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A B S T R A C T

A novel 3D hierarchical surface-enhanced Raman scattering (SERS) platform was engineered, in which the 
strategic insertion of a 5.5 nm fluorine-doped tin oxide (FTO) interlayer between ZnO: Cu nanoneedle arrays and 
Ag nanoparticles proved critical for achieving ultra-sensitivity. The ZnO: Cu/FTO/Ag nano-heterostructure ar
rays were systematically optimized, demonstrating a powerful dual-enhancement mechanism. Finite-difference 
time-domain (FDTD) simulations and experimental data confirmed that the FTO layer simultaneously facili
tates interfacial charge transfer and amplifies 'hotspot' intensity by optimizing plasmonic coupling. This syner
gistic design delivered an outstanding enhancement factor (EF) of 5.95 × 108 (a 1.42-fold increase over the non- 
FTO control). Notably, the platform achieved an exceptional femtomolar (fM)-level limit of detection for 
rhodamine 6 G (1 fM)—a 1000-fold improvement—and detected the antibiotic amoxicillin at a concentration as 
low as 10 picomolar (pM). Furthermore, the FTO interlayer provided superior 21-day storage stability (acting as 
a protective barrier), excellent spot-to-spot uniformity, and robust photocatalytic reusability. This work validates 
an effective design strategy for engineering highly stable and ultra-sensitive SERS sensors for practical trace-level 
diagnostics.

1. Introduction

Surface-enhanced Raman scattering (SERS) stands as an exception
ally versatile and powerful analytical technique that dramatically am
plifies the Raman signal of molecules adsorbed onto metallic 
nanostructures [1,2]. This remarkable amplification has catapulted 
SERS to the forefront as a highly sensitive and promising analytical tool 
across a wide array of disciplines, including chemistry, biology, envi
ronmental science, pharmaceuticals, and clinical diagnostics [3,4]. One 
of SERS's hallmark advantages is its non-destructive nature, enabling the 
extraction of invaluable molecular structural information without 
compromising sample integrity [5,6]. The extraordinary enhancement 
effect in SERS is principally attributed to two distinct yet synergistic 
mechanisms [7,8]. The first is the electromagnetic (EM) enhancement 
mechanism, driven by the excitation of localized surface plasmon res
onances (LSPRs) on noble metal surfaces [9]. This phenomenon results 
in a massive amplification of the local electric field, capable of providing 
an enhancement factor of up to 106 [10,11]. For the EM mechanism, the 
morphology and distribution of the noble metal nanostructures within 

SERS substrates are critical parameters that can be precisely engineered 
by manipulating their size and placement on suitable supporting mate
rials [12–14]. The second mechanism, chemical (CM) enhancement, 
arises from charge transfer between the adsorbed molecule and the 
substrate surface, which significantly enhances the molecular polariz
ability tensor and, consequently, the Raman signal [15,16]. Despite its 
immense potential, the practical fabrication of optimized SERS sub
strates remains a challenge [17]. These include achieving high nano
structure density, preventing uncontrolled nanoparticle aggregation, 
and ensuring uniform distribution of these nanostructures across the 
substrate surface [18,19]. Addressing these challenges is crucial for 
unlocking the full potential of SERS for widespread, reliable analytical 
applications.

To overcome these limitations, semiconductor/noble metal hetero
structures have emerged as a class of exceptionally promising substrates 
for SERS, enabling ultrasensitive and highly reproducible molecular 
detection [20,21]. These advanced platforms leverage a synergistic 
interplay between semiconductor and noble metal components, result
ing in enhanced physicochemical properties, unique surface wetting for 
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efficient molecular adsorption, consistent and reliable SERS signals that 
are robust against photochemical reactions, and an inherent 
self-cleaning capability [22,23]. A broad spectrum of semi
conductor/noble metal heterostructures has been successfully explored 
as high-performance SERS platforms, including notable examples like 
TiO2/Ag [24,25], ZnO/Ag [26–28], Si/Ag [29,30], SiO2/Ag [31,32], 
and Ge/Ag [33]. Among these, one-dimensional (1D) ZnO nano
structures decorated with noble metal nanoparticles have recently 
garnered significant attention as SERS substrates due to their excep
tional detection sensitivity, stability, uniformity, and biocompatibility 
[21,26]. Moreover, a discernible trend in the field highlights a growing 
preference for precisely engineered ternary heterostructures over their 
binary counterparts for even more refined SERS applications [34–36].

Concurrently, fluorine-doped tin oxide (FTO) has garnered signifi
cant attention as a highly attractive substrate material, owing to an 
impressive portfolio of advantageous properties, including remarkable 
stability under atmospheric conditions, chemical inertness, high- 
temperature resistance, and excellent resistance to physical wear [37,
38]. The foundational material, tin dioxide (SnO2), inherently possesses 
a stable tetragonal rutile structure and is classified as an n-type semi
conductor [39,40]. To further enhance its optical and electrical char
acteristics, tin dioxide is frequently doped with various elements or 
chemicals [41,42]. When fluorine is incorporated as the dopant, FTO 
exhibits a range of desirable traits: high visible-light transmittance, an 
increased ultraviolet absorption coefficient, significantly reduced sur
face resistivity, enhanced chemical stability, and robust resistance to 
acids and alkalis at room temperature [43,44]. These compelling attri
butes have catalyzed the widespread adoption of FTO across diverse 
fields, including thin-film solar cells, dye-sensitized solar cells (DSSCs), 
perovskite solar cells, touchscreens, various optical devices, liquid 
crystal displays (LCDs), organic light-emitting diodes (OLEDs), and 
biosensors [45–53]. In transparent electrode applications, FTO is 
recognized as one of the most widely studied and well-established ma
terials [54,55]. Despite its versatility and widespread use, a compre
hensive literature survey reveals a notable research gap: the direct 
fabrication and utilization of decorated FTO thin films containing silver 
(Ag) nanoparticles on zinc oxide (ZnO) nanostructures for SERS appli
cations have not yet been explored. This unexplored territory presents a 
compelling opportunity for innovation in the development of advanced 
SERS substrates.

Herein, we address this gap by presenting a facile and scalable 
approach for the rational design and fabrication of three-dimensional 
ZnO: Cu/FTO/Ag nano-heterostructures directly on glass substrates. 
This method leverages a synergistic combination of simple wet chemical 

synthesis and sputtering techniques. This strategic hybrid approach 
yields heterostructures with outstanding homogeneity, large-area uni
formity, and high reproducibility—all pivotal factors for maximizing 
SERS signal enhancement. Critically, the as-developed Cu-doped ZnO/ 
FTO/Ag nano-heterostructures function as a superior SERS substrate, 
enabling the ultra-sensitive detection of diverse chemical analytes. This 
capability is exemplified by the remarkable detection limits achieved for 
rhodamine 6 G (1 fM) and the antibiotic amoxicillin (10 pM). These 
results underscore the significant potential of these platforms for highly 
sensitive and reliable chemical sensing applications, paving the way for 
the further development of advanced FTO-based SERS systems.

2. Experimental

2.1. Fabrication of the ZnO: Cu/FTO/Ag nano-heterostructure arrays

A schematic illustration of the fabrication protocol for the ZnO: Cu/ 
FTO/Ag nano-heterostructure arrays is shown in Fig. 1. The procedure 
began with the deposition of a thin ZnO seed layer onto meticulously 
cleaned glass substrates via spin coating. A subsequent thermal 
annealing step was employed to enhance the crystallinity and adhesion 
of the seed layer [56]. Next, vertically aligned ZnO: Cu nanoneedle ar
rays were grown using a facile wet-chemical method. The ZnO: Cu 
precursor solution was prepared by dissolving zinc nitrate hexahydrate, 
hexamethylenetetramine, 1,3-diaminopropane, and copper(II) chloride 
dihydrate in 100 mL of deionized (DI) water, maintaining a precise 
molar ratio of 1:1:12:0.23, respectively. To investigate the influence of 
precursor concentration on the resulting morphology, this solution was 
prepared at several different total concentrations. The seeded substrates 
were then vertically immersed in the prepared solution in a 150-mL 
crystallization dish and held at 90 ◦C for 3 h. After the growth pro
cess, the samples were rigorously rinsed with DI water and ethanol, then 
dried at 70 ◦C for 1 h. Subsequently, a conductive FTO layer was 
deposited on the as-synthesized ZnO: Cu nanoneedles using 
radio-frequency (RF) magnetron sputtering at room temperature; the 
film's properties were modulated by varying the deposition time. In the 
final step, silver (Ag) nanoparticles were deposited onto either the 
pristine ZnO: Cu nanoneedles or the as-prepared ZnO: Cu/FTO hetero
structures. This process was conducted via direct current (DC) magne
tron sputtering, also at room temperature.

2.2. Materials characterization

The morphological, structural, and compositional characteristics of 

Fig. 1. Schematic depicting the step-by-step fabrication of the ZnO: Cu/FTO/Ag nano-heterostructure arrays.
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the as-fabricated SERS substrates were systematically evaluated using a 
suite of characterization techniques. The surface morphology and 
microstructure were analyzed using field-emission scanning electron 
microscopy (FESEM; Hitachi S-4800, Japan) and field-emission trans
mission electron microscopy (FETEM; JEOL-2100F, Japan). The latter 
instrument was equipped with an energy-dispersive X-ray spectroscopy 
(EDS) detector for comprehensive elemental analysis and mapping. The 
crystalline phase and structure of the ZnO: Cu nanoneedle arrays were 
ascertained by X-ray diffraction (XRD; Bruker D8 SSS, United States). 
Furthermore, the surface chemical states and elemental compositions 
were investigated via X-ray photoelectron spectroscopy (XPS; ULVAC- 
PHI 5000 VersaProbe, Japan).

2.3. SERS detection and theoretical simulations

To assess the SERS activity of the ZnO: Cu/FTO/Ag nano- 
heterostructures, rhodamine 6 G (R6G) and amoxicillin were utilized 
as model probe molecules, representing a chemical dye and an antibiotic 
analyte, respectively. For sample preparation, the as-prepared SERS 
substrates were immersed in aqueous solutions containing the analytes 
at various concentrations for 1 h at room temperature, followed by 
drying under a gentle stream of nitrogen. All SERS spectra were acquired 
using a micro-Raman spectrometer (MRI532S; Protrustech, Taiwan) 
operating with a 532 nm excitation laser. The system was configured 
with a 3.3 mm laser beam diameter and a spectral resolution of 2.2 
cm− 1. The SERS enhancement factor (EF) of the substrate was calculated 
according to the established equation: EF = (ISERS × CR) / (IR × CSERS), 
where ISERS and IR denote the intensities of the characteristic R6G peak 
at 1648 cm− 1 obtained from the SERS and conventional Raman spectra, 
respectively. In this context, CSERS and CR represent the respective molar 
concentrations of the analyte used for the SERS and reference Raman 
measurements. Furthermore, to provide theoretical insight into the 
enhancement mechanism, the three-dimensional finite-difference time- 
domain (3D-FDTD) method was employed to simulate the local elec
tric field distribution on the surface of the ZnO: Cu/FTO/Ag nano- 
heterostructures within different dielectric environments.

3. Results and discussion

3.1. Fabrication and characterization of the ZnO: Cu/FTO/Ag nano- 
heterostructure arrays

Fig. 2a–f present a series of FESEM images illustrating the morpho
logical evolution of ZnO: Cu nanoneedle arrays synthesized via the wet- 
chemical method. As previously detailed, the precursor solution was 
formulated using zinc nitrate hexahydrate, hexamethylenetetramine, 

1,3-diaminopropane, and copper(II) chloride dihydrate, with a fixed 
molar ratio of 1:1:12:0.23, respectively. The influence of total precursor 
concentration was systematically investigated at 2.5, 5, 10, 20, 30, and 
40 mM. As observed in Fig. 2, vertically aligned ZnO: Cu nanoneedle 
arrays were successfully fabricated on the ZnO-seeded glass substrates. 
A distinct trend emerged in which the nanoneedle diameter systemati
cally increased with increasing precursor concentration. Specifically, 
the average diameters were ascertained as 81.5 nm (2.5 mM), 98.4 nm 
(5 mM), 117.6 nm (10 mM), 147.7 nm (20 mM), 150.8 nm (30 mM), and 
180.2 nm (40 mM). Conversely, nanoneedle density generally decreased 
with increasing precursor concentration, with average values of 61 (2.5 
mM), 48 (5 mM), 36 (10 mM), 43 (20 mM), 18 (30 mM), and 9 µm− 2 (40 
mM). These findings clearly indicate that an elevated precursor con
centration promotes the radial growth of the nanoneedles while 
concurrently diminishing their surface density. Notably, the nano
needles reached their maximum diameter and exhibited the sparsest 
distribution at the highest concentration of 40 mM. Furthermore, as 
shown in Fig. S1 a–f, the average nanoneedle length increased pro
gressively with increasing precursor concentration. The approximate 
lengths were recorded as 2.5, 3.5, 7, 10, 11.5, and 13.5 µm for the 
corresponding concentrations of 2.5, 5, 10, 20, 30, and 40 mM, 
respectively (Fig. S1g). This systematic elongation with increasing pre
cursor levels reinforces the observed morphological evolution, 
providing crucial insights into the mechanisms governing the controlled 
anisotropic growth of ZnO: Cu nanostructures across varied chemical 
environments.

Fig. 3a displays the X-ray diffraction (XRD) pattern for the ZnO: Cu 
nanoneedle arrays synthesized using a 20 mM precursor concentration. 
The prominent diffraction peaks observed at 2 theta values of 34.59◦ and 
72.74◦ are unambiguously attributed to the (002) and (004) planes of 
hexagonal wurtzite ZnO (JCPDS card no 36-1451), respectively. These 
sharp and distinct peaks provide strong evidence that the ZnO: Cu 
nanoneedles exhibit a preferential growth orientation along the [001] 
crystallographic direction. As highlighted in the inset of Fig. 3a, a subtle 
yet significant shift of the (002) peak to 34.59◦ from 34.55◦ (typical for 
undoped ZnO) is observed. This shift is attributed to lattice compression 
induced by the substitutional incorporation of smaller Cu2+ ions (ionic 
radius: 0.073 nm) replacing larger Zn2+ ions (ionic radius: 0.074 nm) 
within the ZnO crystal lattice. To corroborate successful doping and 
further analyze the surface chemistry, X-ray photoelectron spectroscopy 
(XPS) was performed. The full XPS survey spectrum of the ZnO: Cu 
nanoneedle arrays (Fig. 3b) unequivocally confirms the presence of Zn, 
O, and Cu elements on the sample's surface. In the inset of Fig. 3b, the 
high-resolution Cu 2p spectrum reveals two characteristic peaks at 
binding energies of 932.9 eV and 952.6 eV, corresponding to the Cu 2p3/ 

2 and Cu 2p1/2 spin-orbit doublet, respectively [57,58]. Collectively, 

Fig. 2. The tilt-view FESEM images of ZnO: Cu nanoneedle arrays grown at the different precursor concentrations. The precursor concentrations are (a) 2.5, (b) 5, (c) 
10, (d) 20, (e) 30, and (f) 40 mM, respectively.
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these crystallographic and spectroscopic findings provide robust evi
dence for the successful incorporation of Cu into the ZnO lattice, thereby 
confirming the synthesis of phase-pure ZnO: Cu nanoneedles.

The highly ordered ZnO: Cu nanoneedle arrays served as an ideal 
three-dimensional template for the subsequent deposition of Ag nano
particles via ion sputtering, resulting in the formation of ZnO: Cu/Ag 
nano-heterostructure arrays. Fig. 4a–e display FESEM backscattered 
electron images (BEIs) that illustrate the distribution of Ag nanoparticles 
on the ZnO: Cu nanoneedles (synthesized using a 20 mM ZnO: Cu pre
cursor) as a function of varying direct current (DC) sputtering times. As 
the sputtering time increased, a clear progression was observed, char
acterized by a systematic increase in both the size and surface coverage 
density of the Ag nanoparticles. Notably, complete surface coverage 
with Ag nanoparticles was achieved after 1 min of sputtering. However, 
prolonged sputtering beyond this point led to undesirable aggregation of 
Ag nanoparticles into larger clusters or, potentially, the formation of a 
continuous Ag layer, a morphology known to be detrimental to the local 
surface electric field enhancement required for optimal SERS activity. A 
further investigation into the detailed morphology and crystalline 
structure of the ZnO: Cu/Ag nano-heterostructures (specifically those 
prepared with a 1-minute DC sputtering time) was performed using 
field-emission transmission electron microscopy (FETEM) analyses, as 
depicted in Fig. S2a and b. Both low- and high-magnification FETEM 
images clearly confirmed the uniform decoration of Ag nanoparticles 
across the ZnO: Cu nanoneedle surfaces. Furthermore, the high- 
resolution TEM (HRTEM) image (Fig. S2c) revealed lattice spacings of 
0.262 nm and 0.238 nm, corresponding to the (002) plane of hexagonal 
ZnO (JCPDS no 36-1451) and the (111) plane of cubic Ag (JCPDS no 65- 

2871), respectively. This finding provides direct, compelling evidence 
for the successful formation of the ZnO: Cu/Ag nano-heterostructure. 
The elemental distribution was thoroughly probed using energy- 
dispersive X-ray spectroscopy (EDS) elemental mapping (Fig. S2d), 
which confirmed the uniform presence of Zn, O, Cu, and Ag throughout 
the nanostructure. The corresponding EDS spectrum (Fig. S2e) further 
corroborated the detection of these elements; the minor Au signal 
observed was attributed solely to the TEM grid material. Crucially, the 
absence of other detectable impurity signals confirmed the high phase 
purity of the synthesized ZnO: Cu/Ag nano-heterostructure.

The morphological evolution of FTO coatings deposited onto ZnO: 
Cu nanoneedle arrays was systematically investigated as a function of 
radio-frequency (RF) magnetron sputtering time. Fig. S3 a–f present 
FESEM micrographs of ZnO: Cu nanoneedle arrays (20 mM precursor 
concentration) after FTO deposition for sputtering times of 0.5, 1, 2, 3, 5, 
and 7 min. As the sputtering duration increased, a clear trend emerged, 
characterized by a progressive increase in both the surface coverage and 
the FTO layer thickness. This progressive FTO deposition caused the 
nanoneedles to appear significantly thicker, and the interspacing be
tween adjacent structures diminished due to their partial encapsulation 
by the growing FTO film. To conduct a more detailed nanoscale struc
tural analysis, FETEM was employed. Fig. 5a shows a representative 
low-magnification FETEM image of a ZnO: Cu/FTO nano- 
heterostructure fabricated using a 1-minute RF sputtering duration. 
High-resolution TEM images (Fig. 5b and c) clearly reveal a uniform, 
amorphous layer with an approximate thickness of 5.5 nm that con
formally coats the nanoneedle surface, which is unambiguously identi
fied as the sputtered FTO coating. Crucially, the underlying crystalline 

Fig. 3. (a) XRD spectrum of ZnO: Cu nanoneedle arrays (20 mM precursor). The inset XRD spectra are slow-scan scans of the [002] peaks for the ZnO and ZnO: Cu 
nanoneedle arrays (20 mM precursor). (b) XPS survey spectrum of ZnO: Cu nanoneedle arrays (20 mM precursor). The inset XPS spectra Cu 2p spectra of ZnO and 
ZnO: Cu nanoneedle arrays (20 mM precursor).

Fig. 4. The tilt-view FESEM BEIs of ZnO: Cu/Ag nano-heterostructure arrays (20 mM precursor) with different Ag-sputtering times. The Ag-sputtering times are (a) 
0.25, (b) 0.5, (c) 1, (d) 1.5, and (e) 2 min, respectively.
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ZnO: Cu core retained its structural integrity, exhibiting an interplanar 
spacing measured at 0.262 nm, corresponding to the (002) plane of 
hexagonal ZnO (JCPDS no 36-1451). This finding confirms the 
continued preferential orientation along the [001] axis despite the FTO 
deposition. To evaluate the elemental distribution within the ZnO: Cu/ 
FTO heterostructures, energy-dispersive X-ray spectroscopy (EDS) 
mapping was performed. Fig. 5d provides a comprehensive elemental 
map, confirming the homogeneous distribution of Zn, O, Cu, Sn, and F, 
thereby validating the successful, uniform deposition of the FTO layer 
on the ZnO: Cu nanoneedles. The corresponding EDS spectrum (Fig. 5e) 
further corroborates this elemental composition, displaying distinct 
peaks attributable to each element. The absence of any extraneous sig
nals underscores the high purity of the resulting ZnO: Cu/FTO nano- 
heterostructure.

The morphology and crystal structure of the optimal ZnO: Cu/FTO/ 
Ag nano-heterostructure, fabricated with a 20 mM precursor concen
tration and 1-minute sputtering for both the FTO and Ag layers, were 
comprehensively characterized using FESEM and TEM. The tilt-view 
FESEM image (Fig. 6a) unequivocally demonstrates that the Ag nano
particles form a dense and uniform coating encapsulating the underlying 
ZnO: Cu/FTO nano-heterostructure. A representative low-magnification 
FETEM image is presented in Fig. 6b. The HRTEM image (Fig. 6c) clearly 
reveals several key features: a conformal amorphous FTO layer with an 
approximate thickness of 5.5 nm, and distinct lattice fringes on an Ag 
nanoparticle with an interplanar spacing of 0.204 nm, corresponding to 
the (200) crystalline plane of cubic Ag (JCPDS no 65-2871). The XPS 
spectra of the ZnO: Cu/FTO/Ag nano-heterostructure (Fig. S4) reveal Ag 
3d5/2 and Ag 3d3/2 peaks at 368.4 eV and 374.4 eV, respectively, 

confirming the presence of metallic silver in accordance with both 
literature values and HRTEM observations [59,60]. Fig. 6d displays the 
corresponding TEM-EDS elemental mapping analysis, confirming the 
homogeneous distribution of all constituent elements (Zn, O, Cu, Sn, F, 
and Ag), and visually verifying that the Ag is uniformly distributed 
across the entire surface of the ZnO: Cu/FTO nano-heterostructure. This 
elemental composition is further corroborated by the accompanying 
TEM-EDS spectrum (Fig. 6e).

3.2. SERS properties of ZnO: Cu/FTO/Ag nano-heterostructure arrays

Surface-enhanced Raman scattering (SERS) measurements were 
conducted at room temperature to systematically assess the SERS ac
tivity of the fabricated substrates. SERS is widely recognized for its high 
sensitivity, low detection limits, and excellent molecular selectivity [21,
61,62]. The underlying enhancement mechanism is critically dependent 
on the type, morphology, and surface density of noble metal nano
particles deposited on the substrate [30]. In this investigation, the in
fluence of three key fabrication parameters on the final SERS 
performance was systematically optimized: the precursor concentration 
for ZnO: Cu nanoneedle growth and the sputtering durations for both the 
Ag nanoparticles and the FTO layers. The resulting Raman spectra are 
compiled in Fig. 7. Fig. 7a illustrates the SERS responses of ZnO: Cu 
nanoneedle arrays synthesized with varying precursor concentrations 
(2.5–40 mM), each subsequently decorated with Ag nanoparticles via a 
1-minute sputtering process and probed by immersion in 10− 6 M 
rhodamine 6 G (R6G) for 1 h. Among the tested configurations, the 
substrate prepared using a 20 mM precursor concentration yielded the 

Fig. 5. (a) TEM image, (b) HRTEM image (region 1), (c) HRTEM image (region 2), (d) EDS mapping images of a ZnO: Cu/FTO nano-heterostructure in Fig. 5a. The 
EDS mapping images of Zn, O, Cu, Sn, and F, respectively. (e) EDS spectrum of a ZnO: Cu/FTO nano-heterostructure.
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most intense Raman signal, indicating its superior enhancement capa
bility. The effect of Ag sputtering duration on SERS performance was 
then evaluated (Fig. 7b). ZnO: Cu nanoneedle arrays (20 mM precursor 
concentration) were subjected to Ag deposition for varying durations 
(0.25 to 2 min). The Raman signal intensity peaked at a sputtering 
duration of 1 min, suggesting an optimal balance between the density of 
Ag nanoparticles and the generation of efficient plasmonic "hotspots." 
Fig. 7c presents the SERS spectra for substrates with different FTO 
sputtering durations (0.5–7 min), all of which were subsequently sub
jected to a fixed 1 min Ag nanoparticle deposition and immersion in 
10− 6 M R6G. The substrate fabricated with a 1-minute FTO sputtering 
time yielded the greatest Raman enhancement. This optimal perfor
mance is likely attributable to a favorable interface and enhanced 
charge-transfer synergy between the FTO layer and the deposited Ag 
nanoparticles. Collectively, these systematic optimization studies reveal 
that the ZnO: Cu/FTO/Ag nano-heterostructure—fabricated using a 20 
mM ZnO: Cu precursor, a 1-minute FTO sputtering deposition, and a 
1-minute Ag sputtering deposition—delivers the optimal SERS perfor
mance among all investigated configurations.

To validate the efficacy of the FTO layer as a superior intermediate 
layer for enhancing SERS activity in comparison to other materials, a 
comparative investigation was conducted. We fabricated analogous 
substrates with two distinct intermediate layers (ITO and Al2O3) be
tween the ZnO:Cu nanoneedle arrays and the Ag nanoparticles. 
Crucially, an identical ion sputtering duration of 1 min was maintained 
for all intermediate layers. Fig. 8a displays the SERS spectra acquired 
from these composite substrates after immersion in a 10− 6 M R6G so
lution for 1 h and subsequent air-drying. The results unequivocally 
demonstrate that the FTO intermediate layer yields the optimal SERS 
activity. Furthermore, the Surface-Enhanced Raman Scattering (SERS) 

enhancement factor (EF) values at 1648 cm⁻¹ for the ZnO: Cu/Ag, ZnO: 
Cu/FTO/Ag, ZnO: Cu/ITO/Ag, and ZnO: Cu/Al2O3/Ag nano- 
heterostructure arrays were calculated to be 4.19 × 108, 5.95 × 108, 
5.00 × 108, and 4.81 × 108, respectively. Notably, the SERS EF value for 
the ZnO: Cu/FTO/Ag nano-heterostructure is 1.42-fold higher than that 
of the ZnO: Cu/Ag nano-heterostructure (lacking an interlayer). 
Compared to the ZnO: Cu/Ag system, the ZnO: Cu/FTO/Ag nano- 
heterostructure features an FTO layer that more effectively facilitates 
electron-hole pair transfer, thereby further enhancing the SERS perfor
mance. This phenomenon is attributed to a synergistic Raman 
enhancement effect arising from interfacial charge-transfer mediated by 
the FTO layer, which amplifies overall SERS activity. Previous studies 
have indeed reported that metal-semiconductor hybrid structures can 
suppress electron-hole pair recombination, thereby significantly 
enhancing SERS performance [63–65].

The experimental findings clearly indicate that the ZnO: Cu/FTO/Ag 
nano-heterostructure arrays benefit substantially from the presence of 
the FTO interlayer, which is proposed to induce a synergistic Raman 
enhancement effect via interfacial charge transfer. To theoretically 
validate this assumption and elucidate the underlying enhancement 
mechanism—an essential step toward practical sensing applica
tions—electromagnetic (EM) field simulations were conducted using the 
finite-difference time-domain (FDTD) method. These simulations 
modeled substrates with various intermediate layers under excitation at 
532 nm, with the incident light propagating in the backward z-direction 
to replicate the laser illumination configuration used in the Raman 
measurements. As illustrated in Fig. 8b, the simulated electric field 
distributions reveal a pronounced geometric influence. Compared with 
the substrate lacking an interlayer, the incorporation of an intermediate 
layer significantly narrows the inter-particle gaps between adjacent Ag 

Fig. 6. (a) The tilt-view FESEM images of ZnO: Cu/FTO/Ag nano-heterostructure arrays (1 min FTO and 1 min Ag). (b) TEM image, (c) HRTEM image, (d) EDS 
mapping images of a ZnO: Cu/FTO/Ag nano-heterostructure in Fig. 7a. The EDS mapping images of Zn, O, Cu, Sn, F, and Ag, respectively. (e) EDS spectrum of a ZnO: 
Cu/FTO nano-heterostructure.
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nanoparticles. This morphological change enhances plasmonic coupling, 
leading to a remarkable amplification of the local electric field, partic
ularly in the so-called “hotspot” regions. Furthermore, the effect of the 
interlayer’s dielectric properties was systematically examined. It was 
observed that increasing the refractive index of the interlayer weakens 
the field directly localized at the Ag/interlayer interface but concur
rently strengthens the field within the hotspot junctions. This behavior 
can be attributed to the redistribution of plasmonic energy, as the 
electric field partially extends into the higher-index medium, thereby 
reducing confinement at the planar metal–dielectric interface. Such field 

delocalization enhances the electromagnetic intensity within the inter- 
particle gaps, ultimately resulting in stronger localized surface plas
mon resonance and more pronounced Raman signal amplification.

To evaluate a critical parameter for practical SERS applications, the 
signal uniformity of the fabricated substrates was investigated. Fig. 9a 
and b display the SERS spectra acquired from ten distinct, randomly 
selected locations on the ZnO: Cu/Ag and ZnO: Cu/FTO/Ag nano- 
heterostructure arrays, respectively, following immersion in 10− 6 M 
R6G for 1 h. For both substrate types, the collected spectra show 
remarkable consistency in signal intensity across all 10 measured spots, 

Fig. 7. (a) Raman spectra of R6G solution (10− 6 M) from the ZnO: Cu/FTO/Ag nano-heterostructure arrays with the different concentrations of precursor (1 min Ag). 
(b) Raman spectra of R6G solution (10− 6 M) from the ZnO: Cu/Ag nano-heterostructure arrays with different Ag-sputtering times. (c) Raman spectra of R6G solution 
(10− 6 M) from the ZnO: Cu/FTO/Ag nano-heterostructure arrays with different FTO-sputtering times (1 min Ag).

Fig. 8. (a) Raman spectra of R6G solution (10− 6 M) and (b) simulated distributions of electromagnetic field intensity from the ZnO: Cu/Ag nano-heterostructure 
arrays with the different intermediate layer (at sputtering time of 1 min).
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indicating excellent spatial uniformity of the SERS enhancement. 
Moreover, a visual comparison of the two figures clearly confirms that 
the ZnO: Cu/FTO/Ag nano-heterostructure arrays yield a substantially 
stronger Raman enhancement than the ZnO: Cu/Ag substrates. This 
result corroborates that the FTO interlayer plays a key role in aug
menting the SERS response, an enhancement attributed to the previ
ously discussed enhanced charge transfer mechanisms and a more 
favorable generation of plasmonic hotspots.

To assess practical viability, the reusability of the prepared SERS 
substrates was evaluated through five consecutive cycles of SERS 
detection (10− 6 M R6G) followed by UV irradiation for photocatalytic 
regeneration. As illustrated in Fig. 10a and b for the ZnO: Cu/Ag and 
ZnO: Cu/FTO/Ag nano-heterostructure arrays, respectively, both sub
strate types exhibited exceptional robustness. Despite undergoing five 
repeated cycles, they maintained a remarkably stable Raman signal in
tensity, demonstrating outstanding reusability. This high degree of 
reusability is a critical attribute for practical and cost-effective SERS 
applications. Finally, the long-term storage stability of the substrates 
was assessed by monitoring their SERS performance against 10− 6 M R6G 

over an extended 21-day period. Fig. 10c shows the Raman spectra 
recorded at designated time intervals, where each measurement was 
taken after a 1-hour immersion in the analyte solution. The ZnO: Cu/ 
FTO/Ag nano-heterostructures demonstrated markedly superior stabil
ity, retaining a substantial level of Raman enhancement intensity for 21 
days. This finding underscores the pivotal role of the sputter-deposited 
FTO layer, which not only amplifies the initial SERS signal but also 
critically enhances long-term operational stability, likely by acting as a 
protective encapsulating layer that mitigates oxidation or degradation of 
the underlying Ag nanoparticles.

To further probe the analytical sensitivity of the developed SERS 
substrates, their detection capabilities for trace concentrations of R6G 
solution were assessed. As detailed in Fig. 11a and b, the substrates were 
interrogated with R6G solutions over respective concentration ranges of 
10− 7 to 10− 11 M for the ZnO: Cu/Ag structures and a significantly lower 
range of 10− 10 to 10− 14 M for the ZnO: Cu/FTO/Ag structures. The 
collected SERS spectra reveal a clear concentration-dependent response 
for both substrate types, with the characteristic Raman peaks system
atically intensifying with increasing R6G concentration. Critically, the 

Fig. 9. Raman spectra of (10− 6 M) R6G solution at 10 random points on (a) ZnO: Cu/Ag nano-heterostructure arrays and (b) ZnO: Cu/FTO/Ag nano- 
heterostructure arrays.

Fig. 10. Raman spectra of (10− 6 M) R6G solution at the five cycles on (a) ZnO: Cu/Ag nano-heterostructure arrays and (b) ZnO: Cu/FTO/Ag nano-heterostructure 
arrays. (c) The SERS intensities of ZnO: Cu/Ag and ZnO: Cu/FTO/Ag nano-heterostructure arrays at 1648 cm− 1 of R6G solution at designated time intervals.
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incorporation of the FTO interlayer yielded a three-order-of-magnitude 
improvement in the limit of detection (LOD), reducing it from 10 pM (for 
ZnO: Cu/Ag) to an ultra-trace level of 1 fM. This substantial gain un
equivocally confirms the superior analytical sensitivity of the fabricated 
ZnO: Cu/FTO/Ag nano-heterostructures.

To validate the practical utility and versatility of our fabricated ZnO: 
Cu/Ag and ZnO: Cu/FTO/Ag nano-heterostructures, their performance 
in the SERS detection of a key pharmaceutical compound was investi
gated. Amoxicillin, a commonly prescribed antibacterial drug, is widely 
used to treat bacterial infections in both humans and animals [66]. 
Fig. 12a and b display the concentration-dependent SERS spectra of 
amoxicillin acquired from the ZnO: Cu/Ag and ZnO: Cu/FTO/Ag 
nano-heterostructures, respectively, after a one-hour incubation. Spe
cifically, concentrations ranging from 10− 5 to 10− 7 M were used to 
interrogate the ZnO: Cu/Ag structures, while the FTO-enhanced ZnO: 
Cu/FTO/Ag heterostructures were evaluated over a much lower range of 
10− 9 to 10− 11 M. As observed in both figures, a clear 
concentration-dependent response was evident, with the signal in
tensities of characteristic amoxicillin peaks directly correlating with 
increasing analyte concentration. Remarkably, the ZnO: Cu/FTO/Ag 
nano-heterostructures enabled the clear identification of characteristic 
amoxicillin peaks at concentrations as low as 10 pM (10− 11 M). Table S1 
provides a comparative summary of previously reported SERS hetero
structures used for detecting R6G and amoxicillin, revealing that most 
earlier systems exhibit relatively limited detection capability. In 
contrast, the picomolar-level response observed in this work clearly 
demonstrates the substantially enhanced sensitivity and ultralow LOD of 
the ZnO: Cu/FTO/Ag nano-heterostructures, highlighting the essential 
role of the FTO interlayer in interfacial charge-transfer–mediated 
enhancement. This pronounced improvement in analytical performance 
demonstrates the effectiveness of our structural design and further in
dicates that these substrates offer strong potential for rapid, trace-level 
monitoring of pharmaceutical residues, environmental contaminants, 

and other chemical targets.
To critically assess the pH-dependent performance and practical 

applicability of our SERS platform, its response was systematically 
evaluated over a range of pH values, a crucial parameter in real-world 
analytical scenarios. The SERS signal from a fixed concentration of 
amoxicillin (10− 6 M) was investigated using both the ZnO: Cu/Ag and 
the previously optimized ZnO: Cu/FTO/Ag nano-heterostructure arrays. 
As shown in Fig. 13a and b, a clear pH-dependent trend was observed, 
with the optimal Raman enhancement being consistently achieved at a 
slightly acidic pH of 6 for both substrate types. This distinct pH optimum 
can be rationalized by considering the acid-base properties of amoxi
cillin. As an amphoteric molecule, amoxicillin possesses both a car
boxylic acid group (pKa ≈ 2.7) and a primary amine group (pKa ≈ 7.4). 
Consequently, its speciation and net charge are highly sensitive to the 
solution's pH. At the optimal pH of 6, the carboxylic acid group is fully 
deprotonated (-COO− ) while the amine group remains predominantly 
protonated (-NH3

+), resulting in a net zwitterionic state. It is postulated 
that this zwitterionic form facilitates optimal electrostatic interactions 
and adsorption orientation on the SERS substrate surface. This confor
mation likely brings key vibrational moieties into the closest proximity 
with the plasmonic 'hotspots' generated by the Ag nanoparticles, thereby 
maximizing the enhancement. This finding not only highlights the pH- 
sensitivity of the analyte-substrate interaction but also underscores the 
critical importance of pH buffering for achieving reliable sensitivity and 
reproducibility in practical SERS-based diagnostics.

To bridge the gap between idealized laboratory conditions and 
practical application, a critical investigation into the substrate's per
formance in realistic aqueous matrices was conducted. Specifically, 
amoxicillin (10− 6 M) was spiked into three distinct water types repre
senting a gradient of complexity: ultrapure deionized (DI) water (the 
ideal control), reverse osmosis (RO) water, and common tap water (the 
complex matrix). The SERS spectra acquired from substrates immersed 
in these solutions are presented in Fig. 14a and b. Analysis of the spectra 

Fig. 11. The Raman spectra of (a) ZnO: Cu/Ag nano-heterostructure arrays and (b) ZnO: Cu/FTO/Ag nano-heterostructure arrays under the different concentrations 
of R6G solution.

Fig. 12. The Raman spectra of (a) ZnO: Cu/Ag nano-heterostructure arrays and (b) ZnO: Cu/FTO/Ag nano-heterostructure arrays under the different concentrations 
of amoxicillin solution.
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reveals a pronounced matrix-dependent effect: while the characteristic 
Raman peak positions for amoxicillin remained stable, their signal in
tensities were significantly attenuated in the more complex media. The 
most intense and unambiguous Raman enhancement was observed in 
the DI water control. This signal attenuation is attributed to the presence 
of competing interferents in the RO and tap water. In the case of tap 
water, a complex mixture of inorganic ions (e.g., Ca2+, Mg2+, and Cl− ) 
and natural organic matter can competitively adsorb onto the SERS 
substrate's active sites. This adsorption competition either physically 
blocks the amoxicillin molecules from reaching the plasmonic hotspots 
or alters the surface chemistry, thereby hindering efficient molecular 
adsorption and diminishing the SERS signal. Although the signal in
tensity decreased markedly in RO and tap water, the differences be
tween these two non-ideal media were less pronounced, suggesting that 
even trace levels of impurities can significantly affect the sensor's per
formance. This result clearly highlights the critical influence of the 
sample matrix on SERS response. It highlights the need to develop robust 
calibration strategies or adequate sample pretreatment protocols to 
ensure reliable quantification in real-world analytical scenarios.

4. Conclusions

In conclusion, a novel 3D hierarchical SERS platform based on ZnO: 
Cu/FTO/Ag nano-heterostructures was successfully engineered via a 
scalable, synergistic fabrication strategy. This approach combined a 
facile wet-chemical synthesis of vertically aligned, [001]-oriented ZnO: 
Cu nanoneedle arrays with sequential RF (FTO) and DC (Ag) magnetron 
sputtering. The systematic investigation unequivocally demonstrated 
that the insertion of a 5.5 nm amorphous FTO interlayer is the critical 
design element responsible for the substrate's superior performance. 
This FTO layer was shown to induce a powerful dual-enhancement 
mechanism: (1) it facilitated interfacial charge transfer (ICT), 
providing a synergistic chemical enhancement, and (2) it amplified the 
electromagnetic enhancement, a finding corroborated by FDTD simu
lations, which showed the FTO layer narrows inter-particle gaps and 

advantageously redistributes the plasmonic field into these 'hotspot' 
junctions. This optimized architecture yielded an outstanding 
enhancement factor (EF) of 5.95 × 108, a 1.42-fold improvement over its 
ZnO: Cu/Ag counterpart. Beyond signal amplification, the FTO inter
layer also imparted exceptional 21-day storage stability, likely acting as 
a protective barrier against Ag degradation. The substrate demonstrated 
excellent spatial uniformity and photocatalytic reusability. The practical 
utility of this design was validated by achieving an ultra-low limit of 
detection for Rhodamine 6 G (1 fM) and the antibiotic amoxicillin (10 
pM). While performance is dependent on pH and complex matrices, 
highlighting the need for future optimization (e.g., surface functionali
zation), this work confirms that engineering such metal-insulator- 
semiconductor heterostructures is a highly effective strategy for 
enhancing performance. This study paves the way for the development 
of robust, ultra-sensitive, and stable SERS platforms for applications in 
environmental monitoring, pharmaceutical analysis, and point-of-care 
diagnostics.
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