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ABSTRACT: The plasmon resonance represents collective oscillations of free

electrons, enabling subwavelength light confinement and local field enhancement in 1201 IR "gh% m -

conductive media. While electron-based plasmons in metals and n-type semi- 80 009 o0 1
conductors have been widely explored, their hole-based counterparts in p-type <% 40| | ptype ScN ]
semiconductors remain largely underexplored due to low hole densities and large e I ghonon polaiiteng
effective masses that push plasmon response to the far-infrared with strong damping. O R

Here, we present conclusive experimental evidence of low-loss, room-temperature ~ -4of
hole plasmons in the mid-infrared regime, realized in epitaxial p-type scandium .
nitride thin films. Enabled by a high hole concentration of ~1.4 X 10** cm™ and 1000 o (cmy 10000

mobility of ~21 cm®> V™' 57!, these hole plasmons exhibit strong confinement with

moderate damping. Furthermore, by tuning hole concentrations to spectrally overlap the plasmonic resonance with surface phonon
polaritons, we demonstrate a mixed hole-plasmon—LO-phonon interaction giving rise to broadband hybrid absorption response.
These results establish robust hole plasmonics in p-type semiconductors for infrared nanophotonic devices.
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anoscale confinement of light through strong light- such constraints have limited systematic exploration of hole-

matter interactions is a cornerstone of modern nano- based plasmonics, particularly in the mid-infrared regime
photonics.”” Among the various strategies for achieving such where experimental access and control are more readily
subdiffractional optical confinement and extreme field achievable. Realizing robust hole plasmons in this spectral
enhancements, polaritons, the hybrid quasiparticles formed window, therefore, enables a platform to investigate carrier-
due to the coupling of photons with coherently oscillating dependent”’18 plasmonic behavior and its interaction with
dipoles, have emerged as one of the most versatile platforms.3’4 lattice vibrations, with potential implications for infrared
Plasmon polaritons,”® the collective oscillations of free nanophotonics and optoelectronic device functionalities.
electrons in conductive materials such as metals and doped Beyond free-carrier excitations, phonon polaritons (PhPs),
n-type semiconductors,”* have been studied extensively, with coherent oscillations of polar lattice vibrations strongly

their resonances spanning the near-ultraviolet (UV) to far-
infrared (IR) spectral range, and enabling transformative
applications in sensing,” "~ energy conversion, ' telecommuni-
cations,"” and super-resolution imaging.m’14

While electron-based plasmons have thus been studied
across a wide spectral range, hole-based plasmons, representing
collective excitations of holes in p-type semiconductors, remain
comparatively less explored (Figure 1a). The larger effective
mass and multiband valence-band structure of holes generally
result in lower plasma frequencies and increased damping,
placing hole plasmon resonances in the far-infrared to terahertz
spectral range and making their experimental realization Received: May 20, 2026
challenging.ls’16 While these characteristics are often viewed Revised:  July 8, 2026
as limitations, requiring higher hole densities and offering Accepted: July 8, 2026
reduced tunability, they also provide a distinct regime in which Published: July 16, 2026
to examine the influence of carrier type, band structure, and
scattering mechanisms on the plasmonic response. To date,

coupled with light offer a complementary and equally powerful
approach to mid-to-far-infrared light-matter interactions
(Figure 1a).'"””° In a polar dielectric material, the real
component of the dielectric permittivity (¢’) undergoes a
positive-to-negative transition at the longitudinal optic (LO)
phonon frequency and exhibits a pole at the transverse optic
(TO) phonon frequency, thereby, exhibiting negative values
within the Reststrahlen band.”' The interaction of light with
optical phonons also enable surface PhP (SPhP) propagation
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Figure 1. Hole plasmon resonance in p-type ScN. (a) Schematic illustration of hole plasmon and phonon polaritons in a p-type polar
semiconductor. (b) Density functional theory calculated electronic band structure of ScN depicting the Fermi level positions corresponding to
different carrier concentrations and carrier types. The inset highlights the color variation of ScN films with increasing Mg-hole concentration. Real
and imaginary components of the dielectric permittivity of n-type (c and d) and p-type (e and f) ScN films across the near-UV to far-infrared
spectral range. While n-type ScN exhibits a pronounced plasmonic response characterized by a positive-to-negative &’ crossover at 4250 cm™ (2.35
um), the low-doped p-type ScN shows predominantly phonon-polaritonic behavior characterized by the negative ¢’ values within the Reststrahlen
band. The highly doped p-type ScN demonstrate an ENZ crossover at ~1200 cm™' (8.33 yum) representing its hole plasmonic behavior at room-
temperature. The &” representing optical loss in n-type ScN increases in the mid-IR range due to the onset of plasmonic behavior and shows a peak
at the TO phonon frequency. In contrast, the low-doped p-type ScN exhibits optical losses arising predominantly from phonon—polariton
contributions. For the highly doped p-type film, however, the optical loss initially increases due to the emergence of hole plasmonic behavior,
followed by additional contributions from phonon—polariton interactions.

and confinement at nanoscale dimensions within this spectral
band. However, unlike plasmonic materials, where optical
losses are dominated by free-carrier scattering, phonon
polaritons benefit from intrinsically low losses due to the
longer lifetimes of optical phonons.'” This key distinction
makes SPhPs highly attractive for mid-to-far-infrared applica-
tions requiring lower optical losses,'” such as near-field
*7> on-chip photonics,”® and IR
optoelectronics.”” Therefore, the ability to generate hole
plasmon resonances, (S)/PhPs, and enable their coupling in
a p-type polar semiconductor could offer a compelling
additional pathway to tailor and enhance the optical response
of materials.

Conventionally, when plasmons and phonon polaritons
coexist within a similar spectral range, their electromagnetic
near-fields can hybridize, giving rise to mixed or coupled
plasmon—phonon polariton modes with properties distinct
from either constituent.”* ** Plasmon—phonon hybrid modes
have been realized using heterogeneous interfaces, typically
comprising a doped plasmonic layer coupled to a polar
dielectric. In such systems, the coupling strength depends on
tuning the plasmon resonance to the phonon frequency of the
adjacent layer and on achieving strong spatial overlap between
the modes. Alternatively, a single host material that

radiative heat transfer,”
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simultaneously supports free carriers and polar lattice
vibrations within a similar spectral range provides a
conceptually simpler platform for polaritonic hybridization.
Such coupling has been extensively studied in the context of
longitudinal optical phonon—plasmon coupling (LOPC) in
polar n-type semiconductors.’”*" Extending these concepts to
p-type polar semiconductors, especially in the mid-to-far-
infrared regime, represents a comparatively less explored
direction. Demonstrating hole plasmon— LO-phonon mixing
within a single host material thus provides a platform for
tunable polaritonic responses in integrated photonic architec-
tures.

Scandium nitride (ScN),>>™** a refractory group III(B)
transition metal nitride semiconductor, crystallizes in a cubic
rocksalt structure with octahedral bonding coordination and
offers a potential material platform to realize the hole plasmon
and mixed plasmon-phonon modes.”> ScN possesses an
indirect bandgap of 0.9 eV and a direct bandgap of 2.2
eV 33037 Recognized for its outstanding mechanical hardness
(~21-23 GPa), corrosion resistance, and high melting
temperature exceeding 2873 K, ScN has attracted considerable
interest for use in thermoelectric energy conversion,>*™*
epitaxial semiconductor superlattices,” ~** artificial synapses,**
and Schottky diodes.”” ScN thin films, typically grown via

https://doi.org/10.1021/acs.nanolett.6c02445
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molecular beam epitaxy (MBE) or magnetron sputtering,
exhibit a high n-type carrier concentration in the 10*°—10*
cm™ range mainly due to oxygen impurities, and a moderately
high electron mobility (~60—120 cm® V™' s7') at room-
temperature.””***® Such high carrier concentrations shift the
Fermi energy (Ey) ~ 0.2—0.3 eV inside the conduction band of
ScN (Figure 1b), and results in tunable plasmonic behavior in
the near-infrared spectral range (1—2.5 ym, or 10,000—4000
cm™).

Mg-acceptor doping has been used successfully for ScN,
compensating for its high electron concentration and leading
to p-type ScN with high hole concentrations (~2.2 X 10%
cm™?) and mobility (~21 cm? V~! s71).*”*® Further, due to the
polar bonds, a highly reflective Reststrahlen band (27.85—
14.77 pm, or 359—677 cm™") also exists, enabling SPhP modes
within this spectral range in ScN.”* Therefore, with a high hole
concentration and a moderate hole effective mass (0.8 m,),
ScN offers a promising candidate for exploring hole plasmon
resonances near phonon frequencies, facilitating hole plasmon-
phonon polariton mixing within a single host medium. In this
work, we show moderately damped hole plasmons in epitaxial
p-type ScN films in the mid-infrared spectral range, aligning
closely with its phonon spectrum. Additionally, by tuning the
hole concentrations, we observe a mixing between hole
plasmons and phonon polaritons, leading to a broad hybrid
optical mode in the mid-to-far-infrared, establishing ScN as a
promising platform for hole-driven infrared plasmonics and
polariton-based light-matter interactions.

Intentionally undoped and Mg-hole-doped ScN thin films
(Table 1) were deposited on (001) MgO substrates with an

Table 1. Electrical Properties of ScN, Including Carrier
Concentration, Mobility, and Resistivity

Carrier

Sample Sample concentration Mobility Resistivity

Name Composition (em™ (em® Vst (Q cm)
n-type Undoped 3.3 x 10 43 44 x 1074

ScN

Low-doped  ScN:Mg 1.6 x 10* 12 3.6

p-type
Highly ScN:Mg 1.4 x 10% 20 23 %107

doped

p-type

ultrahigh vacuum reactive magnetron sputtering at a base
pressure of 1 X 107 Torr (see Section 1 in the Supporting
Information (SI) for detailed growth method). Without
intentional doping, as-deposited ScN is a n-type semiconductor
exhibiting a high electron concentration of 3.3 X 10*° cm™ and
a moderate mobility of 43 cm?/V's at room-temperature. Such
a high electron density in n-type ScN leads to a small increase
in resistivity as a function of temperature (see Figure S2b in SI
section 3.1), reminiscent of its degenerate electronic nature.
Further, negative values of the Seebeck coefficient (Figure S2c)
establishes its n-type carrier transport behavior.”® However,
with the incorporation of Mg-hole-doping, ScN undergoes an
n-to-p carrier type transition, as the E; moves close to the
valence band with increasing hole concentration (Figure 1b)."’
Since substitutional magnesium on scandium (Mgg.) hole-
dopants exhibits a very low activation energy, most dopants are
ionized at room-temperature, causing a high hole concen-
tration of 1.4 X 10*° cm™ for the film with maximum hole
dopants.’”*” Like n-type ScN, p-type ScN films also exhibit a
weak temperature dependence of resistivity and positive
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Seebeck coefficients due to holes as the energy carriers (see
Figure S2 in SI section 3.1).

The real component of the dielectric permittivity (&’)
extracted from spectroscopic ellipsometry measurements
extending across the near-UV to far-IR spectral range (see
section 2.1 and 3.3 in SI for details), show that & remains
positive in the near-UV—visible spectral region for all ScN
films (Figure lc and le), highlighting their dielectric nature.
However, as the wavelength increases, & in n-type ScN
undergoes a positive-to-negative permittivity transition in the
near-infrared at ~4250 cm™" (2.35 um), highlighting the onset
of its plasmonic response and epsilon-near-zero (ENZ)
behavior. Such near-infrared ENZ response in n-type ScN is
consistent with previous observations.>® However, compared
to the n-type film, &’ in highly doped p-type ScN undergoes an
ENZ crossover at ~1200 cm™' (8.33 um) representing the
onset of the plasmonic behavior (see inset in Figure le) in the
mid-infrared spectral range. For low-doped p-type films with
lower hole concentrations (see Table 1), the ENZ crossover
shifts to even lower energies, falling outside the spectral regime
accessible with ellipsometry measurements (above 250 cm™
(40 um)).

The positive-to-negative &’ crossover observed in highly
doped p-type ScN provides clear evidence of a hole plasmon
resonance, rather than the conventional plasmonic response
driven by electronic oscillations. Such hole plasmon resonances
in the mid-infrared region have previously been reported in p-
type semiconductors, such as GaAs at low temperatures (~80
K) and with high-resolution electron energy loss spectroscopy
measurements. Low-temperature measurements were neces-
sary because the low hole concentration in previously reported
p-type GaAs resulted in a plasma frequency in the far-infrared
range, where phonon-limited carrier damping, which increases
further at room-temperature, was sufficient to substantially
broaden the hole-plasmon resonance, making it difficult to
resolve outside cryogenic conditions. In contrast, the much
higher carrier concentration in ScN pushes the plasma
frequency into the mid-IR, where the modest damping we
observed was sufficiently low to allow room temperature
observations of the hole-plasmon resonance. Although mid-
infrared plasmonic responses have previously been demon-
strated in doped n-type semiconductors such as CdO and
InAs,**° this work demonstrates the first observation of room-
temperature hole plasmons in p-type ScN, marking a
significant advancement in the field of plasmonics based on
p-type semiconductors.

Beyond the plasmonic response, the polar nature of ScN
ensures that all films exhibit phonon-polariton behavior
(Figure le). The low-doped p-type film (see Table 1), shows
a clear pole around the TO phonon frequency (359 cm™),
signifying strong coupling of IR light with TO phonon
vibrations. Consequently, the ¢’ becomes negative between the
LO (677 cm™) and TO (359 cm™) phonon frequencies,
forming the Reststrahlen band. Due to the low hole
concentration and mobility, the low-doped p-type film lacks
hole plasmonic behavior in the ellipsometry accessible spectral
range and their dielectric response is governed solely by the
phonon contributions as shown in the expression for total
dielectric permittivity in eq 1.

https://doi.org/10.1021/acs.nanolett.6c02445
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Here, ¢, I', w0, oo, 7, n, m¥, €, and e are the high-
frequency dielectric constant, plasmon damping constant, LO
and TO phonon frequencies, phonon damping constant,
majority carrier concentration, carrier effective mass, permit-
tivity of free space, and electronic charge, respectively.
However, as the hole concentration increases, the hole plasma
frequency rises, shifting the crossover to higher energies and
the hole plasmon behavior dominates over the phonon-
polariton effects, as evident in Figure le. In highly doped p-
type ScN, the hole plasmonic behavior emerges at higher
frequencies (1200 cm™), suppressing the phonon-polariton
response, and & remains negative below the hole plasma
frequency. For n-type ScN, as the plasmonic response is much
stronger leading to its high l¢’l values in the mid-to-far-infrared
range, phonon-polariton behavior is weak, evidenced by the
minimal changes in &’ at the TO phonon frequencies (Figure
1c). Notably, despite the nearly equal electron and hole
concentrations in n-type and highly doped p-type samples, the
spectral position of the plasmonic responses differs primarily
due to the higher effective mass of holes (0.8m,) compared to
electrons (0.39m,).

The imaginary component of the dielectric permittivity (&”),
representing optical losses, is observed as an absorption peak at
~17,700 cm™" (560 nm) in all three films due to ScN’s direct
band gap transition. In the near-infrared region, optical losses
are low for all films represented as low &” values in the 0.02—
0.64 range at 5000 ecm™' (2 um). However, n-type ScN,
exhibiting plasmonic behavior at short-wavelength infrared
region, shows an increase in the £” with decreasing wavelength
due to the free electron Drude absorption (Figure 1d).
Conversely, low-doped p-type ScN with low hole concen-
trations lacks the Drude absorption across the near-to-far-
infrared spectral range but displays a prominent peak at the
TO phonon frequency, due to the strong light-TO phonon
coupling (Figure 1f). With the increase in Mg-doping, the hole
concentration in highly doped p-type ScN film also increases,
resulting in the hole plasmonic behavior dominating the
dielectric function, causing the magnitude of &” to rise at
longer wavelength and demonstrating a peak at the TO
phonon frequency.

At the ENZ condition, the highly doped p-type ScN exhibits
higher optical losses (¢” ~ 3.8) than its n-type counterpart (&”
~ 0.6—1.2), consistent with the lower mobility and enhanced
carrier damping associated with holes. Nevertheless, this loss
remains comparatively low within the broader context of hole
plasmonic materials, where p-type Si typically exhibit higher
optical losses, with £” ~ 6.”' Notably, propagating surface hole
plasmon polariton in p-type ScN/air waveguides exhibit a
calculated propagation length (L) of ~ 10.61 um, confinement
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L

width (D) of ~4.6 ym and figure of merit (FOM = > ~2.25 at

the Frohlich resonance condition (¢ = —2) (see Figure S8 in
SI section 3.7), making it potentially suitable for efficient and
compact plasmonic device integration across diverse applica-
tions, including waveguides, hyperbolic metamaterials
(HMMs), and transformation optics.

The emergence of hole plasmon excitations in highly doped
p-type ScN films in the mid-infrared spectral range opens the
possibility of mixing hole plasmons with phonon polariton
modes. To explore this, polarization-dependent ATR-FTIR
measurements were carried out using a diamond crystal in a
standard single-bounce attenuated total reflection geometry, as
illustrated schematically in Figure 2a. The dispersion relations
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Figure 2. Surface phonon-polaritons and mixed hole plasmon-LO
phonon mode in ScN. (a) Schematic representation of the attenuated
total reflectance (ATR) measurement setup used to probe surface
plasmon and phonon polariton resonances. (b) Calculated polariton
dispersion curves, comparing the surface phonon polariton mode in
low-doped p-type ScN with the hole plasmon polariton mode in
highly doped p-type ScN. (c) Normalized ATR reflectance spectrum
plotted as the ratio between the p-polarized to s-polarized light
intensity of n-type ScN, exhibiting the excitation of a surface plasmon
polariton mode at 3714 cm™' (2.69 um). (d) Normalized ATR
reflectance spectrum plotted as the ratio between the p-polarized to s-
polarized light intensity highlighting the excitation of the surface
phonon polariton mode in low-doped p-type ScN at 626 cm™ (15.97
um) close to its LO phonon frequency. Compared to the low-doped
ScN, the highly doped ScN film shows a broad mixed hole plasmon-
LO phonon (MHLP) mode.

for the SPhP and surface hole plasmon polariton are calculated
using the experimentally measured dielectric permittivity of
low-doped and highly doped p-type ScN films and n-type ScN,
respectively, providing theoretical validation of the polaritonic
dispersion observed in the ATR measurements (Figure 2b and
Figure S7 in SI section 3.5).

In the n-type ScN film, the polarization-dependent ATR
spectrum exhibits a dip at 3714 cm™ (2.69 um), attributed to
the excitation of the SPP mode (Figure 2c). The spectral
position and full width at half-maximum (fwhm) of the peak
width of 772 cm™ are consistent with the previously reported
SPP mode excitation in n-type ScN.”” In the low-doped p-type
ScN film, a dip in ATR reflectivity spectrum appears at 626
cm™! (15.97 um) due to the excitation of the SPhP mode,
where the light line in diamond intersects the SPhP dispersion
curve (Figure 2d). Notably, the ATR dip associated with the
SPhP mode exhibits a significantly narrower fwhm of 63 cm™

https://doi.org/10.1021/acs.nanolett.6c02445
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compared to that of the SPP mode, reflecting the intrinsically
longer lifetimes of SPhP excitations (see section 3.13 in SI).
For the highly doped p-type ScN film, the dispersion curve
reveals that the light line in the diamond crystal crosses the
hole plasmon polariton dispersion at 1065 cm™ (9.38 um).
However, in the corresponding ATR spectrum, a broad dip
centered at 716 cm™ (13.96 um) is detected. This hybrid
optical mode arises from the mixing of the hole plasmon
polariton (PP) and phonon polariton (PhP) modes in the ScN
film, referred to as the mixed hole-plasmon—LO-phonon
optical response. Notably, the peak position of this mode
occurs at a significantly shorter wavelength than both the SPhP
mode of ScN at 626 cm™ (15.97 ym) and the LO phonon
frequency at 677 cm™' (14.77 um). Moreover, the line width
of this mixed mode is 342 cm™, lying between those of the
SPP and SPhP modes, consistent with its mixed plasmon—
phonon character. Thus, ATR measurements reveal a
pronounced mixing between hole plasmon and phonon
polariton modes within a single host material, ScN, paving
the way for tunable polaritonic responses in the mid-to-long
wavelength infrared regime using doped semiconductor
platforms, which can be useful for sensing, thermal emission
engineering, and mid-infrared photonic device applications.
The reflection spectra of the p-type ScN films are measured
further using Fourier transform infrared (FTIR) spectroscopy.
Owing to its polar dielectric character, ScN exhibits negative
permittivity in the spectral region between the TO and LO
phonon frequencies, resulting in exceptionally high reflectivity
and the formation of the Reststrahlen band. As shown in
Figure 3a, the Reststrahlen band of low-doped p-type ScN
exhibits a rectangular shape, whereas the highly doped p-type

a 1.0 b n'—type
0.5 M
.S g F Low- oped p-type 1
] 2
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| High-doped p-type
05} g
’ \
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Figure 3. Evolution of the Reststrahlen band and Raman spectra in p-
type ScN films. (a) Reststrahlen bands of low-doped and highly
doped p-type ScN films, exhibiting rectangular and trapezoidal shape
profiles, respectively. The trapezoidal shape observed in the highly
doped p-type ScN arises from the increased absorption of light from
the mixed hole-plasmon phonon polariton mode as discussed above.
The rectangular-to-trapezoidal shape change of the Reststrahlen band
in p-type ScN provide further evidence of the plasmon-phonon
mixing. (b) Raman spectra of the three ScN films, showing the
presence of LO phonon modes, while TO modes appear in the highly
doped p-type ScN. The Raman spectra were fitted with Fano profile
around the asymmetric LO phonon frequency to highlight the carrier
(hole)-phonon interactions. The increase in the LO phonon
frequency in highly doped ScN originates from a wavevector-
dependent Raman scattering involving mixed hole—plasmon LO
phonon mode.
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ScN  exhibits a trapezoidal shape due to the increased
absorption of light from the LOPC effect. In highly doped p-
type ScN, reflectivity decreases progressively from the TO
phonon frequency at 359 cm™ to the LO phonon frequency at
677 cm™!, which further highlights the impact of the plasmon-
phonon interactions.”> The low-doped p-type ScN sample,
with a hole concentration of 1.6 X 10 cm™, shows a
negligible plasmonic contribution to the dielectric permittivity
in the mid-to-far-infrared spectral range, resulting in a
pronounced phonon-polaritonic response, as confirmed from
the dielectric permittivity spectra (Figure le). In contrast, the
high-doped p-type ScN, with a hole concentration of 1.4 X
10 cm ™, exhibits a significant hole-plasmon contribution to
the dielectric permittivity. Consequently, the Reststrahlen band
acquires a tapered shape due to the softening of the high
frequency edge, consistent with the reflectivity profile
theoretically predicted using Fresnel's equations and validated
by the experimental reflection data (see section 3.12 in SM for
details).

The optical phonon frequencies of n-type and p-type ScN
films are further investigated using Raman spectroscopy, as
shown in Figure 3b. Owing to the cubic rocksalt crystal
structure of ScN, first-order Raman scattering is symmetry
forbidden. However, the presence of defects relaxes the
momentum (q) selection rules, enabling the detection of
phonon modes. The n-type ScN film exhibits a prominent
Raman peak at 676.2 cm™', corresponding to the LOPC mode,
in agreement with earlier reports.””*” Similarly, the p-type SCN
films display well-defined phonon modes, with frequencies
686.2 cm™ and 686.9 cm™' for the low-doped and highly
doped samples, respectively. The slight upward shift in the
phonon frequency can be attributed to wavevector-dependent
Raman scattering involving LOPC modes, previously observed
in n-type ScN with varying electron concentrations.”” In
addition, a weak feature appears near 359 cm~! in the highly
doped p-type films, which is assigned to the TO phonon mode
of ScN.

The Raman modes exhibit an asymmetric line-shape,
characteristic of Fano resonance, arising from the interaction
between the discrete phonon mode and a continuum of charge
carrier excitations. In highly doped p-type ScN, where the hole
concentration exceeds 1 X 10*° cm™>, the Fermi level shifts
into the valence band, giving rise to an electronic excitation
continuum that overlaps in energy with the LO phonon. The
resulting interference between these discrete and continuum
states leads to the observed Fano-type asymmetry, consistent
with the behavior reported in heavily doped n-type ScN,>* as
well as several other semiconductor materials.”* The LO
phonon Raman mode line-shape was fitted using a Fano
profile, yielding the Fano asymmetry parameter values from 6.8
to 13.2 and resonance-width parameter of 19—20 cm™' (see
section 3.6 in SI) for the three films.

The optical response discussed above, particularly the
emergence and characteristics of the hole plasmon resonance,
critically depends on the crystalline quality, dopant incorpo-
ration, and microstructural uniformity of the Mg-doped ScN
films. To establish this structure—property relationship, the
microstructure of the Mg hole-doped ScN thin films was
investigated using high-resolution X-ray diffraction (HRXRD)
and transmission electron microscopy (TEM). While detailed
structural characterization of Mg-doped ScN has been reported
previously,”’ all three films examined in this study exhibit a
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(002) preferred orientation on (001) MgO substrates, as
confirmed by HRXRD (see section 3.14 in SI).

To further elucidate the microstructure of the highly doped
p-type ScN film, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), energy-
dispersive X-ray spectroscopy (EDS) mapping, and electron
diffraction analyses were performed. The Mg-doped ScN films,
deposited on (001) MgO substrates at elevated temperatures,
exhibit epitaxial growth with a well-defined cube-on-cube
crystallographic relationship of ScN (001)[001]11(001)[001]
MgO (Figures 4a and 4b). Despite the ~7% lattice mismatch

a

Figure 4. Microstructural characterizations of highly doped p-type
ScN film. (a) Low-magnification HAADF-STEM image illustrating
uniform and homogeneous Mg-hole doped ScN film. The inset
displays the selected area electron diffraction (SAED) pattern,
confirming cubic epitaxial growth. The microscopy imaging was
performed along the [001] zone axis. (b) Atomic-resolution STEM
image of the Sc;_ Mg, N/MgO interface, revealing a sharp interface
and cube-on-cube epitaxial alignment. (c—f) STEM-EDS elemental
maps showing the spatial distribution of (c) Sc, (d) N, (e) Mg, and
(f) O, indicating a uniform elemental composition across the film.

between ScN and MgO, the interface remains sharp, with only
a limited density of misfit dislocations. Notably, both oxygen
and magnesium dopants are uniformly incorporated into the
ScN matrix, forming homogeneous solid solutions without any
evidence of precipitation or secondary phase formation, as
confirmed by the EDS elemental maps (Figures 4c—f). Such
uniform dopant distribution and high crystalline quality are
consistent with the moderate plasmon damping and well-
defined optical response observed in these films.

In summary, we report the experimental realization of low-
loss, high-quality room-temperature hole plasmons and their
mixing with phonon polaritons in epitaxial refractory group-III
polar p-type semiconductor ScN, operating in the mid-infrared
regime. This plasmonic response is driven by a high hole
concentration of 1.4 X 10** cm™ and notable hole mobility of
21 cm® V7! s7! at room-temperature. Through prism-coupling
measurements, we reveal a pronounced hybridization between
the hole plasmons and LO-phonon, resulting in a broad, hybrid
mode, the mixed hole-plasmon — LO-phonon optical response.
The realization of tunable, hole-driven plasmon—phonon
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hybrid modes in epitaxial ScN establishes a new material
platform for infrared polaritonics, complementing prior studies
in conventional polar semiconductors. These findings position
ScN as a highly promising platform for integrated, low-loss,
and tunable polaritonic devices, with potential impact across
waveguiding, hole-driven plasmonics, infrared optoelectronics,
and thermal photonic technologies.
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