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ABSTRACT
Over the years, numerous outstanding research groups around the world have 
been working tirelessly on metallic SERS substrates. Although these efforts have 
led to the development of various sensors and pushed the field forward, today 
this line of research seems saturated and exhausted. In this work, we address 
this issue by exploring an emerging topic in recent literature: the fabrication of 
high-performance TiN SERS-active structures. TiN thin film was sputtered onto 
pyramidal Si microstructures. Spectroscopic ellipsometry measurements con-
firmed the plasmonic properties of the TiN material above its plasma wavelength 
of 515 nm. The Si-TiN surface was subsequently modified with an Au layer, which 
was then transformed into Au nanoparticles (Au NPs) during the Rapid Thermal 
Annealing process. The Si-TiN-AuNPs samples exhibited the highest extinction 
intensity, as well as the best SERS signal intensity for the model Raman reporter 
molecule. Further analysis of the SERS data showed that the presence of the Au 
thin film only moderately increased SERS activity, while Au NPs enhanced the 
SERS signal by one order of magnitude. Final Si-TiN-AuNPs platforms were suc-
cessfully employed for the detection of vitamin  B12, demonstrating a low limit of 
detection (8.57•10–8 M) along with excellent point-to-point repeatability.
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Introduction

Surface-enhanced Raman scattering (SERS) spectros-
copy is one of the most sensitive and precise spectro-
scopic methods suitable for detecting trace amounts 
of a wide variety of chemical substances[1], [2]. Its 
outstanding sensitivity arises from the utilization of 
SERS-active substrates which are usually made out 
of plasmonic metal and contain some kind of nano-
features. SERS enhancement is attributed to two 
independent mechanisms: electromagnetic[3] and/
or chemical[4] (also known as charge transfer, CT). 
The first one comes from the excitation of surface 
plasmon resonance (SPR) in plasmonic nanostructure 
which induces a strongly focused electromagnetic 
(EM) field, leading to a remarkable enhancement of 
the Raman signal by several orders of magnitude. 
The chemical enhancement mechanism is related to 
the charge transfer between substrate material and the 
analyte molecule. The overall level of enhancement 
is expressed by the enhancement factor (EF) and its 
value is determined mostly by the quality of the SERS 
substrate used[5]. Consequently, SERS performance 
is intricately linked to the quality of the plasmonic 
substrate.

The EF is the ratio of the intensity of the SERS sig-
nal to the intensity of the non-enhanced Raman sig-
nal measured for the same concentration of a given 
analyte. Some recent papers report values of EF as 
high as  1011 [6] but usually anything above  105—106 
is considered decent[6], [7]. Since EF is inversely pro-
portional to the limit of detection (LOD), it allows for 
a fair comparison of quality between SERS platforms 
of different materials. A good quality SERS platform 
should provide a stable EF over the entire substrate 
(point-to-point uniformity) and from one substrate 
to another (sample-to-sample reproducibility), as 
well as exhibit high chemical and time stability[8], 
[9]. Therefore, successful and reliable SERS analysis 
demands meeting numerous requirements imposed 
on plasmonic nanostructures.

So far, the literature has been dominated by SERS 
platforms based on plasmonic metals (such as gold 
[10],  silver [11], copper [12], among others) and their 
bimetallic[13] or trimetallic[14] alloys. In particular, 
the application of noble metal nanoparticles in SERS 
spectroscopy has been studied in depth for over 
40 years. These efforts allowed for the construction 
of many sensors, i.e., for detecting DNA mutations, 
heavy metals, proteins, and various organic com-
pounds like antibiotics, drugs, or pesticides[15–19]. 
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However, due to a very large number of outstanding 
research groups working tirelessly on metallic SERS 
substrates all around the world, this line of research 
seems saturated and exhausted. Moreover, due to the 
steadily rising prices of Au, which is one of the most 
popular plasmonic metals for SERS applications, 
the production cost of gold-based SERS platforms is 
at an all-time high. What is more, their usability in 
many kinds of biological or biomedical applications 
is limited because direct contact of DNA or certain 
protein strands with bare metals leads to the dena-
turation of the target molecule. Therefore, there is 
a great need to search for alternative materials for 
plasmonic SERS substrates.

Nowadays, TiN nanostructured materials are con-
sidered promising as an alternative for noble metals 
in SERS substrates fabrication[20], [21]. The main 
research field for nanostructured TiN materials is pho-
tocatalysis in heterogeneous catalysis in many chemi-
cal reactions, like hydrogen evolution[22], [23] or  CO2 
photoreduction[24]. However, some reports confirmed 
the SERS activity of TiN-based materials[25–28]. So far, 
the TiN materials are only formed by physical meth-
ods like magnetron sputtering[29], [30] or pulsed laser 
deposition (PLD)[31], [32]. Last year in our research 
group, we compared TiN and Au SERS platforms with 
the same morphology[33]. Optical characterization 
based on diffuse reflectance spectroscopy (DRS) and 
ellipsometric spectroscopy revealed similar proper-
ties of both materials. The SERS spectra analysis has 
shown that the SERS activity of Au and TiN samples 
(of the same deposited thickness) is resembling, e.g. 
they share the same LOD value. That experiment has 
already proven that TiN can have similar performance 
to Au while being cheaper and/or more biocompatible. 
In this work, we show that combining TiN and Au into 
one nanostructure can result in better performance 
than with bare TiN or bare Au.

Experimental section

Materials

Si (100) p-type wafer, potassium hydroxide, and 
hydrofluoric acid were acquired from Sigma-Aldrich. 
Ethanol, acetone, and isopropanol were purchased 
from Chempur, Piekary Slaskie. The water was puri-
fied using a Millipore Milli-Q system (Merck Mil-
lipore, Burlington, MA, USA).

Preparation of Si pyramids

To fabricate structures in the shape of pyramids, the 
chemical wet etching method was employed. Ini-
tially, p-type silicon wafer Si(100) was cleaved into 
1  cm2 pieces and cleaned using an ultrasound bath 
containing a solution of ethanol, acetone, and water 
for approximately 5 min. Then, the Si wafers were 
immersed in 30% KOH solution at a temperature of 
75 °C for 4 min. Subsequently, the wafers were trans-
ferred to a solution containing 15% KOH and 5% iso-
propanol with the temperature gradually increased 
by 5 °C. After 40 min of such etching, the resulting Si 
pyramids were rinsed thoroughly with ethanol and 
water. Finally, to remove any metallic impurities, the 
silicon pyramids were immersed in a 4% HF solution 
for 5 min.

Deposition of a TiN layer

Crystalline TiN films were deposited onto the Si pyr-
amids by means of a magnetron sputtering machine 
operating in a pulsed DC regime. A 4” titanium tar-
get was sputtered in a gas mixture of Ar (99.999%) 
and  N2 (99,996%). The base pressure before the depo-
sition was typically 1•10−4 Pa. The nitrogen-to-argon 
flow ratio was 4:15, and a total pressure of 0.2 Pa. A 
DC power of 700 W (with a power density of 8.6 W/
cm2) was applied in pulsed mode at a frequency of 
50 kHz and a duty cycle of 50%. The 80 nm TiN thin 
film was deposited over a period of 310 s. The target 
to-substrate distance was maintained at 170 mm.

Deposition of a thin Au film

The deposition of an Au layer onto the Si pyramid 
substrates was carried out using a Quorum Q150ES 
sputter coater. A constant current of 20 mA was 
applied, and the duration of the process was 15 s.

RTA process

The Rapid Thermal Annealing (RTA) process was 
conducted in an over preheated to 400 °C under 
ambient air conditions. The sample was rapidly 
introduced into the oven chamber, and after 30 min it 
was rapidly removed to return to room temperature.



 J Mater Sci

Experimental techniques

Scanning electron microscopy (SEM) analyses of the 
SERS-active samples were carried out using a Merlin 
field emission scanning electron microscope (Zeiss, 
Germany).

Optical response was analyzed by variable 
angle spectroscopic ellipsometry (VASE) using a 
J.A.Woollam M2000-D ellipsometer operating in the 
wavelength range from 190 to 1000 nm. The angle of 
incidence was changed from 55° to 75° with a step of 
5°. Diffuse reflectance spectra (DRS) were recorded 
using a Shimadzu UV-2600i spectrometer equipped 
with an integrating sphere with internal detectors 
operating in the 1000—200 nm range.

A Microlab 350 spectrometer (Thermo Electron, 
East Grinstead, UK) was used for the XPS measure-
ments. Al Kα (hν = 1486.6 eV, 300 W) served as the 
radiation source. Signals were recorded with a hemi-
spherical analyzer at constant pass energies of 100 eV 
(survey spectra) and 40 eV (high-resolution spectra). 
The background was corrected using the Shirley 
model. A mixed asymmetric Gauss/Lorentz function 
with constant G/L = 0.3 was used to deconvolute the 
spectra. The band positions were corrected relative 
to the position of the C1s carbon band at 284.5 eV. An 
Avantage Surface Chemical Analysis software was 
used to analyze and develop the results.

Raman spectra were measured using a Horiba 
Jobin–Yvon Labram HR800 spectrometer coupled 
with an Olympus BX40 confocal microscope with a 
long-distance 50 × objective. The Raman spectrome-
ter was equipped with a Peltier-cooled CCD detector 
(1024 × 256 pixels) and a 600 groove per mm holo-
graphic grating, while a He–Ne laser provided the 
excitation radiation at a wavelength of 633 nm.

Theoretical calculations

For spectral simulations Finite-Difference Time-
Domain (FDTD) calculations were performed using 
Ansys Lumerical FDTD 3D software. Simplified 3D 
models of the experimental samples were used in 
all simulations: (1) a 60 nm thick flat TiN layer, (2) 
an array of Au NPs and (3) an array of Au NPs on 
a 60 nm thick flat TiN layer; all of them on a flat Si 
substrate. The TiN and Au materials were represented 
by dielectric functions of the flat films (deposited in 
the same manner as in the experiment) obtained by 
spectroscopic ellipsometry. Si was modeled based on 

data from the CRC Handbook of Chemistry Physics 
included in the Lumerical database.

Spectral simulations were performed using a plane 
wave source (450–980 nm) illuminating the structure 
from above, perpendicular to the surface. Each simula-
tion region was divided into cubic mesh cells with a 
maximum size of 1 nm. Periodic conditions with peri-
ods from 60 to 200 nm were imposed on the simula-
tion area to account for interparticle interactions. Fol-
lowing the experimental protocol, reflection spectra 
were calculated in the simulation and then converted 
to extinction using the Kubelka–Munk function, 
expressed as Ext = (1−R)

2

2R

 . Finally, the extinction curves 
that were obtained were normalized to the intensity of 
the experimental data for easier comparison.

The electromagnetic field distribution around the 
Au dimer of nanospheres with a diameter of 70 nm 
placed on Si and TiN substrate was simulated using 
the boundary element method (BEM) implemented 
in the MNPBEM toolbox [34], developed in Matlab®. 
This toolbox is specifically designed for simulating 
metallic nanoparticles with BEM.

Results and discussion

Structural properties

In general, anisotropic wet etching involves immers-
ing a substrate in a chemical solution, where the etch-
ing rate depends on the crystallographic orientation of 
the substrate. It is well known from the literature that 
Si wafers can be etched in an alkaline medium, such 
as KOH or NaOH solution, leading to the formation 
of regular shapes, with pyramids being the most com-
mon example[35–37]. However, it has been reported 
that Si wafers with orientation < 100 > give the most 
repetitive and regular structures, whereas orienta-
tions < 110 > and < 111 > do not yield good morphology 
under the same conditions due to their lower etching 
rates[23].

SEM was used to structurally characterize the Si 
pyramids formed. Regular arrays of Si pyramids 
with an average size of 3.5 ± 0.3 µm were relatively 
uniformly distributed on the bare Si wafer. SEM 
images confirmed that the deposited TiN layer is 
continuous and did not change the morphology of 
the resulting Si pyramid structures, even after the 
deposition of a thin Au film.
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The prepared Si-TiN-Au samples underwent the 
RTA process. For this purpose, the samples were 
introduced into a preheated 400 °C oven for 15 min, 
and then rapidly removed and cooled down to room 
temperature. It is well known that such processing 
of Au and Ag thin films (with thickness in the range 
of 10 nm) can cause cracking of the continuous metal 
film and lead to the formation of NPs. In our case, 
SEM images reveal the formation of Au NPs homo-
geneously distributed on Si-TiN pyramids The entire 
SEM-based structural characterization is presented 
in Fig. 1.

Surface elemental composition study (XPS)

As mentioned above, SEM images confirmed that 
the deposited TiN layer is continuous and does not 
change the initial morphology of the Si pyramids. 

XPS measurements were performed to determine 
the composition of the deposited layer as titanium 
nitride.

A typical XPS spectrum of TiN exhibits several 
peaks corresponding to different electronic states 
of titanium, along with a characteristic peak for 
nitrogen. The main peaks in the high-resolution 
TiN spectrum correspond to the  2p3/2 and  2p1/2 
binding energies, located at 458.3 eV and 463.8 eV, 
respectively[38]. In addition, low-intensity, broad 
peaks were observed at higher binding energies in 
the range of 474 eV to 487 eV and 493 eV to 502 eV, 
which can be attributed to 1st and 2nd bulk and sur-
face plasmons[38]. In the case of nitrogen, only one 
strong peak was observed at 396.8 eV, attributed to 
the N-Ti bonding[38].

In Fig. 2c and d, the Au 4f spectra show the doublet 
Au  4f5/2 and Au  4f7/2 with peak positions located at 
87.1 eV and 83.4 eV, respectively. The peaks are split 

Figure 1  SEM micrographs 
of Si pyramids coated with: 
A, B − 80 nm thick TiN 
layer; C, D − 80 nm thick 
TiN layer and 5 nm thick Au 
layer; E, F − 80 nm thick TiN 
layer and 5 nm thick Au layer 
which were then annealed at 
400°C for 30 min, what led to 
the formation of Au NPs.
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by 3.7 eV, indicating the presence of Au in metallic 
form. It is worth noting that after thermal treatment, 
the Au peak position shifted by only 0.1 eV, suggest-
ing the same chemical state of Au before and after the 
RTA process. Based on these results, the observed 
increase in SERS efficiency of the TiN-Au NPs samples 
should be attributed to a change in sample morphol-
ogy rather than any change in Au chemical state or 
surface concentrations.

Optical properties

Ellipsometry

The optical response of the samples was characterized 
using VASE measurements and is plotted in Fig. 3 as 

a pseudo-dielectric function: ⟨�⟩ = ⟨�
1
⟩ + i⟨�

2
⟩ . The 

shapes of the curves exhibit typical metallic behavior, 
with a negative real part ⟨�

1
⟩ for wavelengths higher 

than the specific plasma wavelength. In this region 
of wavelengths, electrons effectively screen out the 
impacting light from the silicon substrate, and the 
optical response follows the Drude model of metals. 
Below the plasma wavelength, a dielectric behavior 
prevails, which can be modeled by a sum of Lorentz 
oscillators with resonance peaks at specific non-zero 
frequencies. The plasma wavelength of the Si-TiN 
sample was identified at 515 nm. According to our 
assumptions, this wavelength was shifted towards 
lower values by the additional thin Au layer due to 
its higher concentration of free electrons. This results 
in a shift of the plasma wavelength to 495 nm and 

Figure 2  XPS high resolution spectra of a Ti, b N, c Au before and d Au after annealing.
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470 nm for Si-TiN-Au samples annealed for 15 s and 
30 s, respectively.

Due to the plasmonic nature of SERS based on the 
EM enhancement, we were interested in the basic plas-
monic characteristics of the samples. More details can 
be found in here[39], and some results related to these 
studies are also in here[33]. The very small thickness 
of the added Au layer results in a mixed response 
of the TiN-Au system. Based on the values of the 
pseudo-dielectric function, we calculated “effective” 
propagation lengths ⟨L

SPP
⟩ of surface-plasmon polari-

tons (SPPs)[33], [39] assuming water as the ambient 
medium: 170 nm (Si-TiN), 240 nm (Si-TiN-Au (15 s)), 
and 375 nm (Si-TiN-Au (30 s)). For a pure Au layer in 
water, the value of L

SPP
 is around 3.4 µm (calculated 

using a sample reported in here [33], where the plas-
monic analysis was conducted with air as an ambi-
ent medium). Thus, the underlying TiN layer mostly 
defines the value of ⟨L

SPP
⟩ . The penetration depth of 

SPPs into the material was calculated as 17 nm (Si-
TiN), 14 nm (Si-TiN-Au (15 s)), and 12 nm (Si-TiN-
Au (30 s)). For comparison, the penetration depth of 
a pure Au layer is 10 nm (again, calculated using a 
sample reported here[39]). The penetration depth of 
TiN is higher due to a lower concentration of free elec-
trons with respect to gold. Due to the very small range 
of the penetration depth compared to the propagation 
length, the SPP modes are truly trapped EM surface 
waves.

Diffuse reflectance measurements

The optical properties of the materials have a sig-
nificant impact on SERS performance. Therefore, 
the optical response of the formed materials was 
investigated by UV–Vis spectroscopy. Due to the 
fact that the samples are not transparent, trans-
mission measurements were excluded, hence DRS 
measurements were performed. It should be noted 
that in this type of measurement, it is not possible 
to distinguish between signals from both absorp-
tion and scattering processes. Therefore, the col-
lected data represent extinction (understood as 
extinction = absorption + scattering).

Figure 4a shows experimentally collected spec-
tra for various materials. The TiN samples exhibit 
a peak with the maximum located at about 400 nm, 
which is typical for annealed TiN samples[40]. The 
spectra of Au-coated samples exhibit low and broad 
peaks in the range of 500–800 nm. However, after 
the RTA process, the intensity of such peaks signifi-
cantly increases. This behavior is typical for both 
un-annealed and annealed Au films[41]. The higher 
optical response in region 500–800 nm is attributed 
to the transformation of Au thin film into Au NPs 
during the RTA process. It is worth mentioning that 
the optical behavior of the Au thin film remains the 
same regardless of the sample composition; the effect 
observed for Si-TiN pyramids is the same as that for 
Si pyramids.

Figure 3  Optical response of samples in the form of the pseudo-dielectric functions: A real part, B imaginary part.
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FDTD calculations

To estimate the geometrical parameters of the most 
representative nanostructure, FDTD 3D calculations 
were performed (see Materials section for details). 
The simulations did not account for the pyramidal 
shape of the Si substrate and a simplified model of 
TiN-Au nanostructure on flat Si was used. First, the 
optical response of a 60 nm thick TiN film was cal-
culated (Fig. 4b) to confirm the extinction spectra for 
the new material. Since the experimental and theo-
retical curves showed great resemblance, it was then 
proceeded to find the most representative geometry 
of Au NPs. For this purpose, a series of calculations 
were performed, including models of Au nanoparti-
cles with different diameters and different simula-
tion region periods (translating to distance between 
NPs).

Since it is very challenging to reproduce the 
random distribution of NPs in FDTD calculations, 

simulations of NPs with a periodic distribution were 
performed. This allowed us to determine which NP 
geometry is responsible for most of the plasmonic 
enhancement. The peaks around ~ 620 nm seen in 
Fig. 4c and d shifted toward longer wavelengths as 
the distance between nanoparticles decreased[42], 
[43]. This behavior is typically observed in the 
nanogap mode: a resonance that occurs between 
two objects separated by a distance of several 
nanometers, in this case, the gap formed between 
NPs. Regardless of the NPs size, the best resem-
blance between experimental and calculated curves 
occurred for nanoparticles 20 nm apart, when 
the ~ 620 nm peak reaches a proper contrast resem-
bling that seen in the experimental curve. For peri-
ods greater than 20 nm, the contrast of this peak is 
poor and its position is way below 600 nm. As the 
interparticle distance increases, the peak position 
is blueshifting and the resonance peak eventually 

Figure 4  a DRS spectra of formed samples; experimental and calculated DRS spectra of b TiN, c Si Au NPs, d Si TiN Au NPs.
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disappears (because the NPs are so far away that it 
is difficult to identify any gap between them).

The best overall similarity between the experi-
mental and calculated curves was obtained for Au 
NPs with 70 nm in diameter. Thus, Fig. 4c shows 
the extinction curve calculated for Au NPs with a 
diameter of 70 nm and a period of 90 nm translating 
into 20 nm of interparticle distance. Figure 4d refers 
to the same NPs with a 60 nm TiN layer beneath 
them. Specifying the diameter as 70 nm allowed the 
best reproduction of the resonant wavelength. The 
presence of a nanogap EM field enhancement in the 
SERS-active substrate is desirable as it usually trans-
lates into low LOD values, which are discussed later 
in this article.

SERS measurements for model analytes

SERS measurements employed a 50 × long-distance 
objective and a 632.8 nm excitation line. The samples 
were prepared by applying the volume of 10 µl of dye 
solution at a concentration of  10–5 M onto the sam-
ples and then placed in an incubator until the drop-
let had completely dried. Malachite green (MG) was 
used as the model molecule to examine the activity 
of prepared  Si-Au, Si-AuNPs, Si-TiN, Si-TiN-Au, and 
Si-TiN-AuNPs  samples for SERS applications. The 
obtained results were averaged from 50 measure-
ments, as presented in Fig. 5.

MG, a synthetic dye, has found various applica-
tions[44], including use as a dye for textiles, leather, 
and paper. However, its use has raised concerns due 
to its potential toxicity to humans and the environ-
ment[43], [44]. The molecule consists of a tricyclic 
structure with nitrogen-containing heterocycles, 
resulting in a rich Raman spectrum. Vibrational 
modes associated with different parts of MG can be 
identified and analyzed through Raman spectros-
copy. Consistent with prior research, primary peaks 
associated with the MG molecule were identified 
at approximately 1175  cm−1, 1217  cm−1, 1396  cm−1, 
and 1618  cm−1, corresponding to the in-plane vibra-
tions of ring C–H, rocking of C–H, stretching of 
N-phenyl, and stretching of ring C–C, respectively 
[45–47]. Other bands observed at frequencies around 
916  cm−1, 802  cm−1, and 440  cm−1 can be assigned to 
vibrations related to ring-breathing, out-of-plane 
phenyl–H bending, and out-of-plane phenyl-C-phe-
nyl bending[47], [48]. These characteristic peaks of 
MG are clearly observed in the spectra (see Fig. 5). 
The peak at 520  cm−1, associated with the Si phonon 
vibration, was also observed. Nevertheless, this peak 
did not cause interference with the SERS spectra of 
the employed dye.

In our previous paper[33], we demonstrated that 
TiN (80 nm) modified Si pyramids exhibit good SERS 
activity, comparable to those of Au (80 nm) modified 
Si pyramids. Further modification of TiN thin film 
deposited on Si pyramids by a 5 nm Au layer resulted 
in only a moderate increase in SERS activity. However, 
after the RTA process, during which the Au thin film is 
converted into semi-spherical Au NPs, the SERS signal 
increased almost one order of magnitude compared to 
the Si-TiN sample.

During our research, we also proved that the 
observed high SERS enhancement of the final Si-
TiN-AuNPs sample cannot solely be attributed to the 
presence of Au material on the surface of the Si pyra-
mids. To investigate this further, we tested samples 
not only with Si-TiN pyramids covered with Au NPs 
(green curve in Fig. 5) but also coated with a 5 nm Au 
thin film (before the RTA process; red curve in Fig. 5). 
As presented in Fig. 5, samples without NPs exhibit 
lower SERS enhancement compared to the TiN-Au-
NPs samples.

The Si-TiN-AuNPs sample provides the strongest 
signal among the five samples tested. Generally, at 
the resonance wavelength of approximately 620 nm 
(see Fig. 3a), Au provides a better combination of 

Figure 5  SERS spectra of malachite green in concentration  10-5 
M recorded on a Si-Au (15 s) b Si-AuNPs c Si-TiN (80 nm) d Si-
TiN-Au (15 s) and e Si-TiN-AuNPs.
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permittivity values than TiN: real(εAu) = − 11 and 
im(εAu) = 1.25, compared to real(εTiN) = − 2.5 and 
im(εTiN) = 5.5. Nevertheless, TiN exhibits plasmonic 
properties above 470 nm in this setup (see Sect. “Ellip-
sometry”), allowing the EM field from TiN to influ-
ence the neighboring NP’s field, and leading to plas-
monic coupling. Thus, instead of the usual blueshift 
and deterioration of the resonance due to the presence 
of a material with a lower refractive index  (nTiN = 1.9 
vs  nSi = 3.5), we observe an increase in the resonance 
peak amplitude and its broadening (see Fig. 3a). Plas-
monic coupling can enhance the local EM field inten-
sity, which is beneficial for SERS. First, higher EM field 
amplitude generates a stronger SERS signal, translat-
ing into higher SERS gain and lower LOD. Second, 
broadening the resonance can improve the light-mat-
ter interaction over a wider frequency range, enhanc-
ing both incident and Raman scattered (Stokes) pho-
tons, which ultimately contributes to a higher overall 
SERS signal, as seen in Fig. 5 (compare dark blue and 
green curves).

It is worth mentioning that the permittivity values 
suggest the Si-Au sample should provide a higher sig-
nal than Si-TiN. However, the thicknesses of the mate-
rials are drastically different (80 nm of TiN vs 5 nm of 
Au) and cannot be directly compared.

These results indicate that in order to improve the 
stability of noble metal SERS-active substrates, using 
TiN may be a better choice than any other dielec-
tric materials. Ordinary dielectrics like  SiO2 or  Al2O3 
between the Si substrate and AuNP can stabilize Au 

but deteriorate the observed SERS signal due to their 
lower refractive index compared to Si. Similarly, when 
Au is covered with dielectric, the EM field is trapped at 
the Au-dielectric interface, a site inaccessible to analyte 
molecules, negatively affecting the SERS signal. TiN, 
however, can stabilize and enhance the signal due to 
the plasmonic coupling. A similar effect was observed 
with Ag-TiN nanostructures, where the deposition of 
a thin TiN layer around Ag nanostructures led to an 
increase in SERS activity[49]. In such cases, the EM 
field is not trapped between the layers but is located 
on the outer part of the nanostructures, beneficial for 
SERS applications.

Additionally, the simulations of the electromag-
netic field enhancement around the dimer composed 
of Au nanospheres with a diameter of 70 nm were 
conducted, see Fig. 6. In the first case, the dimer was 
placed on an Si wafer, while in the second case on a 
TiN substrate. The excitation plane wave had a wave-
length of 633 nm, equal to one used in SERS meas-
urements. The direction of light propagation was 60° 
with respect to the substrate normal, see blue arrows 
in the figure, which mimicked the tilt of pyramid walls 
with respect to the sample normal (and the direction 
of the light propagation during SERS measurements). 
Raman reporter molecules preferentially stick to 
the dimer from above as indicated by the same blue 
arrows in the figure. They experience a higher local 
field in the case of TiN-Au in this area as indicated in 
Fig. 6c. Their Raman response is thus amplified more 
than in the case of the Si-Au system.

Figure  6  Results of simulations of the field enhancement (in 
terms of  log10(Mloc2)) around the Au dimer of nanospheres with 
a diameter of 70 nm. Dimer was placed on a) Si substrate, and 
b) TiN substrate both surrounded by water. The excitation plane-
wave had a wavelength of 633 nm and was incident at an angle 
of 60° relative to the substrate normal, as indicated by the blue 
arrows. . The lightwave vector, direction, and dimer axis lay in 

the same xz  plane. The ratio of field enhancements between a) 
and b) is shown in c) in terms of  log10(Mloc2(TiN)/Mloc2(Si)). 
Red points indicate response with TiN substrate is higher than 
the one with Si substrate and blue points indicate the opposite 
case. Calculations were based on the boundary elements method 
implemented in the software MNPBEM[34]. 
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SERS detection of vitamin  B12

The sample exhibiting the highest EF was subjected to 
vitamin  B12 detection. Aqueous solutions of vitamin 
 B12 with various concentrations (ranging from  10−5 M 
to  10−9 M) were prepared, and SERS spectra were 
recorded, SERS spectra are presented in Fig. 7. Even 
at concentrations as low as  10−9 M, the characteristic 
peak located at 1498  cm−1, related to corrin ring vibra-
tion modes[33], was still observable.

Based on recorded SERS spectra, the Raman inten-
sity of the strongest band (located at 1498  cm−1) was 
plotted against the logarithm of concentrations. As a 
result, the LOD was determined to be 8.57•10−8 M. 
Additionally, the point-to-point analysis revealed 
good sample homogeneity and low dispersion of 
recorded SERS spectra.

Conclusion

In this study, we demonstrate the high SERS activity 
of TiN thin film deposited on pyramidal Si micro-
structures. By adding an Au thin film to the Si-TiN 
surface and further modifying it with the RTA treat-
ment, we showed that the SERS signal intensity could 
be elevated even by one order of magnitude. Struc-
tural properties and surface elemental composition 
were analyzed using SEM and XPS measurements. 
The optical properties of the prepared materials 
were investigated via UV–Vis DRS and spectroscopic 
ellipsometry, confirming the plasmonic properties 
of TiN thin film on Si microstructures. Additionally, 

ellipsometric measurements revealed that the 
plasmonic properties of TiN improved after Au 
NPs decoration. FDTD simulations confirmed the 
absorbance spectra obtained in the experiment and 
identified the most representative nanostructure 
responsible for the SERS enhancement: a 20 nm gap 
between AuNPs. The SERS activity was evaluated 
using the model Raman-reporter molecule mala-
chite green (MG). Data analysis confirmed that the 
SERS activity of the TiN thin film increased after the 
deposition of Au in the form of a thin film (mod-
erate enhancement growth) or NPs (one order of 
magnitude higher enhancement). This behavior is 
attributed to the plasmonic coupling between TiN 
and AuNP, which increases the local EM field inten-
sity and broadens the resonance, contributing to an 
overall improvement in light-matter interaction over 
a broader frequency range. The most active Si-TiN-
AuNPs samples were employed for the detection of 
vitamin  B12 with a low LOD of  10–9 M and excellent 
point-to-point repeatability. We strongly believe that 
TiN-noble metal nanocomposites could pave the way 
for highly active SERS platforms having excellent 
properties and stability.
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