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ABSTRACT

Titanium nitride (TiN) is a refractory material that possesses optical properties often compared to gold. In this study, we fabricate and study plasmonic
TiN nanoparticles for potential use in biosensing applications. TiN nanoparticles of an average diameter of 154 nm are fabricated with chemical synthesis
methods and then exposed to a pulsed laser illumination for 40 minutes. Exposure to laser radiation induced a color change from grey to blue associated
with laser-induced breaking of large polycrystalline particles into smaller ones. UV-VIS transmission spectrum of the irradiated sample shows a well-defined
dip at 635 nm, associated with surface plasmon resonance. Using various solvents, we demonstrate that the position of the dip is sensitive to the solvent,

which presents interest for biosensing applications using TiN nanoparticles.
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Introduction

Plasmonic and metamaterials have introduced a remarkable
research interest over the last two decades. The possibility of
concentrating and controlling the electromagnetic field on the
subwavelength scale brings extraordinary control of light, strong
enhancement of linear and nonlinear optical processes, and new
applications such as nano-scale optical interconnects, optical
cloaking, and super-resolution imaging [1-3]. However, the
practical applications are still limited due to the significant loss
in, and the excessive large in magnitude real parts of the metal
permittivity [3-5].

Titanium nitride (TiN) is considered to be a promising material
since it could overcome some of the problems above [6, 7]. Even
though the optical losses in metal nitrides such as TiN are not
smaller than those of noble metals, the magnitude of the actual
permittivity of these materials in the visible range is substantially
lower than that of noble metals due to low carrier concentration.
In addition, unlike noble metals, these metal nitrides’ optical
characteristics can be adjusted by merely altering the processing
conditions [8]. Gururaj et al. demonstrated that in the visible and
near-IR frequencies, titanium nitride can be used as an alternative
plasmonic material for plasmonic and metamaterial applications
and showed that titanium nitride exhibits process-dependent
characteristics while being a non-stoichiometric material [3].
In addition, a comparison of TiN and traditional plasmonic
materials revealed that TiN exhibits equivalent performance in
plasmonic applications and noticeably superior performance in
metamaterial devices, such as hyperbolic meta-material devices
and transformation optics. By employing dielectric gratings for
inducing surface plasmon polaritons (SPPs) on TiN/dielectric
interfaces, titanium nitride was demonstrated to support SPPs in

the near-1R range [3].

Manipulations in the size and shapes by simply changing the
processing conditions of these nanoparticles allow for the tuning
of optical properties [9]. The surface plasmons produced are
extremely sensitive to their environment. This allows these
plasmonic materials to be used in sensing applications and optical
devices [10, 11]. Gold is one of the common materials used for
plasmonic applications, which is typically compared to TiN due
to the similarity in their optical properties. However, gold has
its limitations such as a lower melting point than TiN, and is
not compatible with semiconductor technology as it reacts with
silicon [12, 13].

The surface plasmon resonance (SPR) of TiN nanoparticles can
be observed in the near-infrared range (NIR) within the biological
transparency window (650 — 1350 nm), making the nanoparticles
a promising material for biomedical applications [14]. Guler et
al. used TiN nanoparticles as a local heat source in the NIR and
observed that when the TiN nanoparticles were illuminated with
laser light the temperature increased at the nanoparticle array [15].
This same local heating mechanism has been investigated for use
in cancer therapy. Light-activated heating nanoparticles can be
introduced to tumor areas where the nanoparticles are activated
via low-intensity laser illumination heating and destroying
specific cancerous tissue while not affecting healthy tissue
[16]. He et al. used titanium nitride nanoparticles as absorbing
agents for plasmon-mediated photothermal therapy (PPT) where
they conjugated PEG onto the surface of the nanoparticles and
delivered them to a specialized tumor region that was heated via
laser illumination and visualized by photoacoustic tomography
(PAT) [17]. A more recent application for TiN is sensors. Kaur et
al. have designed a titanium nitride-coated PCF-SPR (photonic
crystal fiber surface plasmon resonance) sensor that can be used
to detect various chemical and biochemical liquids by a shift in
the resonance wavelength [18]. Titanium nitride is also a great
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candidate for thermophotovoltaics. Common single-junction
cells exhibit an efficiency limit of 33.7%, while multi-junction
solar cells can absorb different wavelengths of sunlight, thus
increasing their efficiency limit to 44.7% [19, 20]. Introducing
other plasmonic metamaterial absorbers, such as gold and silver,
increases the absorption of different wavelengths of sunlight,
bringing their theoretical efficiency limit to 85% [21]. Li et al. have
fabricated a TiN broadband absorber capable of absorbing 95%
over the range of 400-800 nm [21]. Neuman et al. demonstrated
that when particles are suspended in water at room temperature,
energy is predominantly focused on vaporizing the water to create
steam, with a much smaller fraction resulting in the heating of
the fluid [22].

Titanium nitride nanoparticles can be synthesized using various
methods such as combustion reactions, solid-state metathesis,
and chemical reductions [23-25]. These methods require high-
temperature synthesis and long process times. Combustion
reactions involve compressing titanium metal powders using a
hydraulic press and igniting the sample in an enclosed nitrogen-
rich environment [26]. The solid-state metathesis route has
demonstrated success in synthesizing TiN powders, but because
of high temperatures and long processing times results in grain
growth [27]. Yuan et al. synthesized TiN nanopowders using a
sodium reduction using TiCl4 and sodium in an environment filled
with ammonia gas resulting in an extraction process of over 40
hours [25]. In related research, Luyang Chen et al. have synthesized
TiN hollow spheres at room temperature [28]. Likewise, Hu et al.
synthesized TiN nanoparticles at lower temperatures than other
groups [27].

In this paper, we explore the possibility of modifying the properties
of TiN nanoparticles by exposure to intense laser radiation and
demonstrate the sensitivity of plasmonic properties in irradiated
samples to the local surroundings, which presents interest for
future biosensing applications.

Materials and Methods

Experimental

Spherical titanium nitride nanoparticles are synthesized using a
benzene thermal method [29]. Characterization with Scanning
Electron Microscopy (SEM) shows that the obtained nanoparticles
have irregular shapes and an average diameter of 154 nm.

A suspension of TiN nanoparticles in deionized (DI) water is
prepared at a concentration of 250 pg/mL. The suspension is
placed in an optical cuvette (window dimensions of 10 x 35 mm)
and exposed to pulsed laser illumination for 40 minutes. We use
an Nd: YAG laser at the wavelength of A=1064 nm, with a pulse
duration of tpulse, = 10 ns, at a 10 Hz repetition rate. The laser
pulse energy is 0.9 mJ. The diameter of the spot is 0.86 mm.

UV-VIS spectrophotometry is performed on the TiN nanoparticle
suspension before and after exposure. Irradiated and original
(non-exposed) suspensions are used to prepare additional samples
with different degrees of dilution, and different solvents (water-
ethanol mixture).

Results and Discussion

Effect of the Exposure to Intense Laser Light

The TiN nanoparticle suspension exposed to laser radiation
shows a significant color change from dark grey to blue as seen
in Figure 1. Note that similar behavior was observed with gold
nanoparticles: the suspension changed color after exposure to

high-intensity pulsed laser light. This has been ascribed to the
breaking of particle clusters by light to individual particles, which
have the SPR at different ranges [30]. We believe that this process
takes place in our case as well. The original TiN samples prepared
by chemical methods contain TiN clusters, which can be broken
into smaller particles by strong laser pulses.

Figure 1: Non-Exposed (left) and Irradiated (right) TiN NPs in
DI Water.

This is confirmed by the transmission spectra obtained for non-
exposed and irradiated TiN nanoparticles, Figure 2 represents the
UV-VIS transmission spectra of the TiN nanoparticles sample
(250 pg/mL) and irradiated TiN nanoparticles sample (250 pg/
mL). As one can see, the exposed sample transmits at the blue
and has a broad minimum of around ~600 nm, while the original
suspension has decreased transmission everywhere resulting in
grey coloration.
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Figure 2: UV-VIS Spectra of TiN Nanoparticles Sample at a
Concentration of 250 pg/mL Before (blue) and After (red) Laser
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Exposure.

The minimum of the transmission observed in the exposed
sample can be accredited to the surface plasmon resonance of
the individual small TiN nanoparticles. Note that our samples
shown in Figure 2 have high concentrations, and particles are
likely of different shapes and sizes; this results in a broad feature
instead of a well-defined SPR.

The spectral position of SPR is expected to be sensitive to the
environment. In order to explore this, we dilute the original and
exposed samples in a water and water-ethanol mixture. Figure
3 shows the UV-VIS transmission spectra of diluted samples of
original and irradiated TiN nanoparticles diluted in deionized
water and in water/ethanol mixture at concentrations of 75 pg/mL
The transmission spectra for the suspension original particles are
practically the same in water and water-ethanol mixture. However,
they are different for the exposed particles. The resonant dip in
diluted irradiated TiN nanoparticles in water is observed around
642 nm and at 650 nm for irradiated TiN nanoparticles in water/
ethanol solution.
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Figure 3: UV-VIS Spectra of (a) Original and (b) Exposed TiN
Nanoparticles Sample in DI Water (blue) and DI Water/Ethanol
(red). TiN Nanoparticles Concentration is 75 pg/mL.

Conclusion

In our work, we show that the exposure of the TiN synthesized by
the chemical synthesis method to the strong laser light radiation
is highly beneficial. The laser ablation breaks the clusters, and
results in better plasmonic properties of the TiN nanoparticles,
which show a well-defined SPR after the exposure. The spectral
position of the SPR-related dip in transmission is sensitive to the
surrounding medium making this material promising for sensing
applications.
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