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ABSTRACT

Unlike noble metals, refractory plasmonic materials can maintain resilient and attractive optical properties even at comparatively extreme
temperatures and high current densities. One refractory plasmonic material of interest is TiN, which exhibits an extremely high melting tem-
perature of about 3000 K and noble-metal-like optical properties in the visible and near-infrared regime. Using lithographically fabricated
TiN nanowires and leveraging their ability to host plasmon modes, we have examined plasmonic photothermal heating and photothermo-
electric response whose anisotropy and magnitude depend on the width of the nanowires. The photothermoelectric response is consistent
with changes in the Seebeck coefficient where the wire fans out to wider contact pads. Upon electrically biasing the structures, Joule heating
of the TiN wires can produce detectable thermal emission within the visible and near-IR range, with emission intensity growing rapidly with
increasing bias. This emission is consistent with local temperatures exceeding 2000 K, as expected from a finite element model of the Joule
heating.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0276431
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INTRODUCTION

Photothermal effects in nanostructures are an active research
topic owing to diverse applications in optical detection, sens-
ing, catalysis, and even cancer therapy.'  Photothermal response
involves the maximal absorption of light and its subsequent con-
version into heat in many systems, including organic materials
(polymers’) and a variety of inorganic materials (such as semi-
conductors and plasmonic materials™”). Photothermal effects are
prevalent in plasmonic materials because geometrically tunable

plasmon resonances in optical absorption contribute to the opti-
cal heating of the charge carriers and the lattice. An exceptional
response results from strong dipole absorption moments facili-
tated by the hosted surface plasmon resonances in these materials.
These resonances originate from coherent electronic oscillations
on the metallic surface and play an essential role in determin-
ing the optical properties of the structure. Plasmon resonances
in these materials define the optimal operational wavelengths of
optically and/or electrically driven nanostructures by shaping their
emission spectra and polarization.”” These features are crucial for
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applications that involve unique light-matter interactions, such as
polarization-sensitive tomography” and sensing.'’

Photothermal response has also proven useful for photode-
tection through bolometric changes in device resistance'' '’ and
photothermoelectric generation of an open-circuit photovoltage
(OCPV)."" ' These features fuel the research interest in these effi-
cient photon-to-heat energy converters for diverse applications. As
such, plasmonic materials such as noble metals and some con-
ducting oxides'” " have been extensively studied owing to their
response to photothermal heating in the visible and near-infrared
regimes. A challenge for these materials is the need to guarantee
efficient energy conversion for applications requiring high opera-
tional temperatures and/or high current densities. Nanostructures
of non-refractory materials can undergo geometric deformations
at relatively low temperatures, leading to poor stability and dras-
tic changes in the electromagnetic absorption properties under high
temperatures and current densities.

Titanium nitride is an inexpensive alternative to
the relatively costly noble metals, possessing a refractory
ceramic nature with a dielectric function favoring plasmonic
response in the red and near-infrared, such as gold.”"”
The ability of TiN to absorb efficiently within the biological
transparency window has made it attractive for photothermal ther-
apy treatments.”” The biocompatibility and relatively high melting
temperature, even for nanostructured forms, have fueled its integra-
tion and development in various nanostructure-based photothermal
applications.”

TiN has been employed in nanoparticle form”* as well as
in metasurfaces’” for photothermal applications. Schramke et al.
recently studied the photothermal response of titanium nitride
nanocrystals fabricated via a nonthermal plasma route.”* TiN metas-
tructures have also been studied as candidate plasmonic mate-
rials for solar harvesting.”® These features motivate exploring
the photothermal responses of other TiN nanostructures. Metal-
lic TiN nanowires have proven to be easily fabricated, exhibit
good tunability, show complementary metal-oxide-semiconductor
(CMOS) compatibility, and have excellent plasmonic resonances
that can be tailored for diverse photothermal applications. How-
ever, direct electrical detection of photothermal effects in indi-
vidual TiN nanostructures remains comparatively unexplored, as
do investigations of optical emission from electrically driven TiN
nanostructures.

In this work, we present studies of the photothermal response
of individual TiN nanowires. Measurements of resistance as a func-
tion of incident polarization show clear evidence of an expected
transverse dipolar plasmon resonance, consistent with finite element
modeling of the optical response. Photothermoelectric measure-
ments reveal that it is possible to create optically excitable single-
material thermocouples from TiN that produce readily measurable
open-circuit photovoltages (OCPVs) when illuminated. The refrac-
tory properties of TiN mean that resistively heated nanowires can
reach electron temperatures sufficient to emit in the visible. While
emission spectra in the example devices here are modified by inter-
ference effects involving the underlying SiO,, analysis based on
a normalization approach finds a Boltzmann-like energy depen-
dence with an effective temperature comparable to that found in
simulations.

ARTICLE pubs.aip.org/aip/apm

EXPERIMENTAL AND THEORETICAL METHODS

Fabrication of the plasmonic TiN nanowire (NW)
bowtie structures

2 ym thick SiO,/Si wafers were used as substrates for deposit-
ing 100 nm TiN films. The TiN films were grown using DC reactive
magnetron sputtering (PVD Products) at a temperature of 800 °C. A
99.995% pure Ti target of 2-in. diameter and a DC power of 200 W
were used for the process. The distance from the target to the source
is kept at 20 cm to ensure uniformity. The chamber is pumped down
to 3 x 107® Torr before deposition to prevent oxygen contamination
and backfilled to 5 mTorr with argon during the sputtering process.
The Ti target is initially sputtered in an argon plasma for 2 min with
a power of 200 W to clean the target surface. The TiN films were then
deposited using an argon-nitrogen mixture flowing into the cham-
ber at the rate of 1 SCCM/18 SCCM, along with a substrate rotation
speed of 5 rpm. Clean TiN-coated wafers were then spin-coated with
negative-tone resist (maN-2403), baked at 100 °C for 90 s, and sub-
tractively patterned using standard e-beam lithography and revealed
by rinsing the e-beam exposed resists in an aqueous-alkaline-based
(ma-D 525) solution. The sample was then structured by reactive
ion etching (RIE) to have an array of TiN NWs of widths ranging
from 50 to 500 nm, a range designed to span the widths expected
to produce a transverse plasmon resonance that could be excited by
incident 785 nm wavelength illumination. The RIE was done using
a gas mixture of gas ratios of sulfur hexafluoride (SFs) and argon
(Ar) with flow rates of 30 and 18 SCCM, respectively. The pressure,
rf power, and bias DC power were 10 mTorr, 90 W, and 175 V,
respectively. The typical etching lasted about 4.5 min. The residual
resist on top of the NWs was stripped using acetone, and the sam-
ples were then rinsed in IPA and blow-dried with air. The resulting
TiN nanowire bowtie structures were then connected to large pho-
tolithographically defined electrode pads comprising metal layers of
5 nm Ti for adhesion underneath 50 nm gold (Au). The photore-
sist was stripped in acetone. The resulting sample, comprising 24
devices with a common ground, was connected to a larger chip car-
rier using Au wires by wire bonding. Devices were then immediately
transferred to a Montana Instruments vacuum cryostat for measure-
ments. For the measurement of each individual nanowire, the other
nanowires on that same substrate were left floating.

Characterization

The OCPV and photothermal heating measurements were
done using setups described in previous studies.'”'* For the heat-
ing measurements, the devices were biased at 5 mV dc. A linearly
polarized 785 nm CW laser was the excitation source. A mechan-
ical chopper rotating at 270 Hz) (a period much slower than the
associated thermal timescales of the plasmonic structures” *’) mod-
ulated the laser, while a half-wave plate and polarizer controlled its
intensity. The laser beam was focused through a high NA objective
(Nikon 50%, NA 0.7) to produce a spot diameter of full width half-
maximum (FWHM) 1.8 ym on the sample surface. A telescopic lens
was used to raster scan the laser spot on the sample surface. OCPV
and photocurrent maps were both measured using a lock-in ampli-
fier synced to the chopper frequency and an SR560 voltage amplifier
or an SR570 current amplifier, respectively.
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For the thermal emission measurements, the NWs biased by the
Keithley 2400 source meter emit photons, which are collected by the
high NA objective and directed to an optical spectrometer (Horiba
iHR 320/Synapse CCD) for measurement. All the light emission
results in this work were corrected for the spectral response of free
space optics and the silicon charge-coupled detector (CCD) in the
spectrometer.

Optical and thermal simulations

We performed finite element simulations to compare with our
experimental results using COMSOL Multiphysics version 6.1. For
the optical simulations, plane waves of various intensities normally
incident on the metallic nanowire induce plasmonic excitations. The
measured optical properties of our TiN films were used to calcu-
late absorption cross sections for varying nanowire widths and at a
fixed incident wavelength of 785 nm. The results were used to opti-
mize the nanowire width for plasmonic absorption and fed into a
thermal model to calculate the power dependency of the laser heat-
ing for the nanostructures. Calculated absorption cross sections for
both polarizations were used to determine the dominant modes in
the geometry-optimized TiN NW. The AT vs laser power plots were
obtained from simulations implemented in 3D using Heat Transfer
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in the Solids and Electromagnetic Waves domains physics modules.
The Joule heating simulations were performed simultaneously using
the electric currents and the heat transfer module. Two-probe tech-
niques were used to measure the electrical resistivity used for the
modeling.

As verified by prior studies with Pt NWs,” the contribution
of the contact pads is negligible, so we reasonably truncate them in
the thermal model. In addition, the thickness of the Si substrate is
truncated for computational efficiency because the Si substrate is
approximated to be uniformly held at the sample holder tempera-
ture, and the thermal conductivity of Si (148 W/mK) is much higher
than that of the amorphous SiO, (0.6 W/mK) substrate. This is in
agreement with previous studies, which suggest that the low ther-
mal conductivity of SiO, constrains most of the heat flow to the
etched TiN structure (which thermally conducts at about 19 W/mK).
This also validates our device fabrication design since it minimizes
heat wastage to untargeted regions. This modeling aims to under-
stand if the lattice of the electrically biased TiN nanowire gets
heated to electron temperatures sufficient to produce the observed
thermal emission. The electrical properties used in this model are
adopted from our resistance vs temperature measurement shown in
Fig. 1(c).

b Air l

—AT(K)
I - - fitting|

FIG. 1. (a) Micrograph of etched nanowire structure. (b) Schematic cross section diagram of device geometry used in finite element simulations (geometry not to scale).
The nanowire direction is infout of the page. The red arrow indicates the incident plane wave, with polarization in the plane of the page. (c) Typical resistance as a function
of temperature for TiN nanowire. (d) Polarization dependence of effective temperature change, including fit to A + Bcos? for a sample at 180 K on a 2 um thick SiO,

substrate.
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RESULTS AND DISCUSSION

Plasmonic resonances and photothermal heating
in TiN nanowires

We consider etched nanowires connected to large contact leads,
as shown in Fig. 1(a). The resistance of these structures is dominated
by the nanowire constriction. Incident light absorbed by the TiN
increases the local temperature, which leads to an increase in the
device resistance proportional to the incident optical power. This
photothermal resistance change, measured using a lock-in ampli-
fier synchronized to the chopper that modulates the incident light,
can be converted into a temperature change via the experimentally
determined resistance as a function of temperature, R(T) [Fig. 1(¢)].

We conducted temperature (T)-dependent resistance (R) mea-
surements on 11 individual TIN NWs. A typical R vs T relationship
for our devices is illustrated in Fig. 1(c). The R vs T plots are non-
linear for all devices, with smaller positive local slopes recorded for
colder temperatures below 40 K, as expected for the freezing out
of phonon scattering of the carriers.”! At warmer temperatures, the
R vs T plots have larger positive slopes, implying higher tempera-
ture coefficients of resistance. We performed all heating experiments
with substrate temperatures held at 180 K, where the typical %
ranges from 0.1 to 0.35 QK" extracted from a temperature range
of 80-300 K to calculate the extent of the plasmonic heating.

Temperature changes AT due to small variations in the resis-
tance of the NW at a fixed bias voltage V. can be inferred from
Ohm’s law and the chain rule decomposition of %. With these, the
plasmonic heating can be quantified using a derived expression,

Here, 41 is the optically induced change in current. For the trans-

verse (6=90) polarization of the heating laser beam, AT was
deduced experimentally to be in the range of 0.1-1.1 K, depending
on incident power.

COMSOL simulations [schematic shown in Fig. 1(b)] of an
infinitely long TiN strip show a clear transverse, dipolar plasmon
resonance when the incident radiation is polarized transverse to the
nanowire. This is reminiscent of what was previously observed in Au
nanowires.””

Our simulation results [Fig. S2(a)] indicate that the width-
normalized absorption sharply decreases for wider widths. There-
fore, it is reasonable to neglect the absorption contribution from the
wider portions of the fan-out region of our bowtie devices, allowing
for the simulation of a simplified 2D model depicted in Fig. 1(b). We
would like to emphasize that, in this model, the nanowire is consid-
ered infinitely long, extending in/out of the page. The polarization
dependence of this resonant contribution to the absorption is clearly
shown in Fig. 1(d). With insight from previous work done on indi-
vidual plasmonic nanorods,* the inferred temperature change is fit
to the form A + Bcos*6, where 0 refers to the polarization angle,
which is zero when the incident beam is polarized along the NW
length. The parameter B is proportional to the transverse resonance
contribution, while A originates from the isotropic, direct optical
absorption of the TiN. The transverse resonance depends on both
the dielectric function of the TiN and the geometry of the wire.

ARTICLE pubs.aip.org/aip/apm

The interaction strength between the polarized light and the
NW-hosted plasmons is highly width-dependent, as expected when
accounting for a transverse dipolar plasmon resonance of the NW.
For NWs of varying widths, the plasmonic contribution to the heat-
ing response shows a clear trend with wire width, with weaker
cosine-squared components for wires deviating from 186 nm in
width [Fig. 2(a)].

Figure 2(b) shows the theoretical expectation of the steady-state
induced temperature rise in the nanowire’s hottest spot as a func-
tion of resonant absorbed laser power at a fixed incident wavelength
of 785 nm and a wire thickness of 120 nm as a function of wire
width. The absorption, calculated using the experimental dielec-
tric function, is incorporated with the power of the heat source to
calculate the temperature rise due to the laser heating. The slight
disagreement between the measured and calculated values most
likely results from experimental conditions not accounted for in
the simulation, for example, surface roughness and the influence of
temperature on the plasmon resonances. Consistent results for the
geometry dependence of the transverse resonance are seen across
two different fabrication batches of nanowires [different symbols
in Fig. 2(c)]. We define the plasmonic anisotropy ratio as the ratio
of the resonant to the non-resonant temperature rises (AR = AT(0
=90°)/AT(6 = 0°)). The experimentally determined and simulated
anisotropy ratios follow a similar trend, emphasizing the geometry
dependence of the photothermal response in the NWs. The exper-
imental AR range is smaller than the theoretical calculation based
on expected TiN optical properties. The fabricated nanowires likely
have poorer resonances and larger (polarization-independent) direct
absorption from geometrical imperfections and disorders arising
from the fabrication process.

This anisotropy, resulting from the polarization-dependent
plasmon absorption, can enable rational design of photothermal
heaters or on-chip bolometric photodetectors. Normalizing the
calculated absorption by the width of the nanowires allowed for
the inference of the geometrical contributions to the absorption
cross section [Fig. 2(d)]. With this, the theoretical AR was cal-
culated. As expected, nanowires with widths far away from the
plasmonic resonant peak exhibited smaller ARs than those with
widths (150-250 nm) close to the plasmon peak.

Photothermoelectric response

Single metal thermocouples have been demonstrated in dif-
ferent conductive materials.”"”” If the heating of these devices is
through optical absorption and plasmonic resonances of the metal
nanostructures that tune the absorption, it is possible to use such
devices as polarization-sensitive photodetectors.'” The underlying
physics of these systems is a systematic change in the Seebeck coef-
ficient, S, that correlates with the physical dimensions of the metal
nanostructure. Thus, a wire with an abrupt change in width w
can function as a thermocouple, with the wider and narrower wire
segments having differing S(w).

Thick TiN thin films are known to have metallic proper-
ties owing to thickness-dependent improvement of grain sizes and
surface roughness.””* As such, a possible explanation for such
geometry dependence of S in our films is boundary scattering and
its effect on the mean free path and, thus, the energy-dependent
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FIG. 2. (a) Polarization-dependence of temperature change for different wire widths when the laser illuminates the TiN NW. (b) Finite element method (FEM) simulation of
the induced maximum temperature rise in the central NW (inset) as a function of incident laser power for a fixed photon wavelength and a NW width of 785 and 120 nm,
respectively. (c) The magnitude of the plasmonic anisotropy ratio due to heating as a function of wire width, showing consistency across two batches of samples. The right
and left axes represent the measured and the calculated ARs, respectively. (d) Simulated absorption normalized by the widths of TiN nanowires comparing different widths

under 785 nm laser illumination.

27 2 2 ’
conductivity that appears in the Mott expression,”” S = % kBT 7

in which kp and e have their usual meaning, and the ratio Tﬂl is
the electrical conductivity term representing the details of scatter-
ing. Seebeck mapping measurements in metal films, however, have
shown local variations in $ in the absence of geometric changes,*
and experiments on highly crystalline nanowires show that local
strain can alter S, leading to OCPVs under illumination.”

TiN nanowire constrictions, as in Fig. 1(a), show a clear OCPV
response as a function of laser position, as shown in Fig. 3(a). Upon
illumination of the NW at its center, the measured OCPV is zero
due to the symmetry of the geometry and temperature profile. As in
similar bow-tie designs made from evaporated Au films, """ there
is a maximum in OCPV when the laser is focused on the junc-
tion between the nanowire and the fan-out to larger contact pads.
As expected for a photothermal effect, the magnitude of the OCPV
is linear in the incident optical power [Fig. 3(b)]. At fixed optical
power, the OCPV is maximized when the incident polarization is
transverse to the nanowire, consistent with the plasmon resonant
heating discussed above. As with the plasmonic heating [Fig. 1(d)],
illuminating the NW with a transverse resonance gives the largest

>

heating response owing to the dipolar nature of the transverse plas-
mon mode. This heating response yields the largest temperature
difference between the heated location and the ambient temperature
ends of the structure. As such, OCPV is the largest when the NW is
heated with transverse polarization [Fig. 3(c)].

We measured the OCPV for 22 individual continuous
nanowires of the same width, with the majority of the devices hav-
ing similar |AV| < 0.2 uV/mW, as shown in Fig. 3(d). The small [AV]
is attributed to the absence of nanogaps or broken symmetries in
the NWs. In such NWs, the origin of the measured AV is widely
accepted to be the photothermoelectric (PTE) effect due to changes
in S when the nanowire fans out to larger contacts. The changes
in Seebeck response can originate from either boundary scattering
affecting the energy-dependent mean free path of charge carriers
(Mott formula) or internal stresses in the TiN film that could arise
from the film deposition and etching processes. From our measure-
ments, we estimate a modal AV from Fig. 3(d), and together with
the resonant temperature gradient from Fig. 1(d), we estimate the
difference between the Seebeck coefficient of the fan-out electrode
(S¢) and that of the nanowire (Sy), AS, to be 0.31 uV/K.
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FIG. 3. (a) Map of open-circuit photovoltage (OCPV) as a function of laser position. Dashed lines guide the eye to the outline of NW geometry superimposed on the map.
The nanowire width is ~150 nm. (b) OCPV as a function of incident optical power with the laser focused on the location of greatest response. (c) OCPV as a function of
incident polarization at a substrate temperature of 180 K. (d) Distribution of maximum OCPV magnitude across multiple geometrically identical devices at a fixed incident

power of 2.5 mW.

In the device connection diagram shown in Fig. S1(a), the left
boundary is grounded while the right is isolated. This wiring setup
is crucial for accurate inference of the sign of AS. When heated away
from the center of the nanowire geometry, the OCPV color map
exhibits two regions of opposite polarity. However, this does not
impact the inferred sign of AS. To elucidate this, consider the region
where the OCPV is negative. The induced temperature difference
between the laser spot position and the ambient is positive. Given
that our TiN films have a negative Seebeck coefficient of -6 uV/K,
the relationship AV = —ASAT necessitates a positive AS, consistent
with our findings. A similar analysis with the positive AV region
supports the same sign of AS, as the sign of the temperature gradi-
ent is reversed. The positive sign of AS implies that S| > |S¢|, which
is explained by enhanced scattering effects that are more dominant
in the wire than the fan-out. Comparable results have been seen in
similar experiments with Au NWs. Our shorter devices (< 1 ym)
exhibited a resolvable PTE response with a few outliers in the magni-
tude of the response, raising questions about whether this response
is due to strain in the NWS. The PTE response of NWs is longer
than the diameter of the beam spot and serves as a confirmatory
probe for strain-induced Seebeck changes in the nanowires. Unlike
gold, where long wires show spatially variable PTE voltage along

the nanowire due to non-uniform strain distribution,” longer TiN
devices (~10 ym) do not exhibit a measurable PTE response when
illuminated far from the fan-outs. This is consistent with uniform
rather than inhomogeneous stress in the longer wires. This result is
consistent with a sharp decrease of strain with increasing thickness
in TiN thin films,” implying very low strain levels in our 100 nm
thick NWs, leading to an unresolvable PTE response. Consequently,
it was challenging to place a limit on the contribution of strain to
the measured PTE voltages using established techniques that have
proven effective for Au.

Thermal light emission

Thanks to the refractory nature of TiN, it is possible to use
such TiN nanowires as resistively heated, nanoscale thermal light
sources. We employ three-dimensional finite element modeling to
qualitatively examine heat dissipation during thermal emission. As
shown in Figs. 4(a) and 4(b), for reasonable values of device dimen-
sions, electrical properties, and thermal properties, the simulations
show that comparatively modest currents are sufficient to heat the
nanowire region far above ambient conditions (180 K for the exper-
iments at hand). The lattice temperature decreases sharply along the
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FIG. 4. (a) Simulated temperature map of a Joule-heated TiN NW 1000 nm long and 120 nm wide at a dc bias of 2.0 V. The center of the NW has the highest temperature.
(b) Calculated temperature profiles along the centerline of the Joule-heated TiN NW for different dc biases. (c) Measured thermal emission at different bias voltages as a
function of photon energy. (d) Calculated absorption for incident plane waves on a TiN NW as a function of incident photon energy, with the photon energy distribution set
by a Boltzmann factor with a temperature of 2500 K, for comparison with (c), with interference fringes readily apparent in the absorption. Note that absorption of thermally

distributed plane waves is not the inverse of the thermal emission process.

NW length and saturates at around 180 K toward the ends of the
electrode contacts, leaving the highest temperature light emission
confined to the constriction. In several studies of nanoscale light-
emitting devices based on other plasmonic materials, it is common
for the electron and lattice temperatures to differ significantly.”""”
However, TiN is unique in this regard. Its strong electron-phonon
coupling at elevated temperatures ensures that it is reasonable to
consider the electrons and lattice to have well-defined effective
temperatures that are essentially identical. A similar analysis was
performed previously for nanowires fabricated from Pt thin films.”

Figure 4(c) shows the raw emission spectrum (corrected for
wavelength-dependent detector sensitivity) of a resistively heated
TiN nanowire at several biases. The oscillating component of the
spectrum is an interference effect that originates from the TiN
nanowires sitting on a 2 ym-thick SiO; layer on the Si substrate.
Interference between light directly emitted from the nanowire and
light that bounces off the SiO,/Si interface before reaching the objec-
tive leads to the observed minima and maxima as a function of
photon energy. Figure 4(d) demonstrates this with a very simple
model that approximates the reciprocal process. The model cal-
culates the absorption of transversely polarized (with respect to
the wire) plane wave light at various frequencies by an infinitely

long TiN nanowire of the appropriate width and thickness on 2
um-thick SiO; on semi-infinite Si as a function of incident pho-
ton energy. Scaling the intensity of the incident plane waves by a
—hw
Boltzmann factor e**"s/ , with an effective temperature of 2500 K,
gives a good resemblance to the actual measured emission, with
fringes appearing near the experimentally determined energies. The
greater depth of the fringes in the model than in the experiment
stems from the fact that the plane wave absorption calculation is
not actually a true inverse of the thermal emission from a small,
nonuniformly radiating nanostructure. We note that thermal emis-
sion from plasmon-hosting nanostructures typically has interesting
polarization dependence;“‘ " however, for the examined wavelength
regime, we do not see signatures of polarization in the emitted
light of our biased nanowires. This is possibly due to the compara-
tively broad plasmon resonances in these films, with plasmon width
attributed to the disorder from the polycrystalline nature of the
material. This is consistent with the measured AR, which is smaller
than the theoretically expected AR by a factor of about 4.

We employ a normalization procedure similar to that
employed when examining electroluminescence from nanogap tun-
nel junctions'”* (see the supplementary material). Normalization
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FIG. 5. (a) Energy dependence of the thermal emission spectra from the TiN nanowires obtained by dividing the spectra obtained at 1.7, 1.8, and 1.9 V by the reference
spectra taken at 2.0 V, normalizing out the effective energy-dependent spectral emission shape p(w) that includes substrate interference effects. (b) Extracted p(w) for the
thermal emission, showing that the spectra in Fig. 4(c) all have the same underlying form.

allows analysis of the emission spectrum’s energy dependence while
ideally removing the effects of the interference fringes. Figure 5
shows the resulting Boltzmann-like energy dependence once the
structural-spectral features are normalized away. Effective temper-
atures from this analysis at different biases are found and are com-
parable with the expectations from the thermal model of Fig. 4(b).
The voltage-independent p(w) [Fig. 5(b)] shows that all the spec-
tra in Fig. 4(c) have the same underlying structure and implies that
the normalization analysis is quantitatively reasonable. The p(w)
combines the structural interference effects, the energy-dependent
emissivity of the TiN, the photonic density of states for emission, and
the collection efficiency of the optical setup. Temperatures from this
analysis essentially agree with those calculated from our appropriate
finite-element heating models, which supports our interpretation of
the origin of the thermal emission, which is the black body emis-
sion of electrons in near-thermal equilibrium with the phonons. Our
analysis implies that the effective temperature of emitting electrons
is approximately directly proportional to the applied bias. This is
somewhat counterintuitive, as one might expect temperature ele-
vation to be directly proportional to the dissipated power (~V?).
However, a quadratic bias dependence neglects the temperature-
dependent thermal properties of the nanowire and environment
and the fact that the temperature excursion from the environmen-
tal 180 K is large. In practice, assuming a quadratic dependence on
bias fails to fit the data, suggesting that the temperature dependence
of the thermal path is important in the Joule heating luminescence
regime.

CONCLUSION

Individual titanium nitride nanowires were studied in the scope
of plasmonic heating. Both FEM simulations and heating experi-
ments suggest that TIN NWs can perform as photothermal heaters
with significant polarization dependence when illuminated with res-
onant photon energy. This polarization dependence can be tuned
by altering the NW’s geometry, which affects the spectral match

between the dipolar plasmon resonance and illuminating photon
energy. The nanostructures demonstrate promising platforms for
bolometric devices based on resistance changes and photothermo-
electric response and for developing future nano-photonic technolo-
gies and energy conversion devices. This work also demonstrates
electrically biased titanium nitride nanowires as nanoscale thermal
emitters and light sources. The lithographically designed nanowires
ensure high current densities and enhanced Joule heating, leading to
electron and lattice temperatures that greatly exceed ambient sub-
strate conditions. The hot nanowire’s electrons emit visible light,
leaving the other parts of the device non-illuminating. The thermal
emission is electrically tunable by changing the applied bias. These
results are proof of concept for developing refractory plasmonic and
on-chip light sources.

SUPPLEMENTARY MATERIAL

The supplementary material contains a discussion of a finite
element model of the photothermal voltage as a function of laser
spot position, additional plots showing the polarization-dependent
photothermal response of TiN wires, and a summary of the effective
temperature analysis of the thermal radiation from the Joule heated
wires.
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