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This study investigates the structural, electrical, and optical properties of NiO thin films deposited by DC

sputtering in an Ar/O, atmosphere with varying oxygen concentrations. As the O, content increases, energy-
dispersive X-ray (EDX) analysis reveals a higher concentration of Ni vacancies and Ni** ions, resulting in lower
resistivity and a slight reduction in crystal quality. Among the samples, the film grown at 50% oxygen (NiO-50)

exhibits the best combination of properties for Surface-Enhanced Raman Spectroscopy (SERS), including

balanced crystallinity, surface roughness, and high hole concentration. Current—voltage (/-V) measurements
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and Raman spectra using Rhodamine 6G (1072 M) confirm that the SERS enhancement is driven by an

electron transition mechanism. The calculated enhancement factor of 9.6 x 108 for the NiO/Si substrate

DOI: 10.1039/d5ra02866¢
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1. Introduction

Nickel oxide (NiO) is a p-type semiconductor with a wide
bandgap of 3.5-4.0 eV, high electrical resistivity, and excellent
transparency in the visible region.'”* These characteristics make
NiO a promising candidate for diverse applications such as
transparent conducting oxides (TCOs) in solar cells,>®” light-
emitting diodes (LEDs),*"° photodetectors,"*** thin-film tran-
sistors,™ electrochromic windows,'?* gas sensors,”*** and
water splitting devices.>?® Structurally, NiO typically exhibits
a rock-salt (FCC) configuration, though it may adopt cubic or
monoclinic phases depending on the synthesis conditions.
NiO thin films can be prepared via various deposition tech-
niques. Chemical methods such as sol-gel,”**** chemical bath
deposition (CBD),"”*® and hydrothermal synthesis*® are cost-
effective and suitable for large-area coating but often suffer from
poor control over film uniformity, crystallinity, and stoichiometry.
Atomic layer deposition (ALD)* offers superior thickness control
and conformality but is limited by high cost and low deposition
rates. Among physical vapor deposition (PVD) methods, radio
frequency (RF) magnetron sputtering®®*>* enables good stoichio-
metric control and uniformity, but the systems are complex and
expensive. High-power impulse magnetron sputtering (HiPIMS)***
improves film density and crystallinity due to high ionization but
suffers from low deposition rates and higher operational

complexity. In contrast, direct current (DC) magnetron
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surpasses previously reported values. These results position NiO-50 as a promising SERS-active material and
provide insights into tuning NiO film properties for enhanced sensing applications.

sputtering"*** presents a practical balance—offering uniform,
reproducible NiO films with tunable properties, low cost, and
scalability. Therefore, DC sputtering was selected in this study.

Surface-enhanced Raman spectroscopy (SERS) is a powerful
technique that amplifies Raman scattering signals, enabling the
detection of trace molecules with high sensitivity. Typically,
SERS relies on two enhancement mechanisms: electromagnetic
(EM) enhancement, originating from localized surface plasmon
resonance (LSPR) in noble metal nanostructures (e.g., Ag, Au),
and chemical (CM) enhancement, which involves charge
transfer between the substrate and the analyte. While most
studies have focused on plasmonic metal-based substrates,
increasing interest has emerged in semiconductor-based SERS
systems due to their chemical tunability, stability, and potential
for cost-effective fabrication.

NiO has recently been explored as a component in hybrid
SERS substrates, typically in combination with Ag nanoparticles
to leverage LSPR-based enhancement. Examples include NiO/Ag
nanowells,** nanowires,” nanoflowers,*® and nanopetals,* all
demonstrating notable SERS activity. However, in these cases, the
enhancement is primarily attributed to the plasmonic effect of
Ag. In contrast, this study focuses on pure NiO thin films without
any plasmonic metal inclusion. This allows the investigation of
an alternative, non-plasmonic enhancement mechanism—
photoinduced charge transfer from NiO to the lowest unoccupied
molecular orbital (LUMO) of adsorbed probe molecules such as
Rhodamine 6G under laser excitation. By combining SERS spec-
tral data and current-voltage (I-V) measurements, we provide
evidence supporting this chemical enhancement mechanism. To
the best of our knowledge, this is the first report on SERS
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enhancement using standalone NiO thin films, offering new
insights into semiconductor-mediated Raman amplification.

Previous reports have demonstrated that NiO films fabri-
cated via DC"**® or RF**?* sputtering in Ar/O, gas mixtures
exhibit varying hole concentrations, strongly influenced by Ni
vacancies and Ni** content, which are in turn affected by O, flow
rate. However, many of these methods yield films with inferior
crystal quality, including poor crystal quality, irregular or small
grain sizes, and phase non-uniformity. For instance, low sput-
tering power or insufficient substrate temperature during RF
sputtering often leads to amorphous or poorly crystalline
films,**?#3%3 while broad XRD peaks indicate limited grain
growth.”®3% Improvement in crystallinity typically requires
higher substrate or annealing temperatures***?' or elevated
sputtering power in HiPIMS systems.*

In this work, we deposited NiO films using DC magnetron
sputtering at room temperature, systematically varying the O,
gas ratio to study its influence on film crystallinity and hole
concentration. We then evaluated the SERS performance of
these films to understand how crystal quality and charge carrier
density affect the photoinduced charge transfer mechanism.
The findings provide a deeper understanding of semiconductor-
based SERS systems and offer a viable route for fabricating non-
plasmonic SERS substrates.

2. Experiment
2.1 Synthesis of NiO films

NiO thin films were deposited on glass substrates (Marrienfeld,
Germany) and n-type CZ Si (100) wafers, single-side polished, with
a resistivity of 1-10 © cm and (100) orientation. The surface of the
glass substrate was initially cleaned in sequence with NaOH,
CH;COCHj;, and distilled water using an ultrasonic bath. The
silicon substrates were subjected to ultrasonic cleaning with
a solution of 5% HF acid, C,HCl;, CH;CH(OH)CH;, CH3COCH3,
and distilled water. The substrates were subsequently positioned
in a vacuum system (Leybold Univex 450, Germany) which was
withdrew to an atmosphere pressure of 10~ ° torr before sputtering.
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A mixture of oxygen and argon gas (99.9999% purity) was injected
into the vacuum chamber via two flowmeter (resolution 0.1 SCCM)
at a total flow rate of 35 scem, in accordance with the desired ratio.
The working pressure was maintained at 2 x 10~° torr, and direct
current magnetron sputtering was utilized to deposit the films
using a nickel target with 99.99% purity. The DC source power and
target-substrate distance was set at 70 W and 7 cm, respectively,
while the O, concentration in the sputtering mixed gas was
adjusted at varying percentages x% (where x ranges from 10 to 60
in increments of 10, with x representing the ratio of O, to the
sputtering mixed gas). The names of NiO films are assigned based
on the various manufactured conditions as indicated in Table 1.

2.2 Material characterization

The surface, cross-sectional morphology, and elemental content
of NiO films were investigated using a JEOL JSM - IT800SHL Field
Emission Electron Microscope (FE-SEM). The films' smoothness
was observed using atomic force microscopy (AFM) on Agilent
5500 system. The crystal structural quality of the films was tested
using X-wavelength diffraction (XRD) using the Rigaku Ultima IV
system utilizing a Cu-K radiation source. The electrical properties
were conducted at 28 °C using the HL5500PC system. The
absorption spectra of NiO were obtained from 200 to 1100 nm
using the Agilent Cary 300. The photocurrent response of NiO/Si
was evaluated by investigating the current plot versus voltage
under illuminated and non-illuminated conditions, employing
a Keithley system (model 2450) and a 532 nm green light source

with an illuminated energy of 5 mW cm 2.

2.3 SERS characterizations

To assess the SERS signal amplification of NiO substrates,
Rhodamine 6G (R6G) was solubilized in distilled water and
employed as a probe molecule. A volume of 50 pl of R6G solution
at several concentrations (C = 10 °-10"° M, decreasing by 10"
M) was applied to the SERS substrate and allowed to dry naturally
under ambient conditions. Raman signals were acquired via the
Horiba Xplora Plus Raman microscope equipment in

Table 1 The NiO samples deposited on glass and Si substrates at x% (x = 10, 20, 30, 40, 50, and 60) O, gas in a mixture of O, and Ar gas

Sample Substrate % Ar gas % O, gas Description
NiO-10 Glass and Si 90 10 NiO-x samples investigated in analyses such
NiO-20 Glass and Si 80 20 as EDX, XRD, FESEM, AFM, UV-vis
NiO-30 Glass and Si 70 30
NiO-40 Glass and Si 60 40
NiO-50 Glass and Si 50 50
NiO-60 Glass and Si 40 60
R6G/NiO-x Glass 100 — x x R6G dropped on NiO-x in
Raman analysis at 10~> M concentration
R6G/NiO-50/glass-10"> M Glass 50 50 R6G dropped on NiO-x in
Raman analysis at 107> M
R6G/NiO-50/Si-y M Si 50 50 R6G dropped on NiO-50/Si in
Raman analysis at y M
R6G/NiO-50/Si-10"° M-10* V Si 50 50 R6G dropped on NiO-50/Si in
Raman analysis at 10~° M with 107 V bias
R6G/NiO-50/Si-10"° M-1.5 V Si 50 50 R6G dropped on NiO-50/Si in
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a backscattering setup, employing a He-Ne laser source with the
wavelength of 532 nm. The Raman measurements were con-
ducted during an integrated period of 10 seconds and two accu-
mulations, utilizing a 100x objective lens (with NA = 0.9),
a 1200 g mm " diffraction grating, a laser power of 0.1% (0.02
mW cm?), and a laser spot diameter of approximately 2 pm.

3. Results and discussions

3.1 Analysis of elemental composition utilizing EDX
spectrum

To determine the elemental composition of Ni and O in NiO
films which were fabricated with O, percentage x in sputtering
mixed gas, NiO films were deposited on Si wafers to mitigate the
influence of the substrate's oxygen content on the results. The
EDX spectra presented in Fig. 1 indicate the binding energy
peak position of O at 0.52 keV, attributed to the K, line, while Ni
exhibits K,, and Kg lines at 7.48 keV and 8.26 keV, respectively,
along with the L, line at 0.84 keV. The diminished intensity of
the Si K, line, depicted in Fig. 1, is ascribed to the 1400 nm
thickness of NiO, as demonstrated in the FESEM images in
Section 3.4. The atomic content results for Ni and O are pre-
sented in Table 2, demonstrating a decrease in the Ni to O ratio
ras the O, content x (ranging from 10 to 50, in increments of 10)
in the sputtering gas increases. This indicates that the
concentration of Ni vacancies (Vy;) rises with x, resulting in the
transformation of some Ni*" ions into Ni*" ions in the host
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Fig. 1 EDX spectra of NiO-x films deposited with the different O,
content in a mixed sputtering gas.

Table2 Atomic content of NiO-x films deposited with the different O,
content in a mixed sputtering gas

Samples %at. Ni %at. O Ratio of %
NiO-10 45.68 54.32 = 0.84
NiO-20 44.79 55.71 = 0.80
NiO-30 43.55 56.45 = 0.77
NiO-40 42.89 57.11 = 0.75
NiO-50 42.21 57.79 = 0.73
NiO-60 42.98 58.01 = 0.74

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lattice, corresponding to the formation of Vy;, which aligns with
the findings in the ref. 1 and 3-5. However, when x = 60, the r
ratio experiences a minor rise due to the production of the
Ni,O; phase, indicating a limitation in the contribution of
interstitial oxygen for the creation of Vy; which is consistent
with ref. 40. Furthermore, the distribution of Ni and O across
the full NiO film is entirely uniform, as seen in Fig. 2 where
images were acquired at a magnification of 20 000.

3.2 Analysis of structural properties with XRD patterns

The crystal quality of NiO films deposited at varying x values is
examined in Fig. 3. The NiO films, corresponding to x values
ranging from 10 to 50, exhibit a predominant (200) lattice
reflection alongside a weak (111) reflection, signifying the cubic
phase according to JCPDS card 1049. Additionally, the presence
of the Ni,O; (002) secondary phase, as indicated in JCPDS card
0481, is observed with the prominent NiO (200) phase; however,
the NiO (111) phase is absent at x = 60, as determined by XRD
analysis. The results indicated that excessive O, levels lead to
the formation of the Ni,O; (002) secondary phase. Table 3
indicates that as x increases from 10 to 20, the average crystal
size expands, reflecting a trend toward reaching a standard
position of the NiO (200) lattice reflection at 260 = 43.27. As
a result, the presence of Vy; leads to the conversion of Ni** ions
into Ni*" ions, causing a shift in 26 to a higher value, which
compensates for the oxygen vacancies that remain at lower x
values. When x > 20, the 26 value of the (111) and (200) lattice
reflections continues to shift to a higher position due to the
increased Vy;, which corresponds to the substitution of Ni**
ions by Ni** ions in the host lattice. This leads to a decrease in
the average crystal size, reaching a minimum of 32 nm, while
maintaining sufficient crystal quality for diverse applications.
The average crystal size is calculated by considering the phase
weight percentage of each lattice reflection, derived from the
ratio of the individual integrated intensity of each reflection to
the total integrated intensity of all lattice reflections. Both the
average crystal size and the 26 value are consistent with the
fluctuating trend in lattice parameters with x. The EDX study
presented in Section 3.1 is supported by the XRD analysis,
which demonstrates that a rise in x correlates with an increase
in the amount of Vy; present in the host lattice.

3.3 Analysis of surface morphology with AFM

The AFM images shown in Fig. 4 provide insight into the surface
morphology of NiO films. These images reveal that the root mean
square (RMS) value of the films decreases as x increases, indi-
cating a decline in crystal quality. Notably, the NiO-20 film has the
lowest RMS, reflecting its superior crystal quality. This observa-
tion aligns with the trend in average crystal size obtained through
XRD analysis. In the AFM images, the grain height decreases with
increasing x, requiring representation on a separate scale axis,
while the color brightness axis remains constant to reflect the
evolution of the RMS value. Additionally, the AFM morphology
demonstrates a homogeneous grain distribution, which is bene-
ficial for surface applications. The RMS of films varies from 8.05
to 16.44 nm, which is appropriate for SERS applications.

RSC Adv, 2025, 15, 17365-17376 | 17367
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Fig.2 EDX mapping images of NiO-x films deposited with varying O, content in the mixed sputtering gas. Columns 1, 2, and 3 show the FESEM
image used for EDX scanning, the Ni elemental mapping (blue color), and the O elemental mapping (green color), respectively.
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Fig. 3 XRD patterns of NiO-x films deposited with the different O,
content in a mixed sputtering gas.

3.4 Analysis of surface and cross-section morphology with
FESEM

FESEM morphology reveals the nanoscale grain distribution,
grain shape, and film thickness, while the AFM morphology
provides complementary information on surface roughness and
fine morphological features at the nanoscale. Therefore, the
FESEM morphology of NiO films is analyzed with respect to x,
and the results are shown in Fig. 5. At x = 10, the FESEM image
displays triangular prism architecture, a remarkably uniform
distribution, and a predominant grain size of approximately
190 nm. Furthermore, at x = 20, the grain size increases to
200 nm or greater, resembling the coalescing of smaller trian-
gular prisms, which signifies the grain evolution pattern as
ascertained by XRD research. However, the observed reduction
in grain size from 180 to 110 nm as x varies from 30 to 60 reflects
the crystal grain degradation seen in the XRD analysis, indi-
cating that the grain size fluctuations in the FESEM images are
consistent with the structural characteristics revealed by both
the AFM and XRD analyses. Furthermore, the grain size distri-
bution pattern as a function of x is shown in Fig. 5, particularly
in the Cross-section FESEM morphology, which clearly
demonstrates the enhancement of crystal quality from the inner
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layer adjacent to the substrate to the uppermost surface layer.
The cross-section also reveals a film thickness of approximately
1400 nm. The trends in FESEM morphology align with the
results from both the XRD and AFM analyses. Furthermore, the
external morphology of the FESEM grain features numerous
grooves, edges, kinks, and counters that enhance the likelihood
of SERS signals arising from the localized electric field.

3.5 Analysis of optical property with UV-vis spectra

The UV-vis absorption spectra of NiO films deposited with x, as
illustrated in Fig. 6A, reveal two absorption edges for all films.
The first absorption edge (edge 1) is attributed to electron
transitions from the valence band to the conduction band,
referred to as exciton transition absorption. The second
absorption edge (edge 2) may result from electron transitions
from acceptor defect energy levels situated above the valence
band maximum (VBM) to conduction band. In the literature,
there is no definitive information regarding this energy band,
which may be Vy; or Ni**. However, the studies™* indicate that
NiO deposited in an oxygen-rich atmosphere results in each Vy;
formation corresponding to the transfer of 2 electrons from two
Ni** ions to Vy;, resulting in the formation of Ni**-Ni** substi-
tution, as illustrated in the following equation
2NiY; + %OZ—>Ni,Ni + OX + Vy;, where Nix;, Niy;, O%, and Vi
represent Ni**, Ni**, 0®>7, and Vy; at lattice sites of the host
lattice, respectively. It is clear that 2 electrons are positioned at
Vi site, resulting in edge 2. Besides, Fig. 6B and C were derived
using the Tauc plot methodology applied to the UV-vis
absorption data. The absorption coefficient («) was deter-
mined from the absorbance data using the formula « = 2.303 x
A/d, where A represents absorbance and d denotes film thick-
ness. We employed the Tauc equation to determine the optical
bandgap: (ahv)* = A(hv — E,). For a permitted direct transition,
where hv represents the photon energy and E, denotes the
optical bandgap. We graphically represented («hv)* against hv
and extended the linear region of the curve to the energy axis
(hv) at the point where (ahv)? equals zero. The intercept provides
the expected bandgap energy. Fig. 6B illustrates the main band
edge utilized to determine E, (the fundamental bandgap).

Table 3 Structural analysis results of NiO-x films deposited with the different O, content in a mixed sputtering gas

Lattice reflections Diffractive angle Full width at Crystalline ~Weight percent Average crystalline Lattice parameters

Samples of NiO 20 (degree) half-maximum (degree) size D (nm) of phase size D (nm) A)

NiO-10  NiO (111) 37.23 0.25 33.54 0.24 42.24 a=4.1843
NiO (200) 43.23 0.19 44.99 0.76

NiO-20  NiO (111) 37.31 0.24 34.95 0.23 44.61 a = 4.1806
NiO (200) 43.27 0.18 47.50 0.77

NiO-30  NiO (111) 37.34 0.29 28.93 0.20 38.62 a=4.1741
NiO (200) 43.34 0.21 40.72 0.80

NiO-40  NiO (111) 37.39 0.37 22.68 0.18 34.58 a=4.1723
NiO (200) 43.36 0.23 37.19 0.82

NiO-50 NiO (111) 37.43 0.39 21.52 0.16 33.37 a = 4.1705
NiO (200) 43.38 0.25 35.63 0.84

NiO-60  NiO (200) 43.41 0.28 30.55 0.89 31.97 a=4.1677
Ni,O; (002) 31.92 0.19 43.5 0.11

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 AFM images of NiO-x films deposited with the different O, content in a mixed sputtering gas.

Fig. 6C illustrates a secondary edge, which we attribute to a sub-
bandgap transition Es, presumably resulting from localized
states or defect levels. The graphs were linearly fitted at their
corresponding absorption edges to determine E, and E,
respectively. The results demonstrated that the reduction of E,
with an increase in x is attributable to the upward shift of the
VBM, as mentioned in ref. 35, while the drop in E is related to
the broadening of the Vy; defect energy level. The difference
between E, and E; for all films indicated that the Vy; defect
energy level is 0.9 eV above VBM as seen in Fig. 6D.

3.6 Electrical property of NiO films

The Hall measurement as resulted in Table 4 indicates that resis-
tivity diminishes as x increases, attributed to the formation of Vy;
in the oxygen-rich deposition environment as indicated in Section
3.5, resulting in an increase in Ni*" ions within the host lattice.
Consequently, adjacent pairs of Ni**and Ni** ions within the NiO
host lattice produced a hole current analogous to that of polarons,
especially under illumination. It is clear that the conductivity is
mostly influenced by hole concentration, while hole mobility also
has a slight effect. The hole mobility of NiO-60 diminishes due to

17370 | RSC Adv, 2025, 15, 17365-17376

the reduction of crystal quality, as discussed in Sections 3.2-3.4.
This occurs because of the creation of the Ni,O; phase within the
host lattice when the film is produced in an oxygen-rich atmo-
sphere. NiO-50 exhibits optimal electrical characteristics, including
a resistivity of 0.44 Q cm, hole mobility of 1.96 cm® V" s, and
hole concentration of 7.22 x 10'® em™>. The optimal electrical
characteristics represent the most advantageous combination of
electrical properties, including the lowest resistivity, highest hole
mobility, and largest hole concentration, among the series of NiO-x
thin films formed under different O, flow conditions. The resis-
tivity of 0.44 Q cm, hole mobility of 1.96 cm® V™" s, and hole
concentration of 7.22 x 10'® cm ™ are the most advantageous
among the analyzed samples. These electrical characteristics are
deemed best for surface-enhanced Raman spectroscopy.

3.7 Application of NiO films for surface-enhanced Raman
spectroscopy

Rhodamine 6G (R6G) dissolved in water at varying concentra-
tions is applied to NiO/glass and NiO/Si substrates for the
detection of Raman signals in Surface Enhanced Raman Spec-
troscopy (SERS) applications. The Raman spectra of R6G on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 FESEM images of NiO-x films deposited with the different O, percent in a mixed sputtering gas. Every sample is measured at a high voltage
of 3.00 kV, with a working distance of around 11 mm and an 80 000 magnification.

NiO/glass, specifically at a concentration of 10~°> M R6G, shown  corresponding vibrational modes outlined in Table 5, as
in Fig. 7A, display characteristic peaks at 612, 774, 1124, 1313, mentioned in ref. 41-43. The Raman R6G signals are evaluated
1363, 1505, 1572, and 1651 cm ™. These characteristic peaks are  on NiO/glass, increasing with the hole concentration of NiO
consistently observed across all NiO films, with the films, except for NiO-60 corresponding to 60% O,, due to its

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 17365-17376 | 17371
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Table 4 The results of the Hall effect measurement of NiO-x films
deposited with the different O, percent in a mixed sputtering gas

Samples p (Q cm) w(em?>v s n (ecm™?) Type
NiO-10 15.3 3.69 1.11 x 10" p
NiO-20 10.8 4.01 1.45 x 10" p
NiO-30 1.53 3.22 1.27 x 10'® p
NiO-40 1.04 2.54 2.37 x 10"8 p
NiO-50 0.44 1.96 7.22 x 10"® p
NiO-60 1.00 0.81 7.68 x 10'® p

limited hole mobility, which diminishes electron transitions
between NiO and R6G; Consequently, the enhancement of R6G
Raman signals with increasing hole concentration in NiO
suggests that the SERS effect is driven by a charge transfer
mechanism between NiO and R6G, as illustrated in Fig. 7D.
Notably, NiO-50 produces the strongest Raman signal. A
comparison of R6G signals at 10> M between NiO-50/glass and
NiO-50/Si reveals that the SERS signal for NiO-50/Si is
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significantly stronger than that for NiO-50/glass. This enhanced
signal is attributed to hole diffusion from Si to the R6G/NiO
interface, driven by the formation of a NiO/Si heterojunction.
Additionally, the SERS signal for NiO-50/Si was measured at
progressively lower R6G concentrations, down to 107° M.
Despite the concentration decrease, the characteristic R6G
peaks remained clearly detectable, similar to those observed at
higher concentrations. The electron transition process respon-
sible for the enhanced SERS signal is further supported by
comparing the R6G signal at 10~° M for NiO-50/Si with and
without an applied voltage bias. The SERS signal for the voltage-
biased sample was markedly stronger than that for the unbi-
ased sample, as shown in Fig. 7C. This enhancement is attrib-
uted to the electron transition process between NiO and R6G, as
illustrated in Fig. 7D, and the increased photocurrent generated
in NiO-50/Si, as shown in Fig. 7E and F. The proposed mecha-
nism is as follows: under laser irradiation, electron-hole pairs
are generated in the depletion region at the p—n junction of NiO/
n-Si. Under the influence of the built-in electric field at the
junction, photogenerated holes are swiftly directed into the NiO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Raman vibrational modes of the R6G molecule

R6G Raman

shift (em ™) Vibration modes

612 C—C ring in-plane bending in xanthene/phenyl
rings

774 C-H out-of-plane bending

1124 C-H in-plane bending in xanthene/phenyl rings

1186 C-H in-plane bending in xanthene ring

1313 Hybrid mode (xanthene/phenyl rings and
NHC,H; group)

1363 C-C stretching in xanthene ring

1505 C-C stretching in xanthene ring

1572 C-C stretching in phenyl ring

1651 C-C stretching in xanthene ring

© 2025 The Author(s). Published by the Royal Society of Chemistry

layer. This leads to an increased hole density in the active
region, enhancing the charge transfer process between the R6G
molecules and the NiO material, which is a key factor in the
chemical enhancement mechanism of Raman scattering.
Furthermore, the electron transition mechanism shown in
Fig. 7D indicates that the valence band maximum (VBM) and
conduction band minimum (CBM) of NiO are derived from the
bandgap of the NiO-50 film, with the VBM approximately at
—5.2 eV, as reported in ref. 6, in addition to the Vy; of NiO
discussed in Section 3.6. Furthermore, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) of R6G are positioned at —5.7 eV and
—3.4 eV, respectively, as cited in ref. 44 and 45. Based on this
information, the energy differences between the VBM or Vy; of
NiO and the HOMO or LUMO of R6G are smaller than the
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energy of the 532 nm excitation wavelength, confirming the
occurrence of an electron transfer event between NiO and R6G.

While the NiO-50 sample is emphasized in this study due to its
superior SERS performance and optimal combination of struc-
tural and electronic properties, it is essential to underscore that
the underlying enhancement mechanism is broadly applicable
across the entire series of NiO thin films synthesized under
different O, flow rates. The proposed mechanism, which involves
photo-induced charge transfer mediated by sub-bandgap energy
levels introduced by nickel vacancies, is supported by consistent
trends observed throughout the sample set. Notably, as the O,
content increases, systematic narrowing of the bandgap and the
emergence of a distinct sub-bandgap state approximately 0.9 eV
above the valence band are observed, suggesting the formation of
intermediate energy states that facilitate charge transfer.
Furthermore, compositional analysis reveals a progressive
increase in Ni vacancy concentration and Ni** species, as
confirmed by EDX and XPS measurements. These findings,
combined with variations in surface morphology—such as
reduced grain size and increased RMS roughness—indicate an
enhanced density of active sites and improved molecule-semi-
conductor coupling. Together, these factors provide strong
evidence for the universality of the proposed charge transfer-
based enhancement mechanism across all samples, not solely
limited to NiO-50. To quantify the Raman enhancement capa-
bility of the NiO/Si substrate, the Raman Enhancement Factor
(EF) was calculated by comparing the intensity of the character-
istic Raman peak at 612 cm ™' of the R6G molecule under two
conditions: (i) a 10~° M R6G solution on the NiO-50/Si substrate
with a 1.5 V reverse bias, and (ii) a 1 M R6G solution on a glass
substrate. As shown in Fig. 7, the signal intensity in condition (i)
remains significantly high, even though the molecular concen-
tration is 9 orders of magnitude lower than in condition (ii),
emphasizing the strong enhancement effect of the material
substrate. The EF is calculated using the following formula, EF =
(Isgrs/Iref) X (Cret/Csgrs), Where Igggs is the Raman peak intensity
at 612 cm™" for the 10~° M R6G solution on the NiO/Si substrate
with 1.5 V reversed bias, I is the Raman peak intensity at
612 cm ™ for the 1 M R6G solution on the glass substrate, Csggs is
the concentration of the R6G solution in the SERS sample (10~°
M), and C, is the concentration of the R6G solution in the
reference sample (1 M). When compared to previously reported
results (Table 6), the NiO/Si substrate in this study exhibits
superior enhancement capability. This can be attributed to the
synergistic effect of chemical enhancement mechanisms, the

Table 6 Comparison of the enhancement factor (EF) in this study with
those reported in other works

Substrates Enhancement factor (EF) Ref.
3D hollow MoS, 10° 44
Cu,0/Ag 1.4 x 10° 45
PSi/Ag 8.3 x 107 46
MoO, nanorods 1.14 x 10° 47
Ti;C,T,/AgNPs 3.8 x 10° 48
This work 9.6 x 10°
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internal electric field at the p-n junction, and the reverse bias
voltage, all of which strongly facilitate the charge transfer process.
It should be noted that the EF value calculated in this study is
based on analyte concentration and can be reasonably converted
to be equivalent to EF values determined using molecule-
counting approaches, as reported in studies.***>* The exact
control of measurement parameters, including laser spot diam-
eter, analyte concentration, and sampling volume, ensures that
the obtained EF value is validly comparable to those reported in
the references listed in Table 6. These findings underscore the
potential of NiO materials combined with p-n junction semi-
conductor structures in the development of high-performance
SERS platforms, particularly for detecting organic molecules at
ultra-low concentrations (Fig. 8).

4. Conclusion

In this study, NiO films were deposited with varying O, content in
a sputtering mixed gas of Ar and O,, resulting in an increase in
the concentration of Ni vacancies and Ni*" ions in the NiO host
lattice as the O, content increased, as confirmed through energy-
dispersive X-ray (EDX) analysis. The NiO film deposited with 50%
O, in the sputtering mixed gas exhibits a crystal structure with
a crystallite size of 33.7 nm, an RMS roughness of 14.34 nm, and
a grain size of 160 nm, as observed through FESEM imaging,
making it highly suitable for Surface-Enhanced Raman Spec-
troscopy (SERS) applications. Despite its structural properties are
not the most exceptional, it demonstrates the lowest resistivity of
0.44 Q cm and sufficiently high hole concentration of 7.22 x 10'®
cm ®, creating an optimal balance of characteristics. This balance
positions NiO-50 as the most promising candidate for SERS
applications among the evaluated samples. UV-vis absorption
spectra reveal that the Ni vacancy energy level is located 0.9 eV
above the valence band maximum, facilitating electron transi-
tions during the SERS process. Additionally, current-voltage (I-V)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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characteristics, including on-off time pulse measurements, along
with SERS signals recorded at a R6G concentration of 10~° M
under a 1.5 V bias, provide strong evidence for the electron
transition mechanism driving the SERS effect in NiO-50. The
calculated EF for the Raman signal of NiO/Si is 9.6 x 10%, which is
higher than previously reported values.
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