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ABSTRACT: Titanium nitride (TiN) is an ideal material for
infrared plasmonics due to its excellent optical properties, high
melting temperature, mechanical and chemical stabilities, and bio-
and CMOS compatibilities. In this work, we demonstrate that
ultrathin and scalable TiN epitaxial structures can be applied for
tunable infrared plasmonics, extending into near- to mid-infrared
spectral regions. The ultrathin (111)-oriented TiN epitaxial films
studied here were grown on c-plane sapphire wafers without any
wetting layer by ultrahigh-vacuum nitrogen-plasma-assisted molec-
ular-beam epitaxy. This method allows for stoichiometric TiN
growth without the issue of contamination (especially oxygen) in
conventional TiN growth techniques. Structural analyses for these
films validate their single-crystalline properties with continuous film
morphologies down to a few nanometers in thickness. Furthermore, the frequency-tunable (wavelength range: 1−4 μm) plasmonic
metasurfaces have been demonstrated by controlling surface plasmon resonances via lithographically patterning of ultrathin TiN
epitaxial films with varying thicknesses (4−30 nm) and grating structure parameters (pitch: 300−1200 nm, width: 200−800 nm).
The tunable plasmonic metasurfaces based on ultrathin TiN epitaxial films hold great promise for emerging infrared plasmonic
applications, such as thermal photovoltaics requiring narrow-band emitters, photodetectors, and biosensors in the near- and mid-
infrared spectral regions.

■ INTRODUCTION
The infrared (IR) spectral region covers the electromagnetic
radiation with wavelengths longer than the visible light (>700
nm) and shorter than the microwave wavelengths (<1 mm).
The IR region can be further divided into near-infrared (NIR),
mid-infrared (MIR), and far-infrared (FIR) regions. Among
them, the NIR subwindow (1.5 to 2 μm) and the MIR (2 to 6
μm) region are particularly useful for optical imaging/
detection, biochemical sensing, and environmental monitoring.
These advantages originate from relatively low water
absorption and light scattering for optical imaging/detection
and the spectral locations of optical “fingerprints” for most of
common gases and biomolecules in infrared vibrational
spectroscopy. However, the IR region has been quite
challenging for photonic applications since the detectors and
emitters made from narrow-bandgap semiconductors are
intrinsically less efficient and noisy. The situation changes
dramatically following the introduction of intersubband
devices such as quantum cascade lasers1 and superconducting
nanowire single-photon detectors.2,3 Moreover, the recent
developments of plasmonic materials and devices for light

localization, enhancement, and manipulation4−6 have opened
up new opportunities for infrared plasmonics.7−12

In plasmonic applications, the most used plasmonic
materials are noble metals, especially gold (Au) and silver
(Ag), which have good plasmonic properties in the visible and
NIR spectral range. However, they have significant material
issues such as incompatibility with CMOS processing (Au,
Ag), biotoxicity (Ag), and lack of thermal (Au, Ag),
mechanical (Au, Ag), and chemical (Ag) stabilities. For these
reasons, alternative plasmonic materials have been proposed
and studied,13 including those suitable for IR plasmonics.7−

12,14−17 To date, there are several possible IR plasmonic
materials, including transparent conducting oxides,7,12,13

graphene,9−11 conducting transition-metal nitrides
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(TMNs),14−17 silicides,11 and doped semiconductors.11

Among them, graphene is a representative two-dimensional
plasmonic material with a unique band structure and very high
mobility. Besides, it has been reported that graphene is a
promising low-loss MIR plasmonic material with spectral
tunability of plasmonic response via gate biasing or chemical
doping.9−11 However, limited carrier concentrations in
graphene have prevented the graphene plasmonics into the
NIR and visible wavelength ranges.11

To overcome this limitation, Maniyara et al. demonstrated
electrically tunable plasmonics for 1.5−5 μm resonance
wavelengths in ultrathin (a few nanometers) Au films with
reduced surface charges, in contrast to their large bulk carrier
density.18 Abd El-Fattah et al. reported lithographically
patterned wafer-scale ultrathin Ag crystalline films for
plasmonic applications in the NIR and MIR ranges.19

Unfortunately, Au and Ag are not suitable for refractory
plasmonic applications due to their low melting temperatures
and mechanical strengths. In comparison, conducting TMNs
possess unique material characteristics, which allow for
refractory plasmonic applications under high temperature,
high power, mechanically hard, and corrosion-resistant opera-
tional conditions.20−26 In particular, titanium nitride (TiN) has
a high melting point (∼3000 °C), as well as the highest
electrical conductivity among TMNs and excellent plasmonic
properties for optical14−17,22−26 and biomedical27,28 applica-
tions.
Furthermore, TiN can be used to overcome the challenge of

depositing ultrathin, continuous metal films because typical
metals have high surface energies due to the presence of
unsaturated dangling bonds. It is well-known that noble metals,
such as Au and Ag do not properly wet on most of the available
substrates below the percolation threshold thickness (<10
nm), resulting in discontinuous and polycrystalline thin films
with large surface roughness and atomically diffused inter-
faces.29 Therefore, deposition of ultrathin metal films typically
requires additional wetting layers,18 resulting in increased
optical losses and other device compatibility issues.30 There-
fore, special growth techniques, such as growth at cryogenic
temperatures19,30 or on special substrates,31 are necessary to
prepare ultrathin metal films without wetting layers. In this
aspect, TiN offers an excellent opportunity for epitaxial growth
of metals on semiconductor or oxide substrates because they
have a mixture of covalent and metallic bonding.29

Here, we demonstrate wetting-layer-free, ultrathin TiN
epitaxial (single-crystalline) films on sapphire with thicknesses
down to 4 nm, which were grown by ultrahigh-vacuum (UHV)
nitrogen (N2)-plasma-assisted molecular-beam epitaxy (MBE).
The MBE growth method enables growth of stoichiometric
(oxygen-free) ultrathin TiN epitaxial films with excellent
plasmonic properties. By using these films, we were able to
realize spectrally tunable TiN plasmonic metasurfaces with
quality factors comparable to those achieved by using Au and
Ag ultrathin films and with a wider spectral range. The
ultrathin TiN metasurfaces demonstrated here can be used as a
tunable plasmonic material platform for both tunable
plasmonics32−37 and epsilon-near-zero38−42 applications. Com-
pared to previous optical studies based on ultrathin TiN
films,32−34 the major difference is that we used ultrathin TiN
films grown by MBE for the present study (in contrast to
conventional TiN films grown by reactive sputter deposition),
which can have better film interface control and material
properties at high temperatures for refractor plasmonic

applications, as demonstrated by our previous work, where
we compared the performance of MBE-grown TiN plasmonic
structures vs reactive-sputter-grown TiN plasmonic struc-
tures.25

■ METHODS
Epitaxial Growth of Ultrathin TiN Films on Sapphire

Wafers. The epitaxial growth of TiN(111) ultrathin films on 2
in. c-plane sapphire wafers was carried out by a nitrogen-
plasma-assisted MBE system equipped with a radio frequency
(RF) plasma source. The ultrahigh vacuum base pressure was
kept at 1 × 10−10 Torr before growth. Double-side polished
sapphire wafers were cleaned with acetone, isopropanol, and
deionized water in an ultrasonic bath to remove organic
contaminations and then dehydrated by nitrogen gas. Prior to
the TiN(111) epitaxial growth, the sapphire wafer was
thermally degassed at 950 °C for 2 h to prepare a clean
surface exhibiting a streaky reflection high-energy electron
diffraction (RHEED) pattern. The elemental titanium (Ti)
beam with 1 × 10−8 Torr beam equivalent pressure was
provided by a solid-source (Ti with 5N purity) effusion cell. A
purified 7 N nitrogen flux was controlled via a high-resolution
mass flow controller.
Fabrication of Ultrathin TiN Nanoribbon Arrays. The

TiN nanoribbon arrays were fabricated on double-sided
polished c-sapphire by using electron beam lithography
(EBL). Hexamethyldisilazane (HDMS) and diluted
ZEP520A photoresist were spin-coated onto the cleaned TiN
thin film, sequentially. Nanoribbons were then written using an
electron-beam lithography system (Elionix ELS-7500) under
an electron dose value of 140 μC/cm2 (beam current: 100 pA,
beam voltage: 50 kV), followed by development in amyl
acetate for 2 min and rinsing in isopropanol for 30 s. Then, a
dry etching process was used to transfer the nanoribbon
structure to the TiN device layer in chlorine-based inductively
coupled plasma at 400 W. Finally, the residual photoresist was
removed by N-methyl-2-pyrrolidone (NMP), isopropyl alcohol
(IPA), and deionized water rinsing.
Structural Characterization. The crystal properties of

TiN epitaxial films were analyzed by using high-resolution X-
ray diffraction (Bede D1, HR-XRD) with a Cu Kα1 X-ray
source (1.54052 Å), while the surface morphologies of thin
films were inspected by scanning electron microscopy (SEM,
JEOL JSM-7000F) and atomic force microscopy (AFM,
Bruker Dimension). The atomic-resolution lattice images
were acquired by high-resolution transmission electron
microscopy (HR-TEM, JEOL JEM-F200) operated at 200
kV electron beam energy.
Electrical Characterization. The 1 cm2-square, ultrathin

TiN epitaxial film was patterned with four indium contacts at
its corners for electrical characterization. We used indium balls
as contact electrodes, which were melted by a soldering iron at
200 °C. We found that indium can diffuse to the TiN surface
to obtain good ohmic contacts. The sheet resistance and Hall
effect measurements of the TiN film were measured by using
the four-point, Van der Pauw technique in a magnetic field of
0.52 T at room temperature.
Optical Measurement Setup. Optical transmission

spectra were measured by using a Fourier-transform infrared
spectrometer (FTIR, Bruker VERTEX 70) coupled to an
infrared microscope (Bruker HYPERION 3000). The infrared
microscope is equipped with a 36× reflective microscope
objective (Newport 50102-02, numerical aperture: 0.52),
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which has a 0.5 mm field of view and a wide spectral range
(200 nm to 20 mm). However, this reflective objective collects
the light with a 15−30° incident angle. Therefore, strictly
speaking, the light collection geometry is only approximately
normal incidence. As a result, simulation results using the
normal incidence conditions can be merely used for under-
standing the mechanism and not for a direct comparison with
the experimental data. A linearly polarized light was aligned
transversally to the orientation of TiN nanoribbons via infrared
polarizers (LPNIR100 for 1−2 μm wavelength and LPMIR100
for 2−5 μm wavelengths) to excite the plasmonic resonances
in TiN nanoribbon arrays.

■ RESULTS AND DISCUSSION
It is known that titanium is an active absorbing agent and
getter material that has been widely used as a sublimation
pump material in UHV systems. Therefore, conventional TiN
films prepared by reactive sputtering or chemical vapor
deposition have a high propensity to form titanium oxynitride
and other forms of nonstoichiometric titanium nitride films.
Recently, the growth of stoichiometric TiN epitaxial films17,24−
26,35,36 has reported to be feasible by using the MBE method in
an UHV environment. In this work, ultrathin TiN epitaxial
films were grown by nitrogen-plasma-assisted MBE (see details
in Methods) on c-plane sapphire substrates without any
wetting layer due to a mixture of covalent and metallic bonding
in the TiN rock-salt structure.29

Structural Characterization. Figure 1a schematically
shows that the [111]-oriented TiN film with the rock-salt
structure can be grown on [0001]-oriented (c-plane) sapphire
substrates with the following epitaxial relationships: TiN[111]||
sapphire [0001], TiN[110]||sapphire[1010], and TiN[112]||
sapphire[1120]. In situ streaky RHEED patterns shown in
Figure 1b,c for the case of the 4 nm thick TiN film confirm the
epitaxial relationships and indicate the formation of atomically
smooth TiN film morphology. In this work, TiN(111) epitaxial

films with different thicknesses (4, 6, 8, 10, 20, and 30 nm)
were grown by MBE under stoichiometric conditions at a 20
nm/h growth rate.
Furthermore, the film morphologies were examined by ex

situ SEM and AFM, as shown in Figure 1d,e for the case of the
4 nm-thick TiN film (additional data are shown in Figure S1
for other TiN films). When the film thickness is increased to
30 nm, nucleated TiN triangular islands can be observed.
Figure 1e shows that the 4 nm-thick TiN film has a surface
roughness ∼0.15 nm, as measured by AFM under a scan size of
2 × 2 μm2. The comparison of TiN with different thicknesses
(from 4 to 30 nm) based on 1 μm2 scan area is shown in
Figure S2, which confirms the surface roughness less than 0.5
nm for all cases.
For large-scale structural analysis, XRD ω−2θ rocking

curves for ultrathin TiN films with different thicknesses are
shown in Figure 1f. The XRD peak centered at around 36.65°
corresponds to the TiN (111) peak, while another one at
41.685° originated from the c-plane sapphire (0006) peak.
Clear XRD peaks from ultrathin TiN films confirm the high
crystalline quality of MBE-grown samples, while the broad-
ening of peak width is due to the size (thickness) effects of
ultrathin films. The satellite interference fringes (Pendellösung
fringes) in the XRD curves can be used to estimate the film
thickness via the interference fringe periods. Using this
method, the TiN thicknesses can be identified to be 4, 6, 8,
10, 20, and 30 nm, respectively. Using this method, the TiN
thicknesses with ±5% deviation can be identified to be 4, 6, 8,
10, 20, and 30 nm, respectively. Additionally, the TiN
thickness distribution in x−y plane for 6 and 10 nm is
shown in Figure S3.
The cross-sectional TEM image shown in Figure 1g shows

the formation of an abrupt interface between the TiN film and
the sapphire substrate, and the high-resolution TEM images of
the TiN region show that the (111) layer spacing is about 2.4
Å, consistent with the XRD data. The TEM analyses confirm a

Figure 1. (a) Schematic illustration of in-plane atomic arrangement in the case of TiN epitaxial layer grown on c-sapphire. The RHEED patterns
were obtained (b) along TiN [112] and (c) TiN [110] azimuthal directions. (d) SEM top-view image of the 4 nm TiN ultrathin film. (e) AFM
image showing the surface morphology of the 4 nm TiN ultrathin film. (f) X-ray diffractograms (ω−2θ scans at the (111) reflection) of ultrathin
TiN layers. The TiN layer thicknesses are numerically fitted by using the satellite fringes. The red line is fittings to the experimental results (blue
line). The thinnest TiN film is about 4 nm. (g) TEM image of 4 nm TiN shows the formation of abrupt heterointerfaces. A ∼2 nm-thick native
oxide (titanium oxide) layer formed on top of the 4 nm TiN layer upon air exposure of the MBE-grown TiN film. The titanium oxide layer forms a
diffusion barrier to prevent further oxidation.
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close-packed rock-salt lattice structure in TiN films, where N
atoms occupy octahedral interstitial sites in the Ti face-
centered cubic lattice. In addition, the TEM image testifies the
formation of a self-limited native titanium oxide passivation
layer (∼2 nm thick) on the as-grown 4 nm-thick TiN film. An
additional TEM image revealing a native oxide layer (∼1 nm
thick) is shown in Figure S4. Furthermore, the selected area
electron diffraction patterns obtained by TEM also indicate the
same TiN/sapphire epitaxial relations: TiN[110]||sapphire-
[1010] and TiN[112]||sapphire[1120], as shown in Figure S5.
For more detailed characterization of the lattice constant

and crystal structure, Figure 2 shows X-ray reciprocal space
mapping (RSM) for 30, 8, and 4 nm thick TiN grown on c-
plane sapphire under symmetric and asymmetric X-ray

incident conditions. In symmetric scans shown in Figure 2a−
c, a clear broadening of TiN(111) reciprocal lattice reflection
intensity distribution and the observation satellite fringes
toward Qz are due to thin film finite-size interference, which
agrees well with the results obtained from the ω−2θ scan.
Besides, we can observe that the maximum reflection intensity
of symmetric TiN(111) shifts to lower Qz and the asymmetric
TiN(220) peaks shift to higher Qz values (Figure 2d−f), which
are caused by compressive stress in ultrathin TiN films under
epitaxial growth conditions on a sapphire substrate with a
lattice mismatch. The interlayer spacing can be obtained for
d(111) (out-of-plane) to be 2.450, 2.452, and 2.453 Å, as well as
for d(220) (in-plane) to be 1.753, 1.749, and 1.746 Å from the
RSM analyses for 30, 8, and 4 nm TiN(111) epitaxial films,

Figure 2. (a−c) symmetric and (d−f) asymmetric X-ray RSMs for 30, 8, and 4 nm TiN layers grown on c-sapphire.

Figure 3. (a) Room-temperature electrical sheet resistance of TiN measured as a function of film thickness. (b) Thickness-dependent surface
carrier density and carrier mobility of TiN films measured by the van der Pauw method.
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respectively. These results confirm the high-quality epitaxial
growth of ultrathin TiN layers on the sapphire substrates.
Furthermore, it shows that strain engineering can be a viable
approach for future device applications based on epitaxially
grown TiN ultrathin layers.
Electrical Characterization. The 1 cm2 square samples of

ultrathin TiN films were patterned with four indium contacts
at their corners for electrical characterization. Before Hall
measurements, we checked the contact I−V curves with good
linear behavior, and the results are shown in Figure S6
(Supporting Information). The sheet resistance and Hall effect
measurements of TiN ultrathin films were measured by the
four-point Van der Pauw method in a magnetic field of 0.52 T
at room temperature. The sheet resistances of TiN ultrathin
films are shown in Figure 3a, while the surface carrier densities
and mobilities of TiN films with different thicknesses are
shown in Figure 3b. The thinnest layer exhibits a sheet
resistance of 392 Ω/□e. In comparison, sheet resistances of
ultrathin TiN, Au, and Ag films with different film thicknesses
are shown in Figure S7 (Supporting Information). For TiN
films with thicknesses greater than 20 nm, the bulk properties
can be reached (i.e., sheet resistance and mobility). The three-
dimensional bulk carrier density can be evaluated to be 7−8 ×
1022 cm−3, and the two-dimensional surface carrier density ns =
nbt, where ns is the surface carrier density, nb is the bulk carrier
density, and t is the film thickness, has a value of 2.9 × 1016
cm−2 for the 4 nm-thick TiN layer. Thus, for the applications
of electrical gating for tunable plasmonic resonances, ultrathin
TiN epitaxial films can be a viable approach by choosing an
appropriate layer thickness for the desired tuning range. This is
a clear distinction in comparison with the cases of atomically
thin plasmonic materials, such as graphene, with a limited
range of carrier concentration. Notably, ultrathin TiN layers
exhibit remarkable adhesion and structural stability, which can
be quite advantageous for gate-tunable metasurface applica-
tions.
Optical Characterization. In solar cell applications, the

Shockley−Queisser (SQ) limit is a theoretical upper bound of
the solar energy conversion efficiency using a single semi-
conductor p−n junction. The SQ limitation originates from
the broadband nature of the solar spectrum and the
semiconductor bandgap: Photons are not absorbed if the
incident photon energy is less than the semiconductor
bandgap, while photons with energy greater than the bandgap
are absorbed with some energy loss due to fast electron−hole
pair relaxation to the band edges.43 To overcome this
limitation (broad solar spectrum), the concept of the solar
thermophotovaltic (STPV) system has been proposed and
demonstrated by including an intermediate light absorption
(broadband)/emission (narrowband) element between the
sunlight and the solar cell.44−49 In essence, this intermediate
element acts as an alternative “Sun” for solar cells,45 which is
designed to absorb the entire solar spectrum17,25 and emit a
narrowband spectrum tailored to match with the desired
semiconductor photovoltaic element.50 The utmost advantage
of STPV is that all solar energy is converted into electrical
energy and the overall conversion efficiency can be
tremendously boosted.47−49

However, the progress of the SPTV system has been slow
due to the lack of reliable and sustainable optical materials,
which can operate at high temperatures. Recent advances in
low-loss refractory plasmonic materials have provided new
opportunities for SPTV developments. Especially, it has been

experimentally demonstrated that TiN is an excellent
refractory plasmonic material21−23 for building optical broad-
band absorption and narrowband emitters. Particularly, TiN
has been considered as the best plasmonic material for
photothermal energy conversion applications over a broad
spectral region of the solar spectrum.25 According to the recent
theoretical and experimental studies,22 nanostructured TiN is
an excellent broadband sunlight absorber due to strong
plasmonic resonance ranging from 300 to 1300 nm,
corresponding to the major sunlight spectral composition.
One of the remaining major challenges is to develop a tunable
thermal emitter with narrowband emission at a selective
wavelength to match the bandgap of a bottom photovoltaic
cell.50 Here, we demonstrate that plasmonic metasurfaces
consisting of ultrathin TiN nanoribbons can be used as the
desired tunable thermal emitters with narrowband resonances
for both NIR and MIR wavelength regions.
In Figure 4a, we show the schematic drawing of the TiN

nanoribbon structure used for optical characterization, which
has a fixed ratio between nanoribbon width w and nanoribbon
period p (p = 1.5w). The SEM images in Figure 4a show
patterned TiN thin film samples with seven different
nanoribbon structural parameters. A total of 42 samples were
measured with six different film thicknesses (t), varied from 4
to 30 nm. The localized surface plasmon resonances can be
efficiently excited via illuminated with normally incident,
linearly polarized (transverse magnetic mode) infrared light.
For these measurements, the reference transmission spectrum
was measured for bare sapphire under the same polarization
conditions of incident light. In this study, the film permittivity
(dielectric function) can be fitted by using the Drude model
via the NIR and MIR transmittance spectra, as shown in Figure
S8, and the detailed Drude parameters are presented in Table
S1 (Supporting Information). Moreover, the visible range
permittivity data of ultrathin TiN epitaxial films grown by
MBE are presented in our previous work.36

Before showing the experimental results, we used the finite-
difference time-domain (FDTD) simulation results under
normal incidence conditions to demonstrate the feasibility of
tunable plasmonics in the near- and mid-infrared spectral
regions. The Drude damping factors γ used in FDTD
simulations are 0.49, 0.42, 0.29, 0.23, 0.23, and 0.20 eV for t
= 4, 6, 8, 10, 20, and 30 nm, respectively. The simulation
results shown in Figure 4b−d are quite consistent with
experimental results (transmittance spectra) in Figure 4e,
showing tunable plasmonic resonances from the near- to mid-
infrared region by modulating ribbon widths and using TiN
ultrathin layers with different thicknesses. Besides the main
peak observed in simulations and experimental spectra, an
additional sideband can be observed. The main peak can be
attributed to a first-order dipolar mode of localized plasmon
resonance, while the small sideband is likely originated from a
high-order resonance mode at higher energy. More detailed
theoretical studies will be needed to clarify this point.
In Figure 5, we show the surface plasmon dispersion curves

summarized by the experimental measurement results. The
plasmonic dispersion curve obtained for the thicker films is
closer to the light−line curve (solid red line) for the air/
sapphire (substrate) interface. In contrast, due to stronger
confinement effects, the surface plasmons of thinner films
exhibit larger wavevectors (wavenumbers) at a fixed plasmon
frequency. This is due to the coupling of surface plasmon at
the upper and lower metal/dielectric interfaces of ultrathin
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metal films. Therefore, stronger plasmon dispersion bending
appears when the TiN films become thinner, as expected by
film thickness dependence of surface plasmon coupling. In
comparison with the plasmonic dispersions achieved with the
ultrathin Au films,18 we can obtain comparable quality factors
(Q) of plasmon resonances (comparison is shown in Figure
S9). Furthermore, the tuning range of the TiN case is wider.
Most importantly, TiN can be applied to refractory plasmonic

applications. The results presented here clearly demonstrate
that ultrathin TiN epitaxial films can be an excellent plasmonic
material platform for tunable plasmonics in the near- and mid-
infrared regions.

■ CONCLUSIONS
In summary, broad tunable infrared spectral responses have
been demonstrated for plasmonic metasurfaces fabricated by
using ultrathin TiN epitaxial films grown on sapphire
substrates by MBE. These ultrathin TiN films can be formed
on sapphire without the dewetting issue of common plasmonic
materials and possess excellent thermal, mechanical, and
chemical stabilities. Taking advantage of these unique
characteristics, ultrathin TiN plasmonic metasurfaces can be
used in a variety of optical applications, such as transparent
conductive electrodes, optical biosensing, solar energy harvest-
ing, electro-optical tunable plasmonics, and metasurface-based
nonlinear optics.
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