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ABSTRACT

In recent years, the plasmonic materials with high optical loss ushered many innovations, such as loss-induced heating, plasmon-induced hot
carrier, and electro-thermo-plasmonic nanotweezers. Similarly, epsilon-near-zero (ENZ) materials that exhibit near-zero real-components of the
dielectric permittivity (¢;) with high loss are promising for efficient absorbers, hot-electron generation, photo-catalysis, local heating, nanoparticle
trapping, etc. Traditionally, the plasmonic and ENZ materials based on noble metals such as Au and Ag are not stable at high-temperatures, are
CMOS incompatible, and exhibit ENZ behavior in a narrow wavelength range, whereas though transition metal nitrides such as TiN and ZrN
exhibit ENZ in the visible spectrum, their spectral width is rather small. Therefore, ENZ materials that are broadband in nature, refractory, oxida-
tion resistant, and CMOS compatible should exhibit better device performance and are highly desired. In this letter, we demonstrate epitaxial,
highly crystalline refractory transition metals (RTMs) such as Ta, W, and Mo deposited at high-temperatures (700 °C) in ultra-high vacuum
(~2 x 10~° Torr), which exhibit broadband ENZ characteristics with relatively flat ¢; in the visible-to-near-IR spectral ranges (200 nm-1000 nm).
Phase-pure high crystalline-quality and smooth surfaces result in more metallicity, which leads to a large negative ¢ in long-wavelength
(1000 nm-2500 nm) ranges that are comparable to the &, of alternative plasmonic materials such as TiN and ZrN. Plasmonic and ENZ character-
istics are found to be robust at high-temperatures (~700 °C) and result in enhanced optical absorption in the RTM metasurface that would be
useful for thermophotonic energy conversion, nonlinear optics, and nonreciprocal optical devices.
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Traditionally, plasmonic materials that exhibit negative real com- nanoparticle trapping,'*'” photo-catalysis,'® solar-thermophotovol-

. 17,18
taics,

ponents of the dielectric permittivity (¢;) and very small imaginary
components of the dielectric permittivity (&;) or optical losses were
regarded as ideal candidates for the demonstration of the interesting
and exotic optical phenomenon and for the practical device imple-
mentations." However, in recent years, it is realized that higher &, in
plasmonic materials is essential”” for the confinement and impedance
effects” such as loss-induced heating,” plasmon-induced hot carrier,”
and electro-thermo-plasmonic nanotweezer.” At the same time, epsi-
lon-near-zero (ENZ) materials that exhibit & close to zero® in certain
wavelength ranges are developed, which has brought many possibili-
ties in nanophotonic devices.” '’ ENZ materials with large optical
losses can be useful as efficient absorbers,'” hot-electron generation,'”

etc. If the ENZ materials are also accompanied by small opti-
cal losses, such materials also exhibit near-zero-index” (NZI) and a
host of interesting and exotic optical properties such as photon tunnel-
ing,'>* super-coupling,”’ extreme nonlinear interactions,”” ultrafast
switching,”” and optical nanocircuits.”* As the ENZ region corre-
sponds to the bulk plasma frequency [with a corresponding crossover
wavelength (4, at which the sign of &, changes from positive to neg-
ative and/or the wavelength at which & = 0], the carrier concentra-
tion of the materials plays an extremely important role in determining
the ENZ spectral range. Several classes of materials such as metals (for
example, Ag and Au),” semimetals (ZrSiS,”® TaAs,” and Na;Bi”’),
doped semiconductors (ITO* and Al:ZnO”’), polaritonic materials
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(such as SiC*), and metamaterials™ show ENZ behavior in different
electromagnetic spectral ranges.

Conventional noble metals such as Au” (1, = 510nm) and
Ag25 (Aeo. = 310 nm), which exhibit ENZ characteristics in the visible
and near-UV spectral range due to their large carrier concentrations
(> 10*°cm ), exhibit sharp ENZ regions and are not suitable for
practical refractory applications due to their softness,”' the low melting
temperature of nanostructures,”’ CMOS incompatibility,”” and inabil-
ity to deposit them in the thin and ultrathin smooth film
(<10nm).”** Though recently developed transition metal nitrides
such as TiN">*° (4., = 450 nm-500 nm) and ZrN"> (1, ~ 410 nm),
on the other hand, overcome some of the limitations of noble metals,
their spectral ENZ regions are rather narrow. Metal/dielectric multi-
layers such as Ag/T10237 and TiN/Aly»Sco2sN™* superlattices also
exhibit ENZ properties in the visible spectral range with some degree
of tunability, though they require advanced nanofabrication methods
to develop. Therefore, there is a wide-scale requirement for broadband
ENZ materials that are refractory in nature and are also structurally,
mechanically, and morphologically stable at high temperature, CMOS
compatible, and rather easy to deposit and develop for industrial
applications.

Refractory transition metals (RTMs) such as Ta, W, and Mo are
corrosion resistant, mechanically hard, and actively used for a range of
industrial applications such as in incandescent light bulb filaments,
x-ray tubes, gas turbines, capacitors in the electronic industry, and
radiation shielding.”” In addition, RTMs also exhibit some of the
largest melting temperature in materials, Ta (3017 °C), W (3422°C),
and Mo (2633 °C), and are stable against creep deformation at high
temperatures.”” Due to the metallic nature, RTMs exhibit very low
electrical resistivity Ta (135 n Qm), W (50 n Qm), and Mo (53 n
Qm) at room temperature.”’ Low diffusivities in silicon (Si) also make
RTMs useful for Si-technology; for example, Ta has been used as a
diffusion barrier in VLSI (Very Large Scale Integration) technology for
preventing Cu from penetrating into Si."” Smooth patterned nano-
structures of RTMs have been shown for various photonic applications
such as absorbers,” thermal emitters,”” photonic crystals,” and
thermophotovoltaics,® albeit with not so good material and optical
properties. Therefore, RTMs have the potential to be a new class of
materials for the plasmonic, ENZ, and photonic devices especially for
refractory applications, and it is natural to investigate the optical prop-
erties of RTMs and engineer their plasmonic characteristics and ENZ
behavior. Unfortunately, there are only a handful of reports on the
optical properties of RTMs,"**” which do not show promising plas-
monic and ENZ characteristics. Though there are some scattered
reports on the epitaxial growth of RTMs (Ta,"® W," and Mo'%) at
high substrate temperature, almost all the optical characterization of
RTMs relies on room-temperature deposited films that are polycrystal-
line in nature and exhibit little-to-no plasmonic response (see
supplementary material 11). Therefore, with the motivation to develop
RTMs as the plasmonic and ENZ materials, in this article, we demon-
strate high-temperature deposited Ta, W, and Mo thin films that
exhibit broadband ENZ behavior accompanied by high-quality
plasmonic characteristics in the visible-to-near-IR spectral range. The
high substrate temperature during depositions increases adatom
mobility necessary to overcome the Ehrlich-Schwoebel, surface diffu-
sion, and grain boundary activation barriers and results in impurity

free smooth films with high crystalline quality’””” that increases the
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intrinsic carrier concentration and carrier mobility while decreasing
the carrier scattering that results in optical losses.

RTM (Ta, W, and Mo) thin films were deposited on (001) MgO
and (0001) AL O; substrates with reactive rf-magnetron sputtering
(PVD Products Inc.) (see the supplementary material for details). Two
sets of samples with a substrate held at (a) room temperature (30 °C)
denoted as RT and (b) 700 °C denoted as HT (high temperature) were
deposited. All films under investigation are ~100 nm thick. As films
deposited on MgO and Al,O; substrates show similar results, most of
the results presented in the manuscript are from films deposited on
MgO substrates. The ambient temperature optical characterization
was performed with a variable angle spectroscopic ellipsometer, and
the experimental (1, A) spectra were fitted with a combination of the
Drude-Lorentz model (see supplementary material 2 for details).

The results show that all RTM films (see Fig. 1) exhibit plasmonic
behavior (¢; < 0) in the near IR spectral ranges that are accompanied
by ENZ regions. The spectral position and the nature of ENZ,
however, depend not only on the metals under investigation but also
on the growth conditions. RT-deposited films are found to exhibit
double ENZ characteristics, i.e., the sign of & changing from nega-
tive-to-positive and vice versa in the UV and near-IR spectral ranges,
respectively. For example, in RT-Ta, the double ENZ regions are found
to be at 210 nm and 1410 nm, while for RT-Mo and for RT-W, the
ENZ points are located at 210 nm and 1200 nm and at 254 nm and
880 nm, respectively. Optical losses (¢;) corresponding to such ENZ
points are found to be 4.14 and 9.94 for RT-Ta, 3.17 and 9.48 for
RT-Mo, and 4.79 and 12.7 for RT-W. After the ENZ region in the
near-IR (when &; changed from positive-to-negative), all three RTMs
exhibit negative ¢ characteristic of their plasmonic nature. RT-W is
found to exhibit the largest negative & among the three metals
primarily due to its larger carrier concentrations that were verified
with its larger Drude plasma frequency (wp) (see Table SI in the
supplementary material). Optical losses of RT-W, however, are larger
compared to those of the other two films.

Compared to the RT-RTMs, high-temperature deposited metals
exhibit significantly larger negative ¢; in the near-IR spectral range
and relatively higher optical losses ( &,). For example, at 2500 nm, &;
in RT-Ta was measured to be —7, while that of HT-Ta is —140 [see
Fig. 1(a)]. In addition, with their larger &, optical loss or &, of the
HT-RTM films is also much higher [see Fig. 1(b)]. Larger ¢; and &, in
HT films can be explained by the Drude model in Eq. (1) that repre-
sents the free-electron response, where

0)2
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Fitting of the experimental results shows (see Table S1 of the
supplementary material) that ), is significantly larger in HT-RTMs
than that in RT-RTMs due to their larger number of free carriers and
leads to larger ¢; and &,. For example, compared to a ), of 3.41 eV in
RT-Ta, HT-Ta exhibits about two times larger w, of 6.85eV.
Similarly, the relatively flat & in HT-RTMs results from the total
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FIG. 1. The optical property of refractory transition metals (RTMs) is presented. (a), (c), and (e) The real (1) and (b), (d), and (f) imaginary (&) parts of the dielectric permittiv-
ity of sputter-deposited transition metal (Ta, W, and Mo) thin films on MgO substrates at 25°C (RT) and 700 °C (HT) substrate temperatures. The inset shows ENZ regions
and double-ENZ behavior of the films. The optical response (&1) of HT-RTM films is significantly larger than that of RT-RTMs, and consequently, optical loss (&) is also large.

Note: the color gradient in the figures is according to the HT-RTMs.

contribution of inter-band transitions, intra-band transitions, or addi-
tional scattering losses due to defects in RTMs in the 210 nm-1200 nm
spectral range, which leads to large Lorentz damping constant (see
Table S1 of the supplementary material) and does not allow a mono-
tonic decrease in ¢; with the increase in the wavelength. Flatter ¢; and
its value close to zero make HT-RTMs better suited for several ENZ
applications with a broader spectral operation range. For example, in
HT-Ta ENZ, the wavelength ranged (corresponding to —2 < &< 2)
from 230 nm to 600 nm, while in HT-W ENZ, wavelengths encom-
passed the 340 nm to 865 nm spectral region. Though the ENZ regions
of the HT-RTMs are broad, the corresponding optical losses are found

to be large at 7.6 to 11 for HT-Ta [see Fig. 1(a)] and 5.9 to 12.4 for
HT-W [see Fig. 1(c)], respectively. While such large optical losses pre-
vent the HT-RTMs to achieve NZI, they should be conducive for a
range of confinement and impedance effects in ENZ regions.

To understand the origin of superior metallic (plasmonic) and
ENZ behavior in HT-RTMs, reflectivity measurements and detailed
materials characterization with high-resolution x-ray diffraction
(HRXRD) and atomic force microscopy (AFM) are performed (see
Fig. 2 for Ta that is representative for other metals). The symmetric
2 0-o HRXRD diffractogram of HT-Ta showed a peak at 38.26°
representing its (110) oriented growth on (002) MgO substrates
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FIG. 2. (a) Symmetric 2 0 — w x-ray diffractogram of HT-Ta/MgO thin films along
with their rocking curve (w-scan) in the inset. Ta was found to grow with (110) ori-
entations on the (002) MgO substrate. The FWHM (Aw) of the rocking curve was
found to be 2.4° in the HT-Ta/MgO film, and (b) the HT-Ta film exhibits much higher
reflectivity and a sharp dip close to ENZ regions compared to RT-Ta. Atomic force
micrographs (AFM) show the RMS-surface roughness of (c) 1.6nm in the RT-Ta
film and (d) 0.5 nm in the HT-Ta film, respectively.

[see Fig. 2(a)]. The full-width-at-the-half-maxima (FWHM) of the
rocking curve is found to be 2.4° in the HT-Ta/MgO film, which rep-
resents its nominal single crystalline nature. From the HRXRD analy-
sis, it appears that HT-Ta crystalizes in the body-centered cubic a-Ta
phase with a space group Im3m (229) and a lattice constant of 3.32 A.
XRD analysis on RT-Ta exhibits a peak at 37.2° that corresponds to
the (111) oriented growth of the f-Ta phase and represents a lattice
constant of 3.41 A (see supplementary material 6). Bulk Ta crystalizes
in the o-Ta phase, while f;-Ta is usually obtained in physical vapor
deposited films at low temperatures. Increasing the temperature of /-
Ta to more than 700 °C converts it to the a-phase that was observed”’
previously. Therefore, the high-temperature growth at 700 °C in this
work directly results in the o-Ta phase. The XRD peak intensity is sig-
nificantly larger, and the peak width is much smaller for HT-Ta than
for RT-Ta that represents its excellent crystal quality. Therefore, the
superior optical properties of HT-Ta are not only due to its better crys-
talline quality but also due to its different crystal structure. HT-Ta
exhibits ~80% reflectivity in the near-IR spectral range and a sharp
dip in reflection below 1000 nm, representing its plasmonic character-
istics. In comparison, RT-Ta exhibits much smaller reflection (40%)
and a less pronounced dip that correlates well with its significantly
smaller ¢ [see Fig. 2(b)] compared to HT-Ta. Atomic force micro-
graphs showed that HT-RTM surfaces are much smoother, with the
RMS-surface roughness of 0.5 nm, while that of RT-Ta was found to
be 1.6 nm [see Figs. 2(c) and 2(d)].

Having addressed the origin of plasmonic properties and ENZ
behavior in HT-Ta, temperature-dependent optical properties are
measured with a cryostat attached with the ellipsometer in the 100K
to 700 K temperature range at an angle of incidence of 70 °. The cryo-
stat chamber was attached with a turbo-molecular pump, leading to a

ARTICLE scitation.org/journal/apl

chamber pressure of 10~” Torr that would reduce possibilities of oxi-
dation of the films.

The results show that with an increase in temperature, the mag-
nitude of ¢ of the HT-Ta film decreased monotonically, while the
optical loss or ¢, increased significantly in the near-IR spectral range
[see Figs. 3(a) and 3(b)]. For example, with an increase in temperature
from 100K to 700 K, the magnitude of ¢; at 2500 nm decreased from
—110 to —68, while &, increased from 90 to 117 for the same amount
of change in temperature at 2500 nm. In the visible spectral range, &
did not change appreciably, suggesting that the inter-band transition
pathways and cross sections remain relatively unchanged within the
measured temperature range. Since most of the changes in the permit-
tivity occur in the near-IR spectral range, the Drude model is used to
explain the observed behavior. The plasma frequency (w,) in the
Drude model is related to the carrier concentration ) and effective
mass (m*) through the relationship w? =
temperature, the carrier density (N) usua.lly decreases due to the vol-
ume expansion and the electron effective mass decreases.”” A larger
decrease in the effective mass of the electron, compared to the decrease
in electron density due to expansion in the lattice, is responsible for
the increment of plasma frequency with temperature. Also, the ther-
mal population of carriers might be responsible for the increment of
the plasma frequency. The Drude damping constant (I'p) increases
with temperature due to the increment in the rate of various scattering
mechanisms with temperature such as electron—electron scattering
and electron-phonon scattering,”

®, and I'p have been extracted from the temperature-
dependent optical constant and are presented in Fig. 3(c), which shows
that both of them increase with an increase in temperature. The
decrease in the magnitude of ¢; in long-wavelength regions with the
increase in temperature is related to the increase in both w, and I'p
through Eq. (3). On the other hand, the increase in I'p and w, with
temperature is responsible for the increase in ¢, through Eq. (4). The
temperature-dependent optical properties of HT-W and HT-Mo also
show similar behavior as HT-Ta (see supplementary material 4).
Several other plasmonic materials such as Au™* Ag,55 and TiN’° thin
films have exhibited similar temperature-dependent plasmonic
properties.

For the practical implementation of the RTMs, metasurface
absorbers based on the RTM-dielectric-RTM heterostructure are sim-
ulated [see a unit cell of the metasurface in Fig. 4(a)] by utilizing the
experimental data. The thickness of the bottom RTM and top RTM
and width of the top RTM were fixed at 150 nm, 100 nm, and 500 nm,
respectively. The thickness of the dielectric layer (Al,O;) was fixed at
50 nm. The metal-insulator-metal (MIM) structure acts as an optical
cavity (see supplementary material 7 for details). The absorption spec-
trum of a 100 nm bare W film was also calculated (green curve), which
agrees well with the experimental measurement (pink-dots) [see
Fig. 4(d)], thus benchmarking the calculation methodology.
Absorption calculated for the metasurface structure exhibits significant
enhancement (almost reaching to ideal values for certain wavelengths)
over the bare RTM film [see Fig. 4(c)], and the absorption peaks are
also tuned with changing the dielectric layer thickness [see Fig. 4(d)].
A redshift in the absorption peak was observed with an increase in the
dielectric layer thickness due to Fabry-Pérot resonance.”” While the
metasurface based on these three HT-RTMs exhibits similar absorp-
tion in the visible spectral range, the HT-W based metasurface
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FIG. 3. Temperature-dependent real (¢1) (a) and imaginary (¢2) (b) components of the dielectric permittivity of the HT-Ta film, which shows that with an increase in temperature
(100K-700K), &1 decreases, while &, increases due to an increase in Drude damping constants and plasma frequency in long wavelength ranges. In the visible and near IR
range, & remains almost unchanged with a small increase in optical loss. The inset shows the ENZ region that does not change much with temperature. (c) Plasma frequency
(wp) and Drude damping factor (I'p) of the HT-Ta film increase with the increase in temperature.

demonstrates significantly larger absorption in the near IR spectral
range. In addition, the absorption spectra of the metasurface cover the
whole solar spectrum [see Fig. 4(c)] that is suitable for solar energy
conversion. The electric field distribution [see Fig. 4(b)] shows that
when the wavelength of incident light is close to the ENZ wavelength
of metal where (&,eqr — 0), strong discontinuity of the electric field
induces at the boundaries between air and metal
(Emetat = (air/ €metar) Eair). Consequently, a high-intensity electric field
is localized near the top metallic layer that is 100 nm thick. Above the
ENZ wavelength, metals are highly reflective (&err < 0), and most of
the field is confined outside the MIM structure. Enhanced absorption
of the HT-RTMs highlights their effectiveness in several solar energy
conversion applications.
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FIG. 4. (a) Schematic diagram of the unit cell of the metal—dielectric-metal based
metasurface. (b) Electric field distribution throughout the Ta-based metasurface (air
on the top of the metasurface) at different wavelengths of incident light, e.g.,
400 nm, 700 nm, and 1000 nm. (c) Absorption of Ta, W, and Mo metasurfaces as a
function of wavelength. Metasurface absorption is found to cover the full solar spec-
trum range at AM 1.5. (d) Absorption in the metasurface with varying dielectric
medium (Al,05) thicknesses [50 nm (black), 100 nm (red), and 150 nm (blue)] and
compared with the 100 nm W thin film [simulated (green) and experimental (pink
dotted line)].

The plasmonic properties of high-temperature (700°C) depos-
ited RTMs presented here mark a significant improvement in their
optical properties compared to the previous reports on a polycrystal-
line sheet of RTMs and films deposited at 200 °C, which showed very
little plasmonic response. On the other hand, RT-RTMs presented
here show optical properties that are similar to the properties of the
previous W and Mo films*® deposited at 200°C and annealed at
400°C (see supplementary material 11). High-temperature deposi-
tions result in phase-pure highly crystalline RTMs with smooth surfa-
ces that are as good as nitride-based alternative plasmonic materials.
Indeed, the magnitude of ¢; in the near-IR spectral range for HT-Ta is
identical to that of TiN and ZrN, while its optical losses (¢,) are slightly
larger (see supplementary material 9). Similarly, the surface plasmon
polariton (SPP) propagation length in HT-RTMs is about 10x larger
than that in RT-RTMs (see supplementary material 8) and comparable
to that in the nitrides. The figure of merit”® (FOM) is another parame-
ter that represents the quality of the plasmonic material. The FOM of
HT-RTM:s for the surface plasmon polariton (SPP) and localized sur-
face plasmon polariton (LSPP) is found to be around 100 times and 10
times larger, respectively, compared to the values exhibited by RT-
RTMs (see supplementary material 10). Also, the FOM of HT-RTMs
is similar to that of the transition metal nitrides (TiN and ZrN) in the
near-infrared (NIR) region. While reducing the optical losses””® (&)
of the RTMs remains an important future avenue of research, the plas-
monic properties of these metals and their ENZ characteristics pre-
sented here will no doubt attract researchers given their omnipresence
in electronic and photonic industries for diverse applications.

In conclusion, high-temperature depositions inside the ultra-high
vacuum are utilized to develop highly crystalline refractory transition
metals (Ta, W, and Mo) as broadband ENZ and plasmonic materials
for the visible-to-near-IR spectral applications. HT-RTMs are found to
exhibit excellent plasmonic properties with ¢ approaching that of
other alternative plasmonic materials such as TiN and ZrN in the visi-
ble-to-near-IR range due to their high-crystalline quality and crystal
structure. Temperature-dependent optical characterization reveals that
the plasmonic and ENZ behavior is robust within the 100 K-700 K
temperature range. The metasurface structure composed of RTMs is
shown to exhibit larger absorptions in the entire solar spectral range.
While the optical losses of RTMs are found to be larger than those of
the noble metals and nitrides, development of refractory transition
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metals (Ta, W, and Mo) marks a significant step in the research on
alternative plasmonic and nanophotonic materials and will be useful
for efficient absorbers, hot-electron generation, photo-catalysis, local
heating, nanoparticle trapping, and other solar energy conversion
devices.

See the supplementary material for details on growth details,
ellipsometer measurements, and data fitting, temperature-dependent
optical properties of W and Mo, x-ray diffraction, MIM cavity physics,
surface plasmon polariton (SPP) propagation length, and comparison
of the optical properties of RTMs with noble metal and transition
metal nitrides.
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