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ABSTRACT: Metal-free plasmonic metamaterials with wide-range
tunable optical properties are highly desired for various components Polar-MOKE
in future integrated optical devices. Designing a ceramic—ceramic
hybrid metamaterial has been theoretically proposed as a solution to
this critical optical material demand. However, the processing of such
all-ceramic metamaterials is challenging due to difficulties in integrating
two very dissimilar ceramic phases as one hybrid system. In this work,
an oxide-nitride hybrid metamaterial combining two highly dissimilar
ceramic phases, i.e., semiconducting weak ferromagnetic NiO nanorods
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as a unique vethlcally aligned nanocomposite form. Highly anisotropic 3000 2000 o 2000 3000
optical properties such as hyperbolic dispersions and strong magneto- H (Oe)

optical coupling have been demonstrated under room temperature. The

novel functionalities presented show the strong potentials of this new

ceramic—ceramic hybrid thin film platform and its future applications in next-generation nanophotonics and magneto-optical
integrated devices without the lossy metallic components.
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Bl INTRODUCTION Thus, seeking plasmonic candidates with lower loss and higher
durability becomes crucial from the fundamental perspective.
Recent explorations suggest that materials such as graphene
and ceramics (e.g, doped oxides, transition metal nitrides)
could be alternative options.'*~"” For example, titanium nitride
(TiN) exhibits comparable plasmonic properties with Au but
possesses lower losses and higher endurance upon thermal or
laser treatment.'®'” In addition, all-dielectric metasurfaces
have been proposed with low-loss electromagnetic properties,
which are capable of extending the effective permittivity into all
four quadrants.”” Among the dielectric ceramics, a wide range
of candidates (e.g., oxides, nitrides, carbides) can be
considered which provide tunable properties including charge
carrier density, refractive indices, or other EM properties.
Therefore, it is possible to realize all-ceramic hyperbolic
metamaterials at nanoscale. However, due to the fact of
potential interaction or intermixing between the cations as well

Metamaterials with artificially designed nanostructures or
meta-atoms at subwavelength scale have attracted extensive
research interests toward new physics phenomena and
controllable metadevices in practical.”> Coupled with studies
of plasmonics, this rising field of study brings tremendous
opportunities in engineerable plasmonic metamaterials that
realize properties such as extreme electromagnetic (EM) field
localization and enhancement, sensing, and subdiffraction
imaging.”~® Among the various types of metamaterials, a
hyperbolic metamaterial with coupled surface plasmons (SPs)
confined at the interface between typically a metal and a
dielectric becomes precedingly favorable in manipulating
light—matter interactions in an effective way.”® The primary
reason for coupling dissimilar materials is to generate highly
anisotropic dielectric tensors which is usually represented by
hyperbolic isofrequency surfaces opposed to the spherical ones
as commonly seen in conventional materials. Such anisotropy
can be further tuned to achieve enhanced nonlinearity, Received:  June 11, 2020
negative refraction, as well as controllable hyperbolic Revised:  July 26, 2020
dispersion at different wavelength regions.”'” Published: July 27, 2020
However, metallic meta-atoms usually lead to optical losses
and material instabilities that hinder the metadevice
applications under harsh environmental conditions."' ™"
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Figure 1. Conceptual illustration on a ceramic—ceramic (oxide—nitride) hyperbolic metamaterial. Ferromagnetic oxide nanorods embedded in a
plasmonic nitride matrix showing hyperbolic dispersion. The nanorod diameter can be tailored systematically.

as deficiency of anions of the constituent ceramic phases, the
experimental demonstration of the as-proposed ceramic—
ceramic metamaterials is challenging and scarcely reported.
In this work, an oxide—nitride hybrid metamaterial
combining two highly dissimilar ceramic phases, i.e., semi-
conducting magnetic nickel oxide (NiO) and conductive
plasmonic titanium nitride (TiN), has been demonstrated as a
unique vertically aligned nanocomposite (VAN) configuration.
As illustrated in Figure 1, the heterostructure is composed of
vertically aligned nanorods of NiO with the TiN matrix; the
dimension of the nanorods can be tailored systematically
(Figure 1, lower pane). The selection of TiN and NiO is based
on the following factors: (1) TiN possesses a good plasmonic
property and high density of electrons and exhibits a
paramagnetic property at room temperature. (2) NiO is an
intrinsic p-type semiconductor and generally exhibits an

21,22 .
whereas nanostructured NiO

antiferromagnetic property,
with domain size ranging from S to 200 nm has been reported
with a weak ferromagnetic response.23_25 (3) Both materials
are cubic with lattice parameters of ary = 4.241 A and a0 =
4.175 A, respectively, and both can epitaxially grow on MgO
(aygo = 4211 A).

It is expected that the integration and coupling of
nanodomains of NiO with TiN could lead to several unique
features: (1) TiN as a refractory low-loss plasmonic matrix
supports strong SP modes. (2) NiO as a nanorod array
enhances the ferromagnetic response and provides additional
tunability. (3) A strong variation of dielectric (¢) dispersion at
optical frequencies can be induced by coupling &-positive NiO
with e-negative TiN. (4) The magneto-optical (MO) coupling
of surface plasmons (SPs) with magnetic spins at the TiN/NiO
interface. Benefiting from the ultrafast switching properties of
both magnetic and optical modes,** ™ the hybrid film can
potentially realize a dynamic control of metamaterial devices
using external stimuli.
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B RESULTS AND DISCUSSION

The growth of a hybrid NiO—TiN thin film was approached
using pulsed laser deposition (PLD). To avoid interdiffusion or
chemical interaction, the deposition was carried under high
vacuum. While a single-crystalline TiN film with 1:1
stoichiometry has already been demonstrated,”** oxide films
grown under a reduced oxygen atmosphere could potentially
introduce oxygen vacancies or phase segregation.33’34 The
quality of film was first explored using X-ray diffraction (XRD);
0—20 scans are displayed in Figure S1. Here, the pure NiO
(expected 1:1) film grown under O, was measured as a
reference. The NiO (002) peak is located at 43.45° (a = 4.160
A) which is under slight compression out-of-plane as compared
to its bulk value of 43.29° (4.175 A). In terms of the hybrid
NiO—TiN film, two shoulder peaks located close to the MgO
(002) substrate peak are identified as TiN (002) on the left
and NiO (002) on the right. This indicates that desirable
lattice matching and strain coupling are expected at both the
NiO/TiN interface and the film/substrate interface, which
serve as the premise for the high-quality VAN integration with
well-separated phase boundaries. It is worth noting that Ni
(111) at 44.507° and Ni (002) at 51.846° are not noticeable,
which indicate that NiO is grown without phase segregation.

The microstructure was probed by scanning transmission
electron microscopy (STEM) and energy-dispersive X-ray
spectroscopy (EDX). As visualized from the high-angle annular
dark-field (HAADF) STEM and EDX mapping shown in
Figure 2, the hypothesis of the nanorod-in-matrix morphology
is achieved. Figure 2b-1 displays a local cross-sectional
projection of the film, where the NiO phase is grown as
distinct rods without interdiffusion. It is noted that the film
thickness in the presented sample is 18 nm, which can be
further tuned by controlling deposition time.***° Interestingly,
a Moiré pattern is observed especially inside the nanorods,
indicating a strained condition of nanostructured NiO. The
sharp phase boundaries are confirmed by EDX mapping in
Figure 2b-2, where the NiO/TiN and film/substrate
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Figure 2. (a—c) Schematic illustrations of NiO—TiN VANs with increasing diameter of NiO nanorods. (a-1—c-1) Cross-sectional STEM images of
corresponding nanostructures grown at 10 Hz, 5 Hz and 2 Hz laser frequency. (a-2—c-2) EDX elemental mapping of Mg, Ti, and Ni. (b-3) Plan-
view STEM micrograph of NiO—TiN (5 Hz) and (b-4, b-5) corresponding EDX mapping.

boundaries are clearly visualized. Plan-view STEM micrograph
and EDX mapping are displayed in Figure 2b-3—5), which
confirm a uniform distribution of NiO nanorods in the TiN
matrix. The areas with a brighter contrast correspond to NiO
nanorods due to a higher Z (atomic number) of Ni as
compared to Ti. It is noted that the boundaries of the NiO
nanorods are irregular, i.e,, neither round nor squared, possibly
due to the minimization of surface energy during growth.”’
The histogram based on the plan-view micrograph is
displayed in Figure S2, resolving an average pillar diameter
of 6.46 nm with an overall volume fraction of 33% in the
presented sample (Figure 2b). Via careful tuning of the laser
frequency, a systematic change of nanorod diameter is realized
as shown from Figure 2a-1,2 for 10 Hz, Figure 2b-1,2 for S Hz,
and Figure 2¢-1,2 for 2 Hz laser frequency. As a comparison,
the larger diameter of the nanorods in the 2 Hz film is due to a
longer resting/diffusion time of adatoms during deposition that
causes the enlarged NiO nucleus, while coarsening of the film
surface is affected by the different growth rates between TiN
and NiO. The 5 Hz sample with optimized surface roughness
and dimension was selected for further measurements. In
general, the nanorods are distributed uniformly over the entire
sample, and the chemical compositions within three films are
comparable as quantified by EDX mapping in scanning
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electron microscopy (SEM) (Figure S3 and Table S1). A
brief illustration of the growth mechanism of the NiO-TiN
VAN is shown in Figure S4, and related growth mechanism of
other TiN-based VANS, such as TiN-Au and TiN-Ag, can be
found in the previous reports.***’

Optical and magnetic properties of the NiO—TiN VAN film
are explored as both phases are highly functional. At 300—1500
nm, depolarized light transmittance (T, 0° incidence) and
reflectance (R, 8° incidence) spectra of the hybrid NiO—TiN
thin-film metamaterial are displayed in Figure 3a. Specifically,
the resonance located at 500 nm for the transmission mode is
red-shifted to 620 nm for the reflection mode. The metallic
nature of TiN and the sub-20 nm film thickness resulted in low
intensities (<50%) of both T and R spectra. A comparison
between T spectra of NiO—TiN and pure NiO thin films is
shown in Figure SS5a, from which the band gap is roughly
estimated based on the Tauc method (Figure SSb). There is a
0.168 eV band gap reduction as expected from an enhanced
charge carrier density introduced by TiN. Next, a 10 nm X 10
nm unit cell composed of one nanorod (d = 6.46 nm) was
modeled. The simulated optical spectra are displayed in Figure
3b. Aside from a blue shift of the resonances, the simulated
spectra in general match well with the measurement. The
minor inaccuracy of the simulation could be caused by the

https://dx.doi.org/10.1021/acs.nanolett.0c02440
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Figure 3. (a) Measured and (b) simulated transmittance and reflectance spectra of hybrid NiO—TiN film. Insets: electric field maps of top and side
projections at 0.5 and 1.4 ym. (c) Real and (d) imaginary part dielectric constant of NiO—TiN film. Insets show k-space dispersion topologies at
two wavelengths (0.5 and 2.1 ym).
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0.25

Figure S. (a) Plan-view HRSTEM micrograph. (b, c) In-plane (&,,) strain map along [010] and [100]. (d) Cross-sectional HRSTEM micrograph.
(e) Out-of-plane (&,,) strain map along [001]. (f) In-plane () strain map along [010].

inhomogeneity, scattering, or defects at the NiO/TiN
boundaries. Insets of Figure 3b show the electric field maps
at two selected wavelengths. At 500 nm, the field energy is
localized at NiO/TiN interfaces. Here, the TiN matrix can be
considered as a porous template where the holes are “filled by”
NiO nanorods,””*" such that strong localized surface plasmon
resonance (LSPR) and field localization at the edges of the
TiN matrix are expected. Away from the resonance, the electric
field is mostly localized inside NiO without much coupling at
its interface.

Next, dielectric constant along in-plane (& = ¢” = ¢°) and
out-of-plane (&% = £*°) directions are displayed in Figure 3c,d.
Pure NiO film is expected to exhibit as a dielectric while pure
TiN film shows metallic behavior in most optical frequencies.*®
Upon coupling, hyperbolic dispersions are observed in the
measured frequencies. Specifically, the uniaxial tensors of the
dielectric function with one-fold hyperboloid (type II, £}*” <
0, €& > 0) are visualized from 350 to 900 nm, and 2-fold
hyperboloid (type I £/*” > 0, £¥* < 0) is observed at 1775 nm
and above. The k-space topologies corresponding to 0.5 and
2.1 pum are shown as insets.”” The epsilon-near-zero (ENZ)
property as marked by blue circles indicates the dielectric—
metallic transitions.”” Between the two hyperbolic regions, the
hybrid film remains effectively metallic considering that TiN
plays a dominate role with its 67% filling factor. It is worth
noting that the hyperbolic transition can be tuned by
controlling the filling factor and diameter of NiO, or by
exchanging metamaterial configuration. Fitted ellipsometric
parameters and polarized reflectance spectra (Rpp, Rgg) of the
NiO—TiN film are retrieved and displayed in Figure S5c—f.

As proposed, the nanostructured NiO could induce weak
ferromagnetism at room temperature; here, the unbalanced
spins at the boundaries of the nanorods can be aligned by the
magnetic field. Room temperature magnetization hysteresis
loops with magnetic field applied along out-of-plane (H//c)
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and in-plane (H.Lc) directions are displayed in Figure 4a,b. As
a comparison, the magnetic moment along out-of-plane
exhibits weak ferromagnetic behavior, while the in-plane
direction is merely paramagnetic. Since the nanorods are
vertical aligned, such anisotropy can be explained by a stronger
coupling mode between spins and magnetic moment along the
c-axis. Under low temperature (10 K), the ferromagnetism is
enhanced, represented by both the coercive field (H¢) and the
saturation moment (M) as shown in Figure S6a,b. The Hc
(H//c) varies from 19.157 to 84.146 Oe, indicating a 3-fold
increase. Aside from a stronger spin polarization, such
enhancement could be potentially affected by the stoichiom-
etry of NiO (1:x) resulted from vacuum growth.

Further, polar and longitudinal Kerr rotations with a change
of magnetic field were recorded at room temperature to
investigate the magneto-optical coupling. The enhanced MO
effect requires minimizing polarized reflectance (Rpp) and/or
maximizing polarization conversion (Rpg) as defined by the

_ Rpg 29 .
= R—“. Interestingly, the fitted

PP
Rpp (Figure SSe) indicates an extended surface plasmon

resonance (SPP) in the range 350—750 nm (shaded area) that
matches with the laser frequency of 632.8 nm; in addition, an
enhanced electric field is generated (Figure 3b) at the NiO/
TiN interface. For the polar configuration (Figure 4c), both
the laser and magnetic field are applied at 0° incidence to the
film surface, while for the longitudinal configuration (Figure
4d), the laser impinges at 30° while the magnetic field is
applied along the in-plane direction. Here, enhanced Kerr
rotation is realized in both polar and longitudinal modes, as
evidenced by the coercive field opening marked by red arrows.
For example, the HG™" of 626.314 Oe (Figure 4c) suggests a
dramatic enhancement as compared to the H¢ of 19.157 Oe in
Figure 4a. This demonstrates a significant room-temperature
spin polarization using light as an ultrafast stimulus, which is

complex Kerr rotation @ as @
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not achievable by tuning temperature or exciting pure NiO film
(Figure S6).

To explain how a propagating EM field enhances the
magnetic spin state, we use the 2D electric field maps of the
NiO—TiN unit cell retrieved at 632.8 nm (Figure 4c,d). Black
arrows indicate the AFM spins at the inner domain, and red
arrows indicate the FM spins at the NiO domain boundary.
These unbalanced spins at the boundary of the nanorod
generate a weak ferromagnetism at room temperature, which
can be further enhanced when light impinges onto the film
surface. Specifically, a stronger MO effect is proposed in polar
Kerr where the field energy at the vertical interface is strongly
excited, which results in enhanced coupling and spin
polarizations. For the longitudinal Kerr, the electric field
propagating at 30° incidence decays faster, and the in-plane
magnetic field provides weaker coupling at the vertical
interface. This can be verified by comparing the saturation
field (Hg) and the Kerr rotation from Figure 4c,d. Interestingly,
under high fields (6000 Oe and beyond), the Polar Kerr
rotation starts to reverse as indicated by the green arrows.
Considering the AFM nature of NiO, it is proposed that, under
high magnetic field, the spins at nanorod boundaries are
completely polarized such that the inner AFM domain being
probed acts as counteractive effect and reduces further
enhancement of the Kerr signal. In general, these substantial
variations by comparing the magnetometry hysteresis loops
(Figure 4a,b) with MO Kerr loops (Figure 4c,d) suggest a
correlation between both diagonal and off-diagonal terms of
the dielectric function with the change of magnetic
field,*>**~* which are valuable for further investigations. It
is also noted that the coupling between diagonal dielectric
tensors with magnetization of such hybrid metamaterial could
be of great importance toward applications in ultrafast
switching, magnetic storage, sensors, and circuit designs.‘w’48

To further understand the ceramic—ceramic metamaterial
growth, geometric phase analysis (GPA) was applied to
visualize the 3D strain state based on the high-resolution
STEM (HRSTEM) micrographs displayed in Figure Sa,d. At
the pillar/matrix interface, atomic sharp phase contrast is
observed without subdomains or obvious distortion. Next,
biaxial strains ¢, (in-plane) and €y (out-of-plane) are
determined. Note that €, includes two crystalline orientations,
[010] and [100]. Relative strain from —25% to 25% as
compared to the TiN lattice is displayed as color contours.
From cross-section maps (Figure Sef), TiN and MgO
maintain a low strain state (<0.1%) due to a close lattice
matching in between. However, a drastic contrast is observed
inside the pillars where the dark blue indicates a smaller lattice
as compare to the TiN; thus, a tensile strain occurs in both €,
and ¢,,. Bright dots with lines threading through at the pillar
edges suggest dislocation cores generated to partially
compensate the strain. Interestingly, translational Moiré
pattern (red crosses) with parallel mode indicates that two
sets of lattices exist with misfit. It is proposed that NiO is
under a metastable state; ie, a small amount of oxygen
deficiency of nanocrystal NiO,, could be possible which causes
such a highly strained interface visualized in STEM. It is also
possible that the high-energy (300 kV) electron beam of the
STEM could induce such degradation.””*® We collected the
atomic ratio of Ni and O based on the EDX mapping of low-
magnification cross-sectional images (Table S2); a rough Ni:O
ratio of 1:1 can be inferred for NiO. The exact stoichiometry
could be important in tuning the dielectric function (Figure
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S7), which is valuable to explore in future studies. In general,
the XRD results from a large sample area demonstrate a
successful integration of the epitaxial NiO—TiN heterostruc-
ture.

The oxide-nitride artificial heterostructure presented here
was fabricated by a self-assembling process, which offers
flexible controls over pillar geometry and density such that the
material morphology can be tuned as desired. Therefore, such
two-phase metamaterials can be engineered for metadevice
applications such as modulators, switches, or neuromorphic
computing schemes. Fabrication of a ceramic-based nanostruc-
ture or metamaterial is challenging to achieve in many existing
lithography-based techniques. The bottom-up thin film self-
assembly as presented here offers a way to realize all ceramic-
based metamaterials, but it is still in its early investigation
stage. For example, the materials’ chemistry and thermody-
namics in terms of oxide—nitride phase stabilities are still
under exploration. Overall, it is very promising in terms of
designing metamaterials from broad choices of ceramic
material candidates with very dissimilar properties.

B CONCLUSION

This work presents a nanorod-in-matrix hyperbolic metama-
terial coupling all-ceramic components. The vertically aligned
NiO nanorods with the average diameter of 6.46 nm possess
weak ferromagnetism at room temperature, while the matrix
TiN supports a strong surface plasmon mode with field
localization at the NiO/TiN interface. Coupling a dissimilar
oxide with nitride enables a strong hyperbolic dispersion that
covers both 2-fold and 1-fold k-space hyperboloids. MO Kerr
rotations with light impinging within TiN plasmonic resonance
frequencies suggest a strong spin polarization effect at the NiO
boundaries, represented by the enhanced coercive field as
compared to the magnetic hysteresis loop without optical
stimuli. TiN as a refractory ceramic material serves as a robust
host matrix to prevent chemical diffusion or interaction. The
thin film heterostructure possesses a high epitaxial quality and
strained interface upon two-phase coupling. It is flexible in
terms of tuning of the secondary phase such as concentration,
geometry, and material selection. Such a highly flexible
ceramic—ceramic hybrid platform as a hyperbolic metamaterial
could offer advantages in terms of low optical losses, chemical
inertness, and strong light—matter interactions that hold
valuable prospects toward nanophotonic devices, computing,
and biosensing.

B EXPERIMENTAL SECTION

Sample Fabrication. The NiO—TiN films were grown on
single-crystalline MgO (001) substrates using a pulsed laser
deposition (PLD) system (Neocera, Lambda Physik Compex
Pro 205, KrF excimer laser, 4 = 248 nm). The composite target
was made by cutting and integrating pure NiO (99.9%) and
TiN (99.9%) as a pie-shaped target with a NiO volume ratio of
35%. The pure NiO target was prepared by a conventional
sintering and annealing process, and the pure TiN target was
purchased from Plasmaterials Inc. The laser beam was focused
onto the target at 45° incidence, with an energy density of
approximate 3.0 J/cm® The growth was carried under high
vacuum with a base pressure of 2.0 X 107% mbar. Growth
temperature was controlled at 650 °C; laser frequency was
controlled at 2, S, and 10 Hz. The cooling rate after the
deposition was 15 °C/min.
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Microstructure Characterization. A Panalytical X'Pert X-
ray diffractometer with Cu Ka radiation was used for —26
characterizations of thin film crystalline quality. SEM EDX is
performed on a Quanta 3D FEG microscope with an Oxford
Aztec Xstream-2 silicon drift detector with the Xmax80 mm
window applied. HAADF STEM imaging and EDX chemical
mapping were acquired by the FEI Talos F200X TEM
instrument. HRSTEM images were collected using a modified
FEI Titan microscope with a hexapole-type illumination
aberration corrector. The TEM samples were prepared by
the conventional mechanical method, including grinding,
dimpling, and ion-milling (PIPS 691 precision ion polishing
system, 4.5 keV).

Optical Characterization. Depolarized transmittance (0°
incidence) and reflectance spectra (8° incidence) were
measured using a Lambda 950 and 1050 UV—vis spectropho-
tometer. Ellipsometry experiments were carried out on an RC2
spectroscopic ellipsometer (J.A. Woollam Company). ¥, A
parameters were collected at 30°, 45°, and 60° incidence in a
spectrum range from 350 to 2500 nm. Data fitting was
performed using CompleteEase software supported by J.A.
Woollam Company. A uniaxial model was built based on four
gen-osc oscillators (including three Cody-Lorentz oscillators
and one Lorentz oscillator) with Kramers—Kronig (K—K)
consistency to ensure the physical accuracy of the fitting.”" The
layer thickness is predefined according to the STEM results.
The mean square error (MSE) value is 1.952.

Magnetic and MOKE Characterizations. A magnetic
hysteresis loop recording was performed on the magnetic
property measurement system (MPMS) from Quantum
Design. The measurement was carried out under vibrating
sample magnetometer (VSM) mode with the SQUID sensor
applied for the measurement. A home-built magneto-optical
Kerr effect (MOKE) system was applied, with a He—Ne laser
of 632.8 nm at room temperature in a polar and a longitudinal
configuration. The incident light is polarized using a linear
polarizer; the Kerr rotation of the light is measured using a
second polarizer assisted by a photoelastic modulator. In the
polar configuration, the reflected light is separated from the
normal incident light (0° incident angle) by a 50% beam
splitter, and the magnetic field is perpendicular to the film
surface. In the longitudinal configuration, the laser has an
approximately 30° incidence angle, and the magnetic field is
along the intersection of the film plane and the incident plane.

Numerical Simulation. COMSOL Multiphysics software
with the Wave Optical module was used for optical simulation.
The model was built based on the geometrical parameters
taken from STEM micrographs. A 10 nm X 10 nm unit cell
was used with periodic boundaries with a mesh size much
smaller than the cell dimension. n, k values of NiO and TiN are
the fitted ones from ellipsometry measurements. The optical
spectra and electric field maps were retrieved based on the
model.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
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XRD 6-26 scans, histogram of NiO nanorod distribu-
tion, SEM EDX mapping and quantification, trans-
mittance with band gap calculation, raw fitting of
ellipsometric parameters and polarized reflectance
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spectra, low-temperature magnetic hysteresis loops,
and Kerr rotation of pure NiO film (PDF)
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