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ABSTRACT: Titanium nitride (TiN) is an interesting refractory
metallic compound which could replace gold as an alternative
plasmonic material, especially for high temperature and semi-
conductor compatible applications. However, reported plasmonic
properties of TiN films are so far limited by conventional growth
techniques, such as reactive sputtering. In this work, we adopt the
nitrogen-plasma-assisted molecular-beam epitaxy (MBE) to grow
single-crystalline, stoichiometric TiN films on sapphire substrates.
The properties of as-grown TiN epitaxial films have been fully
characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM), spectroscopic ellipsometry (SE), and surface
plasmon polariton (SPP) interferometry. We have confirmed that
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MBE-grown TiN films exhibit excellent plasmonic properties to replace gold in the visible and near-infrared spectral regions.
Measuring the real and imaginary parts of dielectric function by SE, it is also found that TiN is better than gold in the short-
wavelength range (<500 nm), where gold suffers from strong loss due to interband transition. Contrary to the recent theoretical
prediction that air is not able to stabilize SPP modes at the TiN surface, our surface plasmon interferometry data clearly show
the presence of propagating SPP modes at the TiN/air interface. To demonstrate the unique plasmonic properties of MBE-
grown stoichiometric TiN, we have fabricated TiN metasurfaces for the visible-spectrum applications.

KEYWORDS: titanium nitride (TiN), gold (Au), plasmonic material, plasmonic metasurface, dielectric function,

surface plasmon interferometry, molecular-beam epitaxy

he rapid developments of plasmonic devices and

metasurfaces call for high-performance plasmonic materi-
als.'~ Ideal plasmonic materials should possess the properties
of low cost, low plasmonic loss, high chemical, mechanical, and
thermal stabilities, biocompatibility, spectral tunability, and
integrability with present semiconductor technology. Much
attention has been given in recent years to plasmonic material
alternatives to the conventional noble metals, such as gold and
silver. Among the proposed alternative plasmonic materials for
gold, titanium nitride (TiN) is an interesting transition-metal
compound,”™® exhibiting the properties of refractory ceramic
(covalent Ti—N bonding) with a high melting temperature
(~3000 °C), metallic properties (golden color and high
electric conductivity), and a superconductor transition at ~6 K
in the case of stoichiometric TiN. Regarding the optical
properties, it has recently been shown that TiN is a plasmonic
material in the visible and infrared (IR) spectral regions.“’g_17
Furthermore, TiN possesses extraordinary mechanical strength
and durability, high corrosion resistance, as well as excellent
complementary metal-oxide-semiconductor (CMOS) and bio-
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logical compatibilities.16’18’19 Therefore, TiN-based plasmonics
is particularly suitable for biomedical applications,'®'” CMOS-
integrated devices,'™'? energy harvesting,”*"** optical devi-
ces,”'!'% and superconducting quantum devices.”*”>°

In practice, growth of high-quality stoichiometric TiN films
requires an ultraclean growth environment because of the
propensity of titanium to react with residue gases (e.g,
oxygen). It is well-known that titanium is an active absorbing
agent and getter material,” widely used as a sublimation pump
material in ultrahigh vacuum (UHV) systems. Therefore, the
achievable material properties of conventional TiN films
prepared by sputtering or chemical vapor deposition are
limited by the formation of titanium oxynitride and other
forms of nonstoichiometric titanium nitride films. It is
noticeable that all of the optical properties of TiN films
reported in the literature have been measured for the films
grown by reactive sputtering,””~"® pulsed laser deposition
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Figure 1. Structural characterization of epitaxial TiN film grown on c-sapphire by N,-plasma-assisted MBE. (a) Reflection high-energy electron
diffraction (RHEED) patterns of the c-plane sapphire substrate and the epitaxial TiN film before and during MBE growth. (b) X-ray diffraction
pattern (X-ray wavelength: 1.54 A) showing both the close-packed, rock-salt TiN (111) and c-plane sapphire (0006) peaks (36.8° and 41.7°). The
full width at half-maximum of the TiN (111) and sapphire (0006) peaks are 0.22° and 0.20°, respectively. (c) 3 X 3 gm* AFM image taken on the
epitaxial TiN film. The root-mean-square (RMS) roughness is about 1.1 nm. (d) SEM image obtained from the TiN epitaxial film, revealing the as-
grown surface feature. (e) High-resolution TEM image of the epitaxial TiN film showing clearly the cross-sectional interface region between the
TiN epitaxial film and the c-sapphire substrate. The lattice parameter between TiN atomic layers along the [111] direction is about 2.4 A, which is
consistent with the TiN lattice parameter (2.44 A) measured by XRD data , as shown in (b).

(PLD),"* and atomic layer deposition (ALD)."*'® Therefore, it
remains an important issue regarding the optical properties of
stoichiometric TiN films grown by using a UHV growth
technique. In this work, we adopt the method of nitrogen
(N,)-plasma-assisted molecular-beam epitaxy (MBE)*® in a
UHV chamber (base pressure ~1 X 107'" Torr) for the growth
of stoichiometric TiN epitaxial films on sapphire substrates.

The crystal structure and surface roughness of MBE-grown
TiN films were characterized by X-ray diffraction (XRD),
atomic force microscopy (AFM), and scanning electron
microscopy (SEM). Moreover, the formation of a single-
crystalline, close-packed, rock-salt structure has been con-
firmed by transmission electron microscopy (TEM). We
measured the optical dielectric function of epitaxial TiN films
by using spectroscopic ellipsometry (SE). These results show
that the structural and optical properties of epitaxial TiN films
grown by MBE are consistent with the stoichiometric TiN. To
illustrate the potential of TiN-based optical applications for the
full visible spectrum, we demonstrate surface plasmon
polariton (SPP) interference patterns using a series of
double-groove surface interferometer structures with varied
groove separations under white-light illumination. Contrary to
the recent theoretical prediction that air is not able to stabilize
SPP modes at the TiN surface,'” our surface interferometry
results clearly show the presence of propagating SPP modes at
the TiN/air interface. Finally, we show the unique optical
characteristics of plasmonic metasurfaces based on the epitaxial
TiN films, which are better than gold in the short-wavelength
region (<500 nm). According to these results, we suggest that
the MBE-grown epitaxial TiN films represent a versatile
plasmonic material platform in the visible and infrared spectral
regions.
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In our study, (111)-oriented TiN thin films were grown
epitaxial on c-plane (0001) sapphire substrates (Figure la).
XRD characterization reveals that the full width at half-
maximum (fwhm) of the main (111) peak is 0.22°, close to the
fwhm of sapphire substrate (Figure 1b). The root-mean-square
roughness (Figure 1c) and surface morphology (Figure 1d)
were measured by AFM and SEM, respectively. The TEM
images testify to the high crystalline quality of as-grown TiN
films (Figure le). The cross-section TEM image demonstrates
the formation of an abrupt interface between the TiN film and
the sapphire substrate, and a high-resolution TEM image of the
TiN region shows that the (111) layer spacing is 2.4 A,
consistent with the XRD data, indicating a close-packed, rock-
salt lattice structure, where nitrogen occupies octahedral
interstitial sites in the Ti (fcc) sublattice.'”

Because of the thermodynamic stability in their nitrogen-
deficient form, the stoichiometry and carrier concentration of
TiN, films (x < 1) can be controlled by the nitrogen plasma
flux and sample temperature during the MBE growth. The
lower carrier concentration in TiN, films allows for tunability
in their plasmonic response using the electric gating
technique.”” However, we focus here on growing stoichio-
metric TiN films for optical characterization. Using a Hall
effect measurement system, the carrier density (n) is ~9.2 X
10 cm™, much higher than the reported values in the
literature (Supporting Information, Table S1). Another
important indication of forming stoichiometric TiN is the
film color, which is very close to the case of gold film.® In the
Supporting Information, we show some comparison about the
optical properties between stoichiometric (TiN) and non-
stochiometric (TiN,) films.
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Figure 2. Optical properties of epitaxial TiN film grown on c-sapphire. (a) Optical image of an epitaxial TiN film (thickness: 100 nm) grown by
MBE on a 2-in,, c-plane sapphire wafer shows a brilliant golden color, which is a characteristic of stoichiometric TiN film. (b) Calculated optical
reflectivity spectrum of the MBE-grown TiN film on c-sapphire, in comparison with a commercial gold film (Au(111) on mica) using the
spectroscopic ellipsometry (SE) data shown in (c) and (d). (¢, d) Dielectric functions (&, and &,) measured by SE for a MBE-grown TiN film (our
data), a TiN film prepared by sputtering (Pfliiger et al.), and a commercial Au(111) film grown on mica. The Johnson and Christy data for gold are

also shown for comparison. According to the SE data, the characteristic surface plasmon energy (hw,,) is 2.6 eV (4

o = 470 nm, &, = —1) at the

TiN/air interface. The value of the imaginary part (&,) measured for the MBE-grown TiN film in the 500—700 nm wavelength range is very close
to the gold film. By contrast, from 300 to 500 nm, the imaginary part of gold is much larger than TiN because of strong interband transition in gold

for light wavelength <500 nm.

In the stoichiometric case, the color of as-grown TiN films
(100 nm in thickness) looks very much like gold (Figure 2a).
In order to confirm this, we calculated the film reflectivity (see
Figure 2b) at normal incidence using the optical dielectric
function (i, &, and &,, the real and imaginary parts of the
permittivity £(w)), measured by a spectroscopic ellipsometer,
as shown in Figure 2¢,d. To determine the dielectric function
of 100 nm thick TiN film, we adopted a two-layer structure
(air and TiN) by setting TiN as the substrate and the SE data
were fitted by using the Drude-Lorentz oscillator model, in
which the Drude term stands for the conduction electron
contribution, while the Lorentz terms express interband
transitions."* "¢
(n—1)* +&*
(n+ 1% +k’
n and k are the real and imaginary parts of the complex
refractive index (1 and k can be derived from €, and €,),"” the
reflectivity of 100 nm thick TiN film is shown to be
comparable to a 200 nm thick gold film purchased from
PHASIS (Geneva, Switzerland, see Figure 2b), and the
reflectivity of the TiN film can be as high as ~90% when the
wavelength is longer than 600 nm. In metal thin-film optics,
the imaginary part of permittivity (&,) is related to the optical
losses. In the visible range (400—700 nm), &, measured for the
MBE-grown TiN is very close to the case of gold”® and much
smaller than the case of sputtered TiN films.” For the short
wavelength region of the visible (400—500 nm), the &, of gold
is larger than TiN because of a strong interband transition in
gold (see inset in Figure 2d).

According to the reflectivity formula R = where
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For noble metals such as gold, silver, and copper, interband
transitions exhibit a step-like threshold behavior. When the
incident photon energy is higher than ~2.5 eV (i.e., wavelength
shorter than 500 nm), electron—hole pairs are predominantly
excited in gold, instead of surface plasmons. This threshold
behavior means that surface plasmon phenomena can be
observed only for incident photon energies lower than the
interband transition energy. Using the measured dielectric
function (Figure 2c), the screening plasmon frequency w, (i.e.,
e1(w,) = 0 and the optical reflectivity drop dramatically when
® > w, as shown in Figure 2b) can be experimentally
determined to be hw, = 2.8 eV (4, = 442 nm), which is
significantly larger than the value reported by the previous
experimental studies”'’ and the recent density functional
theory (DFT) calculations at 2.5 eV."” In general, when the
real part of dielectric function is greater than zero, it is no
longer a plasmonic material. Our optical measurement results
indicate that the MBE-grown TiN films show very good
plasmonic properties. Therefore, not only can we replace TiN
for gold in the visible and near-infrared spectral regions, but
also TiN outperforms gold in the short-wavelength region
(<500 nm).

Next, we explore behavior of surface plasmons propagating
at the TiN/air interface. For the case of noble metals (gold and
silver), the Drude model formula for the characteristic surface
plasma frequency at the metal/air interface can be applied to

b = a)P/x/i.zg_31 On the other hand, The
propagating SPP mode at the interface between metal (e, =

express @,
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Figure 3. Surface plasmon polariton (SPP) interferometry using TiN surface Fabry-Pérot cavities. (a) Schematic of the white-light interference
setup used for measuring the SPP interference patterns from TiN double-nanogroove surface cavities patterned by focused ion beam (FIB) milling
with varying nanogroove distances. An oblique incident (75—80°) white light from a halogen lamp was used as the excitation source. (b) SPP
interference patterns obtained from different double-nanogroove surface cavities. Corresponding dark-field optical images are shown in the insets.
(c) Calculated effectivity index of SPP propagating at the TiN/air interface using the SE data, in comparison to the measured data from TiN
nanogroove interference patterns (blue square dots). According to the SPP dispersion equation, the dielectric function of TiN measured by SE is

used to determine the effective index (1,4 = %Jcr). The effective index is greater than one when the excitation wave frequency @ < @y, (4, = 470

nm), which is consistent with the SE data.

€, + ig;, TiN) and dielectric (g4 = 1, air) is possible when the
SPP wavevector k,, satisfies the dispersion equation, k

Spp
w €6,
iRe m&d
c en+ &

m

29-31
T.

Spp

[0} .
), where k, == is the free-space wavevec-
c

to In Figure 2¢, we can experimentally determine 7w,
= 2.6 eV by locating the frequency satisfying &,(w,,) = —1,
which arrives at 2.6 eV (4, = 470 nm), which is very close to
the previous experimental data of 2.67 eV'* and larger than the
DFT calculation value at 2.48 eV.'"” When o < @y, bound
SPPs propagates at the metal/air interface with a wavevector
larger than light in the dielectric at the same energy. While,
when @ > @, the metal becomes transparent to the incoming
photons and we have the radiative mode, where the excited
wave is no longer confined at the interface.

In a recent theoretical study by Catellani and Calzolari,'” it
is predicted that SPPs cannot be stabilized at the TiN/air
interface because the SPP dispersion is too close to the light
line, resulting in a radiative mode at low k,,. However, the
experimental dispersion determined by us shows better
plasmonic properties (both €, and &,) to allow confined SPP
modes at the TiN/air interface. There is a very simple and
straight method to measure propagating SPP modes at the
metal/dielectric by observing surface plasmon interference
patterns on patterned metal surface with surface interferometer
structures, which also can be used to compare with the
measured metal dielectric function in the full visible
range.g'z_35 Here, we show that clear SPPs interference
patterns can be obtained on high-quality single-crystalline
TiN films using a focused ion beam (FIB)-milled double-
nanogroove structure on the TiN surface (Figure 3a). In
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principle, the interference fringe pattern can be varied by
varying the nanogroove separation.””*> Therefore, we designed
nanogroove pairs with different separations (D = 1.0—4.0 ym)
at fixed groove length (6 pm), width (80 nm), and depth (70
nm), and SPPs were excited by using a halogen white-light
source with an incident angle around 75—80°. The interference
fringes originated from propagating SPPs clearly appear when
the nanogroove separation is varied from 1.0 to 4.0 ym (Figure
3b). Benefiting from the low-loss film properties (long SPP
propagating length), the propagating SPP waves can be
reflected back and forth between two nanogrooves (even for
the case of 4.0 um separation) before decoupling at
nanogrooves into the far-field radiation (photons) for optical
measurement. The scattering (decoupled) photons were
collected from the nanogroove G,, as shown in Figure 3a,
through an objective lens (100X, N.A. = 0.8), and Fabry-Pérot
interference patterns were recorded by using an optical
spectrometer The scattering intensity from the nanogroove is

decided by Ee'®* ), in which E is the amplitude and kg, is the
SPP wavenumber. The peak and dips position of SPP
interference can be extracted from different nanogroove
interference patterns to be compared with the dielectric
function measured by SE. The relationship between real part of

SPPs wave vector (k,) and interferences peaks and dips satisfy

the following equations:*>*®
dips: 2kD =2z (I1=0,1,2,..) (1)
peaks: 2k D= (2l+ 1)z (I=0,1,2,..) (2)
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Figure 4. Optical properties TiN metasurfaces with varying structural parameters. (a) Dark-field optical images of TiN metasurfaces composed of
nanohole arrays. The nanohole diameter is fixed at 256 nm and the pitch is varied from 465 to 325 nm. (b) SEM image of the TiN metasurface
with diameter d = 256 nm and pitch p = 325 nm. The corresponding reflectance spectrum is shown in (c). (c) Reflectance spectra corresponding to
TiN nanohole arrays with different pitches. The bare, unpatterned TiN film is used as the reference for reflectance measurement. (d) The measured
collective surface plasmon resonance (CSPR) wavelengths blue shift with decreasing nanohole pitch.

where k, is the real part of the SPP wavenumber. After
extracting the k(1) and substituting it into the equation,

Ny = %kr, the wavelength-dependent effective index (1.q)
can then be experimentally determined. On the other hand, the
SPP dispersion relation can be obtained by using the dielectric

function and the following expression:

€€
ko = ko N
&+ e, 3)
where kg, =k +ik; is a complex value, k; = % is the free-space

wavevector, &4 and &, stand for frequency-dependent
permittivities of the metal (¢,(®)) and the dielectric (¢4 = 1
for air), respectively. So, we can use eq 3 to calculate the
frequency-dependent SPP wavenumber and effective indices
for SPPs propagating at the TiN and air interface (Figure 3c).
Both approaches converge to the same effective index curve, in
particular, when the excited frequency @ < @, (45, = 470 nm)
and the effective index n. > 1. These results indicate that
MBE-grown single-crystalline TiN films can sustain long-
distance SPP propagation at the metal—air interface.

Finally, we show that plasmonic color generation can be
realized by using subwavelength TiN metasurfaces. The
plasmonic resonance of metal nanostructures is well-known
to allow the manipulation of light-matter interactions beyond
the diffraction limit.***” In the plasmonic resonant bands, the
incident light can be resonantly absorbed or scattered by
plasmonic nanostructures, and these resonances can be
controlled precisely with the geometry and size of plasmonic
nanostructures (localized surface plasmon resonance, LSPR),
as well as their pitch in the surface plasmonic nanostructure
array (collective surface plasmon resonance, CSPR).**~** This
phenomenon has been used as the foundation to design a
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myriad of plasmonic color generation schemes, including
transmission filters,™" reflective color printing,“’43 and surface
holograms.44 So far, the reported work about plasmonic color
generation has been focused on silver and aluminum plasmonic
structures, which can generate colors in the full visible
range."’ ™" In the present demonstration, subwavelength
nanoholes were milled into TiN films by FIB to generate
plasmonic colors using the refractory TiN plasmonic material
platform. Compared to gold for plasmonic color generation,
which has a low-bound wavelength limitation at 500 nm, TiN
can sustain a broader visible range (Figure 4a). Moreover, the
high melting temperature and chemical stability of TiN can
extend plasmonic color printing beyond silver and aluminum
for more practical device applications in harsh environments.

To demonstrate the broadband tunability of the CSPR band,
resulting from coupling of closely spaced plasmonic nano-
structures arranged in a surface array, we milled nanoholes into
TiN films by FIB with different pitches (p) and kept the
diameter of nanoholes fixed at d = 256 nm (Figure 4b). Under
different pitches, which were varied from 465 to 325 nm, we
can observe a broad CSPR spectral response over the visible
range in the dark-field optical microscopy images (Figure 4a).
Due to the far-field dipole—dipole interaction in the close-
packed nanoholes array, we can observe a pronounced blue
shift of the CSPR band with decreasing nanohole pitch (Figure
4¢,d),*® while under near-field coupling, we should observe a
red shift with an exponential dependence on the gap distance
between neighboring nanoholes.”” In Figure 4c, the observed
decrease of reflectance (a pristine TiN film is used as
reference) with increasing pitch in the nanohole array is due
to the change in the surface density of nanoholes, as well as the
pitch dependence of objective lens coupling (in- and out-
coupling) efficiency in dark-field optical microscopy.”” The
reflectance spectra presented here indicate that the TiN

DOI: 10.1021/acsphotonics.9b00617
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nanohole metasurface can have a broad and engineerable
spectral response based on their structural parameters.
Therefore, this approach offers the potential to design resonant
optical devices in the visible range, which are compatible with
the CMOS process.

In summary, stoichiometric TiN epitaxial films grown on
sapphire substrates possess excellent mechanical, chemical, and
optical properties to be used as an alternative plasmonic
material of gold in the visible and near-infrared spectral
regions. We have confirmed that stoichiometric TiN is better
than gold in the short-wavelength range (<500 nm) and air is
able to stabilize SPP modes at the TiN surface. Both have
important implications for optical applications based on TiN
plasmonic metasurfaces. Our surface plasmon interferometry
results clearly show the presence of propagating SPP modes at
the TiN/air interface. Taking advantage of their other superior
materials properties, other application areas including solar
energy harvesting, metasurface-based nonlinear optics, bio-
compatible sensing, nanoelectromechanical systems, and
superconducting quantum devices can also be expected.

B EXPERIMENTAL METHODS

Epitaxial-Grown, Single-Crystal Titanium Nitride.
Single-crystal titanium nitride films were grown by a
nitrogen-plasma-assisted molecular-beam epitaxy system
(DCA Instruments Oy, Turku, Finland) on 2-in. c-plane
(0001) sapphire substrates. The MBE base pressure was kept
about 1 X 107'° Torr before growth. Commercial double-side-
polished sapphire wafers are used as substrates, which were
first thermally cleaned at 800 °C for 1 h. Then, we raised the
substrate temperature to 1000 °C and holding it for about 30
min. While keeping the substrate temperature at 1000 °C,
nitridation of the c-plane sapphire substrate was performed for
a few minutes using a nitrogen plasma source (Veeco
Instruments, U.S.A.). The Ti flux was supplied by a high-
temperature Knudsen cell and the TiN deposition rate is about
2 nm/min. During titanium nitride growth, an in situ reflection
high-energy electron diffraction pattern revealed that single-
crystalline TiN has been grown.

Dielectric Function Measurements. The permittivity of
TiN films was measured by using spectroscopic ellipsometer
(m2000, J. A. Woollam Co., U.S.A.), which was supported by
the National Nano Device Laboratories (NDL) in Taiwan.

Electronic Characteristic. The electronic characteristics,
such as carrier density and mobility, was obtained by using a
Hall effect measurement system.

Energy-Dispersive X-ray Spectroscopy. The chemical
stoichiometry ratios of TiN films were confirmed by using an
energy-dispersive spectrometer (EDS) installed in a Helios
Nanolab 600i DualBeam system (FEL U.S.A.). The scan area is
S X 5 um? at a 15 kV acceleration voltage.

Nanostructure Fabrication. All of the nanogroove and
nanohole structures on the TiN single-crystalline films were
fabricated by using a FIB system (FEI Helios Nanolab 600i).
These structures were milled at a 30 kV acceleration voltage
and an ion beam current of 7.7 pA.

B ASSOCIATED CONTENT
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TEM and SEM images of the stoichiometric TiN
epitaxial film and the groove milled by FIB for surface
plasmon interferometry measurement, comparison of
optical properties (optical images, reflectivity spectra,
and dielectric functions) for Au, TiN, TiN,, and Ti
films, table of electrical characteristics of TiN films from
literature results and our data, and the complete
dielectric function measured by SE for the stoichio-
metric TiN epitaxial film (PDF)
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