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ABSTRACT: Hyperbolic metamaterials (HMMs) with extreme | X % %

dielectric anisotropy have shown great promise in nanophotonic %S:::l:

applications such as superlensing, enhancement of spontaneous ' I 7 %

emission, negative refraction, and the diverging photonic density of : :

states. Noble metal-based metal/dielectric multilayers (e.g., Au/ | T AP e P

SiO, and Ag/TiO,) and metallic (Au and Ag) nanowires ! visible ! Near IR

embedded inside a dielectric matrix have been traditionally used X X Hf, 5Zry sNISCN

to demonstrate HMM properties and for implementations into :::::zx

devices. Noble metals are, however, unstable at high temperatures, T B L P ) 1 ) 1

complementary metal oxide semiconductor incompatible, and |k s | | SO0 600 900 1200 1500 1800
H,=24.5 GPa| H,=22.1 GPa|H,=25.1 GPa| Wavelength (nm)

difficult to deposit in thin-film form due to their high surface
energies that limit their potential applications. TiN has emerged as
an alternative plasmonic material to Au in recent years, and epitaxial TiN/Al;,,Sc;,sN metal/semiconductor superlattices were
developed that exhibit excellent HMM properties. As TiN exhibits e-near-zero (ENZ) at ~S00 nm, TiN/Aly ;,,Sco,sN HMM also
operates from ~500 nm to long-wavelength regions. However, for several energy-conversion-related applications as well as for
fundamental studies, it is desirable to achieve HMM wavelengths from the near-UV to the near-IR region of the spectrum. In this
article, we demonstrate hyperbolic photonic dispersion in (Hf,Zr)N/ScN, a class of metal/semiconducting superlattice metamaterial
that covers the near-UV to the near-IR spectral range. Epitaxial HIN/ScN, ZrN/ScN, and Hf;sZryN/ScN superlattices are
deposited on (001) MgO substrates and characterized with synchrotron-radiation X-ray diffraction as well as high-resolution
electron microscopy techniques. Superlattices grow with cube-on-cube epitaxy and with sharp interfaces. Optical characterization
reveals both type-I and type-II hyperbolic photonic dispersions as well as low losses and high figures-of-merit. Along with its high-
temperature thermal stability, demonstration of HMM properties in (HfZr)N/ScN metal/dielectric superlattices makes them
potential candidates for HMM devices.

KEYWORDS: hyperbolic metamaterials, transition metal nitrides, epitaxial metal/dielectric superlattice, magnetron sputtering,
transmission electron microscopy

1. INTRODUCTION Most implementations of HMMs utilize metal/dielectric
periodic multilayers/superlattices or metallic nanowires
embedded inside a dielectric matrix.”**> Because their
periodicity is much smaller than the wavelength of light, they
act as an effective medium for light propagation and are

Optical metamaterials are artificial structures with subwave-
length characteristics and exotic electromagnetic properties
that are not observed in natural materials.' ™ Among the

various categories of optical metamaterials, hyperbolic described b ; < dielectri Py h .
metamaterials (HMMs) have drawn significant interest in escribed by anisotropic dielectric permittivity with opposite

recent years to achieve negative refraction,” subwavelen. gth signs in the principal components of ‘the dielectric tensor.
imacine.”® enh : : 9212 Traditionally noble metal-based multilayers such as Au/
imaging,”” enhancement of photonic density of states,

26 -~ 11 . .
thermal emission engineering,m and others.'*7 AL,0;*° and Ag/TiO, = and metallic nanowires (Ag and Au)

structural anisotropy in hyperbolic metamaterials (HMM:s) em}.)edglf ;18 inside dielectric hosts are utlhzed.lg device
results in hyperbolic photonic dispersion of their isofrequency design.””™ Noble metals such as Ag and Au exhibit e-near-
surfaces, making them behave as metals in one direction and as
a dielectric along the orthogonal directions.'® Due to the Special Issue: Early Career Forum
isofrequency surface, unbounded wave vector, and divergent Received: November S, 2021
photonic densities of states, HMMs have attracted significant Accepted: December 29, 2021
attention for the enhancement of spontaneous emission in

single-photon sources,'” thermal hyperconductivity,” hyper-

lenses,”"* waveguides,23 and resonators.”
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zero (ENZ) at ~390 and ~530 nm, respectively.”” As a result,
HMMs composed of Ag and Au exhibit hyperbolic dispersions
starting from ~390 and ~530 nm, respectively, covering the
full visible spectral range. However, noble metals are soft,
unstable at high temperatures, and complementary metal oxide
semiconductor (CMOS) incompatible as they diffuse into Si,
leading to trapping states that reduce carrier lifetimes.*’
Prevention of such atom diffusion is necessary to grow epitaxial
films on Si substrate, and efforts have been made to prevent
atomic diffusion into Si by using different buffer layers.”' ~**
But high surface energies (1—2 J/m?) of noble metals lead to
their higher surface roughness, which prevents their deposition
in thin-film form essential for device implementations.”*
Therefore, high-quality CMOS compatible metal/dielectric
superlattice HMMs are required that are not only structurally,
chemically, and thermally stable but also demonstrate a
broadband hyperbolic photonic dispersion with low losses.

Transition metal nitrides (TMNSs) such as TiN have recently
emerged as an alternative plasmonic material to Au for visible
spectral range applications, and several plasmonic and
thermoplasmonic devices based on TiN have been demon-
strated.”>~** Epitaxial TiN/Aly,Scy,sN metal/semiconductor
superlattices were developed that exhibit HMM properties in
the visible-to-infrared spectral range and with an enhancement
in the densities of photonic states.*’ However, TiN exhibits
ENZ at ~500 nm, and as a result the hyperbolic photonic
dispersion in TiN/Alj,,Scy,sN superlattices also starts at a
similar wavelength.” As a result, hyperbolic dispersion and
metamaterial properties in the blue-to-near-UV part of the
electromagnetic spectrum have not been demonstrated in
TMNs so far. HMMs that cover the full visible spectral range
as well as near-UV and near-IR regions are however desirable
for both fundamental studies and applications.

ZrN and HIN are similar TMNs like TiN and exhibit ENZs
at ~340 and ~370 nm, respectively.””** ZrN and HfN are
corrosion-resistant, hard, and stable refractory TMNs and are
used for hard coating applications.”> Due to the long
photoexcited carrier lifetime as high as a nanosecond, HfN
has attracted interest for hot-carrier solar cell applications.*®
Similarly, due to its biocompatibility, ZrN-based coatings are
also utilized in medical components that come into direct
contact with blood, skin, bones, or tissue.*” Therefore,
nanoscale metal/dielectric superlattices with ZrN and HfN as
metallic (plasmonic) components could lead to broadband
HMM properties that should cover the full visible spectral
range.

Sputter-deposited (Hf,Zr)N/ScN metal/semiconductor
superlattices have been developed over the past few years
and are currently explored for the thermionic emission-based
thermoelectric energy conversion.”® Because degenerate-semi-
conducting ScN is lattice-matched to HIN and exhibits less
than 1% lattice mismatch with ZrN, (Hf, Zr)N/ScN
superlattices exhibit sharp interfaces with an interatomic
mixing of 2—3 unit cells.”” Cross-plane transport measure-
ments have demonstrated a Schottky barrier height of ~280
meV at the metal/semiconductor interfaces in ZrN/ScN
superlattices.”® Due to the presence of the Schottky barrier
and filtering of low-energy electrons, ZrN/ScN superlattices
have demonstrated a high Seebeck coefficient along the cross-
plane directions.”® Further efforts are also underway to develop
thermionic emission devices with these metamaterials. In terms
of thermal conduction, mismatches in the phononic density of
states between the metallic HfN, ZrN with semiconducting

ScN have also resulted in a much reduced cross-plane thermal
conductivity in HfN/ScN, ZrN/ScN, and Hf,Zr,sN/ScN
superlattices compared to the individual nitride materials.”"

High-temperature thermal stability analyses have further
demonstrated that (Hf,Zr)N/ScN superlattices are stable up to
850 °C.* At high temperatures, dislocation pipe diffusion of
Hf and/or Zr atoms along threading dislocations is observed.>?
In summary, significant research efforts have been already
directed toward the development and study of the thermionic,
electronic, and thermal transport properties of (Hf,Zr)N/ScN
metal/semiconductor superlattices and to analyze their thermal
stability. In this article, we report on the optical HMM
properties of (HfZr)N/ScN metal/dielectric superlattices and
show that the hyperbolic photonic dispersion covers the full
visible spectral range as well as near-UV and near-IR regions.

2. EXPERIMENTAL DETAILS

Individual HIN, ZrN, Hf; ;Zr, sN, and ScN thin films and 6 nm/6 nm
HIN/ScN, ZrN/ScN, and HfyZry;N/ScN metal/semiconductor
superlattices with a period thickness of 12 nm are deposited on
MgO substrate with DC-magnetron sputtering inside an ultrahigh-
vacuum chamber with a base pressure of 1 X 107 Torr at a growth
temperature of 850 °C. Because MgO exhibits the same rock-salt
crystal structure as the nitrides, (001) MgO substrates are utilized for
the superlattice growth. The structural quality of the superlattices is
determined with synchrotron-radiation high-resolution X-ray diffrac-
tion in the High Energy Materials Science beamline PETRA 07 of the
DESY (Hamburg, Germany) and with high-resolution scanning
transmission electron microscopy (HR(S)/TEM) studies. The optical
properties of individual thin films and the superlattices are measured
with a spectroscopic ellipsometer from the 210 to 2000 nm range.
Details about the growth and characterization techniques are
presented in the Supporting Information (SI).

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. Synchrotron-Radia-
tion High-Resolution X-ray Diffraction. A schematic of the
synchrotron-radiation X-ray diffraction measurement (see
Figure la) shows that the experiments were conducted in
the transmission mode by directing the X-ray beam of ~10 X
400 um approximately parallel to the sample surface.”* The
beam was approximately parallel to the (001) MgO substrate,
and the substrate was also partially illuminated with the X-ray
beam. But due to the intentional misalignment of the substrate
with respect to the X-ray beam, little-to-no signal was observed
from the MgO (see SI for details). Two-dimensional (2D) X-
ray diffraction patterns of the HfN/ScN (Figure 1b), ZtN/ScN
(Figure 1c), and HfyZrysN/ScN (Figure 1d) superlattices
deposited on (001) MgO substrates show (002) oriented
growth as evidenced by the 002 reflections, which are oriented
along the growth direction. Corresponding to the diffraction
peaks from the {002} family of planes d-spacings of 2.26 A for
HfN/ScN, 2.29 A for ZrN/ScN, and 2.27 A for Hf, (Zry N/
ScN superlattices are measured, corresponding to cross-plane
lattice constants of 4.52, 4.58, and 4.54 A, respectively. As
individual HIN, ZrN, Hf, ;Zr, N, and ScN films exhibit lattice
constants of 4.52, 4.59, 4.55, and 4.52 A, respectively, the
cross-plane lattice constants are close to the average values of
the individual layers.”" Superlattice reflections are also clearly
visible in all of the diffraction patterns, which are indicative of
sharp interfaces. Previous laboratory-source X-ray diffraction
has shown that the superlattices are epitaxial in nature in all
cases. From the interference pattern, a period thickness of 11.3
nm is measured that matches well with the growth target and
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Figure 1. (a) Schematic of synchrotron-radiation 2D X-ray diffraction
imaging of superlattice in transmission mode. Diffraction patterns of
(b) HEN/ScN, (c) ZrN/ScN, and (d) Hf,ZryN/ScN superlattices
are presented. All of the superlattices are (002) oriented on (001)
MgO substrates. Sharp interfaces in superlattices produce the
superlattice reflections in each case.

HR(S)/TEM analysis.”® Faint MgO 002 diffraction spots from
{002} planes with a d-spacing of 2.1 A can be seen in each of
the images, corresponding to a bulk MgO lattice constant of
420 A.

High-Resolution (Scanning)/Transmission Electron Mi-
croscopy. A low-magnification STEM image (see Figure 2a)
of an Hf Zr; sN/ScN superlattice shows the superlattice layer
growth on the HfyZrysN/MgO buffer/substrate layer. The
interface between the superlattice and bottom metallic buffer
layer (HfysZrysN in this case) is sharp within a width of 2—3
unit cells. However, due to a ~7% lattice-mismatch between
the (001) MgO substrate and the nitride layers, threading
dislocations are observed, and the layers appear wavy with
periods of 100—200 nm. An atomic-resolution STEM image of
the HfysZrysN/ScN interface (Figure 2b) shows cubic
epitaxial growth with an orientation relationship of (001)
[001] HfysZryN/ScNII(001) [001] MgO (see inset electron
diffraction pattern Figure 2a). The combined energy-dispersive
X-ray spectroscopy (EDS) mapping (see Figure 2c), as well as
individual EDS maps of Hf (see Figure 2d), Sc (see Figure 2e),
and Zr (see Figure 2f) show a slight broadening of the Zr layer.

3.2. Optical Characterization. Dielectric permittivities of
individual nitride thin films (HfN, ZrN, and ScN) and the alloy
(HfysZrysN) film measured with spectroscopic ellipsometry
are presented in Figure 3. Results show that HIN, ZrN, and
Hf, Zro N exhibit a real component of the dielectric
permittivity (¢’) positive-to-negative crossover at 370, 340,
and 490 nm, respectively (see Figure 3a). Such a crossover or
e-near-zero (ENZ) is representative of the onset of their
metallic character. At the crossover wavelength, the imaginary
parts of dielectric permittivity (e”; see Figure 3b) are 1.6, 1.8,
and 3.2, respectively, for the HfN, ZrN, and Hf; ;Zr; ;N films,
which are comparable to well-known noble metal-based
plasmonic materials such as Au and Ag, as well as with

Hfo.szro_f,lecN SLE

20 nm (d) |20 nm (e)] 20 nm )

Figure 2. (a) Low-magnification, high-angle annular dark-field
(HAADF)-STEM micrograph of a HfysZrysN/ScN superlattice
deposited on a HfysZrysN buffer layer on (001) MgO substrate.
The electron diffraction pattern of the superlattice is presented in the
inset. (b) High-resolution image showing that HfysZry N and ScN
layers are grown heteroepitaxial. (c) Combined STEM—energy-
dispersive X-ray spectroscopy and (d—f) individual element maps.
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Figure 3. (a) Real and (b) imaginary parts of dielectric permittivity
(measured with spectroscopic ellipsometry) of the constituent layers
(HfN, ZrN, HfyZrysN, and ScN) of the superlattices. The inset in
panel a zooms into the wavelength range 210—600 nm, which
suggests that the ENZ wavelengths of HfN, ZrN, and Hf; ;Zr, ;N are
370, 340, and 490 nm, respectively.

TiN.*% 1t is interesting to note that both HfN and ZrN
exhibit an ENZ wavelength comparable to Ag*’ but much
smaller than those of TiN and Au.””***° Therefore, for many
near-UV-to-blue spectral applications or for devices where full
visible spectra need to be accessed, both HfN and ZrN can be
considered as an alternative plasmonic material to Ag. After the
crossover wavelength, the magnitudes of the €’ in all three
metals increase with an increase in the wavelength. HIN
exhibits the largest negative €’ followed by the Hf; sZr, N alloy
and ZrN film. The ENZ wavelength of the Hfj sZr, ;N alloy is
higher among the three nitrides possibly due to higher alloy
scattering of carriers that reduces the mobility. The magnitude
of €’ of all three metals is, in general, lower than those of noble
metals (Ag and Au).

Compared to the metals, ScN exhibits (see Figure 3a) a
dielectric optical characteristic consistent with its semi-
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conducting nature with a direct band gap of 2.2 eV.>” Near the
band gap region, the €’ of ScN exhibits a maximum value of
14.2, which is close to Si’s € of 11.7.°° It is important to note
here that ScN exhibits an indirect band gap of ~0.9 eV that is
close to the indirect band gap of Si (1.1 eV). At longer
wavelengths, €’ in ScN is nearly constant at 6. Because ScN is a
degenerate semiconductor,” at long wavelengths (in the near-
IR spectral regions) optical loss or €¢” increases due to free
electron or Drude contributions. Nevertheless, ¢” of ScN at
long-wavelength regions (see Figure 3b) is much smaller
compared to the optical loss of the metals.

Having determined the optical properties of the individual
thin films, ellipsometry measurements are used to measure and
calculate the optical properties of the superlattices. Because
superlattices are anisotropic in nature, the total dielectric
permittivity exhibits both in-plane (¢)) and out-of-plane (e,)
components. Ellipsometry data fitting-derived dielectric
permittivity of the individual layers is used in the effective
medium theory (see the SI) to calculate the permittivity of the
superlattices.60 Results show that, in general, all three
superlattices exhibit similar HMM properties. HfN/ScN
superlattices exhibit (Figure 4a,b) type-I hyperbolic dispersion
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Figure 4. Real and imaginary components of the effective
permittivities for the HfN/ScN (a and b), ZrN/ScN (c and d), and
HfysZrysN/ScN (e and f) superlattices. In-plane and out-of-plane
directions have been represented by blue and red lines, respectively.
Three different regions—elliptical (violet), hyperbolic type-I (green),
and hyperbolic type-Il (orange)—are represented by the three
different background colors. All three superlattices exhibit both type-I
and type-II hyperbolic dispersion.

(characterized by €/ < 0 and ¢{, > 0) from 375 to 560 nm and
type-1I hyperbolic dispersion (characterized by €/ > 0 and €, <
0) from 560 to 2000 nm. Below the ENZ of HfN at 370 nm,
HIN/ScN superlattices are found to exhibit dielectric optical
behavior (characterized with €| > 0 and €], > 0), as expected.
Consistent with the HMM properties, €] also exhibits a

Gaussian-like sharp peak centered at the type-I to type-II
crossover wavelength of 560 nm. € of the superlattice
increases with an increase in the wavelength. The inclusion
of dielectric layers between the HfN layers dilutes its metallic
characteristics, evidenced by the higher € crossover wave-
length to 560 nm and lower values of €, at higher wavelengths
compared to an HIN thin film. Similarly, a decrease in the €}
with an increase in the wavelength is due to the onset of Drude
absorption in ScN layers due to its high carrier densities in the
(2—5) X 10*° cm™ range.

Similar to HfN/ScN, ZrN/ScN superlattices (see Figure
4¢,d) exhibit type-I hyperbolic dispersion from 340 to S80 nm
and type-II hyperbolic dispersion from 625 to 2000 nm.
However, unlike HfN/ScN superlattices, there is a small
spectral range between 580 and 625 nm where both ¢}, and €}
are positive and the photonic dispersion should be elliptical.
Below the ENZ point of ZrN, ZrN/ScN superlattices also
exhibit dielectric characteristics. Panels e and f of Figure 4
show that the HMM properties of the HfyZrysN/ScN
superlattices are very similar to ZrN/ScN superlattices, albeit
a lower window for the type-I hyperbolic dispersion. Similar to
the other two superlattices, € of Hf ;Zry, N/ScN superlattices
shows a Gaussian peak around ~700 nm. However, unlike
HIN/ScN and ZrN/ScN superlattices, €] increases slightly
after 1200 nm due to a higher amount of free carrier
absorption in HfyZryN/ScN superlattices. Therefore, the
present analysis clearly demonstrates both type-I and type-II
hyperbolic photonic dispersions in the (Hf,Zr)N/ScN metal/
dielectric superlattices with the type-I region starting from as
low as ~340 nm, what would allow the material to cover the
near-UV to the entire visible and near-IR spectral range.

Angle-dependent reflection (R) measurements of the
superlattices and theoretical calculations further verify the
hyperbolic photonic dispersion of the superlattices. Figure S
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Figure S. (a) Reflection spectrum of 6 nm/6 nm HfN/ScN
superlattice presented as a function of incident angle (measured
using spectroscopic ellipsometry). (b) Theoretically calculated
reflection spectra of the same superlattice (using COMSOL
Multiphysics Software) that indicates a clear match up with
experimentally measured spectrum.

presents reflection curves for the HfN/ScN superlattice, and
these curves are also representative for the other two
superlattices. At longer wavelengths, since the superlattices
act as type-I HMM, high reflectivity is observed in both
experiment and the modeling. However, because the wave-
length is reduced, two dips in the reflection spectra at ~290
and ~48S5 nm are observed that correspond to the € of the
superlattice approaching ENZ and HfN’s inherent crossover
wavelength or ENZ points.

Figure-of-merit (FOM) calculations are further carried out
to determine the performance of the (HfZr)N/ScN super-
lattice HMM:s and compare their performance to each other as
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(turquoise green) hyperbolic bands are denoted by color. (Hf,Zr)N/ScN superlattices have been compared with the earlier reported metal/
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wavelength) along in-plane and out-of-plane directions.

The right-hand-side y-scale represents the maximum optical loss (calculated at type-I to type-II crossover

well as to other HMMs in different spectral ranges. The FOM
is usually defined as ?eéil; , the ratio between the real and
mik

imaginary components of the propagation constant of light (k)
in the direction perpendicular to the constituent layers.””
Figure 6a shows that compared to the Ag/TiO, and Au/Al, 0,
HMMs, HEN/ScN and ZrN/ScN superlattices exhibit about 10
times higher FOMs in the long-wavelength spectral range.”*’
However, in the blue-to-near-UV parts of the spectrum, the
FOMs of Au/Al,O; HMM and TMN-based HMM are very
similar, while the FOM of Ag/TiO, HMMs is higher.
Therefore, for practical applications where high-temperature
stability, corrosion-resistant high-hardness, CMOS compati-
bility, etc., are important design parameters, HIN/ScN and
ZrN/ScN HMMs would provide a meaningful alternative
materials choice. It is also interesting to note that the FOM of
ZrN/ScN superlattices is much closer to the FOM of TiN/
Aly7,Scy,sN superlattices.

A comparative plot of the hyperbolic dispersion frequency
range and the optical loss (see Figure 6b) highlights that, with
the development of (Hf,Zr)N/ScN superlattice HMMs, the
entire near-UV-to-visible-to-near-IR region of the spectrum
can be covered with TMN-based materials. While previously it
was only possible to achieve hyperbolic dispersion in the blue-
to-near-UV region of the spectrum with Ag as a metallic
component, HfN and ZrN now allow access to a larger spectral
range. Though the optical losses are higher in TMN-based
HMMs compared to the noble metal-based HMMs, their high-
temperature stability, corrosion-resistant high hardness, and
structural/morphological stability in the thin-film form make
them attractive for practical applications. In addition, the wide-
spectral coverage of these materials will not only be useful for
the solid-state energy conversion fields such as solar—
thermal,”” and solar—fuel,®* they will also be attractive for
biophotonics,”* sensing,”® and illumination nanoscopy.*®

4. CONCLUSIONS

In conclusion, we extend the spectral operation range of the
transition metal nitride (TMN)-based hyperbolic metamate-
rials by developing epitaxial (HfZr)N/ScN metal/semi-
conductor superlattice HMMs. Our results show nanoscale
HIN/ScN, ZrN/ScN, and Hf,Zr; N/ScN metal/semicon-
ductor superlattices exhibit both type-I and type-II hyperbolic
photonic dispersions starting from ~340 nm covering the blue
and near-UV spectral range. Achieving the HMM dispersion in
the blue-to-near-UV region provides an alternative to Ag-based
HMMs. The figure-of-merit of these HMMs is also found to be

high. Synchrotron-radiation high-resolution X-ray diffraction
and high-resolution (scanning)/ transmission electron micros-
copy analyses are performed to demonstrate cubic epitaxial
crystal growth on (001) MgO substrates. Demonstration of
hyperbolic photonic dispersion from near-UV to near-IR
spectral range in (HfZr)N/ScN metal/semiconductor super-
lattices mark significant progress in designing refractory,
CMOS-compatible artificially structured nanophotonic materi-
als that should be useful for practical applications.
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