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A B S T R A C T

Surface-enhanced Raman spectroscopy (SERS) is a label-free optical method employed due to its sensitivity and 
specificity. Metal nanoparticles are commonly used as SERS substrates for detection of molecules and any change 
in the metal affect the SERS performance. Silver (Ag) is a renowned plasmonic material, but it presents relatively 
poor chemical stability. The application of thin surface coatings has been recognized as an effective approach to 
enhance the chemical stability of Ag nanostructures, while preserving their desirable sensitivity.

Therefore, in this study 0–13 nm thick hafnium dioxide (HfO2) coatings, deposited by atomic layer deposition 
(ALD), have been investigated to improve the temporal stability of Ag-capped silicon nanopillar (NP) SERS 
substrates. Comprehensive characterization was performed, and the SERS performance were evaluated with two 
reporter molecules on uncoated Ag-capped NP substrates. They displayed significant variation over time, while 
substrates with ~1.5 nm HfO2 exhibited superior signal stability and noise reduction. Over a 5-month period, 
substrate stability was tested for detection of the nitroaromatic explosive 2,4-dinitrophenol. The limit of 
detection (LoD) and limit of quantification (LoQ) of uncoated Ag-capped NPs varied significantly, whereas HfO2- 
coated substrates maintained a stable SERS performance with limited variation in the LoD and LoQ, thereby 
ensuring consistent results.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) has manifested itself 
as an important analytical technique across various research fields due 
to its exceptional sensitivity and specificity [1]. SERS is a 
surface-sensitive technique based on Raman scattering, in which in
elastic scattering of photons provides detailed information about mo
lecular vibrations of analyte molecules [2]. In SERS, the Raman signal is 
generally enhanced by a factor of 104 - 108 which is attributed to both 
electromagnetic (EM) and chemical enhancement [3]. However, EM 
enhancement factors up to 1011 have been estimated for dimers of Ag 
NPs [4]. The EM enhancement is predominant and arises from the 
interaction between incident light and a nanostructured metal surface, 

in which the excitation of localized surface plasmons on the metal sur
face causes a redistribution and an increase in the local electromagnetic 
field strength [5]. The localized electromagnetic field is responsible for 
the enhanced Raman scattering signal of molecules residing on or very 
near the surface. The close proximity greatly amplifies the Raman signal 
of the analyte, allowing for more accurate detection and analysis [6]. 
SERS represents a robust analytical method that provides detailed in
formation about the chemical fingerprint of a target analyte absorbed on 
nanostructured noble metal surfaces [6].

SERS substrates most commonly comprise the noble metals gold (Au) 
and silver (Ag) in the form of thin films, thick films with nanoscale 
porosity or roughness or ultimately nanoparticles having different 
morphologies [7]. Ag is an outstanding plasmonic material, particularly 
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effective in the visible and near-infrared regions of the electromagnetic 
spectrum [8]. This effectiveness is due to its minimal plasmonic damp
ing, a loss of energy in the plasmonic system, which is significantly lower 
than that of metals such as Au and copper (Cu) [9]. Owing to this low 
plasmonic damping, Ag nanostructures exhibit excellent localised sur
face plasmon resonance (LSPR) properties, and a superior EM field 
enhancement factor [10]. However, the use of Ag as a plasmonic ma
terial for SERS is limited by its poor chemical stability and its irrevers
ible morphological changes. In ambient air, Ag reacts with sulphur and 
oxygen species, leading to the gradual formation of thick layers of silver 
sulphide or silver oxide [11]. In aqueous environments, Ag can be 
subject to chemical and structural changes induced by dissolved oxygen, 
pH variations, and halide ions. Furthermore, Ag nanostructures are 
susceptible to degradation and decreased performance when exposed to 
light and heat [10]. All the aforementioned issues attenuate or impair 
the plasmonic properties of Ag and as a result Au is often favoured for 
SERS applications [12]. The deposition of very thin (i.e. sub-5 nm) 
surface coatings has been identified as an effective strategy to improve 
the structural and chemical stability of Ag nanostructures while main
taining acceptable sensitivity [13]. Au represents an ideal shell material 
for protecting Ag substrates from oxidation and contamination over time 
[14]. However, depositing a uniform Au layer on Ag in an aqueous Au3+

solution is challenging due to an instantaneous galvanic reaction that 
can corrode the Ag nanostructure. In order to achieve a uniform and 
stable coating a precise control of the deposition process is required [14,
15]. One of the most widely used surface modification techniques with 
an excellent control over the coating thickness is atomic layer deposition 
(ALD) [13]. Thermal and plasma-enhanced ALD allows for low tem
perature (i.e. temperatures below 300 ◦C) deposition of conformal 
coatings [13,16]. During fabrication of SERS-active substrates, ALD has 
previously been employed for deposition of ultra-thin coatings 
comprising functional dielectric materials, which protect Ag nano
structures from aggregation, and surface contamination [16]. While 
deposition of thin protective coatings serve to protect the Ag, it will also 
lead to a reduction in the SERS sensitivity due to the increased gap be
tween the metal surface and the analyte, which weakens the localized 
EM field enhancement and diminishes the intensity of the Raman signal 
[13]. Various oxides such as SiO2 [17], TiO2 [18], Al2O3 [19] and HfO2 
[20], have been employed as protective layers on SERS substrates 
comprising Ag nanoparticles [14–17]. Among these oxides, HfO2 offers 
several advantages for SERS analysis including (i) chemical stability, 
which makes the substrate insoluble even in acidic solutions, and (ii) 
high melting point and low thermal conductivity, which allows for 
protecting the substrate from thermal damage caused by high-power 
lasers [20]. In addition, the use of protective HfO2 layers would make 
it possible to address the study of substrate “reusability” after regener
ation by heating. Due to the high melting point of HfO2, the coated 
substrates can exhibit enhanced thermal stability and can be heated to 
release adsorbed molecules, effectively refreshing them for subsequent 
measurements [21,22]. This property, connected with real-time mea
surements and long-term detection platforms, is of utmost importance 
from practical applications [22]. Temporal stability is also essential for 
ensuring reliable and reproducible SERS measurements. It ensures that 
the SERS signal remains consistent over time, thereby enabling precise 
quantification of analyte concentrations [23]. Utilizing SERS for e.g. 
biosensing [24] or environmental monitoring [25] requires temporally 
stable measurements for real-scenario applications. An example can be 
the identification of explosives at very low concentrations in different 
environments [26]. The chemicals and toxic compounds from unex
ploded munitions can have a significant negative environmental impact 
since such residues can leak into water sources and soil thereby 
becoming an environmental hazard [27].

Therefore, in the present study, the impact on SERS performance 
associated with deposition of ultra-thin HfO2 ALD coatings on Ag- 
capped Silicon (Si) nanopillar (NP) SERS substrates was evaluated 
based on label-free detection of a nitroaromatic explosive 2,4- 

dinitrophenol (DNP). We employed ALD to prepare samples with 
different HfO2 thicknesses ranging from 0 to 13 nm. While ALD coatings 
have been explored in various plasmonic applications, their use on the 
NP-based SERS substrates fabricated following Schmidt et al. [28] has 
never been explored. Therefore, a comprehensive characterization of the 
substrates was performed using scanning electron microscopy (SEM), 
x-ray reflectometry analysis (XRR), x-ray photoelectron spectroscopy 
(XPS), and scanning transmission electron microscopy (STEM) coupled 
with x-ray energy-dispersive spectroscopy (EDS). Moreover, a 3D finite 
element method was employed to simulate the maximum electrical field 
enhancement associated with a dimer comprising Ag-capped Si NPs 
having HfO2 thicknesses ranging from 1–6 nm. We experimentally 
investigated the SERS performance over a 12-weeks period in terms of 
(i) long-term signal stability, (ii) background noise reduction, and (iii) 
overall signal intensity using two reporter molecules, trans-1,2-bis 
(4-pyridyl)ethylene (BPE), and 4-Nitrothiophenol (4-NBT), which 
showed that substrates coated with ~1.5 nm HfO2 performed best. In 
order to test the substrate stability in a realistic scenario, the detection of 
different DNP concentrations was investigated. This was done by 
comparing substrates with and without the HfO2 coating at two discrete 
time points: i) immediately after substrate fabrication and ii) five 
months after the fabrication. Although HfO2-coated substrates showed a 
reduced overall sensitivity, the test demonstrated a significant decrease 
in the SERS sensitivity of non-coated SERS substrates after a duration of 
five months. In contrast, HfO2-coated substrates showed incredibly 
stable SERS performances, confirming that protective layers provide a 
feasible strategy to improve the structural and chemical stability of 
Ag-based SERS substrates.

2. Materials and methods

2.1. Fabrication process

In this study, Ag-capped Si NP SERS substrates covered with thin 
layers of HfO2 were produced. As first outlined in Schmidt et al. [28], the 
substrate fabrication process comprises two steps: (i) maskless reactive 
ion etching (RIE) of Si and (ii) line-of-sight metal deposition using batch 
electron-beam deposition of Ag. In summary, single-side polished 6″ Si 
wafers (Siegert Wafer GmbH, Aachen, Germany) from stock were used. 
Prior to the RIE process, the platen temperature was reduced to 0 ◦C and 
allowed to stabilize before preconditioning the chamber by running the 
pre-optimized etching process on a clean dummy substrate. The etching 
was conducted on an inductively coupled plasma system (PRO ICP, SPTS 
a KLA company, Newport, United Kingdom) using a chamber pressure of 
36 mTorr, SF6|O2 flow rates of 30|27 sccm, platen power of 120 W and a 
silicon etching time of 5 min 20 s. This resulted in Si NPs having a height 
and density of approximately 640 nm and 20 NPs/µm2, respectively. In 
the second step, electron-beam deposition of 200 nm Ag (99.99 % pu
rity, Testbourne B.V., Helmond, The Netherlands) was conducted on a 
batch deposition system (Temescal FC-2000, Ferrotec, Livermore, USA). 
During deposition, isolated plasmonic Ag caps are formed on the acute 
apices of the Si NPs. The e-beam deposition was executed with an initial 
chamber pressure below 1⋅10–6 Torr and a deposition rate of 10 Å/s. To 
explore the impact of adding thin HfO2 coatings on the produced SERS 
substrates, a third fabrication step was added: thermal ALD (Picosun 
R200, Picosun, Espoo, Finland) was employed to deposit HfO2 coatings, 
exhibiting variable thicknesses, on the Ag-capped Si NP SERS substrates. 
The precursors used for the deposition were tetrakis(ethylmethylamido) 
hafnium (TEMAHf) and H2O. The TEMAHf precursor was purchased 
from Strem Chemicals (Newburyport, Massachusetts, USA). It was 
initially heated to 125 ◦C for 120 min and the reactor temperature was 
set to 150 ◦C before starting the deposition process. During deposition 
the precursors (first TEMAHf, then H2O) are introduced in the reaction 
chamber and the pulse|purge times was set to 1.6 s|60 s and 0.1 s|60 s 
for TEMAHf and H2O, respectively. A specific boosted pulse program 
controls the 1.6 s pulse of the heated TEMAHf precursor: the pressure 
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inside the precursor container is initially increased by a carrier gas flow 
of 700 sccm for 1.2 s, then the flow is adjusted to 200 sccm, and the 
precursor is released in a 0.5 s pulse. The actual pulse duration is set 0.1 s 
shorter than the sum of these two phases. By increasing the number of 
deposition cycles, the HfO2 thickness can be increased in a precise and 
reproducible manner. In total, 7 SERS substrates were subject to ALD 
deposition using 3, 6, 10, 15, 20, 25 and 150 cycles which resulted in 
HfO2 thicknesses in the range from 0–13 nm. All the produced SERS 
substrates (with and without HfO2 coating) were subsequently diced 
into 3 × 3 mm2 chips using a laser micromachining tool (micro
STRUCT™ Vario, 3D-Micromac AG, Chemnitz, Germany) for cutting 
through the substrates from the backside. The Ag-capped Si NP SERS 
substrates were stored in ambient conditions.

2.2. Scanning electron microscopy (SEM) analysis

Scanning electron microscopy (SEM) inspection was conducted using 
a Zeiss Supra VP 40 SEM (Zeiss, Oberkochen, Germany). The samples 
were imaged using an in-lens secondary electron detector in high vac
uum mode and an acceleration voltage of 3 kV. Images were acquired 
with 50 K and 100 K magnification.

2.3. X-ray reflectometry (XRR) analysis

XRR analysis was performed for determining the deposited HfO2 
thicknesses on flat Si reference samples coated with the SERS substrates 
that were subject to 3, 6, 10, 15, 20, 25 and 150 ALD cycles. XRR was 
conducted using a Rigaku SmartLab 3 kW X‑Ray Diffractometer (XRD) 
(Rigaku Corporation, Tokyo, Japan) which incorporates a high- 
resolution θ/θ closed loop goniometer drive system. XRR measure
ments were acquired using a Cu-Kα radiation source. The X-ray source 
was operated at a voltage of 40 kV and a current of 30 mA. The incident 
optics contained a 5◦ Soller slit, and an incident slit of 0.030 mm. The 
receiving optics comprised a 5◦ Soller slit, and two receiving slits of 
0.030 mm and 0.075 mm. XRR 2θ/ω scans were recorded within the 
angular range of 0◦ - 8◦ with a step size of 0.01◦ and a measurement time 
of 5 s for each point. The fitting procedure was performed using Smar
tLab Studio II software (Rigaku Corporation, Tokyo, Japan) and a pre- 
loaded model stack composed of a Si substrate with a native oxide, a 
thin HfO2 layer and a monolayer of water on the surface.

2.4. Finite element method (FEM) simulations

3D finite element method (FEM) was used for modelling Ag-capped 
Si NP dimers with varying HfO2 thicknesses. The Wave Optics Module of 
COMSOL Multiphysics version 5.6 was used to numerically solve the 
Maxwell equations. A dimer composed of two neighbouring Ag-capped 
Si NPs covered by different thicknesses of HfO2 was modelled in the 
software. The explicit dimensions pertaining to the Si NP geometry and 
the Ag cap morphology was extracted from SEM images of the produced 
SERS substrates. The minimum gap distance between the Ag caps was 
kept constant at 2 nm. Dielectric functions of Ag and HfO2 were deter
mined from references [29,30]. Perfectly matched layers were applied 
on the horizontal top and bottom boundaries of the solution domain to 
prevent non-physical reflections, whereas a Floquet periodicity bound
ary condition was used on all other boundaries of the domain. A normal 
incident plane wave from the top of the dimer was used for excitation. Its 
electrical field was polarized along the length-axis of the dimer.

2.5. X-ray photoelectron spectroscopy (XPS) analysis

XPS analysis was performed on Ag-capped Si NP substrates coated 
with HfO2 using 10 and 15 ALD cycles. It was carried out on a Kratos 
Axis SUPRA spectrometer (Kratos Analytical Limited, Manchester, UK) 
using a monochromatic Al Kα x-ray source (1486.6 eV) with a pre-set 
acceleration voltage of 15 kV and an ion beam current of 8 mA. The 

instrument work function was calibrated to give a binding energy (BE) of 
83.96 eV for the Au 4f7/2 line for metallic gold and the spectrometer 
dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of 
metallic copper. The Kratos charge neutralizer system was used on all 
specimens. Survey scan analyses were carried out using an analysis area 
of 300 × 700 µm2 and a pass energy of 160 eV. High resolution analyses 
were carried out using an analysis area of 300 × 700 µm2 and a pass 
energy of 20 eV. The obtained spectra have been charge-corrected to the 
main line of the carbon 1 s spectrum (adventitious carbon) set to 284.8 
eV, and they were analysed using Avantage software version 6.6 
(Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Scanning transmission electron microscopy coupled with energy- 
dispersive x-ray spectroscopy (STEM-EDS) analysis

STEM imaging was performed on Ag-capped Si NP substrates coated 
with HfO2 using 10 and 15 ALD cycles. Prior to imaging, Focused Ion 
Beam (FIB) lamella preparation using a Dual Beam Helios 650 (Thermo 
Fisher Scientific, Waltham, MA, USA) was performed. The analysis was 
carried out in a probe-corrected Titan (Thermo Fisher Scientific, 
formerly FEI, Waltham, MA, USA) operated at 300 kV and equipped 
with a high brightness extreme field emission gun (X-FEG) and a 
spherical aberration Cs-corrector (CEOS) for the condenser system to 
provide sub-angstrom probe size. High angle annular dark-field 
(HAADF) STEM images were obtained using a HAADF detector. In this 
mode, the intensity of the signal is proportional to the square of the 
atomic number, which effectively enhances the brightness of heavy el
ements/atoms. Finally, in order to analyse the chemical composition of 
the materials, EDS, using a built-in Ultim Max detector (Oxford In
struments, Abingdon, Oxfordshire, UK), was combined with the STEM 
imaging. Point or area spectra, as well as chemical profiles (line scans) 
and 2D elemental maps were obtained this way. Data were further 
analysed with Aztec software (Oxford Instruments, Abingdon, Oxford
shire, UK).

2.7. Experimental procedure of stability test

The SERS performance stability of Ag-capped Si NP substrates coated 
with thin layers of HfO2 (0, 3, 6, 10, 15, 20, 25 and 150 ALD cycles) was 
tested over a period ranging from 0 to 12 weeks with two SERS reporter 
molecules: BPE, and 4-NBT. BPE and 4-NBT were of technical grade and 
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 
BPE powder was solubilized in ethanol to prepare a stock solution of 10 
mM, and successively diluted in EtOH to 100 µM. 4-NBT powder was 
also solubilized in EtOH to prepare a stock solution of 10 mM. It was 
then diluted in EtOH to 1 µM. EtOH was of analytical grade and pur
chased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

During the 12-week period, all samples were stored in a desiccator at 
a reduced pressure of approximately 250 mbar. The SERS substrates 
were exposed to the two analytes using two different methods: (i) 2 µL 
analyte droplet casting using 100 μM BPE in EtOH and (ii) analyte in
cubation of 2 h in 150 µl of 1 µM 4-NBT. Five 3 × 3 mm2 SERS chips were 
tested on a weekly basis with BPE, and on a biweekly basis with 4-NBT.

The SERS measurements were performed using a DXRxi Raman Im
aging Microscope (Thermo Fisher Scientific, Waltham, MA, USA). SERS 
maps of the entire chip containing ~1000 spectra were acquired using a 
780 nm excitation wavelength laser, 10X objective, laser power of 5 
mW, exposure time of 0.05 s, 100 µm step size and 2 accumulations. The 
data analysis was performed using a custom-made Matlab SERS toolbox 
software package (2018b, MathWorks, MA, USA). Each spectrum in the 
maps was background corrected using a linear model in the 1570–1680 
cm-1 spectral range for BPE, and in the 1520–1610 cm-1 spectral range 
for 4-NBT. The mean value of the characteristic BPE Raman mode vi
bration intensity at 1641 cm-1 (C––C stretch vibration [31]), and of the 
characteristic 4-NBT Raman mode vibration at 1570 cm-1 (CC stretch 
[32]) were calculated. The average of the peak intensity value was 
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extracted from 5 maps and obtained from the top 80 % of the data for 
each SERS map.

2.8. Experimental procedure 2,4-Dinitrophenol

To better evaluate the stability of Ag-capped Si NP SERS substrates 
coated with thin HfO2 layers, the SERS performance of uncoated Ag- 
capped Si NP substrates was compared to the performance of Ag- 
capped Si NP substrates coated with 1.5 nm of HfO2 (15 ALD cycles). 
To perform the evaluation, SERS substrates were exposed to a nitro
aromatic explosive DNP at two different time points: (i) right after SERS 
substrate fabrication, and (ii) five months after fabrication. In the period 
between measurements, all samples were stored in a desiccator at a 
reduced pressure of approximately 250 mbar. DNP was purchased from 
Sigma-Aldrich (≥98 % purity, moistened with water) and solubilized in 
methanol (MeOH) (analytical grade, VWR Chemicals BDH, VWR Inter
national, Radnor, Pennsylvania, USA) to prepare a 100 μM stock solu
tion. The stock solution was diluted in Milli-Q water to prepare 
standards of 20 µM, 10 µM, 5 µM, 1 µM. A volume of 2 μl of DNP solu
tions was drop-casted on three SERS substrates per concentration and 
left to dry, while 2 μl of MeOH mixed with Milli-Q water (1:1 ratio) was 
drop-casted on three SERS substrates used as control samples.

The SERS measurements were performed using the previously 
mentioned DXRxi Raman Imaging Microscope. In this case, SERS maps 
of 2500 × 2500 µm2 containing ~750 spectra were acquired using a 780 
nm excitation wavelength laser, 10X objective, laser power of 10 mW, 
exposure time of 0.025 s, 100 µm step size and 3 accumulations. The 
data analysis was performed using a data analysis software developed 
using a combination of Delphi RAD Studio (Embarcadero Technologies, 
Austin, TX, USA) and Python (Python Software Foundation, 

Wilmington, Delaware, USA). The collected spectra were cropped be
tween 500 cm-1 and 2000 cm-1, filtered and background corrected with a 
rolling-circle filter (wheel radius=350, elliptic coefficient=2). The 
characteristic DNP spectral feature at 830 cm-1 (2NO2 scissoring + in- 
plane ring bending [33]) was considered during analysis. An average 
of the intensity values of the peak was extracted from 3 maps, in which 
an intensity threshold was applied in order to consider only the droplet 
region on the SERS substrate surface. The data were plotted and fitted 
using a linear function with Origin (2023, OriginLab Corporation, MA, 
USA).

The theoretical limits of detection (LoD) for the different types of 
substrates were calculated on 4 points as 3σ/s, in which σ is the standard 
deviation (SD) of the intercept of the linear range, and s is the slope of 
the calibration curve. The limits of quantification (LoQ) were calculated 
as 10σ/s. A statistical test (t-test) was implemented on the slopes of the 
two calibration curves of the HfO2-coated substrates to check the simi
larity between the two. The two slopes and the standard deviation of the 
slopes were considered.

3. Results and discussion

3.1. Characterization results

The characterization process started with the acquisition of SEM 
images (Fig. 1) to calculate the density and the height of Si NPs and to 
assess the morphology of the Ag caps. Fig. 1a and Fig. 1b show SEM 
images of the final SERS substrates after the HfO2 deposition using 10 
ALD cycles. The NP density was approximately 21 NP/µm2. From an 
average of 9 measurements on different pillars after metal deposition, 
the NP height with the metal cap was approximately 916.9 ± 29 nm and 

Fig. 1. SEM images of Ag-capped Si NPs coated with 1.2 nm HfO2. (a) Top-down view of Ag-capped Si NPs coated with 1.2 nm HfO2. (b) Tilted view (30◦) of Ag- 
capped Si NPs coated with 1.2 nm HfO2. (c) Schematic representation of Ag-capped Si NPs featuring a thin HfO2 protective coating.
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the metal cap measured approximately 236.2 ± 24 nm. Fig. 1b shows 
that the Si NPs were coated with metal caps having a smooth surface 
morphology, which conformed well to the shape of the pillar covering 
the top of them. However, some metal deposited or redeposited on the 
sides of the NPs.

From the SEM images, it was not possible to extract any meaningful 
data pertaining to the thin HfO2 coating. A schematic representation of 
how the layer should ideally cover the Ag-capped Si NPs is shown in 
Fig. 1c.

To evaluate the HfO2 thickness obtained after deposition using a 
varying number of ALD cycles, XRR analysis was performed. XRR is a 
non-destructive analysis technique used to determine thin layer struc
tural properties, such as thickness, density and roughness. Flat Si ref
erences covered with native SiO2 and subsequently coated with HfO2 
using different numbers of ALD cycles were employed for the analysis. X- 
ray reflectivity measurements rely on the interference of X-rays reflected 
from the interfaces of thin films. At grazing incidence angles, total 
external reflection occurs below a specific critical angle, which depends 
on the electron density of the material. As the angle increases beyond 
this critical angle, X-rays penetrate the film and are reflected from the 
interfaces between different layers. In this case, interference between 
the X-rays reflected from the air/HfO2 and HfO2/SiO2 interfaces pro
duces an oscillation pattern known as Kiessig fringes, which is visible in 
Figure S1a. These fringes provide information on the thickness, density, 
and roughness of the thin films. The oscillation patterns were fitted 
using SmartLab Studio II software using a model comprising a Si sub
strate with SiO2 and the deposited HfO2 layer with a monolayer of H2O 
(Figure S1b). The thickness, density and roughness obtained from ana
lysing substrates coated with HfO2 using different numbers of ALD cy
cles are shown in Table 1.

The XRR data pertaining to the HfO2 thicknesses associated with a 
varying number of ALD cycles was utilized to gain a more profound 
understanding of how the thin protective coating could impact the SERS 
performance through a decrease in EM field enhancement at the surface 
of the plasmonic Ag caps and more specifically in hot spots between 
neighbouring Ag caps. FEM was employed for the simulation of the 
maximum EM field enhancement associated with the plasmonic hotspot 
formed by two neighbouring Ag-capped Si NPs covered by a thin film of 
HfO2 with thickness (THfO2) varying from 0–6 nm.

Fig. 2 shows that there are four localized surface plasmon resonance 
(LSPR) modes for a dimer of Ag-capped Si NPs covered by a thin film of 
HfO2, noted by M1, M2, M3, and M4. With increased HfO2 thickness 
(THfO2), all these modes experience red shifts, accompanied by 
decreased intensity. For further understanding, Figure S2 plots the 
corresponding electrical field distributions. An LSPR mode with more 
electromagnetic energy in the HfO2 film experiences a stronger red shift 
when THfO2 increases, due to significant changes in the dielectric envi
ronment. In addition, an increased THfO2 weakens the interaction be
tween the Ag cores in the dimer, leading to a decrease in the electric field 
enhancement.

Considering the simulation results, a HfO2 layer thickness of 1–1.5 
nm was chosen for further characterization to avoid a potentially too 

low electrical field enhancement. The samples coated using 10 and 15 
ALD cycles were analysed using XPS to assess the presence of HfO2 and 
to determine its chemical state. The analysis confirmed the presence of 
HfO2 on the surface of the substrate after the deposition, as shown in 
Fig. 3 for the substrate coated using 15 ALD cycles. The chemical state of 
Hf in the oxide is characterized by the Hf 4f peaks, which represent the 
core level photoelectron signals emitted from the 4f orbitals of Hf atoms 
(Fig. 3). As evident from Fig. 3, the Hf 4f region has a well separated 
spin-orbit component.

The atomic percentage of Hf 4f is shown in Table 2 and it was 
approximately 5.64 %, which might be overestimated since only the 
surface of the sample was analysed. To better quantify the presence of 
HfO2, STEM-EDS was employed. The same XPS analysis was carried out 
on Ag-capped Si NP SERS substrates coated using 10 ALD cycles 
(Figure S3), which gave an atomic percentage of Hf 4f equal to 3.78 %, 
confirming the presence of an even thinner layer on the surface 
(Table S1).

To investigate whether a conformal HfO2 coating exhibiting a uni
form thickness was obtained, STEM-EDS analysis was performed on 
HfO2-coated Ag-capped Si NP SERS substrates subject to 10 and 15 cy
cles of ALD. After fabricating the lamella, two different sites per sub
strate were analysed. The analysis at Site 1 of a HfO2-coated Ag-capped 
Si NP SERS (15 ALD cycles) substrate can be seen in Fig. 4, while the 
analysis on Site 2 is shown in Figure S4. The STEM-EDS analysis on 
HfO2-coated Ag-capped Si NP SERS substrates using 10 ALD cycles is 
shown in Figure S5 and S6.

Fig. 4b shows the EDS layered image associated with Site 1. From the 
electron image (Fig. 4c) and the EDS images showing the distribution of 
Ag (Fig. 4d) and Hf (Fig. 4e) it was possible to estimate the thickness of 
the ultra-thin layer of HfO2 deposited on the actual Ag caps. The mea
surement confirmed the results from the XRR measurements on flat 
samples, giving a value of ~1.5 nm. Similarly, the measurements from 
10 ALD cycles HfO2-coated Ag-capped Si NP SERS substrates gave a 
value of 1.2 nm (Figure S5c), in accordance with the XRR results.

At Site 1, three areas were selected to collect different EDS spectra at 
the metal cap to better examine the presence of Hf. Table 3 shows the 
EDS weight percentage of the element in the sample as the average of the 
three areas in which the EDS spectra were collected. As it is possible to 
observe, Hf presence was confirmed in the substrate with a weight 
percentage of 4.57 %, showing a higher value in the HfO2-coated Ag 
substrate using 15 ALD cycles than in the one coated using 10 ALD cycles 
(3.19 %, Table S2) confirming a slightly thicker coating.

The presence of Pt derives from the lamella fabrication process, in 
which Pt was deposited using Focused Electron Beam Induced Deposi
tion (FEBID) and Focused Ion Beam Induced Deposition (FIBID). Cu is 
also a parasitic signal since it is coming from the Titan equipment, in 
particular from the grating where the samples are mounted. Moreover, 
the low percentages of Fe and Co correspond to the polar part of the 
objective lens. When measuring with an angle α = 0 this signal becomes 
visible, while it usually disappears when α = 20◦ Therefore, we can 
discard these Fe and Co signals as secondary signals coming from the 
equipment. Instead, the presence of S can be caused by etching by- 
products, which might be more uniformly distributed in deeper re
gions of the NPs and detectable with EDS.

3.2. Stability test

The characterization of the HfO2-coated SERS substrates also 
involved an evaluation of their SERS performance and their SERS signal 
stability over time. Since HfO2 is a wide band-gap semiconductor, the 
applied laser wavelength of 785 nm did not induce an electronic tran
sition in HfO₂.In the stability study, all samples covered by 0–13 nm 
thick coatings were tested over a period ranging from 0 to 12 weeks by 
drop casting 2 µl of 100 µM BPE solution on new pieces of substrate 
weekly, and by incubating them for 2 h in 1 µM 4-NBT solution every 
two weeks. This second test, in which the substrates were incubated in 

Table 1 
HfO2 layer thickness, density and roughness as a function of the number of ALD 
cycles.

XRR analysis

HfO2 ALD cycles Thickness, nm Density, g/cm3 Roughness, nm

3 0.86 6.89 0.49
6 1.01 7.53 0.24
10 1.21 7.84 0.27
15 1.55 8.69 0.25
20 1.76 7.07 0.20
25 2.15 7.78 0.37
150 - Reference 13.11 5.63 0.35
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low concentration of 4-NBT, was performed to evaluate the homoge
neity of the HfO2 coating.

Figure S7a and Figure S7b show that 100 μM BPE was detected using 
substrates coated using up to 20 ALD cycles. The BPE SERS signal in
tensity at 1641 cm-1 (C––C stretch vibration [31]) gradually decreased as 
a function of the increased HfO2 layer thickness, as expected. Since the 
electromagnetic field strength decreases exponentially with distance 
from the Ag metal surface, the dielectric layer introduced between the 

analyte molecules and the Ag-metal surface reduces and modulates the 
electromagnetic field enhancement and therefore the SERS intensity. 
The uncoated Ag-capped Si NP SERS substrates (0 ALD cycles) displayed 
very unstable performance over the period of 12 weeks confirming poor 
physicochemical stability of Ag. HfO2-coated substrates showed a rela
tively stable performance over time. The sample coated using 15 ALD 
cycles displayed a relatively stable SERS intensity at approximately 500 
cts*(mW*s)− 1 over the entire 3-month measurement period.

Fig. 2. Simulated maximum electrical field enhancement associated with the plasmonic hotspot formed by two neighbouring Ag-capped Si NPs covered by a thin film 
of HfO2 with thickness THfO2 varying from 0 to 6 nm.

Fig. 3. XPS analysis of Hf 4f peak in HfO2-coated Ag-capped Si NP SERS substrate using 15 ALD cycles.
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In the second test, shown in Figure S7c-d, the SERS performance of 
the same HfO2-coated Ag-capped Si NP substrates was evaluated using 
the characteristic 4-NBT Raman mode vibration at 1570 cm-1 (CC stretch 
[32]). The uncoated Ag-capped Si NP SERS substrates (0 ALD cycles) 
displayed the same instability as in the BPE experiment, while the 15 
ALD cycles HfO2-coated Ag-capped Si NP SERS substrates showed a 
better stability but a significant decrease in sensitivity. However, some 

background noise and especially the background peak at 960 cm-1 

associated with sulphur-containing organic compounds [34,35] were 
successfully removed using HfO2-coated Ag NP SERS substrates (15 ALD 
cycles).

Therefore, both tests using two different analytes (BPE, 4-NBT) and 
two different molecule deposition approaches (drop casting, incubation) 
showed that the uncoated Ag NP substrate performance varied signifi
cantly as a function of sample storage time. The Ag NP SERS substrate 
coated using 15 ALD cycles which correspond to approximately 1.5 nm 
thick HfO2 layer showed the most stable SERS performance.

3.3. 2,4-Dinitrophenol test

The SERS detection capabilities of HfO2-coated Ag-capped Si NP 
substrates were evaluated using the explosive DNP and in particular its 
characteristic spectral feature at 830 cm-1 (2NO2 scissoring and in-plane 
ring bending [33]). The analysis sought to compare the SERS perfor
mance of uncoated Ag-capped Si NP substrates with the SERS perfor
mance of HfO2-coated Ag-capped Si NP SERS substrates (15 ALD cycles), 

Table 2 
XPS Atomic percentage of elemental composition in HfO2- 
coated SERS substrates using 15 ALD cycles.

XPS Atomic percentage ( %)

Element 15 ALD cycles
Hf 4f 5.64
Si 2s 1.16
C 1s 33.25
Ag 3d 18.64
O 1s 37.51
F 1s 3.80

Fig. 4. (a) TEM image of HfO2-coated Ag-capped Si NP SERS substrate (15 ALD cycles) lamella – The sites analysed (Site 1 is highlighted). (b) Site 1 EDS layered 
image with EDS spectra location highlighted. (c) Site 1 electron image with HfO2 calculated thickness. (d) Site 1 EDS image showing Ag distribution. (e) Site 1 EDS 
image showing Hf distribution.
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right after substrate fabrication, and five months thereafter.
Fig. 5a shows the averaged SERS spectra of maps recorded after drop 

casting 2 µl of 20 µM, 10 µM, 5 µM and 1 µM DNP solution on HfO2- 
coated Ag-capped Si NP SERS substrates (15 ALD cycles). The intensity 
of DNP characteristic peak (enlarged in Fig. 5b) is linearly increasing 
with the concentration. In Fig. 5c, the averaged SERS spectra of 10 µM 
DNP solution recorded on an uncoated Ag-capped Si NP substrate right 
after fabrication (black spectra and y-axis) is compared to the spectra of 
10 µM DNP recorded on a HfO2-coated Ag-capped Si NP SERS substrate 
(15 ALD cycles) (red spectra and y-axis). The spectra of uncoated Ag- 
capped Si NP substrates showed a higher intensity as expected from 
the previous stability test. However, part of the background noise (i.e. 
the peak at 1150 cm-1 interfering with the analyte peak at around 1320 
cm-1) and especially the background peak at 960 cm-1 were not present 
when using HfO2-coated Ag-capped Si NP substrates (15 ALD cycles).

To determine the effects of the HfO2 coating in terms of preventing 
surface contamination, DNP 830 cm-1 characteristic band signal in
tensity vs. concentration curves on uncoated Ag-capped Si NP substrates 
right after fabrication and five months after fabrication were con
structed and compared to the ones of HfO2-coated Ag-capped Si NP 
substrates. A linear correlation between concentration and intensity was 
obtained between 1 µM and 20 µM for uncoated and coated substrates 
(Fig. 6). Table S3 summarises the figures of merit for Ag-capped Si NP 
substrates and HfO2-coated Ag-capped Si NP substrates (15 ALD cycles) 
for both time points (T0 – T5 months).

As shown in Fig. 6a, the uncoated Ag-capped Si NP substrates dis
played the highest sensitivity right after fabrication, with a theoretical 

LoD and LoQ of 0.31 µM and 1.04 µM, respectively. However, they also 
showed the largest substrate-to-substrate SERS signal variance with an 
RSD of 45 %. A lower SERS sensitivity was observed using HfO2-coated 
Ag-capped Si NP substrates since a ~1.5 nm gap between DNP molecules 
and Ag-metal was introduced. The theoretical LoD and LoQ were 2.95 
µM and 9.83 µM, respectively. However, even in this case, DNP was still 
detectable down to 1 μM, when considering the concentration that gives 
a response of three times the signal intensity of the blank sample. 
Moreover, the HfO2-coated substrate exhibited a lower substrate-to- 
substrate SERS signal variance with an RSD of 19 %.

When the measurements were repeated five months after substrate 
fabrication (Fig. 6b), the performance of uncoated Ag-capped Si NP 
substrates drastically dropped, confirming the poor stability of Ag. The 
theoretical LoD and LoQ were calculated, giving values of 3.09 µM and 
10.30 µM, respectively, comparable to the ones of HfO2-coated Ag- 
capped Si NP substrates (15 ALD cycles) which were 4.24 µM and 14.12 
µM. Therefore, after 5 months storage, the sensitivity of uncoated Ag 
became comparable to the one of HfO2-coated Ag. Moreover, the HfO2- 
coated Ag-capped Si NP substrates (15 ALD cycles) showed a good sta
bility, giving almost the same results after 5 months, as shown in Fig. 6c. 
These findings are essential in laboratory settings where it is important 
to compare results from different time points and ensure that substrates 
remain stable and provide reliable results over time. To quantify the 
similarity of the SERS performance of HfO2-coated Ag-capped Si NP 
substrates (15 ALD cycles) at T0 and T5, a statistical test (t-test) was 
implemented on the slopes of the two calibration curves of the HfO2- 
coated Ag-capped Si NP substrates at the two time points, also taking 
into account the standard deviation of the slopes. It was found that the 
reported p-value was higher than 0.05, which indicated that the slopes 
or sensitivity of the two calibrations did not have significant differences. 
The results showed a fair degree of stability, confirming that the coating 
of Ag nanostructures represents a strategy to improve the chemical 
stability of Ag. Moreover, the possibility to tune the coating can lead to 
an even higher sensitivity.

4. Conclusions

In the present study, we evaluated the production and character
ization of Ag-capped Si NP SERS substrates featuring thin protective 
HfO2 coatings with potential applications as temporally stable SERS 
substrates. For the HfO2 deposition, ALD was employed to prepare 

Table 3 
EDS weight percentage of elemental composition in HfO2- 
coated SERS substrates using 15 ALD cycles.

EDS Weight percentage ( %)

Element 15 ALD cycles – Site 1
C 8.68 ± 0.46
O 1.74 ± 0.15
S 3.31 ± 0.17
Fe 0.97 ± 0.10
Co 0.99 ± 0.11
Cu 5.86 ± 0.25
Ag 22.37 ± 0.51
Hf 4.57 ± 0.54
Pt 51.50 ± 0.70

Fig. 5. (a) Averaged SERS spectra of DNP in MeOH diluted in Milli-Q water, and of MeOH diluted in Milli-Q water (control sample) recorded from HfO2-coated Ag- 
capped Si NP SERS substrates coated using 15 ALD cycles. DNP chemical structure is displayed in the inset. (b) Concentration-dependent intensity of the peak at 830 
cm-1 for DNP. (c) Averaged SERS spectra after drop casting 2 µl of 10 µM DNP solution on uncoated Ag-capped Si NP SERS substrates (black line), 2 µl of 10 µM DNP 
solution on 15 ALD cycles HfO2-coated Ag-capped Si NP SERS substrates (red line), 2 µl of MeOH+Milli-Q water on uncoated Ag-capped Si NP SERS substrates (grey 
dashed line), and 2 µl of MeOH+Milli-Q water on 15 ALD cycles HfO2-coated Ag-capped Si NP SERS substrates (red dashed line). Spectra from 15 ALD cycles HfO2- 
coated Ag-capped Si NP SERS substrates are shown on the secondary (red) y-axis.
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samples with different thicknesses ranging from 0–13 nm. The substrates 
and in particular the substrate surfaces were characterized using an 
ensemble of different techniques including SEM, XRR, XPS, STEM-EDS, 
and 3D FEM modelling. From the characterization results, the substrates 
coated using 10 and 15 ALD cycles presented a thin and conformal HfO2 
layer having approximate thicknesses of 1.2 nm and 1.5 nm, 
respectively.

The SERS performance of all coated substrates was tested in terms of 
(i) long-term signal stability, (i) background noise reduction, and (iii) 
overall signal intensity using two reporter molecules BPE, and 4-NBT 
over a period of 12 weeks. Both tests using the two different analytes 
showed that the uncoated Ag-capped Si NP substrate performance var
ied significantly as a function of sample storage time, while the sub
strates coated with ~1.5 nm HfO2 were superior in terms of signal 
stability and background noise reduction.

In order to test the substrate stability in a real-world scenario, the 
detection of different concentrations of DNP was investigated. A per
formance comparison between substrates coated with 1.5 nm HfO2 and 
uncoated substrates was performed at two time points: (i) right after 
fabrication, and (ii) five months after fabrication. At first, HfO2-coated 
substrates using 15 ALD cycles presented a reduced sensitivity, with a 
theoretical LoD and LoQ of 2.95 µM and 9.83 µM, respectively. These 
values were higher than the theoretical LoD and LoQ of uncoated sub
strates (0.31 µM and 1.04 µM, respectively). However, the uncoated 
substrates also showed the largest chip-to-chip SERS signal variance 
with an RSD of 45 %. The lower SERS sensitivity observed using HfO2- 
coated substrates was due to the ~1.5 nm gap between DNP molecules 
and Ag-metal. The same test performed 5 months after fabrication 
showed a large decay of the SERS performance of uncoated Ag-capped Si 
NPs. The theoretical LoD and LoQ calculated again (3.09 µM and 10.30 

Fig. 6. (a) Comparison of the peak intensity vs. concentration curve of the 830 cm-1 peak SERS signal of DNP recorded from uncoated Ag NP SERS substrates right 
after fabrication and from 15 ALD cycles HfO2-coated Ag NP SERS substrates (n = 3). (b) Comparison of the peak intensity vs. concentration curve of the 830 cm-1 

peak SERS signal of DNP recorded from uncoated Ag NP SERS substrates 5 months after fabrication and from 15 ALD cycles HfO2-coated Ag NP SERS substrates (n =
3). (c) Comparison of the peak intensity vs. concentration curve of the 830 cm-1 peak SERS signal of DNP recorded over a 5-month interval from 15 ALD cycles HfO2- 
coated Ag NP SERS substrates (n = 3).
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µM, respectively) were comparable to the ones of HfO2-coated Ag NPs 
(4.24 µM and 14.12 µM). Therefore, in 5 months the sensitivity of un
coated Ag is comparable with the one of HfO2-coated structures with the 
crucial difference that HfO2-coated substrates showed stable SERS 
performance.

In conclusion, protective layers can represent an effective strategy to 
improve the structural and chemical stability of Ag. However, more 
optimization is needed to tune the coating to improve the sensitivity and 
to reach an even better stability.
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