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ABSTRACT: New opportunities for plasmonic applications at
high temperatures have stimulated interest in refractory
plasmonic materials that show greater stability at elevated
temperatures than the more commonly used silver and gold
(Au). Titanium nitride (TiN) has been identified as a
promising refractory material, with deposition of TiN thin
films through techniques ranging from plasma-enhanced atomic
laser deposition to sputter deposition to pulsed laser deposition,
on a variety of substrates, including MgO, polymer, SiO2, and
sapphire. A variety of plasmonic devices have been evaluated,
including gratings, nanorods, and nanodisks. An implicit metric
for TiN behavior has been the comparison of its plasmonic
performance to that of Au, in particular at various elevated
temperatures. This paper carries out a one-to-one comparison of bowtie nanoantennas formed of TiN and Au (on both Si and
MgO substrates), examining the far-field characteristics, related to the measured near-field resonances. In both cases, the optical
constants of the TiN films were used to simulate the expected plasmonic responses and enjoyed excellent agreement with the
experimental measurements. Furthermore, we examined the consistency of the plasmonic response and the morphological
changes in the TiN and Au nanoantennas at different temperatures up to 800 °C in the atmosphere. This comparison of the
measured plasmonic response from nanoscale resonances to the far-field response allows for anomalies or imperfections that
may be introduced by the nanofabrication processes and provides a more accurate comparison of TiN plasmonic behavior
relative to the Au standard.

KEYWORDS: refractory materials, titanium nitride, plasmonic nanoantennas, near-field enhancement, localized surface plasmons,
Fourier transform infrared spectroscopy, scattering type scanning near-field optical microscopy, high temperature thermo-plasmonic

■ INTRODUCTION

The field of plasmonics has enjoyed rapid growth in the past
20 years, with a broad set of applications including surface
enhanced Raman spectroscopy,1−3 “super-resolution” imaging
of objects below the diffraction limit of light,4 holography,5

biosensing and catalysis,6,7 and nano-optics.8,9 As applications
for plasmonic devices have grown, so has the requirement for
stable and robust plasmonic materials that exhibit consistent
plasmonic behavior at higher temperatures than the more
conventionally used materials such as gold and silver. Higher-
temperature plasmonic applications include heat-assisted
magnetic recording,10 broadband metamaterial absorbers,11

computer chips,12,13 photothermal imaging,14,15 energy
harvesting,16 and drug delivery and cancer treatment.17,18

Titanium nitride (TiN) has been identified as a promising
plasmonic material, with the ability to withstand higher
temperatures, and is also biocompatible.19 As a highly
promising candidate for plasmonic applications, TiN has
been deposited on a range of substrate materials including

sapphire, MgO, SiO2, and a polymer20 through deposition
techniques that range from sputter deposition21−24 to plasma-
enhanced atomic laser deposition25 to pulsed laser deposi-
tion.20 A variety of plasmonic devices have been evaluated,
including gratings,21 nanorods,26 and nanodisks.25 Previous
reports have examined the stability and expected optical
performance of TiN at high temperatures.22,26,27

An implicit metric for TiN behavior has been the
comparison of its plasmonic performance to Au, in particular
at elevated temperatures. This paper carries out an integrated
and one-to-one comparison of bowtie nanoantennas formed of
TiN and Au on both Si and MgO substrates, examining both
far-field characteristics and their relationship to the measured
near-field resonances. To ensure the most robust outcomes of
the measurements, the nanoantennas were designed with
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optimized geometries to maximize expected far-field reflections
at the intended resonance wavelength. For both near- and far-
field simulations, the optical constants of the TiN films were
used to simulate the expected plasmonic responses and
enjoyed excellent agreement with the experimental measure-
ments. Furthermore, we examined the consistency of the
plasmonic response and the morphological changes in the TiN
and Au nanoantennas at different temperatures up to 800 °C in
the atmosphere. Therefore, we carried out detailed and
calibrated measurements of the plasmonic performance of
both TiN and Au nanostructures after being annealed at
several high temperatures in the air. We related these to the
morphological changes in the material at each temperature
using X-ray photoelectron spectroscopy (XPS) analysis. This
comparison of measured plasmonic response from nanoscale
resonances to far-field response allows for anomalies or
imperfections that may be introduced by the nanofabrication
processes and provides a more accurate plasmonic behavior
relative to the performance of Au.
A metric related to the plasmonic or metallic behavior of

TiN is the magnitude of the negative, real part of the material
permittivity (Re(ε)). Values of Re(ε) at 1700 nm wavelength
have been reported as ranging from −20 to −90, for TiN films
deposited on different substrates and under different
deposition conditions.21,24,20,27,28 MgO and sapphire substrates
have been frequently employed substrates for the deposition of
plasmonic TiN. Our own earlier work,29 utilizing sputter
deposition at room temperature, produced highly metallic TiN
thin films with values of Re(ε) reaching −85 and −75 at 1700
nm for MgO and sapphire substrates, respectively, and only
moderately metallic TiN on Si with values of Re(ε) reaching
−40 at 1700 nm. We believed that the advantage of MgO
substrates, compared to Si or sapphire, was a better lattice
match of MgO to TiN. However, crystalline order alone was
not the sole predictor of plasmonic behavior since films
deposited on MgO at room temperature showed better
plasmonic properties than those deposited at 600 °C,29,30

where the STEM images of the latter films exhibited better
lattice matching. Therefore, while the substrate and its possible
templating role can influence the resulting properties of the
overlying plasmonic thin film, the concomitant details of the
deposition temperature and the substrate bias also determine
the performance of the thin film. Thus, changing the
deposition conditions for different substrates influences the
film composition, stoichiometry, and density,31 and thus the
electronic and optical properties of the TiN film. These results
suggest the possibility of further optimization of the deposition
conditions to produce more highly metallic TiN on MgO or
sapphire and on new alternative substrates such as Si. The
present work augments these previous reports to demonstrate
the production of very highly metallic TiN films with the
highest reported plasmonic figure of merit (FOM = −ε1/ε2)
formed on Si and MgO substrates. We were able to optimize
the sputter-deposition process to maximize the metallicity of
the thin films for different substrates. This produces values of
Re(ε) very close to those of Au regardless of the substrate
underneath, suggesting the possibility of adjusting deposition
conditions to form high plasmonic-quality TiN on a large
variety of substrates.
Figure 1 shows the deposition process of our TiN thin films.

We used a variety of sputter-deposition conditions, including
higher temperature deposition at different values of applied
DC bias and different ratios of argon to nitrogen. In particular,

80 nm of TiN was sputtered onto <100> P-silicon (boron
doped, 5 × 1019 cm−3), at a substrate temperature of 700 °C, a
200 V applied substrate bias, and a ratio of argon to nitrogen
equal to 12:8 sccm. In addition, 80 nm of TiN was sputtered
onto <100> MgO, at a substrate temperature of 650 °C, a 120
V applied substrate bias, and a ratio of argon to nitrogen equal
to 12:4 sccm. The deposition pressure was held at 4 mTorr for
both samples with a base pressure of around 5 × 10−8 Torr.
Ellipsometric measurements were made using a Woollam
WVASE32 vertical angle spectroscopic rotating-analyzer
ellipsometer to determine the frequency-dependent complex
dielectric function of the sputtered TiN thin films. The
measurements were taken at three different incidence angles of
55°, 65°, and 75°. At each angle, the wavelength was varied
from 300 to 1700 nm in steps of 5 nm. Fits to the data were
made using a Drude-Lorentz32,33 model comprising a Drude
oscillator representing the free d-band conduction electrons31

and two Lorentz oscillators representing the inter- and
intraband losses. Figure 2a and b show the resulting plots of
the real and imaginary part of the permittivity (ε) for TiN on
MgO and TiN on Si. Also shown are the corresponding plots
for Au thin films deposited on Si and MgO using electron
beam evaporation, using values for ε of Au from ref 34. Optical
properties and FOMs of different Au thin films from different
references can be found in Figure S1 in the Supporting
Information. Figure 2 indicates that Au has the maximum
negative Re(ε) and the minimum positive value of Im(ε),
resulting in the excellent plasmonic performance of Au thin
film nanostructures. However, also apparent are the nearly
equal negative values of Re(ε) for TiN on MgO and TiN on Si
and the slightly higher values of Im(ε), compared to Au. Thus,

Figure 1. TiN thin film sputter deposition process showing the flow
of a mixture of argon and nitrogen gases into the sputtering chamber
under a high vacuum. The magnetic field (red lines) produced by the
magnets installed below the negative electrode ionizes the argon
atoms into positive ions creating a plasma cloud of argon ions around
the target. The ions then get accelerated and attracted toward the
negatively charged electrode, resulting in multiple collision events
with the titanium target, ejecting titanium atoms into the chamber.
These sputtered titanium atoms combine with the flowing nitrogen
atoms to form TiNx that gets deposited onto the substrate. The
stoichiometry and the optical properties of the resulting film depend
on the ratio of argon to nitrogen, applied substrate bias through the
positive electrode, and applied substrate temperature through an
internal heater below the substrate that is installed on the substrate
holder inside the sputtering chamber.
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we have separately optimized the deposition conditions for
TiN on MgO and on Si substrates to obtain large negative
values of Re(ε) in both cases, equal to each other and slightly
smaller (in absolute value) than the case for Au. While Re(ε) is
comparable for TiN on MgO and TiN on Si, the imaginary
part of the dielectric function of TiN on Si is higher than that
of TiN on MgO. Re(ε) relates to the free electron density in
the material, and we optimized the deposition conditions in
both cases to achieve the maximum negative value of Re(ε),
implying a relatively high electron density in the TiN thin films
regardless of the type of the substrate. However, Im(ε) relates
to the mechanisms of loss in the material, such as might result
from structural defects or impurities. The subtleties of loss
mechanisms require far greater and more sensitive analysis of
the thin films and characteristic defects or impurities that may
be incorporated as a result of the type of the substrate used and
the deposition conditions. These optical data both suggest the
possibility of tuning TiN deposition conditions to obtain high
negative Re(ε) on a variety of substrates and also suggest a

plasmonic performance that is comparable to that of Au thin
films. As a comparison, in Figure 3c, we plot the FOMs for our
TiN films, in comparison to the recently reported values for
TiN on different substrates.
In order to make calibrated comparisons of the TiN

plasmonic response to corresponding structures in Au, we
analyzed the performance of nanobowtie antenna arrays
fabricated from Au on Si and TiN on Si (data for nanoantenna
arrays of TiN on MgO and Au on MgO are presented in the
Supporting Information). Au nanoantenna arrays were formed
on Si and MgO by evaporation of 80-nm-thick Au thin films
through an electron-beam-patterned poly(methyl methacry-
late) (PMMA495-C6) mask. Fabrication of TiN nanoantennas
on Si and MgO substrates utilized e-beam-patterned negative
resist comprising hydrogen silsesquioxane (HSQ) and ma-N
2400 MicroChem, Inc. Following e-beam lithography, a dry
etching process was used to transfer the pattern from the resist
to the TiN thin film. A flowchart of the different fabrication
processes is given in the Supporting Information (Figure S2).
There may be concerns that the different processing
techniques used to fabricate the TiN and Au nanoantennas
might lead to different surface morphologies and/or surface
residues. In order to avoid uncertainties in the direct
comparison of the optical responses of TiN and Au
nanoantennas, we conducted a set of FTIR measurements to
show that exposing the Au nanoantennas’ surfaces to the same
resist as the TiN nanoantennas (HSQ negative tone resist)
would not affect the optical results. HSQ resist was applied to
our Au nano-antennas on silicon, and the entire array was
exposed to the same electron beam dose as used for the TiN
antennas. Resist development and removal was carried out in
the same way as done for the TiN nanoantennas. The FTIR
spectrum for the Au nanoantenna array before and after the
HSQ process did not display a difference in optical response.
Thus, we believe the comparisons of TiN and Au nanoantenna
responses to be reasonable, although the fabrication processes
differed. Nanoantenna arrays of different spacings and different
sizes were formed, with the bowtie side lengths ranging from
200 nm to 2 μm (Figure 3a). The TiN and Au nanobowtie
antennas comprised two equilateral triangles, where the
minimum side length of the triangle is 200 nm with a minimal
gap of 20 nm (Figure 3b).
Figure 3b illustrates the design parameters, Px, Py (distances

between array elements in x and y, respectively) and h (the
arm height of the nanoantenna) that were used for the arrays.
The gaps between bowtie tips are 50 nm in all cases. The
intention was to choose optimized values of design parameters

Figure 2. (a) Real and (b) imaginary part of the dielectric function of
Au and of our sputtered TiN thin films on Si and MgO substrates.
The data are obtained by spectroscopic ellipsometry and show strong
metallic character of TiN thin films with Re(ε) values of TiN on Si
being very close to those of TiN on MgO and Au. (c) Figure of merit
(FOM = −ε1/ε2) for different TiN films from this work (brown and
blue curves) and recent TiN films reported in refs 20, 24, 27, and 30.

Figure 3. (a) SEM image of TiN bowtie nanoantenna arrays on Si with well-defined gaps and different side lengths (200 nm, 300 nm, 400 nm, 500
nm, and 1 μm). (b) 200 nm side length TiN antenna array on Si with gaps ranging from 150 to 20 nm.
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so that we could systematically and clearly measure plasmonic
resonance responses for wavelengths ranging from 1.5 to 6 μm.
We therefore carried out FDTD simulations of the far-field
reflection spectra from an array of nanoantennas and the
expected near-field enhancement for isolated antennas (Figure
S6 in the Supporting Information) in the wavelength range
between 1.5 and 6 μm. In order to model TiN plasmonic
performance, data such as those shown in Figure 2 were
extrapolated to the mid-IR range and imported to the
commercial package Lumerical FDTD Solutions. For each
simulation scenario, we used a Particle Swarm Optimization
(PSO) algorithm35 to find starting values for Px, Py, and h that
maximize the reflection at the intended resonance wavelength.
We also studied the sensitivity of the reflection curve to small
variations in each parameter to finalize the geometries to be
fabricated, concluding with seven optimized designs (termed
Array 1−Array 7) for Px, Py, and h that can maximize and tune
the plasmonic coupling resonances in the far-field between 1.5
and 6 μm. More details about the FDTD simulation models
are presented in the Supporting Information.
FTIR measurements (Figure 4) produced far-field reflection

spectra from nanoantenna arrays made of TiN on Si and Au on

Si. For each set of nanoantenna parameters (h, Px, Py), a 35 μm
× 50 μm array of nanoantennas was fabricated, an array size
larger than the spot size of the FTIR. The samples were
introduced to the beam path from a broadband light source
made of silicon carbide (SiC), and the far-field FTIR spectrum
was collected in the wavenumber range from 6500 to 1250
cm−1 with 4 cm−1 resolution. Each nanoarray measurement
comprised 150 scans with the aperture size set to 25 μm × 40
μm. Baseline corrections were carried out to compensate for
wavelength-independent background light scattering. Further

details about the FTIR experiments and baseline corrections
can be found in the Supporting Information. Figure 4c
confirms the excellent surface plasmon response of the Au on
Si nanoantennas with ∼80% resonantly enhanced reflectivity.
Figure 4a, by comparison, illustrates the distinctive and robust
TiN nanoantenna resonances with only slightly reduced
(compared to Au) reflectivities, evidence of the excellent
plasmonic performance of TiN nanoantennas. Furthermore,
comparisons between Figure 4 and b and between Figure 4c
and d illustrate an excellent agreement between experimental
results and FDTD simulations. The agreement between the
simulations and measurements provides validation for the
optical properties modeling of our plasmonic TiN thin films
and highlights the tunability of resonant response with
nanoantenna geometry. Qualitatively similar results (Figure
S3 in the Supporting Information) were shown in a
comparison of TiN nanoantennas on MgO substrates,
compared to Au on MgO, also showing excellent agreement
between simulations and experimental results.
While the far-field resonant response of the TiN nano-

antennas is slightly reduced from that of Au, we anticipate that
the high-temperature performance of TiN would be superior.
To validate this hypothesis, we performed another set of FTIR
measurements after annealing arrays of both Au and TiN
nanoantennas in the air at temperatures of 400 °C, 600 °C, and
800 °C. One array was comprised of Au on Si (h = 740 nm, Px
= 300 nm, Py = 320 nm), and another was comprised of TiN
on Si (h = 750 nm, Px = 240 nm, Py = 270 nm). For each
annealing step, we used a cylindrical furnace that was ramped
up to the desired temperature and left to equilibrate before
introducing the TiN and the Au samples simultaneously. After
10 min of annealing at the desired temperature, the samples
were removed and left to cool down to room temperature.
This heating protocol was implemented to detect the direct
effect of annealing on the plasmonic response of the
nanostructures and to identify the annealing conditions at
which the TiN plasmonic response is more stable than that of
Au. Since degradation in the Au nanoantennas was apparent
after only 10 min of annealing, that time set the limit of our
annealing period. We are aware that longer annealing times can
result in degradation of the TiN plasmonic thin films at
temperatures lower than 600 °C. A fuller treatment of thermal
stability of TiN and other plasmonic thin films at longer
annealing times is provided by Wells et al. and others.36−38

Figure 5a tracks the plasmonic performance of the TiN
nanoantenna array as a function of temperature. The
plasmonic resonance of the TiN nanoantennas and the shape
of the curve remains similar at room temperature, 400 °C, and
600 °C.
At 600 °C, there is a slight shift in the peak position and

percentage reflection for the TiN nanoantennas, due to the
formation of a thin titanium oxide layer, which appears as dark
orange coloration in the inset of Figure 5c-iii. This was
confirmed by the SEM images presented in the insets of
Figures 5c-i,ii,iii showing almost no noticeable change in the
microscopic appearance of TiN nanoantennas granules for
temperatures less than or equal to 600 °C.
At 800 °C, we observed a distinct change in the microscopic

appearance of the granules of the TiN nanoantennas (Figure
5c-iv), reflecting the changes in the composition of the TiN
due to annealing, suggesting a transformation from metallic
titanium nitride to a dielectric material, resulting from the
oxidation of the TiN. This can also be seen in the change of

Figure 4. Matching experimental and simulated FTIR spectra from
seven geometrically different nanoantenna arrays made of (a,b) TiN
and (c,d) Au on Si substrate. Each array exhibits a distinct plasmonic
resonance highlighting the similarities between nanostructures made
of Au and TiN in supporting highly tunable resonant enhanced
scattering plasmonic peaks. h ranges from 300 nm in array 1 to 1000
nm in array 7 with a step of 100 nm. Px and Py range from 80 nm in
array 1 to 240 nm in array 7.
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color of the TiN thin film from gold-like at room temperature
to green at 800 °C (inset of Figure 5c-iv). This material
transformation manifests itself in the complete loss of the
plasmonic resonance in the FTIR spectrum (red curve in
Figure 5a) of the TiN nanoantennas after annealing at 800 °C.
The observations regarding the formation of a larger
component of titanium oxide at successively higher annealing
temperatures (800 °C) and a thin oxide layer at 600 °C were
confirmed by employing X-ray photoelectron spectroscopy
(XPS) analysis (see Supporting Information Figure S4) on four
different TiN thin film samples shown in the insets of Figure
5c; one sample was unannealed, and the rest were annealed at
400 °C, 600 °C, and 800 °C in the air. The XPS analysis
revealed the formation of a 10 nm oxide layer at 600 °C. By
incorporating a 10 nm titanium oxide layer in our simulations
(Figure S5 in the Supporting Information), we were able to
replicate the spectral shift observed in the green curve in
Figure 5a. On the other hand, the TiN film annealed at 800 °C
completely transformed to rutile titanium dioxide with no
traces of nitrogen in the thin film. Very similar microscopic
changes and oxidation behavior of TiN thin films at high
temperatures have been reported before.39

For annealing temperatures less than 600 °C, the
consistency of the TiN film composition and invariance of
the plasmonic resonance frequency and intensity detected by
FTIR confirm the excellent robustness of the TiN nano-
antennas. In comparison, the plasmonic resonance frequency
of Au antennas fluctuates significantly at high temperatures as
shown in Figure 5b. Additionally, we observed significant
microscopic material degradation in the Au nanoantennas after
annealing at 400 °C. Figure 5d shows SEM images of Au
nanoantennas at 20 °C, 400 °C, 600 °C, and 800 °C. The

images show that this degradation increased as we increased
the annealing temperature until the antennas started melting at
1000 °C. Because the Au degradation is initiated at relatively
low temperatures, the corresponding plasmonic performance is
modified. This is evident in the variation of the plasmonic
resonance frequency, in addition to the attenuation of the peak
intensity, as shown in Figure 5b, among the antennas annealed
at different temperatures. The insets of Figure 5c and d
compare the colors of the TiN thin film on Si and Au thin film
on Si annealed at different temperatures. The changes in color
of the TiN film to dark orange at 600 °C and light green at 800
°C is due to the oxidation process that starts at 600 °C and
consumes the TiN completely at 800 °C. This study seeks to
make a direct comparison of the performance of highly metallic
TiN nanoantennas formed on the electronically predominant
Si substrates, compared to the corresponding Au nano-
antennas. While the plasmonic performance of Au serves as
standard for evaluation of the TiN nanoantenna performance,
the relatively high diffusivity and solubility of Au in Si has been
previously well-recognized.40 We expect that the high temper-
ature performance of Au nanoantennas on other substrates
such as MgO or glass may not encounter the same challenges
of interdiffusivity or solubility, but nevertheless, the lower
melting temperature for Au (∼1000 °C) compared to TiN
(∼3000 °C) will still provide an advantage for TiN
nanoantennas operating under conditions of higher temper-
ature or higher incident power. Furthermore, similar
observations regarding high temperature degradation of Au
thin films and their metallicity (optical properties) on different
substrates, other than Si, have been reported before.41,42

The far-field data shown in Figure 4 provide convincing
evidence that both TiN and Au nanoantennas on silicon

Figure 5. FTIR experiments of (a) annealed TiN nanoantenna array in the atmosphere at different temperatures. The FTIR spectra from the TiN
nanoantenna array at room temperature and after annealing at 400 °C are almost the same, indicating that there is no oxidation or structural
changes in the TiN nanoantennas until 400 °C. We attribute the slight change in the shape of the reflection spectrum after annealing at 600 °C to
the formation of a thin titanium oxide layer on the surface of the antennas. (b) Annealed Au nanoantenna array in the atmosphere at different
temperatures showing significant variability of the plasmonic resonance frequency and the plasmonic coupling intensity at different temperatures.
(c) SEM images of the TiN nanoantennas at (i) room temperature, (ii) 400 °C, (iii) 600 °C, and (iv) 800 °C. (d) SEM images showing severe
microscopic degradation in Au nanoantennas at high temperatures (ii, iii, iv) causing shifts in the resonance frequency. The insets show high
magnification SEM images of the granules in addition to corresponding color of the (c) TiN and (d) Au thin films after each annealing step.
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exhibit distinctive and highly tunable plasmonic resonances in
the near to mid-IR region. Further validation is found in
spatially resolved near-field images of strongly coupled
localized surface plasmon modes in TiN and Au nanoantenna
structures. We obtained such images by carrying out
apertureless Scattering-type Scanning Near-field Optical
Microscopy (S-SNOM) measurements on optimized TiN
and Au nanoantenna structures. These measurements also
confirm the plasmonic and field enhancement equivalence
between Au on Si and our TiN on Si. Our S-SNOM analysis
utilized a silicon tip coupled to an atomic force microscopy
(AFM) system, allowing for high spatial resolution 3D
movement of the tip around the nanoantennas.
For these experiments, four individual antennas (TiN on Si,

Au on Si, TiN on MgO, and Au on MgO) were designed and
fabricated to exhibit a strong dipolar localized surface plasmon
resonance and maximize the near-field intensity enhancement
in the nanogap for mid-infrared illumination at about 6 μm
wavelength, the wavelength used in the S-SNOM measure-
ments. On the basis of FDTD simulations for the near-field
intensity enhancement in the middle of the gap between the
bowtie arms, the maximum localized surface plasmon
resonance for TiN and Au on Si occurs for a bowtie arm h
of 0.7 μm. Similar simulations for the MgO case are presented
in Figure S6 in the Supporting Information. The nanoantenna
is illuminated by a 6 μm wavelength light source (a narrow-
band quantum cascade laser, QCL) through a Michelson
interferometer at an incidence angle of 60°. The silicon tip, in
tapping mode on the sample, gets polarized by the laser source
and itself acts as a local antenna that scatters the near-field
from the surface of the nanostructures, modulating the light
with the tapping frequency. A moving mirror, oscillating at the

same frequency as the tip, is used to implement pseudo-
heterodyne demodulation of the phase and amplitude of the
scattered field. Images of phase and amplitude, such as those
shown in Figure 6a-i and a-iii, are formed by raster scans of the
tip over the antenna’s surface in the (x,y) plane. This setup,
similar to that described in ref 43, allows for the detection of
the magnitude and phase of the out-of-plane electric field
component (Ez) only. A complication for this measurement
lies in the polarization of the tip itself by the laser source. As a
result, the scattered fields are modulated by the tip oscillations,
and the resulting near-field heat maps are a superposition of
the actual LSP mode to be imaged and other contributions
coming from the tip itself locally exciting the structure,
coupling light into it as the tip raster scans the surface of the
nanostructures. Because the FDTD simulations do not take the
moving tip effect into consideration, the raw images need to be
processed to remove the unwanted tip-launched components.
As done in ref 43, we can extract the mode field (which has
odd symmetry) by subtracting the complex field image from its
flipped replica, thus removing the tip-launched components
that have even symmetry. Figure 6 shows the processed S-
SNOM images for amplitude and phase of Ez on the surface of
the TiN on Si (left column) and Au on Si (right column)
bowtie nanoantennas. In each case, the correspondence
between experimental measurements and FDTD simulations
is excellent. The data for TiN on MgO and Au on MgO bowtie
nanoantennas are shown in the Supporting Information.
The heat maps of Figure 6 reveal that TiN on Si and Au on

Si exhibit LSPs with the same spatial distribution of both
amplitude and phase and with very similar intensities. For both
TiN and Au, we observe very similar values for the enhanced
localized field amplitude toward the tips of the bowtie,

Figure 6. Resonant near-field localized surface plasmon modes in (a) TiN and (b) Au nanoantennas on Si showing the strong interaction between
the exciting electromagnetic waves and the nanostructures. (i) S-SNOM measured amplitude of the out of plane E-field component on the surface
of (a-i) TiN on Si and (b-i) Au on Si nanoantenna showing very similar near-field enhancement capabilities. (ii) Simulated near-field amplitude on
the surface of (a-ii) TiN and (b-ii) Au single nanoantenna in FDTD with E-field polarization parallel to the antenna axis with optical properties
adapted from Figure 2. (iii) Phase heat maps of the out of plane E-field component on the surface of (a-iii) TiN on Si and (b-iii) Au on Si
nanoantenna ranging from −π to π showing a strong dipolar bright mode evident in the 180° phase shift across the gap. (iv) FDTD simulations of
the S-SNOM measurements for the phase of (a-iv) TiN on Si and (b-iv) Au on Si nanoantenna showing excellent agreement with the
measurements.
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especially concentrated at the gaps. The resolved electric field
phase shows a strong dipolar LSP mode with a 180° phase
jump from one bowtie arm to the other right across the gap.
That strong oscillating electric dipole on the surface of the
antenna produces the resonantly enhanced scattering that we
observe in the far-field FTIR experiments. The radiation from
this oscillating dipole leads to resonantly enhanced scattering
of the incoming plane wave by the nanoantennas, which can be
represented as an array of point dipoles. Results for similar S-
SNOM experiments for TiN and Au nanoantennas on a MgO
substrate (Figure S7 in the Supporting Information) confirm
the significant similarity between the LSP near-field distribu-
tion and intensity of TiN and Au nanoantennas. The good
agreement between the experimental S-SNOM amplitudes and
phases with the simulated results validate the values we use in
modeling the optical properties of the TiN, as well as the
algorithm employed to extract the field phase and field
amplitude from the S-SNOM measurements. Figure 6
represents a 2D time average of the plasmon resonance
(amplitude and phase) obtained by S-SNOM near-field
measurements. Web Enhanced Objects (WEOs) showing the
3D temporal evolution of the real part of the resonant plasmon
mode obtained by S-SNOM measurements for both TiN and
Au nanoantennas on silicon can be viewed by clicking on the
appropriate caption text for Figure 6a and b, respectively.
Similar videos showing the temporal oscillations of the dipole
for TiN and Au nanoantennas on MgO can be found in the
Supporting Information.
To further confirm that the S-SNOM measurements

demonstrate a resonant plasmon phenomenon, we fabricated
two off-resonance structures with TiN and Au antennas with a
bowtie height h of 1.1 μm for the MgO substrate and 1.5 μm
for the Si substrate. The S-SNOM measurements and the
FDTD simulations for these structures both exhibited a
significant drop in the surface field amplitude as expected
(results in the Supporting Information).

■ CONCLUSION
In conclusion, we produced a highly metallic TiN thin film on
both Si and MgO substrates through separate optimization of
the deposition conditions for each substrate. Such observations
suggest the possibility of producing highly metallic TiN on a
large variety of substrates, extending the range of TiN
plasmonic applications. We have achieved high plasmonic
quality TiN on Si with metallic behavior that is very similar to
that of Au on Si. FTIR reflection spectra were used to analyze
and compare the far-field performance of nanoantenna arrays
made of TiN and Au. The TiN nanoantenna arrays showed
highly tunable plasmonic peaks in the near to mid-IR range,
specifically from 1.5 to 6 μm, resulting from changes in the
dimensions and the periodic placement of the TiN nano-
antenna array elements. Additionally, S-SNOM experiments
were conducted to analyze the near-field distribution of the
localized surface plasmon dipolar resonances in isolated TiN
and Au nanobowtie antennas. These measurements showed
that TiN nanostructures on Si and MgO exhibit the desired
LSP modes, field enhancement, and localization capabilities
that are very similar to those of Au on Si and MgO,
respectively. Excellent agreement between FDTD simulations
and our FTIR and S-SNOM measurements confirms the
validity of the optical models used for our TiN plasmonic films.
XPS depth-profiling revealed the effect of high temperature
annealing in the air and confirmed the chemical stability of

TiN nanoantennas up to 600 °C. These simulations and
measurements conducted on TiN and Au nanoantennas in
aggregate reveal the excellent, robust performance of TiN
compared to Au. Such detailed, calibrated, and one-to-one
comparisons of TiN and Au plasmonic responses are critical in
a realistic evaluation of TiN or any new plasmonic material.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsanm.9b00370.

Figure S1: Comparison between the optical properties
and FOM of our TiN thin films and different Au thin
films. Figure S2: Fabrication process details and results
for TiN and Au nanoantennas on Si and MgO. Figure
S3: Comparison of the FTIR spectra for seven different
arrays made of TiN and Au on MgO. Figure S4: XPS
analysis of the TiN thin films annealed at different
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