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Abstract: Refractory plasmonic materials that have optical properties close to those of noble-
metals and at the same time are environmentally friendly, commercially viable and CMOS-
compatible could lead to novel devices for many thermo-photonic applications. Recently
developed TiN thin films overcome some of the limitations of noble-metals, as their optical loss
is larger than noble metals and conventional methods to deposit TiN films are not compatible for
its integration with other semiconductors. In this work, high-quality epitaxial single-crystalline
TiN thin films are deposited with plasma-assisted molecular beam epitaxy (MBE) that exhibit
optical losses that are less than that of Au in most part of the visible (300 nm – 580 nm) and
near-IR spectral ranges (1000 nm - 2500 nm). In addition, a large figure-of-merit for surface
plasmon polariton (SPP) propagation length compared to the previously reported TiN films is
achieved with the MBE-deposited films.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High-temperature-stable plasmonic materials that exhibit metallic behavior with the large real
part of the dielectric permittivity (ε1) and small optical losses (ε2) are of significant interests for
designing efficient emitters and absorbers for solar-thermophotovoltaics (STPV) applications
[1–4], transducers in heat-assisted magnetic recording (HAMR) data storage [5,6], structures for
hot-carrier photo-catalysis [7,8] as well as photovoltaic devices [9]. In addition to their plasmonic
properties and high-temperature stability, such materials should be compatible with standard
complementary-metal-oxide-semiconducting (CMOS) technology for photonic interconnects
and integrated circuits and should be easily deposited in thin film form with smooth surfaces.
Moreover, a variety of energy conversion and optoelectronic device applications also require
the integration of plasmonic materials with high-quality semiconductors in heterostructure
and superlattice metamaterials with sharp and abrupt interfaces, and in structures that are
thermodynamically, morphologically and thermally stable. The well-known noble metals such as
Au and Ag though exhibit excellent plasmonic properties [10] in the visible and near-UV spectral
ranges, they do not satisfy other important material characteristics as mentioned above. For
example, due to the high surface energies, noble metals are difficult to deposit in the ultra-thin film
form with sub-nanometer surface roughness. In the case of silver (Ag), the thickness threshold for
uniform continuous films is around 12–23 nm [11–13]. Besides, noble metals are not compatible
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with standard CMOS technology and diffuse into Si and other semiconductors, leading to trap
states that reduce carrier lifetimes [14–16]. Due to such fabrication and integration challenges,
noble metals have thus far found limited real-life applications.
Titanium Nitride (TiN) has emerged as an excellent plasmonic material for visible spectral

range applications and exhibit optical properties resembling that of Au in the visible-to-near-IR
spectral range [17–36]. Similar to other transition metal nitrides, TiN is hard (hardness of ∼ 30
GPa) [37,38], chemically stable, corrosion resistant and exhibit a very high melting temperature
of 2930°C that makes it suitable for refractory electronic and plasmonic applications. In addition,
due to its ceramic nature, TiN exhibit low index surfaces with surface energies of 24-39 mJ/m2

[39] that is significantly smaller than the surface energies of noble metals (∼ 1-2 J/m2) [40].
Such lower surface energies allow for uniform TiN thin film depositions with smooth surfaces.
Moreover, TiN is CMOS compatible and acts as a buffer layer in the well-established damascene
process in integrated circuit (IC) fabrication that makes it suitable as plasmonic and photonic
interconnects [41]. Therefore, from the materials fabrication and integration point of view, TiN is
an exciting plasmonic material that could lead to novel solutions in many branches of plasmonics
and photonics-based modern solid-state device technology.

TiN thin films deposited by sputtering [17–18,20–21,24–28,31,33,36], pulsed laser deposition
[35] and atomic layer deposition [22,23,34] exhibit dielectric-to-metallic optical transition
characterized by a positive-to-negative change in the real part of the dielectric permittivity (ε1) in
the 450 nm - 500 nm spectral range. Such epsilon-near-zero range can easily be controlled by
stoichiometry, deposition conditions and doping [26,42]. Due to its high electron concentrations
(∼ 5×1020 cm−3 to ∼ 5×1021 cm−3), the ε1 in TiN decreases monotonically with an increase in
the wavelength and exhibit low-values between ∼ - 80 to - 120 at 2000nm. Such large negative ε1
are reminiscent of its excellent plasmonic properties, albeit they are smaller than that in Au. The
optical loss characterized by the imaginary part of the dielectric permittivity (ε2) of TiN, however,
is larger than in Au primarily due to the interband transitions in the visible spectral range and
due to the intraband transitions arising from free carrier (Drude) contributions in the near-IR
spectral ranges. The larger optical loss leads to its overall smaller plasmonic figure-of-merits
for both propagating surface plasmon polariton (SPP) and localized surface plasmon resonance
(LSPR) [43–46] (FOMSPP=

ε21
ε2

and FOMLSPR = −
ε1
ε2
) compared to Au. The quality factor(

Q = ω
∂ε1
∂ω

2ε2

)
is another important parameter that determines how many optical periods that

the free SP oscillation encounter before field decays and also shows how many times the local
optical field at the surface of a plasmonic nanoparticle exceeds the external field [47]. Q for
sputter-deposited TiN is smaller than that for Au and Ag (see the supplemental document (SD)
section-4). In spite of such limitations, several TiN-based plasmonic and photonic structures
and devices have been demonstrated recently, such as broadband absorbers and emitters for
solar-thermophotovoltaics [2,24], plasmonic interconnects [48], hot-carrier generation [49,50]
and non-linear optoelectronics [51] etc. In addition, as experimental Au films are mostly
polycrystalline in nature compared to epitaxial TiN, the long-range SPP length in TiN and Au
are very similar [52]. Moreover, epitaxial TiN/Al0.72Sc0.28N metal/semiconductor superlattices
[53–55] are developed with magnetron sputtering that exhibit both type-I and type-II hyperbolic
metamaterial (HMM) [56] dispersion of photonic iso-frequency surfaces and enhanced densities
of photonic states.

However, in order to improve TiN performance and device efficiencies further, it is necessary
to reduce its optical losses to less than that of the noble metals such as Au. For example, high-
losses in sputter-deposited TiN prevent observation of negative refraction in TiN/Al0.72Sc0.28N
superlattice HMMs and the optical losses also reduce such HMM’s Purcell factor [57] limiting
their quantum electronic device efficiencies. Even with the most recent developments in realizing
low-loss TiN films [58], large loss in the visible and especially in the near-IR spectral range
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in conventionally grown TiN films remain a challenge. High material losses result in smaller
SPP propagation length and hinder TiN’s usage for the exploration of its near-zero-index (NZI)
properties [42,59] and related optical phenomena, as well as for optimizing TiN devices for
applications in solar-thermophotovoltaics and hot-carrier-assisted energy conversion for photo-
catalysis, photo-diodes etc. Moreover, as most of the photonic, electronic and optoelectronic
applications require integration of TiN with high-quality semiconductors such as GaN in
heterostructures with smooth interface and surfaces, suitable and CMOS-compatible deposition
methods such as molecular beam epitaxy (MBE) and/or chemical vapor deposition (CVD) needs
to be developed for TiN. To date, there are only a handful reports of TiN deposition with MBE
method [60,61]. In this article, epitaxial single-crystalline TiN thin films are deposited with
ultra-high vacuum (UHV) plasma-assisted MBE and its optical loss is reduced to less than that
of Au in the most part of the visible (300 nm – 580 nm) and near-IR spectral ranges (1000 nm -
2000nm). Temperature-dependent plasmonic properties are characterized in the temperature
range from 100K to 700K, and the results are explained with traditional Drude model of the
dielectric permittivity. Finally, the optical and material properties of MBE-deposited TiN thin
films are compared with sputter-deposited TiN and with noble metals such as Au. Demonstration
of high-quality epitaxial TiN films utilizing MBE as well as the reduction of TiN optical loss to
less than that of conventional gold films in most of the visible and near-IR spectral range could
pave the way for TiN’s integration with main-stream semiconductors for novel, efficient photonic
and optoelectronic devices.

2. Growth and characterization methods

TiN thin films were deposited with UHV-PAMBE on (001) MgO and (0001) Al2O3 substrates
at a base-pressure of 1×10−10 Torr and growth temperature of 600°C. The MBE system was
enabled with a load-lock and a sample preparation chamber that operated at a base-pressure
of 1×10−9 Torr for substrates cleaning. Prior to the deposition and after the cleaning of the
substrates with wet-chemicals (acetone and methanol), the substrates were thermally cleaned
inside the prep-chamber at 600°C for 1 hour. Substrates were then transferred to the growth
chamber and were further thermally cleaned at 800°C for 2 hours before the growth temperature
was lowered to 600°C. Ti metal (with a purity of 99.999%) was evaporated from a TiC-coated
graphite effusion cell at 1500°C that resulted in a beam-equivalent pressure of 5×10−8 Torr and
plasma-activated nitrogen source (purity of 99.99999%) was used with 375 W rf-power and 1.5
sccm of nitrogen gas flow. Multiple films with different layer thicknesses (20 nm, 80 nm and 120
nm) were deposited with the growth rate of 0.5 nm/min. The dielectric permittivity does not
change significantly in this thickness range (see SD Fig.S6). However, the main results in this
work are presented from a film with 80 nm of thickness.

High-resolution X-ray diffraction (HRXRD) studies were performed with Bruker D8 thin film
XRD machine, while the field-emission scanning electron microscopy (FESEM) and atomic
force microscopy (AFM) imagining were performed with FEI Inspect F50 and Bruker Innova
respectively. All optical characterizations were performed with J. A. Woollam RC2 ellipsometer
attached with a cryostat operating from 100K-800K temperature range. Details about the
characterization method are presented in the SD section.

3. Structural characterization

HRXRD spectra (see Fig. 1(a) and (b)) show that MBE deposited TiN thin films grow with
002 orientations on the (001) MgO substrates (TiN/MgO) and with 111 orientations on the
(0001) Al2O3 substrates (TiN/Al2O3) respectively. The TiN/MgO film exhibit a small mosaicity
characterized by a full-width-at-the-half-maxima (FWHM) of the rocking curve of 0.19°. The
rocking curve FWHM of TiN/Al2O3 was found to be even smaller at 0.03° that indicated
its superior crystalline properties. An out-of-plane (c-axis) lattice parameter of 4.25Å was
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determined for the TiN/MgO, while the same for TiN/Al2O3 was 4.24Å . Since TiN is essentially
lattice-matched with MgO (lattice constant of 4.21Å ), TiN/MgO grows as a nominally single-
crystalline film with [001] (001) TiN | | [001] (001) MgO epitaxial relationship. Epitaxy is also
characterized by asymmetric ϕ-scan measurements that show four equally spaced ϕ-peaks for
TiN (111) on MgO substrates demonstrating four-fold in-plane rotational symmetry (see SD-7).
The epitaxial relationship of TiN/Al2O3, on the other hand, was found to be (111) TiN | | (0001)
Al2O3. Similar epitaxial relations have been seen in plasma-enhanced atomic layer deposited
TiN film on MgO and Al2O3 substrates [62].

Fig. 1. Symmetric 2θ − ω X-ray diffraction spectrum of TiN/MgO (a) and TiN/Al2O3
(b) thin films along with their rocking curve (ω-scan) in the inset. TiN on MgO substrate
was found to grow with 002 orientations, while on Al2O3 substrates, TiN grow with 111
orientations. Plan-view FESEM images of the TiN/MgO (c) surface exhibit mount features
with four-fold symmetry, while the TiN/Al2O3 (d) film exhibit pyramidal structures with
111 oriented growth. Atomic force micrographs of the films are presented that exhibit
rms. surface roughness of (e) 1.2 nm in TiN/MgO film and (f) 3.8 nm in TiN/Al2O3 film
respectively.

Plan-view FESEM image of TiN/MgO film exhibit (see Fig. 1(c)) square-shaped densely
packed features with an average feature size of ∼ 60 nm. Such square-shaped structure arises
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from the formation of kinetically driven mound structures that were also observed previously in
semiconductors such as ScN and TiN deposited with magnetron sputtering [63–64]. Formations
of such mounds are related to an Ehrlich-Schwoebel surface diffusion barrier that inhibits adatom
migration down steps promoting nucleation on the terraces. As the growth continues, such
mounds connect along the edges with the development of the cusps. Reduced adatom mobility
at cusps and shadowing during the further deposition led to the nano-pipe formation along the
mound edges and surface roughening [63]. The mounds structures exhibit four-fold symmetry as
expected for the nucleation of rocksalt crystal structure representing the growth front of TiN. The
surface RMS-roughness of TiN/MgO exhibited a small value of 1.2 nm (Fig. 1(e)).

Plan-view FESEM image of the TiN/Al2O3 film, on the other hand, showed pyramidal features
with an average pyramid size of ∼ 20 nm, which is consistent with its 111 oriented growth and
crystal symmetry. Such pyramidal grain growths were observed previously for sputter-deposited
TiN films deposited on sapphire substrates. The RMS-surface roughness of the TiN/Al2O3 film
(see Fig. 1(f)) was slightly larger at 3.8 nm, compared to the films deposited on MgO substrates.

4. Optical characterization

4.1. Ambient temperature optical characterization

The ambient temperature optical characterization of the films was performed with spectroscopic
ellipsometer in the reflection mode at three different angles (55°, 65° and 75°) of incidences and
the experimental (ψ,∆) spectra were fitted with a combination of Drude-Lorentz model [65] (see
Eq. (1)) comprising three Lorentz oscillators that fitted the data well.

ε(ω) = ε1 + iε2 = ε∞ −
ω2
p

ω2 + iΓDω
+

∑3

j=1

ω2
L,j

ω2
0,j − ω

2 − iγjω
(1)

Where, ε∞is the high-frequency dielectric constant, ωp and ΓD are the plasma frequency and
Drude damping constant respectively. ω2

L,j = fjω0,jγj; fj,ω0,j and γj describe the Lorentz oscillator
strength, resonant energy, and damping factor, respectively. The real part of permittivity (ε1)
signifies the optical response and the imaginary part of permittivity (ε2) is the optical loss of the
material. The measurement spectral range from 210 nm to 2500 nm corresponds to most of the
solar spectrum and was also limited by the instrument. Details about the measurement technique
and data fitting analysis are presented in the SD.

Ellipsometry data-fitting showed that TiN film deposited on both substrates exhibit a transition
from positive-to-negative ε1(see Fig. 2(a)) representative of the onset of their metallic nature near
470 nm that is consistent with previous reports of the sputter-deposited TiN thin film. With an
increase in wavelength, ε1 decreased monotonically and exhibited a minimum of –165 and –127
respectively at 2500 nm for the TiN/MgO and TiN/Al2O3 films respectively. Films deposited on
MgO substrate exhibited higher negative ε1 compared to the films deposited on Al2O3 substrate
at long-wavelengths mostly due to their higher carrier concentrations (see SD). As large ε1 are
necessary [17] for achieving higher optical figure-of-merits and consequently leads to higher
efficiencies in solar-energy conversion devices (that mostly operate in the 200 nm to 2500 nm
spectral range), TiN would be ideally suited for such purpose. Optical loss or ε2 of the films
were also found to increase with an increase in the wavelength (see Fig. 2(b)), with TiN/Al2O3
exhibiting significantly smaller losses compared to the TiN/MgO. The lower ε2 in TiN/Al2O3
compared to TiN/MgO is due to the smaller Drude damping constants in TiN films deposited
on Al2O3 substrates compared to the ones deposited on MgO substrates (see Fig. 4 for detailed
discussion). Smaller Drude damping constant in TiN/Al2O3 arises from its better crystalline
quality as evidenced by the lower FWHM of the rocking curve in HRXRD. In addition, the
ωp in TiN/Al2O3 is also smaller than TiN/MgO that provides smaller ε2. At 470 nm (i.e. at the
cross-over wavelength), ε2 in TiN/Al2O3 exhibit a value of 2.0, while the same for TiN/MgO is
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2.5 that amounts to a 25% smaller value. The lower optical loss ε2 in TiN would help to achieve
better near-zero-index (NZI) properties [71] that are necessary for the demonstration of exotic
optical phenomena such as light tunneling [66], diverging velocity [67], optical time reversal
[68], frequency shifting [67], time refraction [69,70]. It also helps to improve the hot-carrier
energy transport and conversion efficiencies for photo-catalysis, photo-thermal energy conversion,
solar-thermophotovoltaics etc. [2,7,9,72]. In addition, lower optical losses in TiN/Al2O3 in the
near-IR spectral range will help develop improved TiN-based SPP and plasmonic interconnects
[7,13,58] with functionalities at the telecommunication wavelength (∼ 1500 nm).

Fig. 2. (a) The real (ε1) and (b) imaginary (ε2) part of the dielectric permittivity of
MBE-deposited TiN thin film on MgO and Al2O3 substrates are presented. The inset show
that TiN becomes plasmonic at 470 nm spectral range, while the optical loss in the visible
spectral range to be much smaller on films deposited on Al2O3 substrates compared to the
MgO substrate. There are three peaks in 200-800 nm range which arises from interband
transitions (shown in inset). (c) Transmission and (d) reflection spectrum (is plotted as a
ratio between the p-polarized and the s-polarized light.) of TiN/Al2O3 are presented as
a function of wavelength and the angle of incidence. Transmission exhibits a peak and
reflection shows a sharp dip near the crossover wavelength (or near the plasma frequency).
Brewster angle (near 65°) at reflection spectrum can be clearly visible.

To validate ellipsometry data-fitting and to better understand plasmonic properties, reflection
(R) and transmission (T) measurements were performed as a function of the angle of incidence.
Since the results are qualitatively very similar, R and T spectrum from TiN/Al2O3 film is
presented in Fig. 2(c) and 2(d), while the result from the TiN/MgO could be found in SD (Fig.
S4). Representative of the onset of TiN’s metallic character, transmission measurement (see
Fig. 2(c)) showed a clear and distinct peak at ∼ 430 nm that corresponds to its transition from
positive ε1(dielectric nature) to negative ε1 (metallic nature). Transmittance decreased with an
increase in the angle of incidence as expected and vanished away from the peak position, where
reflectivity becomes maximum. Reflectivity presented as a ratio between the p-polarized and
s-polarized light showed near unity values in most of the visible to near-IR spectral range except
for transition regions when the reflectance exhibited a sharp dip near the crossover wavelength.
The Brewster angle is clearly visible ∼65° in the reflection spectrum.



Research Article Vol. 10, No. 10 / 1 October 2020 / Optical Materials Express 2685

4.2. Temperature-dependent optical characterization

Having analyzed the plasmonic properties at ambient temperature (300K), the temperature-
dependent optical properties were measured with a cryostat from 100K-700K temperature range
at 70° angle of incidence. The cryostat chamber was attached with a turbo-molecular pump
leading to a chamber pressure of 10−7 to 10−6 Torr that would reduce possibilities of oxidation.
The measured experimental (ψ,∆) spectrum as a function of temperature was fitted with Eq. (1)
and results are presented in Fig. 3.

Fig. 3. Temperature-dependent plasmonic properties, (a) and (c) real component of the
dielectric constant (ε1), (b) and (d) imaginary component of the dielectric constant (ε2), (e)
and (g) SPP propagation length and (f) and (h) plasmon decay length (or penetration length)
of the MBE-deposited TiN/MgO and TiN/Al2O3 thin films are presented respectively as a
function of the wavelength. With an increase in temperature (100K-700K), ε1was found
to decrease, while ε2 increases due to an increase in Drude damping constants and plasma
frequency.

Temperature-dependent measurements showed that the real component of the dielectric
permittivity (ε1) decreased slightly (see Fig. 3(a) and Fig. 3(c)) with an increase in temperature,
while the optical loss or ε2 increased significantly (see Fig. 3(b) and Fig. 3(d)) over the same
temperature range. The changes in the optical constants were observed primarily in the near-IR
spectral regions, where the interband transitions are expected to be less important and the
free-carrier Drude contribution is significant (see the SD). The temperature-dependence of the
dielectric constant can be well-explained by the Drude theory, which contains plasma frequency
(ωp) and damping constant (ΓD). The ωp is related to the carrier concentration (N) and effective
mass (m∗) through the equation ω2

p =
Ne2
m∗ε0 . With an increase in temperature, the carrier density

(N) usually decreases due to the volume expansion following a relation N = N0
1+γ(T−T0) where, γ

is the volume thermal expansion coefficient, the electron effective mass decreases [73]. On
the other hand, ΓD depends on various carrier scattering mechanisms such as electron-electron
scattering, electron-phonon scattering, etc. [74–78]. As the temperature increases, the scattering
rates also increase, and consequently ΓD increases.

The ΓD and ωp have been extracted from the temperature-dependent experimental data-fitting
and presented in Fig. 4 that highlights its increasing trend with an increase in temperature. The
small decrease in ε1 at long-wavelength regions with the increase in temperature is related
to both ωp as well as the ΓD through the relationship ε1 =

−ω2
p

ω2+Γ2
D
. Since the value of ωp is

lesser in TiN/Al2O3 film compare to TiN/MgO, that’s why ε1 is higher in TiN/Al2O3 film in
comparison to TiN/MgO. The optical loss (ε2) is also related to the ΓD and ωp through the

relationship ε2 =
ω2

pΓD

ω3+Γ2
Dω

. The increment in ΓD and ωp with temperature is responsible for
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the increment in ε2. Results show that ΓD and ωp is smaller in MBE-deposited TiN/Al2O3 film
compared to the TiN/MgO (see Fig. 4), consequently, ε2 is lesser in TiN/Al2O3 than TiN/MgO.
As discussed before, the lower ΓD in TiN/Al2O3 film is due to its better crystalline quality,
while the smaller ωp is associated with its lower carrier concentrations. Similar observation
about the temperature-dependence of ε1 and ε2 for sputter-deposited TiN thin films [79,80],
Au [81] and Ag [82] are also made recently. It should be mentioned that though the ε2 of the
MBE-deposited TiN films increases with the increasing temperature, the extent of such increase
is much smaller than that observed in sputter-deposited TiN films on Al2O3 [79] and MgO [80]
substrates. For example, previous reports have shown that with an increase in temperature from
room temperature to 900°C, the ε2 almost doubled for a sputter-deposited TiN/MgO at 2000nm
[79], while in the MBE-deposited film, with an increase in temperature from 100K to 700K,
at 2000nm the ε2 increased by ∼ 33%. Since high-temperature applications require plasmonic
materials with low optical losses at elevated temperatures, the MBE-deposited TiN, therefore,
should be better suited for real-life applications.

Fig. 4. Temperature-dependent plasma frequency (ωp) and Drude damping factor (ΓD) of (a)
TiN/MgO, (b) TiN/Al2O3 films. The ΓD and ωp increases monotonically with the increase
in temperature from 100K-700K, which explains the increase of losses (ε2) with temperature
and decrease in ε1. The values of ΓD and ωp are lesser in TiN/Al2O3 film compare to
TiN/MgO, resulting in lesser losses (ε2) in TiN/Al2O3 film compared to TiN/MgO film.
The lines drawn through the data are meant to guide the eye.

In addition to the optical constants, the SPP propagation length (L) at TiN-air interfaces and
plasmon-decay length (δ) in the metal (or penetration depth) were also calculated from the
experimental dielectric permittivity. The SPP propagation constant in the direction of propagation
can be written as [83,84]

kx =
2π
λ

√
εMεD
εM + εD

(2)

Where εM = ε1 + i ε2 is the dielectric function of TiN, εD is the dielectric function of dielectric
medium (air in this case).The propagation length (L) is defined as the distance for the SPP
intensity to decay by a factor of 1/e.

L =
1

2 Im(kx)
(3)

As expected TiN turns plasmonic after ∼ 470 nm, the SPP propagation starts and increases
monotonically with the increase in the wavelength and exhibit a large value of ∼ 268µm in
TiN/MgO film and ∼ 246µm in TiN/Al2O3 film at 100K temperature at 2500 nm (see Fig. 3(e) &
Fig. 3(g)). With an increase in the temperature, as the ε1 decreases with associated ε2 increase,
the SPP propagation length also decreases, but nevertheless, always exhibit large numbers of
more than 110 µm at 2500 nm at 700K. In previously reported TiN thin films deposited by
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atomic layer deposition and sputtering on Si [85] and Al2O3 [86] substrates, the observed SPP
propagation length was less than 20 µm at room temperature at the wavelength of 1500 nm,
while the MBE-deposited TiN thin films in this study exhibit the SPP propagation length of ∼58
µm on the TiN/MgO film and ∼56 µm on the TiN/Al2O3 film at room temperature at the same
telecommunication wavelength of 1500nm. Therefore, these are the highest SPP propagation
length reported in TiN films to the best of our knowledge.
The plasmon decay length (δ) (when electric field falls off evanescently perpendicular to the

TiN surface) is calculated as [84]

δ =
2π
λ

√
|ε1 | + εD

|εM |
2 (4)

Results show that the decay length is maximum near the crossover wavelength as expected and
decreases (10-15%) with an increase in temperature (see Fig. 3 (d)). The large plasmon decay
length of 40-50 nm in the visible spectral range is a manifestation of TiN’s very good plasmonic
property. Since the decay length is a key parameter for deciding the thickness of many photonic
devices, for example, the thickness of superlens [87], such a larger value of decay length will
make possible TiN-based photonic structures.

4.3. Comparison of MBE-deposited TiN with noble metals

Having discussed the structure and optical properties of MBE-deposited single-crystalline TiN
thin film on MgO and Al2O3 substrates, a comparison of its optical properties with noble metals

Fig. 5. The real (ε1, (a)) and imaginary (ε2, (b)) parts of the dielectric permittivity of MBE-
deposited TiN thin film on Al2O3 and MgO substrate at room-temperature are presented.
Plotted in the same figure are the optical constants of noble metals such as Au and Ag that
are adopted from Johnson and Christy et al. [88]. The figure shows that though the ε1 of TiN
is larger, they are still smaller than Au. While the optical loss (ε2) of TiN/Al2O3 is smaller
than that of the Au in most of the visible to near-IR spectral range. (c) SPP propagation
length (L) and (d) plasmon decay length (δ) inside TiN is calculated along with the same for
Au and Ag. As shown in the figure, the SPP propagation length in TiN/Al2O3 is almost as
large Au in high-wavelength regions, while the plasmon decay lengths are higher in TiN.
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(such as Au and Ag) are presented in this section. As discussed before, noble metals such as
Au possess several material challenges that limit their device applications, especially at high
temperatures. While TiN successfully overcomes most of these material challenges, in terms of
the optical properties, the ε1 of TiN is smaller than that of the Au (and Ag). The difference in
the magnitude of ε1 is much smaller in the visible spectral range (see Fig. 5(a)), but increases
monotonically and rapidly with the increase in wavelength in the near-IR range mostly due to
its lower carrier concentrations than Au. The optical losses (ε2) of MBE-deposited TiN/Al2O3
developed here, however, are less than that of Au in most of the visible (300-580 nm) and
near-IR spectral range (1000-2000nm) (see Fig. 5(b)), which is an important finding in this work.
Contrary to the TiN/Al2O3, the optical loss in TiN/MgO is though smaller than Au in the visible
(300-580 nm) spectral range but is significantly larger in the near IR range that is consistent with
previous sputter-deposited TiN on MgO substrates [17]. The smaller optical loss in TiN/Al2O3
translates into larger SPP propagation lengths (see Fig. 5(c)). The plasmon decay length inside
TiN (see Fig. 5(d)) is larger in TiN/Al2O3 compared to both the TiN/MgO and Au that makes it
a suitable candidate for several photonic applications. However, comparison of the plasmonic
figure-of-merits, namely FOMSPP, FOMLSPR, and Q between the noble metals (Au and Ag) and
MBE-deposited TiN show that further improvement of TiN’s properties would be required for
some applications. Optical properties of the MBE-deposited TiN thin film were compared with
the previous reports on low-loss TiN manufactured by both dc magnetron sputtering [18] and
MBE [61] methods (see SD section-8). Figure S8 shows that the optical loss (ε2) is almost
the same in the 210 nm – 600 nm wavelength region, however, the present MBE-deposited
TiN/Al2O3 film exhibit almost 2 times lower ε2 in the 600 nm – 2500 nm wavelength region that
is the lowest optical loss reported in TiN films to date in this spectral range.

5. Conclusion

In conclusion, epitaxial single-crystalline TiN thin films are deposited with ultra-high vacuum
plasma-assisted molecular beam epitaxy (UHV-PEMBE) that exhibit reduced optical losses
compared to the previously reported MBE and sputter-deposited TiN thin films. Comparative
analysis of plasmonic figures-of-merit reveals that the MBE-deposited TiN films support surface
plasmon-polaritons with the longer propagation lengths at TiN-air interfaces than those in the
sputter-deposited TiN thin film. Materials characterization showed that the TiN films grow
as nominally single-crystalline materials with very small full-width-at-the half-maxima of the
rocking curve and smooth surfaces. Consistent with our previous studies, the temperature-
dependent plasmonic properties exhibit a monotonic decrease in the real part of the dielectric
permittivity ( ε1) and an increase in the optical losses (ε2) that can be attributed to the increased
Drude damping constants with the increase in the temperature. The lower optical loss in
TiN/Al2O3 compared to Au in most of the visible-to-near-IR spectral range would enable low-loss
SPP propagation in improved plasmonic devices. The development of MBE-deposited TiN
thin films with reduced optical losses could enable its integration with III-V semiconductors
such as GaN, InN etc. and lead to TiN-based photonic/plasmonic on-chip devices, broad-band
light absorbers and emitters for solar-thermophotovoltaics and hot-carrier-assisted devices with
improved efficiencies.
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