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Temperature-dependent optical properties of titanium nitride
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The refractory metal titanium nitride is promising for high-temperature nanophotonic and plasmonic applications, but its optical properties have not been studied at temperatures exceeding
400  C. Here, we perform in-situ high-temperature ellipsometry to quantify the permittivity of TiN
films from room temperature to 1258  C. We find that the material becomes more absorptive at
higher temperatures but maintains its metallic character throughout visible and near infrared frequencies. X-ray diffraction, atomic force microscopy, and mass spectrometry confirm that TiN
retains its bulk crystal quality and that thermal cycling increases the surface roughness, reduces the
lattice constant, and reduces the carbon and oxygen contaminant concentrations. The changes in
the optical properties of the material are highly reproducible upon repeated heating and cooling,
and the room-temperature properties are fully recoverable after cooling. Using the measured hightemperature permittivity, we compute the emissivity, surface plasmon polariton propagation length,
and two localized surface plasmon resonance figures of merit as functions of temperature. Our
results indicate that titanium nitride is a viable plasmonic material throughout the full temperature
range explored. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4977840]

High-temperature nanophotonics promises to impact
technologies ranging from photo-thermal tumor ablation1
and plasmon-enhanced photocatalysis2 to heat-assisted
magnetic recording (HAMR)3 and thermophotovoltaics.4
Several of these applications demand temperatures exceeding 400  C,3,5–7 a regime in which traditional plasmonic
materials such as silver and gold exhibit pronounced degradation of their optical response.8 Accordingly, the refractory metal titanium nitride (TiN) has garnered considerable
interest.9,10 Indeed, with optical properties similar to gold11
and the possibility for fabrication via scalable processes,12
TiN is already being deployed in high-temperature plasmonics applications.13,14 However, in the critical range
above 400  C, the temperature-dependent behavior of the
permittivity of TiN was heretofore unknown.15
In this letter, we present the temperature-dependent optical properties of TiN from room temperature up to over
1200  C. We find that at elevated temperatures, the real part
of the permittivity becomes less negative, while the imaginary part increases, but the overall metallic character in the
visible and near infrared (NIR) is retained. Further, we demonstrate the stability of the optical properties of this material
by monitoring the permittivity while repeatedly cycling
between 20  C and 1200  C. The permittivity of the TiN film
exhibits highly reproducible changes in the visible and NIR
during cycling, and we observe a full recovery of the original
room-temperature permittivity after heating and cooling. We
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then show how the surface morphology, crystal structure, and
composition change as a result of this thermal cycling, demonstrating a material that is highly robust to elevated temperatures. Finally, we compute the emissivity, the surface
plasmon polariton propagation length (LSPP), and two localized surface plasmon resonance (LSPR) figures of merit
(FOMs) at temperatures between 20  C and 1258  C. These
calculations create a forecast for future device performance,
indicating that TiN can serve as a material platform for visible
and NIR devices operating at extreme temperatures.
We grow TiN films on nearly lattice-matched (100) magnesium oxide (MgO) substrates using reactive DC magnetron
sputtering. After growing a 225 nm thick film, we use spectroscopic ellipsometry to measure the room-temperature
reflectance and then extract the relative permittivity using a
combination of Drude and critical point oscillators8,16
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Here, b is the background permittivity and xp and c are the
plasma frequency and Drude damping; vn ¼ ðx þ iCn Þ=xn ;
and An, xn, and Cn are the critical point amplitude, center
frequency, and damping.
To characterize the temperature-dependent optical
response, we built a high-temperature ellipsometry chamber, fitted with optical ports, a turbo pump, and electrical
feedthroughs to power a heater and measure the temperature
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via a thermocouple (Fig. S1, supplementary material).
Understanding changes in permittivity between 20  C and
1200  C is critically important for many plasmonics applications, from HAMR transducers, which can experience temperatures up to 500  C,5,6 to thermophotovoltaics, which can
require temperatures in excess of 1000  C for high-efficiency
operation.7 As such, we perform in-situ, high-temperature
spectroscopic ellipsometry at a range of temperatures between
20  C and 1260  C, at 1  106 Torr. The resulting permittivity data are shown in Figs. 1(a) (real part) and 1(b) (imaginary part). As the temperature is increased, Re[] becomes
less negative throughout the visible and NIR, indicating a less
metallic response. Simultaneously, Im[] increases, indicating
a lossier (i.e., more absorptive) film. In spite of these changes,
TiN still exhibits a strong metallic response in the visible and
NIR. Further, after cooling, the real and imaginary permittivities completely recover their original room-temperature values, as shown by the dotted lines in Fig. 1.
Technologies employing high-temperature plasmonic
components will likely experience variation in temperature
over time. As such, we assess the thermal durability of TiN
via repeated thermal cycling between room temperature and
1200  C over the course of 12 h. The changes in the optical constants over these cycles are highly reproducible, and
after cooling the permittivity always returns to its original
room temperature values (Fig. S2, supplementary material).
To quantitatively explore the behavior of ðx; TÞ, we examine the evolution of the screened plasma frequency (xsp ), the
frequency at which the real permittivity crosses from positive to negative, signaling the onset of metallic behavior. In
addition, we monitor the imaginary part of the permittivity at
this frequency (Im ½ðxsp Þ) to quantify the loss at the metallic threshold.
Figures 2(a) and 2(b) show how these parameters evolve
as a function of temperature over all four thermal cycles as
we heat and cool the TiN film. Notably, the screened plasma
frequency changes by only 5% and never drops below
2.5 eV (500 nm), demonstrating that TiN retains its metallic response in the visible regime even at temperatures
exceeding 1200  C. Meanwhile, Im ½ðxsp Þ at 1258  C is
almost double its room temperature value but still retains a
low upper bound of 4.5.
The temperature evolution of the permittivity in the NIR
is of utmost importance for many applications, especially
thermal emission control for thermophotovoltaics. As such,

FIG. 1. Temperature-dependent optical properties of TiN. The real (a) and
imaginary (b) parts of the relative permittivity of TiN as a function of temperature, from 21  C up to 1258  C.
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FIG. 2. Temperature evolution of TiN optical parameters with thermal
cycling. The temperature dependence of the screened plasma frequency (a)
and the imaginary component of the permittivity at the screened plasma frequency (b). The real part (c) and imaginary part (d) of the permittivity in the
NIR, as a function of temperature. The measured temperature extrema for
each cycle are listed on top of the plot, and the contrast of each data point is
proportional to the temperature at which it was measured.

Figs. 2(c) and 2(d) plot the real and imaginary components,
respectively, of the permittivity at numerous NIR wavelengths, as a function of temperature, for all thermal cycles.
Again, we see that the changes in  are highly reproducible
and the room temperature values are fully recoverable. As
the wavelength is increased, the magnitude of the change
in the real and imaginary permittivities becomes larger.
However, Re½ remains well below zero for all frequencies
studied here, demonstrating that TiN can support applications requiring a high-temperature metal in the NIR.
These trends can be understood by considering two predominant underlying physical changes that occur with heating: increased phonon population and volume expansion.
Higher temperatures imply greater phonon scattering, which
leads to more absorption and a larger Im½, as observed.
Simultaneously, as rising temperatures increase the volume
of the TiN film, both the carrier concentrationpﬃﬃnﬃ and
the screened plasma frequency—proportional to n—are
reduced. If volume expansion were the only mechanism at
play, we would expect a 1.7% decrease in the screened
plasma frequency; however, we experimentally observe a
4.6% decrease, indicating the presence of other effects.
Indeed, we also observe broadening of the interband transitions in the visible regime with increased temperature (Fig.
S3, supplementary material). This is qualitatively consistent
with the larger observed decrease in screened plasma frequency,17 but quantitative modeling of this effect is beyond
the scope of this work.
Now that we have seen how the optical properties of
TiN evolve at high temperatures, we would like to understand if any permanent material changes occur as a result of
exposure to high temperature. We start by using atomic force
microscopy (AFM) to visualize the TiN surface morphology
before and after repeated thermal cycling between room temperature and 1200  C, as seen in Figs. 3(a) and 3(b). Before
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FIG. 3. Material characterization of TiN before (“initial”) and after (“final”)
repeated thermal cycling up to 1200  C. AFM showing the surface morphology before (a) and after (b) four heating/cooling cycles. The root mean
square roughness increases from R ¼ 4.9 Å to R ¼ 7.5 Å after thermal
cycling. (c) X-ray diffraction patterns (symmetric scans) of TiN before and
after heating, with the (200) peaks of the TiN film and the MgO substrate
visible. (d) Secondary ion mass spectrometry depth profiles showing the
concentration of contaminant carbon and oxygen in TiN as a function of
depth, before and after heating.

heating, the film surface is nearly atomically smooth, with a
root mean square surface roughness of R  4.93 Å (TiN’s
room-temperature lattice constant is 4.24 Å).18 A mosaic pattern and the presence of pronounced pyramidal structures
respectively indicate columnar grains and periodic strain
relaxation due to the small (0.71%) mismatch between the
TiN and MgO lattice constants. After thermal cycling, the
TiN surface exhibits notable reconfiguration and an increase
in roughness from 4.93 Å to 7.51 Å.
To determine if these surface changes are concomitant
with a change in the bulk film structure, we use x-ray diffraction (XRD) to assess the TiN crystal structure before and after
heating, as shown in Fig. 3(c). In a symmetric scan, the asdeposited film (i.e., before heating, labeled “initial” in the figure) exhibits a (200) TiN peak (at slightly lower angle than
the (200) MgO substrate peak) flanked by finite-thickness
fringes. Combined with an absence of any peaks in the grazing incidence scan (Fig. S4, supplementary material) and the
mosaic surface structure illuminated by the AFM map in Fig.
3(a), these data suggest columnar epitaxy of TiN on MgO.
After thermal cycling, a symmetric XRD scan reveals that the
orientation of the TiN film is retained (again, there is an
absence of any peaks in the grazing incidence scan, Fig. S4,
supplementary material). However, the TiN (200) peak has
shifted to a slightly higher angle, suggesting a 0.04%
decrease in the lattice constant along the (100) direction.
To understand the origin of this change in the lattice constant, we explore the composition of the TiN films as a function of depth using secondary ion mass spectrometry (SIMS).
As depicted in Fig. 3(d), a depth profile of the as-deposited
film indicates 0.094% carbon and 0.024% oxygen in the bulk
of the film. Interestingly, after exposure to repeated thermal
cycling, the film exhibits smaller contaminant concentrations
of 0.068% carbon and 0.017% oxygen. This reduction in contamination is consistent with the reduction in the TiN lattice
constant, assuming that the unwanted carbon and oxygen
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atoms occupy interstitial sites in the TiN structure and thus
serve to expand the lattice. The presence of strain relaxation
at elevated temperatures is also consistent with our observations and could further explain the reduction in the TiN lattice
constant resulting from thermal cycling.
This suite of optical and material characterization indicates that TiN holds great promise for high-temperature
nanophotonics. For example, we have observed that the TiN
loss roughly doubles when the temperature is increased from
20  C to over 1200  C. In contrast, the loss in gold approximately doubles upon heating to only 500  C.8 Further, TiN is
robust to high-temperature operation, exhibiting neither permanent permittivity degradation nor detrimental changes to
the composition and structure. This is again in contrast to traditional plasmonic materials that suffer significant and permanent degradation in optical properties and material
structure after heating to only half the temperature we have
explored here.8 Thus, TiN is a particularly promising material for applications demanding exposure to high
temperatures.
To explore how the functionality of TiN-based devices
will change during high-temperature operation, we use our
measured temperature-dependent permittivity data to compute the emissivity, LSPP, and two LSPR figures of merit, as
functions of temperature.
The temperature-dependent emissivity, computed for an
optically thick planar TiN film using the transmission matrix
method, is shown in Fig. 4(a). At room temperature, the emissivity peaks at 0.86 in the visible regime due to strong interband absorption in the TiN film. The onset of metallic
behavior is signaled by the rapid drop-off in the emissivity at
500 nm, giving way to a regime of highly suppressed emissivity in the NIR. As the temperature is increased, the emissivity peak is broadened and damped to 0.78. Simultaneously,
the emissivity cutoff at 500 nm becomes less sharp and the
suppression in the NIR less complete. For applications relying
on visible and NIR emissivity control, such as selective thermal emitters for thermophotovoltaic energy conversion, this
heightened NIR emissivity at high temperatures will result in
reduced efficiency. For example, in going from room temperature to 1200  C, the emissivity at 1600 nm increases from
0.07 to 0.15. However, the fact that the NIR emissivity
remains below 0.20 at over 1200  C bodes well for hightemperature thermal emission control applications; for example, tantalum photonic crystal selective thermal emitters
exhibit IR emissivities of 0.10 at room temperature and
0.25 at 1200  C.4
To understand how applications utilizing surface plasmon
polaritons (SPPs) will be impacted by high-temperatures, we
compute the SPP propagation length at an air-TiN interface as
LSPP ¼ ð2  Im½bÞ1 , where b is the SPP propagation vector.19 As depicted in Fig. 4(b), the propagation length is
reduced as temperature, and thus absorption in the metal,
increases. At 1600 nm, LSPP is reduced from 62 lm to 26 lm
upon heating from room temperature to 1258  C. This reduction in LSPP is of paramount importance for devices relying
on SPP waveguiding. For example, both the sensitivity of
SPP-based biosensors20 and the functionality of plasmonic
integrated circuit interconnects21 depend critically on SPP
propagation length.
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studies before and after repeated thermal cycling indicate that
TiN is robust to prolonged cyclic high-temperature operation.
Finally, calculation of application-relevant optical parameters
using our measured temperature-dependent permittivity data
indicates that TiN will function as a viable plasmonic material, even in applications demanding a metallic response up to
over 1200  C. In all, this study suggests that titanium nitride
can act as a robust material platform for high-temperature
plasmonics applications ranging from cancer therapeutics to
renewable energy generation.

FIG. 4. Application-relevant optical parameters of TiN as a function of temperature. (a) Emissivity of an optically thick TiN film, calculated via the
T-matrix method. (b) The surface plasmon polariton propagation length,
ð2  Im½bÞ1 , for an air-TiN interface. (c) The field intensity enhancement
figure of merit, FOMf ield ¼ jEmax =Eo j2 , and (d) the heat generation figure of
merit, FOMheat ¼ ðhx  Im½=ns Þ  jEin =Eo j2 , for a spherical TiN nanoparticle in vacuum.

A nanoantenna is the basis for many plasmonics applications, ranging from heat-assisted magnetic recording and biosensing to photo-thermal therapy and imaging. To understand
how the functionality of these and other resonator-based devices will change at elevated temperatures, we compute two figures of merit (FOMs) for spherical TiN nanoparticles, as
functions of temperature. The electric field intensity enhancement FOM (given as FOMf ield ¼ jEmax =Eo j2 , where Emax is
the maximum electric field outside the particle and Eo is the
incident field) is relevant for LSPR applications in which field
enhancement is desirable; likewise, the heat generation FOM
(given as FOMheat ¼ ½hx  Im½=ns   jEin =Eo j2 , where Ein is
the electric field inside the particle and ns is the index of the
surrounding medium) is relevant for applications in which
localized heat production is desirable.22 Figures 4(c) and 4(d)
respectively plot these two FOMs for TiN nanoparticles in
vacuum (see supplementary material for the traditional LSPR
FOM, Re½=Im½). The room-temperature field intensity
enhancement FOM peaks at 17 near 570 nm and is damped
to 12 and red-shifted to 640 nm at 1258  C. The peak in the
heat generation FOM is also damped at high temperatures,
from 8 at room temperature to just above 4 at 1258  C.
However, this damping is not accompanied by a redshift;
rather, the peak remains at 515 nm at all temperatures. The
evolution of these FOMs indicates that TiN-based technologies will experience reduced performance at elevated temperatures but that substantial field enhancement and heat
generation can still be achieved.22
We have shown how the permittivity of a titanium nitride
film evolves as a function of temperature, from 20  C to over
1200  C. At these extreme temperatures, TiN becomes less
metallic (smaller -Re[]) and more lossy (larger Im[]). These
changes are highly reproducible and do not fundamentally alter
the metallic character of the material. Additionally, the original
room-temperature optical constants are fully recoverable upon
cooling. Crystal structure, surface morphology, and composition

See supplementary material for (1) sample fabrication
details; (2) high-temperature ellipsometry experiment
details; (3) a figure and table of all permittivity, sample temperature, and chamber pressure data for all four thermal
cycles; (4) the temperature-dependent permittivity data in
the interband transition regime; (5) details on the Drude
þ critical points modeling; (6) details on the AFM measurements and high-resolution AFM topographical maps; (7)
details on the XRD measurements, grazing incidence XRD
scans, and inference of the TiN lattice constant; (8) details
on the SIMS measurements; (9) optical images of the TiN
films before and after thermal cycling; (10) the traditional
LSPR FOM as a function of temperature; and (11) raw
reflectivity data taken on a room-temperature sample both
inside and outside the chamber, showing that the optical
ports do not affect the optical measurements.
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