1327 cm−1. This adsorption-induced charge leakage sets up a
wavelength-independent ground-state dipole μGSCT that provides
a constant, baseline chemical enhancement on top of which the
photo-induced dipole μPICT is modulated by the laser.[58]

At 488 nm (2.54 eV) and 535 nm (2.33 eV) the photons exceed
the 1.0 eV gap by> 1.3 eV yet resonate with the blue-shifted LSPR
of sub-20 nm particles and < 5 nm inter-particle gaps. These
hotspots i) provide intense ≈|E|4 fields that heat the lattice and
lead to anharmonic broadening; ii) generate a dense, short-lived
flux of hot electrons that transiently occupy the 𝜋

* orbital and
contribute to lifetime broadening, although the average photoin-
duced dipole μPICT is only moderate (blue-green photons sit well
above the 0.96 eVAg→ LUMOgap, so only a small fraction of the
hot-electron continuum they generate is energy-matched to the
𝜋(NO2) orbital, keeping the average μPICT below its resonant value
even though the carrier flux is large); iii) exhibit steep field gradi-
ents that mix the fundamental with the combination bands, and
iv) present a broad distribution of CT energies over countless sub-
5 nm nano-gaps, leading to inhomogeneous broadening. Taken
together, these mechanisms explain the particularly broad, red-
shifted NO2 bands recorded under blue–green excitation. The
change to 633 nm (1.96 eV) and in theory to 785 nm (1.58 eV)
reverses the balance. Larger particles and wider gaps lead to a
redshift of the LSPR, so that both the photon energy and the plas-
mon converge on the 0.96 eV Ag → LUMO resonance; μPICT is
now directly driven and reaches its maximum. At the same time,
the hotspots are much weaker, thus the local heating decreases,
the spread of CT energies decreases, leading to sharper and si-
multaneously CT-improved spectra. Thus, the raw SERS signal is
brightest at 488–535 nm, where the electromagnetic (EM) contri-
bution dominates, while the red/NIR range provides the highest
CT-to-EM ratio and the clearest view of the Ag → LUMO back-
donation, a balance that must be considered when compiling
wavelength-corrected vibrational datasets for machine-learning
classifiers that rely on accurate tracking of CT-sensitive bonds
commonly found in explosive molecules.

4. Conclusion

The presented structural defect-rich plasmonic vertical 2D meta-
surface is synthesised in a one-step oxygen plasma oxidation pro-
cess where high-energy oxygen ions bombard the copper sur-
face, inducing local compressive stresses and generating abun-
dant point defects that serve as nucleation centers for anisotropic
CuO/Cu2O growth. Upon continuous plasma exposure (oxygen
pressure 350 Pa, temperature 520 °C, time 20 min), the flux of
reactive oxygen radicals and energetic ions significantly accel-
erates oxidation kinetics by lowering the activation barriers for

both Cu→Cu2O and Cu2O→CuO transitions compared to clas-
sical thermal oxidation. Synergistically, these defect sites in con-
junction with ion-induced thermal stresses enhance the surface
diffusion of copper atoms across the oxide interface, facilitating
the coalescence of initial 1D CuO nanowires into extended 2D
nanosheet arrays that align vertically on the substrate. The re-
sulting 2D morphologies with the following average dimensions
(width 5–10 μm, height 10–12 μm, thickness 1 μm at the roots
and 50–100 nm at the ridges) were additionally decorated with
Ag nanoparticles (10–50 nm in size) by magnetron sputtering.
This transformed the structure into a highly active plasmonic
sensor with an enhancement factor of 6 × 106–9 × 106, ensuring
reliable nanomolar sensitivity for the highly explosive molecules
tetryl and HMX in the dry SERS scenario with LoD 4–5 and 2–
3 nm, respectively. Importantly, we are able to demonstrate the
LUMO-mediated charge-transfer-induced red-shift of the sym-
metric NO2 stretching mode of tetryl for 633, 535, and 488 nm
lasers, emphasizing the need for laser and substrate-aware
interpretation of vibration data for photosensitive hazardous
compounds.
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