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ABSTRACT: Van der Waals heteroepitaxy refers to the growth of strain-
and misfit-dislocation-free epitaxial films on layered substrates or vice
versa. Such heteroepitaxial technique can be utilized in developing flexible \\ =
near-infrared transition metal nitride plasmonic materials to broaden their ~ /#
photonic and bioplasmonic applications, such as antifogging, smart &
windows, and bioimaging. Here, we show the first conclusive experimental
demonstration of the van der Waals heteroepitaxy-enabled flexible
semiconducting scandium nitride (ScN) thin films exhibiting near-
infrared, low-loss epsilon-near-zero, and surface plasmon-polariton
resonances. Deposited on fluorophlogopite-mica substrates with molecular
beam epitaxy, polaritonic ScN heterostructures mark the first semi-
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conducting nitride to exhibit plasmon resonance at the 1100—1250 nm

spectral range, inside the biological transmission window. Interestingly, optical properties of such ScN exhibit remarkable stability
even after bending more than 100 times. Creating low-cost and high-quality flexible yet refractory plasmonic ScN heterostructures
for the near-infrared spectral range will advance flexible optics and bioplasmonic devices for practical applications.

KEYWORDS: Flexible plasmonics, van der Waals heteroepitaxy, near-infrared photonics, biological transmission window,

scandium nitride, molecular beam epitaxy

ptical materials that are flexible, stretchable, bendable,

wearable, and exhibit low-loss and high-quality plasmon
resonances in the near-infrared (NIR) spectral range (750
nm—1400 nm) hold enormous potential for antifogging,’
smart windows,” hyperspectral imaging,” determining the
quality of forages, grains, and grain-products in agriculture,”
and characterization of optical coatings for telecommunication
industries.” NIR plasmonics are also attractive for several
medical uses, including the functional mapping of the human
cortex, quantifying blood flow, blood volume, oxygen
consumption, and photothermal therapy for noninvasive
treatment of cancer cells within the biological transmission
window (650 nm—1350 nm).®”® However, despite these
promising applications, the development of NIR plasmonic
materials that are both flexible and maintain a low-loss, high-
quality optical performance remains a challenge.

The main impediment in achieving epsilon-near-zero (ENZ)
wavelength in the NIR originates from the difficulty in
achieving a suitable carrier concentration in the ~(1—5) X 10*!
cm™ range.'’ For example, noble metals such as gold, silver
and transition metal nitrides (TMN) such as TiN, ZrN, HfN,
etc., exhibit high electron concentrations (>10** cm™?), leading
to their ENZ wavelength in the near-UV and visible spectral
range.''~"* However, reducing the carrier density of metals is
not readily achievable. Similarly, doped-semiconductors and
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transparent conducting oxides (TCO), e.g., tin-doped indium
oxide, aluminum, or gallium-doped zinc oxide, and cadmium
oxide exhibit a carrier concentration in the ~(1-5) x 10%°
cm™? range, resulting in their short-wavelength infrared
(SWIR) and mid-infrared (MIR) ENZ resonances at wave-
lengths longer than 1400 nm.'"'* However, increasing the
carrier concentration of TCOs to more than 1 X 10*' cm™
while keeping a low optical loss is also not feasible due to the
changes in band curvature. Therefore, the development of low-
loss NIR plasmonic materials that are simultaneously flexible,
stretchable, and bendable will make them attractive for a
myriad of emerging device applications.

Scandium nitride (ScN), an emerging rocksalt refractory
polar semiconducting TMN, exhibits low-loss ENZ resonance
and surface plasmon polaritons in the SWIR 1800—2400 nm
spectral range.">~"” The polar nature of atomic vibrations in
ScN also leads to its far-infrared surface phonon-polaritons and
Reststrahlen bands,'” which can be used for passive radiative
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Figure 1. (a) Schematic of atomic arrangement in (111) oriented ScN deposited on the F-mica substrate for flexible plasmonic materials is shown
in the left panel. ABC-ABC stacking of Sc atoms in ScN unit cell along the [111] direction is shown in the middle panel. The right panel shows the
schematic of the surface plasmon resonance on a flexible ScN film deposited on the F-Mica substrate. The red curved lines exhibit the electric field
distributions. Collective coherent oscillations of electrons on the metal surface or plasmon oscillations couple with the incident electromagnetic
field and propagate at the boundary between the metal and dielectric (air). The plus and minus signs represent the polarization of the oscillating
electron clouds on illumination of the incident electromagnetic field. (b) The HAADF-STEM image showing columnar ScN grain growth on the F-
mica substrate. (c) Atomic resolution TEM micrograph showing coherent (111) lattice plane cross sections of ScN. The ABC-ABC stacking of Sc
atoms along the [111] direction is marked with white balls. (d) An electron diffraction pattern (EDP) of ScN deposited on F-mica collected along
the [110] ScN zone axis showing epitaxial crystalline growth. TEM-EDS mapping of (e) Sc, (f) N, and (g) O atoms exhibiting the homogeneous

and uniform distribution of elements.

cooling,18 biomolecular ﬁngerprinting,19 and diagnosis tools
for cancer detection and dentistry applications.”” However,
unlike its wurtzite III-nitride counterparts, such as GaN and
TCO,”"** ScN possesses a unique property, such that
incorporating oxygen as an n-type dopant on nitrogen sites
in ScN does not introduce defect states within its bandgap.”®
As a result, the Fermi energy in ScN can move freely with
oxygen incorporation, and the carrier concentration can be
varied significantly by several orders of magnitude.”*
Previously, a maximum electron concentration of 1.6 X 10*'
cm™* was achieved in sputter-deposited ScN thin films, which
resulted in the ENZ of 1.8 um, lying in the SWIR spectral
range.17 Therefore, with increased oxygen concentrations, the
carrier concentration of ScN could be increased to more than 2
X 10*' cm™?, leading to its low-loss and high-quality ENZ
resonance in the NIR regions.

In addition, demonstration of flexible ScN epitaxial thin
films has not been possible to date since most reports of ScN’s
interesting plasmonic'” and other physical properties such as
thermoelectricity,” neuromorphic computing”® employ epi-
taxial films deposited on mechanically hard inorganic
substrates, such as MgO, Al,O;, or GaN.">*2773% van der
Waals heteroepitaxy” > provides a transformative technique
that allows the deposition of inorganic mechanically hard
single-crystalline materials on two-dimensional substrates
without requiring lattice-matched growth conditions. van der
Waals heteroepitaxy typically produces materials with fewer
defects and smoother surfaces, capable of being transferred
onto different substrates.”> However, the nucleation of

adatoms on 2D substrates often results in island growth,
preventing the formation of large-area single crystals. While
interfacial buffer layers and graphene templates have been used
to address this issue,”” the added complexity of buffer layers
limits the process’s overall practicality. Therefore, direct high-
quality epitaxial growth of ScN on suitably chosen layered
substrates would be a significant advancement in practical
applications. Achieving NIR plasmonics in flexible ScN will
also significantly advance bioplasmonic and photothermal
research as ScN exhibits corrosion-resistant high mechanical
hardness (24 GPa), radiation hardness, structural, mechanical,
and chemical stability in most dilute acidic and base conditions
and a high melting temperature of ~2600 °C.'%*¥*%3%35
Moreover, the flexibility of ScN thin films can also be leveraged
to many of its emerging functionalities, such as in thermo-
electricity, neuromorphic computing, and Schottky barrier
diode devices.

Therefore, motivated to develop a ScN-based flexible NIR
plasmonic material, in this work, we have developed epitaxial
ScN films on a F-mica substrate, showcasing their near-IR
plasmon resonance within the biological transmission window
(see Figure 1a). We leverage the excellent heat resistance and
high-temperature stability of single crystalline two-dimensional
(2D) layered fluorophlogopite-mica (F-mica [KMg;Al-
(Si3040)F,]) substrates™® that also provide atomic-level surface
flatness, transparency, excellent chemical stability, flexibility,
and optical wave-penetrability, which are necessary for
developing plasmonic devices for therapeutic applica-
tions.>”*”~** Further, epitaxial ScN thin films are thinned
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Figure 2. (a) Symmetric 20— HRXRD of ScN deposited on an F-mica (001) substrate. The film grows with (111) orientation with a small full-
width-at-the-half-maxima of the rocking curve of 0.95° which highlights its nominally single-crystalline nature. (b) Pole figure of ScN
corresponding to the (002) plane showing twinned epitaxial growth highlighted by six equally spaced diffraction spots (c) Reciprocal space
mapping (RSM) of ScN (111) and substrate (004) peaks. Spread in the (111) plane RSM map highlight mosaicity in the film. (d) Plan-view
FESEM image confirms the pole figure measurements by highlighting two sets of pyramidal grains rotated 60° relative to one other. (e) AFM of
ScN surface showing triangular grains with a rms. surface roughness of 0.63 nm. (d) Raman spectrum of ScN measured with a 532 nm laser source

shows defect-induced LO phonon mode at 677 cm™".

through mechanical exfoliation of the F-mica in order to
demonstrate optical robustness even after a large number of
bending cycles.

Epitaxial ScN thin films are deposited in an ultrahigh
vacuum molecular beam epitaxy (MBE) system with the base
pressure of 1 X 107" Torr at 650 °C substrate temperature.
Details on the growth conditions and characterization
techniques are elaborated in section 1 of the Supporting
Information (SI). High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) imaging
(see Figure 1b) shows (111) oriented columnar ScN grains
with vertical grain boundaries. Most of the grains originate
from the ScN/Mica interface and terminate at the surface
having a lateral width of 15—20 nm. The grain boundaries are
seen as dark lines as indicated using white arrows in Figure 1b.
The interface between the F-mica substrate and ScN appears
sharp and distinct. High-resolution TEM images (see Figure
Ic) at the interface show well-defined lattice fringes and
coherent layer-by-layer epitaxial growth. The ABC-ABC
stacking of Sc atoms along the [111] direction is shown in
Figure lc, by placing the white balls on the Sc atomic
positions. The electron diffraction pattern (EDP) (see Figure
1d) collected along the [110] ScN zone axis reveals a single-
crystalline pattern and epitaxial crystal growth. Few additional
features in the EDP originate from the mica substrate (see
section 2 in SI). From the HRSTEM imaging and EDP
analysis, an epitaxial relationship of [110] (111) ScN I [010]
(001) F-mica is established for the flexible ScN film deposited
on F-mica substrates. Further, STEM- energy dispersive X-ray
spectroscopy (EDS) analysis reveals a uniform and coherent
distribution of Sc and N atoms throughout the film (Figure le
and Figure 1f). Importantly, the EDS mapping also reveals a
uniform oxygen impurity distribution throughout the film
(Figure 1g), which leads to n-type doping and high electron
concentration, resulting in the NIR plasmonic behavior.

Symmetric 260—® high-resolution X-ray diffraction
(HRXRD) measurement (see Figure 2a) confirms the (111)
oriented growth of ScN on the (001) F-mica substrate. From
the 26-peak position, an out-of-plane lattice parameter of 4.49
A is determined for ScN, consistent with the previous literature
reports.'> The out-of-plane lattice parameter of 9.99 A is also
calculated from the (004) F-mica diffraction peak, which
matches well with the literature values.”®* The w-scan
(rocking curve) corresponding to the 111-peak of ScN
presented in the inset of Figure 2a shows a full-width-at-the-
half-maxima (fwhm) of 0.95°. Such a moderate value of fwhm
is expected for single-crystalline epitaxial ScN deposited on a
substrate with a small lattice-mismatch and at a slightly lower
growth temperature as seen in previous reports.” The epitaxial
growth of ScN is further corroborated with pole figure
measurement corresponding to the (002) plane (see Figure
2b), which shows six clear spots suggesting twinned growth of
ScN triangular grains with 3-fold symmetry.*”*’ Reciprocal
space mapping (RSM) of the (111) plane shows pseudomor-
phic growth of ScN where the Q, of both ScN and F-mica
exhibit the same value (see Figure 2c). The ScN (111)
diffraction spot in the RSM also exhibits a sizable broadening,
highlighting the tilts in the vertical grains and revealing the
mosaicity in the film.

The plan-view field-emission scanning electron microscopy
(FESEM) image (see Figure 2d) shows pyramidal facets,
consistent with the (111) ScN growth on (111) MgO, (0001)
ALO;, and (0001) GaN substrates.”””®** Such pyramidal
morphology and texture appear due to the reduced adatom
mobility on the (111) surface of ScN compared to that on its
(001) surface. Moreover, the sticking coefficient of adatoms on
the (111) surface is expected to be much higher due to a
greater concentration of dangling bonds, thus impacting the
lateral mobility of adatoms.”" Interestingly, a closer look at the
orientation of the triangular base of the pyramidal grains shows
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Figure 3. (a) Real (¢;) and imaginary (¢,) components of the dielectric constant of MBE-deposited ScN on F-mica. The epsilon-near-zero (ENZ)
wavelength is 1.14 ym as clearly seen in the inset signifying the plasmonic nature of ScN. (b) The experimental reflectivity (normalized) of ScN at
45° incident angle shows plasmonic dip near to the ENZ wavelength. ScN films exhibit metallic nature after the ENZ wavelength. (c) Experimental
angle-dependent reflectivity of ScN shows a dip near to the ENZ wavelength. (d) Calculated angle-dependent reflectivity from Fresnel’s equation
matches well with the experimental reflectivity (e) Theoretically calculated SPP dispersion curve (blue line) and the ATR-measured absorptivity
curve exhibit the SPP excitation near 1.24 ym. The yellow line shows the bulk plasma wavelength (4,).

two kinds of domains. These domains are a result of the
structural twins that are rotated 60° to one another, as marked
by the red circles in the SEM image. The observation of the
twinning further confirms the HRXRD pole figure results.””
Importantly, the plan-view SEM image clearly shows that the
morphology, texture, and orientation of ScN films deposited
on F-mica substrates exhibit similar trends compared with the
results with film growth on inorganic mechanically hard
substrates.

Atomic force microscopy (AFM) imaging of the surface (see
Figure 2e) reveals a root-mean-square (rms) surface roughness
of 0.63 nm, which matches well with the rms. roughness of
ScN films deposited on (0001) GaN.”” Such low surface
roughness highlights near-complete wetting of the adatoms on
the F-mica surface and coherent layer-by-layer growth without
any island formation triggering Volmer—Weber growth.*’
Raman spectroscopy measurements (see Figure 2f) are further
carried out with an incident laser wavelength of 532 nm, which
shows distinctive ScN Raman mode at 677 cm™ originating
from the LO phonon vibration.** Note that although ScN
exhibits a rocksalt crystal structure, where Raman modes
should be symmetry forbidden, defects relax the g-selection
rule and lead to first-order Raman mode, as also seen in other
rocksalt TMNs.*”** The fwhm of the Raman mode is 38.5
cm™!, consistent with the ones obtained for ScN when
deposited on ceramic substrates.”® These detailed structural
characterizations reveal that the growth of ScN on 2D F-mica
substrates leads to flexible films with high crystalline quality
and an epitaxial nature.

Plasmonic properties of the flexible ScN films, characterized
with spectroscopic ellipsometry measurements, show that the
dielectric constant’s real (¢;) component undergoes a positive-
to-negative epsilon-near-zero (ENZ) transition at 1.14 ym (see
Figure 3a). At the ENZ point (clearly shown in the inset of
Figure 3a), the optical loss, represented by the imaginary
component of the dielectric permittivity (&,) is 0.6S,
comparable to the optical loss in TCOs at their respective
ENZ wavelengths.'”'* After the ENZ crossover, the lejl

14496

increases monotonically at longer wavelengths, highlighting the
increasing metallicity of the film. Concomitantly, the optical
loss also increases due to the free electron Drude absorption at
lower energies. At higher energies, €, exhibits a peak at ~490
nm corresponding to its direct bandgap (see section $ in the
SI), while the &, also exhibits a peak due to direct band-to-
band transition.”” Note that the ENZ crossover of the ScN
deposited on the F-mica substate is consistent with its high
electron concentration of 2.4 X 10*' cm™ originated due to
the intentional exposure of Sc source material to oxygen, as
discussed in section 6 of the SI. Despite the high carrier
density, ScN on F-mica exhibits a moderate electron mobility
of 9 cm?/(V s) at room temperature (see Table 1 in section 6
of the SI), which is consistent with the mobilities achieved in
(111)-oriented ScN films on inorganic substrates.”

Reflectivity measurement (Figure 3b) further confirms the
NIR ENZ response of the ScN film with a clear and well-
defined dip near the ENZ point at the impedance matching
condition. Away from the ENZ region, reflectivity increases
monotonically highlighting metallic nature of the film in the
SWIR and MIR spectral ranges. Ellipsometry data fitting
further show an electron—electron scattering time of 2.3 fs in
ScN, which is consistent with the electron scattering time in
noble metals such as Au and Ag and transition metal nitrides
such as TiN and HfN."” Angle-dependent reflectivity measure-
ments (Figure 3c) highlight the reflection dip in the NIR
spectral range for all incident angles of incidence. The angle-
dependent reflectivity is further calculated using Fresnel's
relation and the measured dielectric permittivity (see Figure
3d), which matches well with the experimental results. The
apparent similarities between the calculated and measured
reflectivity spectra further highlight the correctness of the
measured optical constants.

Surface plasmon polariton (SPP) excitation of ScN in the
NIR is further demonstrated with an attenuated total
reflectance (ATR) measurement in absorption mode in a
Fourier transform infrared (FTIR) spectrometer under the
Kretschmann configuration (right panel of Figure 3e). The

https://doi.org/10.1021/acs.nanolett.4c04616
Nano Lett. 2024, 24, 1449314499


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c04616/suppl_file/nl4c04616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c04616/suppl_file/nl4c04616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c04616/suppl_file/nl4c04616_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c04616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c04616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c04616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c04616?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c04616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

FTIR machine is equipped with an mercury cadmium telluride
(MCT) detector for capturing light in the NIR spectral
region.'” The momentum of the incident light with a central
position at 45° angle of incidence and a spread of +20° is
matched with the momentum of the SPP mode by passing it
through a prism made of high refractive index material,
diamond. Figure 3e shows a peak in the absorptivity spectrum
of ScN at ~1.24 ym in the ATR measurement, which indicates
the coupling of light with the surface plasmon mode. The SPP
dispersion is theoretically calculated between the ScN-air
interface (left panel of Figure 3e) using the measured &;."” The
intersection points of the SPP dispersion curve with the light
cone inside the ATR crystal indicate the SPP excitation
wavelength at the interface of ScN and the ATR crystal. The
calculation matches closely with the experimentally measured
absorptivity peak from the ATR data.

Having deposited the epitaxial ScN films on F-mica
substrates and demonstrated its NIR plasmonic response, the
flexibility and bending properties of ScN are demonstrated by
mechanically exfoliating the film with ~5 ym mica substrate
underneath (see section 7 of the SI). Figure 4a shows the
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Figure 4. (a) Bending test of ScN/F-mica by a tweezer. (b) Bending
of ScN/F-mica on top of a metal sheet in three different bending
curvatures, which shows the flexibility of ScN on F-mica. (c)
Reflectivity (normalized) of the ScN before bending and after 100
times bending shows almost similar plasmonic properties. (d)
Unaltered dielectric constants of ScN before and after bending 100
times indicates that the optical properties of ScN/F-mica remain
unchanged on bending.

bending test using a tweezer. The bending tests are further
performed with three different bending curvatures (Figure 4b)
by attaching the film to a thin metal sheet, demonstrating the
mechanical robustness of this system. The reflectivity of ScN
before and after 100 bending cycles is measured at an incident
angle of 45°, and both the reflectivity plots appear similar, with
the plasmonic dip in reflection at the same wavelength,
ensuring the unaltered ENZ resonance of the ScN/F-mica film
(see Figure 4c). The apparent decrease in the steepness of the
reflection curve after bending (red line) appears due to a
slightly higher electron relaxation time after bending. Figure 4d
further shows the unchanged nature of €, and ¢, for the ScN/
F-mica film before and after bending, which also verifies the
robustness of the plasmonic nature of the films even after 100
bending cycles. The optical properties of ScN are also
measured during the bending measurement and are presented

in section 7 of the SI, which shows practically no change in its
properties. These measurements demonstrate the stability and
flexibility of ScN on F-mica substrates, which is unique for its
plasmonic device applications.

Finally, the plasmonic device performances, such as the
surface plasmon polariton propagation length, confinement
width, figure-of-merit (FOM) of the localized surface plasmon
resonance, etc. of the flexible ScN films are compared with the
previous reports of ScN deposited on inorganic substrates and
other plasmonic materials in the SWIR and MIR spectral
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Figure S. Comparison of the optical properties of ScN/F-mica with
other established plasmonic near-infrared semiconductors. Compar-
ison of (a) propagation length of SPP (b) confinement width of SPP,
(c) figure of merit of localized surface plasmon polariton (LSPP), and
(d) cross over wavelength, carrier concentration and optical loss at
ENZ of ScN/F-mica with ScN/MgO, YbN, AZO, and ITO.

length in ScN/F-mica and air interface is ~250—300 nm at the
ENZ wavelength and compare well with the ScN films
deposited on MgO substates as well as TCOs such as AZO and
ITO at their respective ENZ wavelengths. Similarly, the SPP
confinement width in ScN/F-mica was calculated to be ~100
nm, which is comparable not only to the confinement widths
in ScN/MgO but also with the TCOs (see Figure Sb). The
figure-of-merit for localized surface plasmon polaritons
(FOM,pp) (see Figure Sc) shows a comparable FOM of
ScN/F-mica compared to other materials. Figure 5d displays
the ENZ wavelength, carrier concentration, and optical loss at
the ENZ wavelength in a single plot, highlighting the
plasmonic properties of flexible films.

In conclusion, we utilize van der Waals heteroepitaxy to
deposit epitaxial and flexible ScN thin films that exhibit low-
loss and high-quality NIR epsilon-near-zero and surface
plasmon-polariton resonances in the ~1100—1250 nm spectral
range. Deposited on heat resistance and high-temperature-
stable single crystalline two-dimensional (2D) layered F-mica
substrates with molecular beam epitaxy, the flexible ScN thin
films exhibit layer-by-layer epitaxial growth with structural
twining and subnanometer surface roughness that highlight its
excellent crystalline quality. The mechanically exfoliated ScN
film with ~5 pym F-mica substrate underneath is shown to be
structurally stable even after bending more than 100 times, and
its plasmonic properties remain unchanged. This work marks
significant progress as it not only enables flexible ScN thin
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films for the first time but will also help develop ScN’s near-
infrared plasmonic applications within the biological trans-
mission window and beyond.
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