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ABSTRACT

Nowadays, most SERS platforms are based on plasmonic metals like silver and
gold. The current scientific achievement is to construct SERS non-metallic plat-
form with SERS activity not worse than in case of standard metallic platforms.
The prominent combination of opto-electronic properties of TiN (titanium nitride)
makes it a promising alternative plasmonic material for noble metals. So far, the
TiN nanostructures are widely tested in catalysis, especially in photocatalysis.
Despite the TiN potential in SERS sensing applications, there are still several
fundamental issues preventing its wide practical application. In this work, the
surface morphology of TiN layers was tuned from planar 2D to a high aspect ratio
1D nanorod-like structures by industrially scalable normal and glancing angle
deposition (GLAD) pulsed DC reactive sputtering. The morphology of formed
samples was studied by SEM microscopy, while the crystallographic properties
were examined by Raman and XRD method. The opto-electrical parameters meas-
ured by spectroscopic ellipsometry, and DRS spectroscopy revealed substantial
changes in optical properties of the TiN films with the variation of glancing angle.
This in turn opened the way for tailoring the surface plasmon resonance and
hence for SERS activity.
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Introduction

For some specific applications, standard Raman scat-
tering might not be considered as a very sensitive ana-
lytical method due to its very low cross section a few
orders of magnitude lower than for absorption in IR
and VIS region [1]. Such limitations could be overcome
by the application of nanostructured plasmonic sur-
faces. Because the enhancement mechanism is related
to surface such technique is the so-called SERS — Sur-
face Enhanced Raman Scattering. So far, most of the
SERS platforms are based on plasmonic metals like
copper, silver, and gold [2, 3]. The special parameter
called Surface-Enhanced Factor (SEF) allows for the
comparison of various SERS platform activity. The
EF determines the ratio of SERS signal to the nor-
mal Raman spectrum in the normalized for the same
number of the analyte molecules. The development of
novel SERS platform with improved properties allow
to reach so high EF as even 107 [4, 5]. Therefore, SERS
spectroscopy could be used for detection of even trace
of organic molecules [6, 7], or even could be applied
for single molecule detection [8, 9]. However, the topic
of metallic-based SERS platform seems saturated,
because their optical properties and the possibility of
using them in SERS-based detection are practically
fully utilized. The current challenge is to form a novel,
highly active and stable SERS non-metallic plasmonic
nanostructures, with SERS activity not worse than for
standard metallic nanostructures.

In recent years, titanium nitride (TiN) has emerged
as one of the most important alternative plasmonic
materials due to its comparable plasmonic proper-
ties as that of gold and silver. Furthermore, titanium
nitride possesses extraordinary thermal, chemical, and
environmental stability while it is much cheaper as
compared to its counterpart [10].

TiN has already been successfully applied as a
novel plasmonic material in targeted drug delivery
[11], cancer therapy [12], optical communication [13],
for improving of efficiency of solar cells [14], artifi-
cial photosynthesis for production of solar driven
fuel [15-17] and SERS for detecting ultralow amount
of contaminants [18-22]. The plasmonic properties of
nanomaterials vary depending on their size, shape,
inter-particle distance, and surrounding dielectric
media [23-26]. Therefore, for achieving specific plas-
monic property, the nanomaterial fabrication must
be tuned. For example, for applying TiN nanoparti-
cles in the solar driven hydrogen production, the best
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performance is observed when the size of the nanopar-
ticles is around 50 nm [27]. Similarly, TiN nano-pyra-
mid with size of 20 nm and length 675 nm were found
to greatly improve the efficiency of the solar cells [28].
For targeted drug delivery, TiN MXene nanostruc-
tured system was found to have impressive results
[29]. Le Wang et al. recently reported enhanced SERS
activity of core-shell Au-TiN nanoparticles of diameter
70 nm and interparticle distance of few nm [30].

Theoretical calculation proven than by experiments
showed that the highest electromagnetic field occur
in the gap between two plasmonic nanoparticles [31,
32] or on the edges and corners in case of non-spher-
ical nanostructures [31, 33]. Therefore, the plasmonic
coupling between two nanostructures can enhance the
measured Raman signal by a factor even up to 10" [34,
35]. To design a superior SERS substrate, controlling
the inter-particle distance is one of the most impor-
tant factors [36], while the most suitable nanoparticle
distance of 1-5 nm is reported [37]. An array of TiN
nanoparticle which may show remarkable plasmonic
property in enhancing the efficiency of solar cell, pho-
todetector, or photocatalytic may not at all be SERS
active if the inter-particle separation is more than
20 nm [37]. Therefore, it is very important to study the
role of surface nanostructure and inter-particle hot-
spot distance between the plasmonic nanostructures
in a SERS substrate.

Plasmonic TiN nanostructures are basically synthe-
sized by arc plasma discharge, chemical synthesis of
TiO, followed by nitridation at high temperature in
the presence of ammonia and by magnetron sputter-
ing [38-40]. Among these techniques, a special rank
belongs to a magnetron sputtering that is an indus-
trially scalable and versatile technique for the fabri-
cation of specially engineered TiN nanostructured
thin films of controlled crystallinity, morphology,
and stoichiometry on a broad range of substrates at
room temperature [38]. In this respect, it is especially
a glancing angle deposition (GLAD) and oblique angle
deposition (OAD) where the substrate and sputter-
ing source are tilted. This configuration has a direct
impact on the sputtering flux getting deposited on the
substrate where after a few monolayers a shadowing
effect become the dominant growing effect under the
conditions of sufficient glancing angle. As a result, the
shadow regions prevent uniform distribution of sput-
tered species (atoms/ions) and provokes formation of
pillar-like structures with dedicated large surface area
and texture [41]. The geometrical aspects also have a
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direct effect on the energy of the sputtered species
reaching the substrate with a direct influence on the
structural, optical and plasmonic properties of the
films. So far, this method was mainly used for fab-
rication of Ag nanostructures with various geometry
[42—-44].

Yi-Jun Jen [18] has recently studied the formation of
TiN nanostructured thin films by glancing angle depo-
sition by reactive DC sputtering and compared their
SERS activity for detection of R6G. Another similar
approach was carried out by Nahid Kaisar [20] where
they observed the effect of surface roughness of DC
sputtered TiN thin film on the SERS activity of R6G
at different concentrations. TiN nanostructures pre-
pared by ion beam sputtering and reduction of TiO,
nanotubes has been successfully applied as a SERS
active substrate [45, 46]. It should be noted that one
of the most crucial factors affecting the SERS activ-
ity is the controllable interparticle distance (generally
any surface features like columns, pillars, spikes, etc.)
in plasmonic nanostructure arrays. This opens new
possibilities in hot-spot-engineering facilitating a
strong local electromagnetic field enhancement which
boosts SERS activity by several order of magnitudes.
Strength of surface plasmon resonance hotspot gen-
erated between the TiN nanostructures enhances the
SERS activity [47].

Despite the importance of the topic, there is still lack
for a detailed study on the fabrication of SERS active
substrate by tuning the glancing angle. Therefore, in
this work, a detailed investigation on the tuneability
of TiN nanostructures has been carried out at different
glancing angles for the fabrication of superior SERS
substrate.
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e
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Experimental methods
Samples preparation

TiN thin films were deposited from a 4" Ti target
(99.995% wt. purity) on soda-lime glass and Si (100)
substrates (ultrasonically cleaned consecutively
in acetone, ethanol, and deionized water for 5 min
each and dried under N, flow) mounted on a rotat-
ing substrate holder, Fig. 1a. The samples were titled
by an angle a with respect to the axis of the depo-
sition beam as follows: 0° (a standard parallel-axes
configuration), 45°, 67°, and 83°. The plasma reactor
was pumped down to a base pressure of 1:10* Pa
by means of a turbomolecular pump in combination
with a rotary pump. Sample deposition was then
performed at a working pressure of 0.2 Pa in an Ar/
N, background atmosphere (15 sccm/4 sccm, respec-
tively) by a pulsed DC power supply at a frequency
of 50 kHz with a duty cycle of 50%, power ~700 W, a
discharge current of 1177-1099 mA, and a discharge
voltage of 594-637 V for 10 min without any inten-
tional substrate heating. The deposition rate was
20 nm/min or lower depending on the applied tilt
a, Fig. 1b. Because of a lower sputtering rate, the
film prepared for the angle of 83° was deposited for
30 min. Thicknesses of the TiN films ranged from 180
to 300 nm. For the narrative simplicity, the samples
with TiN layers were labeled according to the angle
of deposition a as follows: TiN 0°, TiN 45°, TiN 67°,
and TiN 83°.

(b) 55 Deposition rate of TiN layers
20 °
18 o

200 mm

rotating holder

Rate [nm/min)
=

0 10 20 30 40 50 60 70 8 90
afll]

Figure 1 a Scheme of the deposition process by means of sputtering in a vacuum chamber, b deposition rate for the TiN films sputtered

at different deposition angles.
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Morphological, structural, and optical
characterization

The surface and morphological properties of the TiN
layers on Si were characterized using a Scanning
electron microscopy (SEM) using a Merlin (Zeiss,
Germany) field emission scanning electron micro-
scope equipped with an energy-dispersive X-ray
microanalysis (EDS) probe (Bruker). The thickness
of TiN thin films (180 -300 nm) was measured via
FIB-SEM and confocal microscopy. The crystalline
structure of the TiN thin films was characterized by
X-ray diffraction (XRD) measurements performed
with a Bruker ADVANCE D8 diffractometer using
the Co-Ka line emission (A =0.1789 nm). The meas-
urement range used was 29 =20-100° in a grazing
incident geometry using Soller slits with a resolu-
tion of 0.4° and a step size of 0.05°. The incident
angle w was 3°. The identification of crystalline
phases was performed with the Diffraction Eva
software (BRUKER) in conjunction with Crystal-
lographic open database [http://www.crystallog
raphy.net/cod/]. Diffraction patterns were acquired
on samples grown on glass substrates to avoid the
contribution of Si peaks after checking that the same
results were achieved for samples grown on Si sub-
strates. The optical properties of the TiN layers on
Si substrates were investigated by spectroscopic
ellipsometry with a J. A. Woollam M2000-D UV/VIS
variable-angle spectroscopic ellipsometer (VASE) in
the spectral range from 190 to 1000 nm at angles of
incidence from 55 to 75° with a step of 5°.

J Mater Sci (2023) 58:14661-14672

SERS Spectroscopy

The Raman reporter molecule was the Nile Blue pur-
chased from Sigma-Aldrich. The water was purified
by a Millipore Milli-Q system and had a of ca. 18 MQ)/
cm. Raman spectra were collected using a Horiba
Jobin - Yvon Labram HR800 spectrometer equipped
with a 600-grooves/mm holographic grating and a Pel-
tier-cooled CCD detector (1024 x 256 pixel). An Olym-
pus BX40 optical microscope equipped with 50 x long
distance objective was connected to the Raman spec-
trometer. Excitation radiation with the wavelength of
632.8 nm was provided by a He — Ne laser. The excited
surface area in the experiments with 50 x objective was
approximately 1.1 um?

Results and discussion
Morphology and microstructure of the films

Figure 2 shows a plan-view of the TiN thin films. The
film morphology showed a well-developed columnar
growth typical for sputtered TiN films. A columnar
structure was observed for the film deposited at the
zero tilt (TiN 0°), while a columnar pillar structure
with increasing degree of porosity/voids was observed
for the films sputtered at the titled cases. For the nor-
mal incidence, the sample TiN 0° exhibited a dense
homogeneous character with small grains. As the
deposition angle a increased, the surface morphology
gradually changed to an oriented one with a direction
dictated by the atomic shadowing effect. Typical trian-
gular facets of grains, representing the (111) direction,

Figure 2 SEM plan-view images of deposited TiN layers (mag 100000x).
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can be clearly distinguished on the top of the films,
while the grains sizes increased with the substrate tilt.
This was especially evident for the columnar pillars
grown at the tilt angle of 83°, Fig. 3.

XRD patterns for the as-deposited TiN films are pre-
sented in Fig. 4a. Samples were positioned so that the x
axis of the sample lied in the incidence plane of the dif-
fractometer (given by wave vector of incident and scat-
tered radiation), see also Fig. 1a. The presence of (111),
(200), (220), and (311) characteristic x-ray diffraction
peaks in all the samples confirmed the formation of
thin TiN films. The peak of the (200) diffraction plane
diminishes as the tilt o of the deposition grows. This
is caused by a strong preferred orientation of the film
grown on the highly tilted substrates (67° and 83°).

Orientation of the seeds in the growing layer was
investigated by searching the inclination angle g of the
diffraction plane 200 with respect to the surface plane.
The inclination angle was obtained from position of
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the maximal intensity scattered from the sample with
respect to the angles y and ¢of Euler cradle rotation
according to the following formula: f=w+y -0,
where @ = 3.0° was the incidence angle of x-ray and
0 = 25.1°. Figure 4b shows how the inclination angle
p changed with the samples tilt angle « for the diffrac-
tion plane (200).

Optical properties
Ellipsometry

Detailed opto-electrical properties of the TiN layers
deposited on Si substrates were studied by the vari-
able angle spectroscopic ellipsometry (VASE) in UV
and VIS spectral regions. An eventual effect of the
Si substrates on the ellipsometry measurements was
neglected due to the metallic nature of the TiN films
in these wavelength regions and their thickness above

(b)

Figure 3 Detailed SEM images of TiN 83°: a plan-view under a magnification of 200,000, b a cross section view of columnar structure

of a thickness of 322 nm.
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Figure 4 a XRD spectra of TiN samples (¢ =0°), b inclination angle of seeds with respect to the surface plane of samples as a function

of introduced tilt of samples during the sputtering process.
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80 nm. Except TiN 0°, optical responses of the sam-
ples were not isotropic due to the introduced tilt of
the samples with respect to the axis of the deposition.
Thus, this anisotropy was related to the morphology
of the layers. The samples were measured in two direc-
tions: along the axes x and y, see Fig. 1a. Results by
ellipsometry are presented in Fig. 5 for both directions
in form of the dielectric function € = £; + ie,.

Concerning x direction, all samples except the TiN
83° showed optical responses with a typical shape for
metals: rapid drop of ¢; at longer wavelengths (here in
red VIS and near IR regions) accompanied by increase
of e, which follow the Drude model for metals. The
wavelength at which ¢, reaches the zero is called the
screened plasma wavelength. On the other hand, the
optical response of the TiN 83° sample was fully die-
lectric (& remained above zero) although the mate-
rial TiN itself is a metal. The metallic behavior was
less and less pronounced as the tilt angle o increased.
There was a peak of £1 around 400 nm for the samples
sputtered at 0°, 45°, and 67°. This was attributed to the
resonant oscillation for electric polarization which cor-
responds to dielectric response of samples in this (UV)
wavelength region (where £; > 0 in general).

As far as the y direction, only the sample TiN 0°
kept the same metallic optical response as in the case
of the x direction. The others exhibited pure dielectric
responses in the measured spectral region including
red VIS and near IR. This implied that a preferen-
tial columnar growth of the layer seeds imposed
by tilting of samples led to directionally dependent
optical response of the layers in the VIS and NEAR.
Dielectric behavior of the optical response could be
attributed to locking of free electrons if TiN material

(a) Dielectric function in the x direction s
50 15.0

2.5

0.0

= 25

-5.0

-7.5

-10.0 0.0
200 300 400 500 600 700 800 900 1000
A [nm]
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in columnar structures, especially in the y direc-
tion. Such electrons could not effectively screen out
imposing light beam causing a suppression of metal-
lic response and revealing a dielectric one.

The SERS activity is inherently related to the exist-
ence of surface plasmon-polaritons (SPPs) [47]. We
kindly refer the reader to our previous work [10] in
which plasmonic properties of our TiN layers depos-
ited at normal angle (a=0°) were already discussed.
The SPPs (either localized or propagating) arise in a
medium with free-carriers for which ¢; < 0 depend-
ing on the wavelength of impacting light. Otherwise
the electromagnetic modes are in the form of Brew-
ster (radiation) modes. The ¢, defines the length of
propagation of SPPs either in the surface plane (Lgpp)
of inward the layer (L,,) or outside to the ambient
medium (Lq,) [10, 47].

Subsequent analysis of plasmonic properties of
sputtered TiN material was restricted to the sample
TiN 0° which exhibited, as the only one, the isotropic
optical response. The others exhibited strong influ-
ence of the surface morphology preventing analysis
of dielectric function of the material itself. Results
are summarized in Fig. 6. SPPs modes existed above
519 nm (where £ > 0) and were lossy in the VIS
region (visually depicted by width of the surround-
ing red or blue zones for given modes). The propaga-
tion lengths for all defined directions are compared
in Fig. 6b. The propagation length L,, to the TiN
layer (penetration) was 23 nm at 633 nm (the work-
ing wavelength of the SERS spectrometer) and the L,
(toward the ambient air) was 151 nm. The SPPs were
therefore truly trapped on the surface.

Dielectric function in the y direction

(b) 50 15.0

25

0.0

0.0

-10.0
200 300 400 500 600 700 800 900 1000

A [nm]

Figure 5 Dielectric function of samples TiN measured in a x direction and b y direction according to the scheme in Fig. 1a.
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(a) Dispersion of SPP wave-vector of TiN 0°
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Figure 6 Results of basic plasmon analysis of the sample TiN
0°: a dispersion of wave-vector of surface plasmon-polaritons
(SPPs) including length Lspp of their propagation in the plane

Absorbance in UV/VIS spectral regions

Figure 7a shows the UV/VIS response of the samples
by means of the diffuse reflectance spectroscopy (DRS)
technique. The DRS spectra were recorded in the range
of 200-800 nm. As one can expect, all samples exhib-
ited a broad peak in the visible region with the maxi-
mum located between 400 and 500 nm. The spectrum
widening and small peaks located below 400 nm cor-
respond to the band gap of TiN and has a good rela-
tionship with the literature [48]. The SPR peak road
and located in the region from 400 to even 700 nm.
The spectra are shifted vertically for more clarity. The
half-width of the SPR peak could be related to the size
dispersity of plasmonic nanostructures. Therefore,
one can assume that the TiN 45° sample exhibited the
highest homogeneity of formed nanostructures. The

(a) DRS spectra of TiN samples
—TiN 0°
——TiN 45°
TiN 67°
— ——TiN 83°
S
S,
=
® |
c
2
£

350 400 450 500 550 600 650 700 750 800

A [nm]
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(b) Propagation/decay length of TiN 0°
10°
3 Lspp (570 nm @ \=633 nm)
107 TR - = =L1z (151 nm @ A=633 nm)
sl TR - = =12z (23 nm @ \=633 nm)
102
300 400 500 600 700 800 900 1000
A [nm]

of the surface, b length of propagation Lspp together with propa-
gation lengths of SPPs inward the layer (L2z) and outside to the
ambient air medium (L1z).

rest of the spectra had a bit widened SPR peak indicat-
ing on significantly lower homogeneity of the size and
shape of formed nanostructures.

Raman spectra of TiN films

Raman spectra for 4TiN samples are shown in Fig. 7b.
Regardless the tilt, all the layers exhibited the same
character of the spectrum containing broad bands
around 540, 840, and 1040 cm™!. The low-frequency
band below 300 cm™ was caused by acoustical phon-
ons, while the peaks at 550 cm™ corresponded to the
optical phonons [49]. It is well known that peak shift to
higher frequencies indicates lower nitrogen concentra-
tions and hence the formation of non-stoichiometric
TiN, [50]. Therefore, the recorded Raman spectra can

(b) Raman spectra of TiN layers
—TiN0°
I 25 cnt/sec ——TiN 45°
I TiN 67°
— —TiN 83°
3
S,
Py
@
| =
2‘) F
£

200 400 600 800 1000

Raman shift [cm'1]

1200 1400

Figure 7 a Absorbance of TiN samples measured by DRS method, b Raman spectra of the samples measured at 633 nm.
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therefore be easily associated with fully stoichiometric
TiN structures.

Model SERS measurements

Due to the fact that the TiN material exhibited plas-
monic properties, the TiN samples were tested as
SERS platforms for a model analyte detection. Typi-
cally, dyes or thiolated organic molecules are used
as a Raman reporter molecule. The thiol group (-SH)
exhibits a very high affinity to the metal surface. As an
effect, a strong covalent bond M-S (M = Au, Ag, Cu) is
created [51]. Therefore, the whole active surface could
be covered by a monolayer of thiolated target mole-
cules. However, the surface chemistry of semiconduct-
ing TiN surface is different than those of typical for
metals and thiolated molecules do not exhibit almost
any affinity to non-metallic TiN nanostructures. There-
fore, dye Nile Blue was used in this work as a common
model analyte for SERS measurements. Based on ellip-
sometry results, a red excitation beam with a length of
633 nm and a 50 x long distance objective was used for
maximum Raman signal amplification.

(a) SERS activity of TiN 0°

ot no dye

2 1100 cnt/sec nile blue, 1E-5 M
2 I nile blue, 1E-4 M
L

2

‘B

cl

2

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift [cm'1]

(c) SERS activity of TiN 67°

ot no dye

21 I 100 cnt/sec nile blue, 1E-5 M
= nile blue, 1E-4 M
L

=

2

Q W
= ’

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift [cm'1]
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The dye, precisely Nile blue (NB), was used as the
model molecule to examine the activity of prepared
TiN samples for the SERS applications. The samples
for SERS tests were prepared by dropping 7 pl of the
solution of the appropriate concentration (from 10~ to
107 M) of Nile blue on the TiN surface of the samples.
The obtained results were averaged from 30 measure-
ments. The SERS spectra of Nile blue recorded on the
samples are presented in Fig. 8. The most visible band
occurred at 592 cm™!, which was assigned to C-C-C
and C-N-C deformations [52, 53]. The other modes
characteristic for the NB molecules also appeared in
the spectrum in accordance with previous studies [52,
54]. All samples allowed for recording vibration spec-
tra of the dye with a good signal-to-noise ratio. In the
case of the TiN 45° sample, it was possible to detect a
concentration of 107® M in solution of the Nile blue,
Fig. 8b. Interestingly, the dye molecules could not be
easily removed from the TiN surface by water rinsing
(even by washing with any other organic solvent). This
fact resulted from the small size of TiN nanostructures
and as an effect of trapping dye molecules in the nano-
pores of the layers. This fact prevents the reversibility
of the proposed TiN SERS platform.

(b) SERS activity of TiN 45°

ot no dye

2 1100 cnt/sec nile blue, 1E-6 M
E nile blue, 1E-5 M
O, nile blue, 1E-4 M
2

‘B

c

2

e ASEA

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift [cm'1]

(d) SERS activity of TiN 83°
ot no dye
21 I100 cnt/sec nile blue. 1E-5 M
2 nile blue, 1E-4 M
O,
2
2
2
£ A
.’<~—";k‘~ 5 e

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift [cm'1]

Figure 8 SERS spectra of a Nile blue reporter on a TiN 0°, b TiN 45°, ¢ TiN 67°, and d TiN 83° samples for various concentrations of
the reporter dye. Only the TiN 45° exhibited a SERS activity for the concentration of 1E-6 M of the dye.
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Discussion

The aim of this work was to prepare SERS active struc-
tures with TiN layers of nanostructured morphologies
tuned by introduced tilt of samples during the sputter-
ing process of the TiN films. A closer look on SEM pic-
tures revealed a columnar structure of deposited TiN
grains whose columns size, shape, and density varied
with the tilt. Optical responses of the layers measured
by ellipsometry exhibited directional dependency
driven by the applied tilt in the given configuration
according to Fig. 1a. The response of TiN material is of
metallic character under normal deposition conditions
(0°). As the tilt o grows, the metallic character of the
optical response is weaker in the direction tangential
to the rotation (axis x in Fig. 1a) and it became dielec-
tric at 83°. We assume this is related with decrease in
the mean free path of free electrons in the layer due to
texture of dimension in order of tens of nanometers in
that direction. On the other hand, there is no metallic
character in the direction perpendicular to the rotation
(axis y in Fig. 1b) for any tilt except 0° (whose response
is isotropic). It does not mean the TiN layers are not
plasmonic. TiN is intrinsically metal, but its deposited
columnar grains effectively localize free (valence) elec-
trons suppressing metallic behavior in larger scales (in
order of hundreds of nanometers in case of the used
ellipsometry). And of course, the grains allow for
arising of localized plasmon resonances which makes
SERS effect possible in this case.

As shown in Fig. 8, the samples produced under
the tilts of 45° and 83° exhibited recognizably higher
SERS activity against Nile blue reporter compared to
the others. Moreover, only the sample TiN 83° exhib-
ited SERS activity for concentration down to 10° M
of the dye. However, the SERS activity is weaker
when compared other published results. The reason
obviously lies in the overall morphology of created
nanostructures. Grains do not exhibit sharp edges, for
example like pyramids [10]. Sharp edges and apexes of
nanostructures create hot-spots in terms of local field
intensity enhancement factor (LFIEF) which quantita-
tively describe the SERS in frame of the electrostatic
approximation approach. In the case of presented TiN
nanostructures, a mean LFIEF is lower than one for
mentioned pyramids.

On the other hand, presented sputtering method is
a simple mean of production of functional nanostruc-
tures and there is still room for improving by means
of optimization of sputtering process.
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Conclusion

In this work, we proposed a novel method of depo-
sition of TiN nanostructured layers in order to tune
size, shape, and density of TiN grains in the form of
columnar structures. The TiN layers were deposited
by means of a pulsed DC magnetron sputtering pro-
cess in the glancing angle setup. The crystallographic
characterization confirmed formation of fully stoichi-
ometric TiN nanostructures. It was found that SERS
activity depended on the angle of the sputtering dep-
osition (introduced tilt). The highest SERS activity
was found for the samples deposited by the tilt angle
of 45°. The lowest concentrations of dye still possible
to detection was evaluated to the order of 10-6 M.
This means that the TiN material can be successfully
used in the SERS applications. However, due to the
fact of small dimensions of formed nanostructures
during the sputtering deposition (few nanometers up
to 10 nm), the SERS activity is not strong when com-
pared to other literature reports. Like other metal-
based SERS platforms, TiN nanostructures must be
carefully planned and prepared in order to obtain
nanostructures with high SERS activity.
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