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a b s t r a c t

Multilayers with metal-dielectric stacks are considered as an effective approach to produce hyperbolic
metamaterials (HMMs). However, fabricating ultrathin metal layers with high crystallinity for low-loss
HMMs is very challenging. In this work, TiN has been applied as an alternative candidate to the noble
metals, and TiN/MgO multilayers with varied numbers of layers and layer thicknesses have been
designed. The microstructure study reveals that the thickness of TiN nanolayer is controlled as thin as
2.9 nm, 1.26 nm and 0.9 nm by varying the total number of layers, and the epitaxial quality of the
multilayer films is high even with such ultrathin layers. Extraordinary optical properties have been
achieved, such as plasmonic resonance in visible range, as well as strong optical anisotropy. In addition,
the real part of dielectric permittivity (ε0) shows opposite optical anisotropy in different wavelength
ranges, i.e. ε0k>0, ε

0
⊥<0 in the range of 350 nme450 nm, and <0, ε0⊥>0 under higher wavelength, which is a

novel property realized in a multilayer system.
© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Hyperbolic metamaterials (HMMs) possess remarkably aniso-
tropic optical response, i.e., the permittivity presents opposite signs
with different polarization directions [1e6]. A hyperbolic shape of
isofrequency surface is a typical characteristic of HMMs, which
results in high photonic density of states, as well as high k-mode
propagation [7]. By engineering the light-matter interaction in
nanoscale, HMMs are promising for a wide range of applications,
such as subwavelength imaging [8e10], negative refraction
[11e14], quantum emitters [15], quantumwell (QW) light-emitting
diodes (LEDs) [16], etc. Although there are some natural materials
that show hyperbolic dispersion in defined wavelength range
[17,18], most HMMs are artificially designed and fabricated. In
general, two approaches have been employed to achieve artificial
HMMs, i.e. metallic nanowire arrays [19e24], or metal/dielectric
multilayers [16,25e31]. The morphology of metallic nanowires
ineering, Purdue University,
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embedded in a dielectric matrix is usually achieved by electro-
chemical deposition of selectedmetals in a porous aluminum oxide
template [20,21], or via co-deposition of metals and oxides using
pulsed laser deposition (PLD) technique [19,22e24]. On the other
hand, the metal/dielectric multilayers can be obtained by alterna-
tive growth of metal and dielectric materials [16,25e27]. In most
cases of both approaches, a metal component is essential as an
HMM subwavelength building block to provide the conducting
electrons, which leads to the optical anisotropy.

Some of the major challenges to obtain HMM with good per-
formance are the large negative permittivity and high optical los-
ses, as well as processing challenges in synthesizing ultrathin metal
layers or metal nanowires with high aspect ratio [32,33]. Nitrides
and doped semiconducting oxides have been recently explored as
potential alternatives to the noble metals, owing to their superior
plasmonic properties in a particular wavelength range [33e36]. For
example, TiN has been employed in the form of either nanowires
[37] or multilayers [38,39] to achieve HMMs. TiN retains similar
optical properties as Au [40], and could be epitaxially grown into
ultrathin layer [41]. In addition, TiN is bio-compatible, CMOS-
compatible, chemically inert, mechanically robust, and thermally
stable with a high melting point exceeding 2700 �C, all made it a
perfect alternative to Au for a wide range of applications [42].
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In this work, multilayers of TiN/MgO with different numbers of
layers and layer thickness have been designed and fabricated as
tailorable HMM, as shown in the schematic illustrations, along with
the low-mag scanning transmission electron microscopy (STEM)
images and energy-dispersive X-ray spectra (EDS) chemical map-
pings, in Fig.1. MgO is selected as the dielectric component, because
of its nearly perfect lattice matching with TiN (aMgO ¼ 4.2112 Å,
aTiN ¼ 4.241 Å), which allows the single-crystal-like epitaxial
growth of the multilayers. Typically, the growth parameters for
oxides and metals (or nitrides) are not compatible with each other.
By careful selection of TiN and MgO, it is thus possible to deposit
high epitaxial TiN/MgOmultilayers with different layer thicknesses
(thinnest layer thickness of 0.9 nm for TiN and 0.63 nm for MgO).
This TiN/MgO multilayer design presents a new approach for
HMMs with tailorable anisotropic properties, especially in the
visible range.
2. Results and discussion

Three TiN/MgO multilayer films were fabricated, i.e. MT-5:
(TiN)6(MgO)5 with 6 layers of TiN (tTiN ¼ 2.9 nm), and 5 layers of
MgO (tMgO ¼ 1.29 nm), MT-10: (TiN)11(MgO)10 with 11 layers of TiN
(tTiN ¼ 1.26 nm), and 10 layers of (tMgO ¼ 0.84 nm), and MT-20
(TiN)21(MgO)20 with 21 layers of TiN (tTiN ¼ 0.9 nm) and 20 layers
of MgO (tMgO ¼ 0.63 nm). The thickness is thinner than the TiN/
(Al,Sc)N superlattices fabricated by magnetron sputtering [39]. All
the films were deposited on MgO (001) substrates. With such layer
number and thickness, limited film quality degradation or inter-
Fig. 1. Schematic illustrations, low-mag STEM images and corresponding E
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diffusion between adjacent layers takes place while strong anisot-
ropy could be achieved in themultilayers. The q-2q X-ray diffraction
(XRD) scans of the samples were first conducted and shown in
Fig. S1, along with the reciprocal space maps (RSM) in Fig. S2.
Satellite peaks are observed, resulting from the X-ray interference
at the TiN:MgO interfaces, which also reveals the clean and sharp
interfaces. Simultaneously, the satellite fringes presented in Fig. S2
further indicate the pesudomorphic growth (i.e., coherent growth
between TiN/MgO layers) of the multilayers. The low-mag STEM
images and EDS mappings of MT-5, MT-10 and MT-20 multilayers
are shown in Fig. 1a, b and 1c, respectively, which further confirm
the alternative growth of TiN and MgO with sharp heterointerfaces
for all the samples.

To further explore the crystallinity of the films, MT-10 (as
illustrated in Fig. 2a) has been selected for detailed microstructure
characterizations. Fig. 2b exhibits a typical low-mag STEM image to
show the entire thickness of the film, with corresponding geo-
metric phase analysis (GPA) mapping (out-of-plane (εyy) strain)
shown in Fig. 2c. Slightly compressive strain is generated in MgO
layers, while slightly tensile strain is observed in TiN layers, both
along out-of-plane direction. As the lattice constant of TiN (4.241 Å)
is slightly larger than that of MgO (4.2112 Å), compressive TiN layer
and stretched MgO layer along in-plane direction is expected,
which denotes the opposite strain state in out-of-plane direction, as
illustrated in the GPA mapping in Fig. 2c. A medium-mag STEM
image with corresponding mask reversed fast Fourier transform
(FFT) image are shown in Fig. 2d and e, respectively. Very high
epitaxial quality of the multilayer is determined in Fig. 2d, and the
DS mappings of (a) MT-5, (c) MT-10, (e) MT-20 multilayer thin films.



Fig. 2. Detailed microstructure of MT-10 multilayer thin film. (a) Schematic illustration; (b) STEM image to show the entire film with (c) geometric phase analysis (GPA) mapping;
(d) a median-mag STEM image and (e) corresponding mask reversed FFT image; (f) a high-mag STEM image to show the film in atomic scale.
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corresponding FFT image in Fig. 2e indicates the excellent crystal-
linity without visible defects existing in the film. We have further
imaged the TiN:MgO interface area by high-resolution STEM, as
shown in Fig. 2f. Relatively clear and abrupt interfaces are observed
Fig. 3. (a) Transmittance spectral of all the three multilayers; (b) real part of complex dielec
plane (perpendicular to the film surface) directions; the extracted iso-frequency surfaces o
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even in ultrathin layers, i.e. tTiN ¼ 1.26 nm, tMgO ¼ 0.84 nm. The
ultrathin TiN layers with high quality could be ideal building blocks
for HMM.

Next, the transmittance measurements of the multilayer films
tric function of all the multilayers in in-plane (parallel to the film surface) and out-of-
f the superlattice at (c) 400 nm and (d) 800 nm.



Fig. 4. Angle-dependent and polarization-resolved reflectivity of the multilayers. (a1), (b1), (c1) schematic illustrations to show the experimental setup; (a2), (b2), (c2) measured
and (a3), (b3), (c3) simulated reflectivity spectral of MT-5, MT-10, MT-20 at different angles of incidence (55� , 65� , 75�) for p-polarized and s-polarized incident lights.
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were conducted and the spectral of the three films is compared in
Fig. 3a. Plasmonic feature at ~505 nm is observed for all the sam-
ples, which results from the plasmon resonance of the TiN nano-
layer. Such plasmonic feature occurs at the wavelength comparable
to the previous reported plasmonic TiN nanostructures [43e45].
The difference might come from the different shape, size and sur-
roundingmedium of the TiN nanostructures. Furthermore, angular-
dependent ellipsometry measurements have been carried out to
investigate the optical complex dielectric functions of the multi-
layer films, which were derived by fitting the measured ellipso-
metric constants phi (f) plotted in Fig. S3. Because of the
anisotropic nature of the TiN/MgO multilayers, a biaxial model has
been applied, which refers to different dielectric permittivity in
parallel (εk) and perpendicular (ε⊥) directions. Fig. 3b compares the
real part of the dielectric permittivity (ε’k, ε0⊥) of the three multi-
layer thin films. Interestingly, ε0k and ε

0
⊥ present opposite sings in

two wavelength regions. In the wavelength of 350 nme460 nm
(region I), all the three multilayers possess ε’k>0 and ε

0
⊥<0, which

suggests transverse-positive dispersion and could be promising
nanophotonic applications such as hyperlens [46]. In another side,
transverse-negative (ε’k<0 and ε

0
⊥>0) dispersion is obtained at

higher wavelength (region II: 698 nm for MT-5, 696 nm for MT-10,
559 nm for MT-20), which demonstrates that MT-20 holds the
strongest anisotropic property. Such wavelength regions cover
more wavelength of light compared to the hyperbolic TiN/(Al,Sc)N
superlattices [39], which indicates more potential applications of
this TiN/MgO multilayers. The imaginary part (ε’’) of dielectric
permittivity for all the films are also plotted and compared in
Fig. S4, pronounced feature at wavelength of ~500 nm is observed
for all the samples, which is consistent with the above trans-
mittance spectra. Moreover, optical iso-frequency k-space surface
of the multilayers has been plotted at 400 nm (in region I) and
800 nm (in region II), which are exhibited in Fig. 3c and d,
4

respectively. As seen, a hyperbola with two sheets and an open
hyperboloid are observed at 400 nm and 800 nm, respectively, for
all the multilayers, which demonstrates the different types of hy-
perbolic behaviors at different wavelength regions.

Lastly, angular dependent and polarization-resolved reflectivity
was measured and the data was fitted for all the multilayers, with
the incident angles of 55�, 65� and 75�, as shown in the schematic
illustrations in Fig. 4a1-4c1. The measured (Fig. 4a2 for MT-5,
Fig. 4b2 for MT-10, Fig. 4c2 for MT-20) and simulated (Fig. 4a3 for
MT-5, Fig. 4b3 for MT-10, Fig. 4c3 for MT-20) reflectivity spectra
present excellent matching. Basically, the reflectivity spectra of all
the multilayers exhibit relatively similar trend with either s-
polarized or p-polarized incident light, as the only difference for the
samples is the layer number and thickness. Specifically, with s-
polarized incident light, a pronounced feature at ~450 nm is
determined, which corresponds to the plasmonic resonance of the
TiN nanolayers. The results agree well with the above trans-
mittance spectra and dielectric permittivity measurements, with
minor differences. Furthermore, the reflectivity increases with
increasing incident angle, which agrees with the classical electro-
magnetic theory. On the other hand, in the case of p-polarized
incident light, the reflectivity is much lower and very different from
that of s-polarized light, which further confirms the optical
anisotropy of such multilayer HMM.
3. Conclusions

Epitaxial TiN/MgO multilayers with varied total numbers of
layers and layer thicknesses have been deposited via PLD. Ultrathin
layers of TiN and MgO were successfully achieved with excellent
epitaxial quality, i.e. tTiN ¼ 0.9 nm, tMgO ¼ 0.63 nm. Such nitride-
oxide multilayers exhibit interesting optical properties, including
plasmonic resonance in the visible range, as well as optical aniso-
tropic performance. More importantly, the multilayers present



J. Huang, D. Zhang and H. Wang Materials Today Physics 16 (2021) 100316
opposite signs of ε
0 in two wavelength ranges, which are

transverse-positive (ε’k>0 and ε
0
⊥<0) dispersion in the range of

350 nme450 nm, and transverse-negative (ε0k<0 and ε’⊥>0)

dispersion under a higher wavelength region. The ultrathin TiN
nanolayers in this TiN/MgO multilayers are considered as ideal
building blocks for HMMs, which are promising for various pho-
tonic applications.
4. Experimental

The TiN/MgO multilayer thin films were deposited on MgO
(001) substrates by alternative ablation of TiN and MgO targets,
using pulsed laser deposition (PLD) method with a KrF excimer
laser (Lambda Physik, l ¼ 248 nm). Before the deposition, the base
pressure was pumped down to <1 � 10�6 Torr. During the depo-
sition, the deposition temperature was kept at 700 �C with laser
frequency of 5 Hz in vacuum condition for both TiN and MgO. After
deposition, the chamber was naturally cooled down to room-
temperature.

The crystal structure of the multilayer films was characterized
by XRD (Panalytical X’Pert X-ray diffractometer). The STEM images
with EDS mappings were taken by TEM (FEI Talos-F200X).

Transmittance measurement was done by UVevisible spec-
troscopy (Lambda 1050). During the measurement, a depolarized
incident light was spotted in the direction perpendicular to the film
surface. Angular-dependent ellipsometry measurements were
carried out using a RC2 spectroscopic ellipsometer (J.A. Woollam
Company). The optical dielectric permittivity of the multilayers was
obtained by fitting the ellipsometry parameters psi (f) using the
VASE software. The fitting of the angle-dependent and
polarization-resolved reflectivity was conducted by the same
software, by setting s- or p-polarized light with incident angles of
55�, 65� and 75�.
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