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Regular arrays of plasmonic nanoparticles have brought significant attention over the last decade
due to their ability to support localized surface plasmons (LSPs) and exhibit diffractive grating
behavior simultaneously. For a specific set of parameters (i.e., period, particle shape, size, and
material), it is possible to generate super-narrow surface lattice resonances (SLRs) that are caused
by interference of the LSP and the grating Rayleigh anomaly. In this letter, we propose plasmonic
structures based on regular 2D arrays of TiN nanodisks to generate high-Q SLRs in an important
telecommunication range, which is quite difficult to achieve with conventional plasmonic materials.
The position of the SLR peak can be tailored within the whole telecommunication bandwidth (from
~ 1.26 um to ~ 1.62 um) by varying the lattice period, while the Q-factor is controlled by changing
nanodisk sizes. We show that the Q-factor of SLRs can reach a value of 2 x 10?, which is the highest
reported Q-factor for SLRs at telecommunication wavelengths so far. Tunability of optical proper-
ties, refractory behavior, and low-cost fabrication of TiN nanoparticles paves the way for
manufacturing cheap nanostructures with extremely stable and adjustable electromagnetic response
at telecommunication wavelengths for a large number of applications. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.5000726]

Regular arrays of plasmonic nanoparticles exhibit a
unique feature: the existence of collective modes that origi-
nate from strong coupling between localized surface plasmons
(LSPs) and the grating Rayleigh anomalies. Such strong
hybrid coupling gives rise to narrow surface lattice resonances
(SLRs) which tremendously outperform quality factor Q of
LSP. SLRs have attracted significant attention during the last
decade starting from pioneering theoretical' and experimen-
tal* studies with promising applications in vibrational spec-
troscopy,7 ultranarrow band absorption,8 sensing,9’10 lasers,11
and fluorescence enhancement.'*'? SLRs were studied in a
wide variety of periodic nanostructures with different kinds of
unit cells: single14 or double-stack "> nanodisks, core-shell cyl-
inders,'® nanoparticle dimers,'”'® nanorings,'? split-ring reso-
nators,”” oligomers,?! and more complex configurations.*> >

Nowadays, much attention is focused on gratings made
of classic plasmonic materials (Au and Ag) with the LSP
peak of individual particles lying in the visible or near-
infrared (NIR) regions. The position of the SLR peak in such
structures is strictly limited to visible and NIR since the
strongest coupling between LSP and Rayleigh anomaly takes
place at certain wavelength.'*'* The SLR peak is red-shifted
compared to the LSP peak and slightly blue-shifted compared
to the position of Rayleigh anomaly. The telecommunication

DElectronic mail: iliar@illinois.edu

0003-6951/2017/111(12)/123107/4/$30.00

111, 123107-1

wavelength range, which is important for a large number of
applications and especially for hybrid nanophotonics inter-
connects,26 remains almost unreachable for SLRs with con-
ventional plasmonic materials. Utilization of non-spherical or
non-homogeneous particles may lead to a significant shift of
LSP to longer wavelengths; however, it is quite complicated
to cover telecommunication bandwidth with classic plas-
monic materials keeping reliable values of the SLR Q-factor.
Although regular Au nanostructures on metal-dielectric sub-
strates possess SLRs at telecommunication wavelengths with
high quality factors®”*® (up to Q ~300), such performance is
notably poorer than the one recently reported for SLRs in the
visible range for 2D arrays of Au nanodisks'* (Q > 1000).
Here, we propose to enhance SLRs within the telecom-
munication wavelength range by utilizing so-called alterna-
tive plasmonic materials.”> Among numerous possible
choices, titanium nitride (TiN) has been considered as the
most promising candidate to reduce the supremacy of gold
and silver’®>? in a number of applications.” > Low-cost
large-area fabrication of TiN nanostructures,’® full CMOS-
compatibility,?’ refractory behavior,®* and wide tunability
of optical and structural properties®™** make TiN an attrac-
tive alternative plasmonic material. However, what is really
important, the LSP peak of a single TiN nanoparticle lies in
the NIR region,30 which is crucial for tailoring the position
of the SLR peak beyond the visible range. The last feature

Published by AIP Publishing.
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represents the cornerstone of this work in which we provide
the concept of 2D regular structures from TiN nanodisks
with high-Q factor SLRs at telecom wavelengths.

It is a well known fact that optical properties of TiN as a
non-stoichiometric material strongly depend on its synthesis
conditions. TiN thin films exhibit color variations*' and even
notable metallic luster*® with changing composition and lat-
tice parameters which can be controlled, for example, by
varying the temperature of its deposition. Thus, for a particu-
lar set of deposition parameters, it is possible to enhance the
plasmonic behavior of TiN structures.*” Therefore, to pro-
vide a comparative analysis of SLR performance and to
reveal the importance of tunability of TiN optical properties,
we have chosen two different datasets for TiN dielectric
permittivity &: (i) recently acquired temperature- and size-
dependent data for plasmonic-like TiN thin films from Ref.
42 and (ii) widely used tabulated data for bulk TiN at room
temperature from Ref. 43.

Before discussing SLRs on regular arrays, it is insightful
to investigate plasmonic properties of a single TiN nanopar-
ticle. Although it is obvious that the shape of a nanoparticle
is an important factor which definitely affects the Q-factor of
SLR, we restrict ourselves to nanodisks. A nanodisk is a
quite easy-to-fabricate shape from an experimental point of
view and one of the most reliable shapes for high-Q SLRs.'"
We consider nanodisks with three different diameters d: 160,
180 and 200nm and fix height to h=d/2 for all cases.
For dataset from Ref. 42, dielectric permittivity for each par-
ticular height & of nanodisk has been calculated by linear
interpolation of &(k). Normal plane wave incidence with
polarization of the electric field perpendicular to the symme-
try axis of a nanodisk was used in simulations, as shown in
Fig. 1(c). Extinction cross section g, of a nanodisk was cal-
culated with commercial Lumerical finite-difference time-
domain (FDTD) software package.**

Figures 1(a) and 1(b) clearly show that the LSP peak of a
single nanodisk lies from 4~ 950 nm to 4~ 1050 nm, depend-
ing on its size. It is quite difficult to tailor the LSP peak to this
wavelength region and to maintain its quality factor with
homogeneous nanoparticles made of conventional plasmonic
materials. Comparison of o, calculated with two different
datasets for ¢ shows that tunability of TiN optical properties
makes it possible to increase noticeably LSP quality factor of
a single nanodisk, which is preferable for enhancing LSP-
Rayleigh anomaly hybridization.
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FIG. 1. (a) and (b) Extinction spectra of a single TiN nanodisk with a given
diameter d and height 7 =d/2. Nanodisk is embedded in homogeneous
medium with n,, = 1.5. Spectra are provided for two different datasets for &
of TiN: Refs. 42 and 43. (c) Schematic representation of a single TiN nano-
disk illumination.
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Then, we continue with the spectral properties of 2D
regular arrays of TiN nanodisks, the schematic representa-
tion of which is depicted in Fig. 2. The period D of the lattice
is varied to match the (%1, 0) and (0, =£1) Rayleigh anoma-
lies,45 whose positions for the case of normal incidence and
homogeneous surrounding with refractive index n,, are
defined as 4,, = n,D(p* + ¢*)""?, where p and ¢ are inte-
gers corresponding to diffraction order. We assume that
nanoparticles are embedded in a homogeneous medium with
n,=1.5. These kinds of structures can be fabricated by
deposition of TiN nanoparticles onto the glass substrate and
subsequently covering them with poly(methyl methacrylate)
superstrate. The same approach was used to obtain Au and
Al nanodisk arrays in a homogeneous environment.'* The
symmetric surrounding is the key ingredient in this model,
because the quality factor of a SLR sharply drops in the case
of half-space geometry comprising substrate and superstrate
with non-matching refractive indices.'****” In all cases,
nanostructures are illuminated from the top by plane wave
with normal incidence along the z axis and polarization along
the x or y axis. We calculate transmission T at the bottom of
the structure and then characterize its spectral properties by
Gext =D?*(1 — T) in accordance with Refs. 4, 14, and 48. An
adaptive mesh was used for an accurate description of the
nanodisk shape. We apply periodic boundary conditions at
the lateral boundaries of a unit cell (single nanodisk), while
perfectly matched layer (PML) boundary conditions were
used on the remaining top and bottom sides. Although the
FDTD method is a comprehensive and well-established tool
which shows excellent agreement with experimental results
for SLRs,*!'"?” high-Q resonances with significant spatial
extent (which is the case for SLRs) require its careful
implementation. Extensive convergence tests for each set of
parameters have been performed to avoid undesired reflec-
tions on the PMLs and overestimation of the SLR width.

Figures 3(a)-3(f) show that SLRs are easily tailored
through the whole telecommunication wavelength range by
varying lattice period D. It is highly important to choose the
appropriate size of nanodisks: for fixed D, SLR becomes
extremely narrow for d=160nm. For example, the SLR
width at the L-band dramatically reduces to ~ 1 nm, as shown
in Fig. 3(a). Although it is clear that a further decrease in
the nanodisk sizes leads to the increase in the Q-factor, we
limit the discussion with the d =160nm value, because of
extremely slow convergence of the FDTD method for such

FIG. 2. The sketch of a system under consideration: 2D regular lattice with
period D comprised of TiN nanodisks with height /# and diameter d.
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FIG. 3. (a)—(f) Extinction spectra (per particle) for 2D regular arrays from
TiN nanodisks with various diameters d and heights & =d/2. Five different
lattice periods D were chosen to generate SLRs at each telecommunication
band: Do = 857 nm, Dg = 929 nm, Ds = 989 nm, D¢ = 1026 nm, Dy,
= 1055 nm; (g) and (h) Quality factors Q for corresponding peaks at: Lo
= 1310nm, Ag = 1410nm, As = 1495 nm, Ac = 1550 nm, A = 1590 nm.
Two different datasets for ¢ of TiN are used in calculations: Refs. 42 (left
panel) and 43 (right panel).

narrow-band resonances. In real experiment, Q would likely
increase for d < 160nm with fixed D; however, at the same
time, the position of the SLR peak may significantly depend
on any imperfections: disorder of nanodisk positions or sizes.
Thus, controlled generation of SLRs with a higher Q-factor
becomes a complicated task. It can be also seen from Figs.
3(g) and 3(h) that for fixed nanodisk sizes, the quality factor
Q gradually increases for larger values of D, which is consis-
tent with the results from Ref. 14 for the visible range.
For the most important telecommunication C-band, at
A=1550nm, the quality factor of SLR reaches the value of
0 =~ 1850, which breaks the actual record Q ~ 300 for SLRs
at the same wavelength.?” It is also notable that quality fac-
tors of SLRs calculated with ¢ from Ref. 42 are about twice
as much as the ones calculated for data from Ref. 43. Such
a considerable difference in SLR Q-factors is expected,
because ¢ of TiN thin films with thickness less than hundreds
of nanometers significantly differs from ¢ of a bulk sample.
Figures 3(g) and 3(h) show that appropriate tuning of TiN
optical properties by varying its deposition conditions can
significantly enhance SLRs in real experiment.

Finally, TiN, as a refractory plasmonic material, exhibits
extraordinary stability at high temperatures®® compared to con-
ventional Au.”' Suppression of LSP resonance under aggressive
conditions may totally deteriorate LSP-lattice hybridization;

Appl. Phys. Lett. 111, 123107 (2017)

therefore, the refractory behavior of TiN may become an
additional advantage in the case of SLR generation at high
temperatures. Figure 4 provides temperature-dependent SLR
behavior at the most important telecommunication wave-
length A= 1550nm. It can be seen that SLR is suppressed at
high temperature, and the SLR peak position shifts by no
more than AL~ 0.3nm at 7=900°C compared to the SLR
peak at room temperature. Thus, the quality factor Q drops
roughly 2 times, while the position of SLR is almost the
same, which is significantly better than for conventional plas-
monic materials, whose LSPs are almost suppressed”> at high
temperatures. We note that experimental measurements of
TiN dielectric permittivity in Ref. 42 imply that lattice
dynamics, electron-phonon scattering, and other temperature-
dependent phenomena are taken into account in &(7).
Therefore, FDTD simulations remain consistent, and addi-
tional consideration of these effects is not required.

Several possible issues related to experimental verifica-
tion of obtained results are worth discussion. First, it is
more possible to synthesize TiN nanopillars®’ in real experi-
ment rather than nanodisks. However, it is easy to keep or
even outperform reported values of Q by varying properly
nanoparticle shapes and sizes. Second, it is quite difficult
to perfectly match substrate and superstrate refractive indi-
ces, which obviously might significantly suppress SLRs.
However, these complications are easily surpassed by gener-
ating parallel SLRs* or mimicking dipole resonances by
excitation of monopoles above a mirror plane.’® Both of
these approaches exhibit greater tolerance to anti-symmetry
of the surrounding medium refractive index. Finally, TiN
dielectric permittivity ¢ in real experiment may significantly
differ from datasets considered in this letter. Nevertheless,
the reported results show that even TiN nanodisks with low-
O LSP (for ¢ taken from Ref. 43) exhibit high-Q SLRs (up to
Q =1000) for a particular set of geometric parameters. Thus,
high-Q SLRs can be achieved in real experiment by careful
choice of TiN deposition parameters and tuning its optical
behavior for each particular case.

To conclude, we have shown that regular 2D arrays of
TiN nanodisks are promising hybrid plasmonic systems which
possess super-narrow high-Q SLRs within the whole telecom-
munication bandwidth. The quality factor and position of the
SLR peak can be tailored through varying the lattice period D
and sizes of nanoparticles. Refractory properties and large tun-
ability of TiN optical properties make this material an attrac-
tive alternative to conventional Au and Ag which fail to tailor

06 [(a)v vd [:1601']'111 I <> [ I(b)‘ Cr —{— d —160nm
- 92000 F A d =180nm
—
% - O d =200nm
& [ ]
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FIG. 4. (a) Temperature-dependent extinction spectra (per particle) and (b)
corresponding quality factors Q for SLRs in 2D lattices of TiN nanodisks
with fixed D =1026nm and for different diameters d and heights & =d/2.
Temperature-dependent values of ¢ from Ref. 42 were used in simulations.
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high-Q SLRs to telecom. Further development and extension
of the reported approach open an opportunity to go beyond
the telecommunication range and to increase the performance
of SLRs in the IR region, which might be promising in mid-
IR>* and vibrational” spectroscopies.
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