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ABSTRACT: Due to ultrabright and stable blue light emission, GaN
has emerged as one of the most famous semiconductors of the
modern era, useful for light-emitting diodes, power electronics, and
optoelectronic applications. Extending GaN’s optical resonance from
visible to mid- and-far-infrared spectral ranges will enable novel
applications in many emerging technologies. Here we show
hexagonal honeycomb-shaped GaN nanowall networks and vertically
standing nanorods exhibiting morphology-dependent Reststrahlen
band and plasmon polaritons that could be harnessed for infrared
nanophotonics. Surface-induced dipoles at the edges and asperities in
molecular beam epitaxy-deposited nanostructures lead to phonon
absorption inside the Reststrahlen band, altering its shape from
rectangular to right-trapezoidal. Excitation of such surface polariton
modes provides a novel pathway to achieve far-infrared optical
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resonance in GaN. Additionally, surface defects in nanostructures lead to high carrier concentrations, resulting in tunable mid-
infrared plasmon polaritons with high-quality factors. Demonstration of morphology-controlled Reststrahlen band and plasmon

polaritons make GaN nanostructures attractive for infrared nanophotonics.
KEYWORDS: Surface Polaritons, Reststrahlen band, Plasmon polariton, GaN Nanostructure, Molecular-Beam Epitaxy,

Infrared Nanophotonics

E ver since the demonstration of blue light emission in light-
emitting diodes (LEDs),' gallium nitride (GaN) has
emerged as one of the most dominating semiconducting
materials over the last three decades. Numerous device
technologies, such as laser diodes, transistors, high-power
electronics, and optoelectronic devices based on GaN, are
already commercialized.” At the same time, GaN is also
actively researched for high electron mobility transistors
(HEMTs), dilute magnetic semiconductors, solar cells,
biosensors, photochemical water splitting, and space-related
applications.” > Most of these technological advances in GaN
stem from its excellent material properties, including large
direct bandgap, high carrier mobility, high breakdown voltage,
ease in bandgap tunability, and superior structural and
chemical stability at ambient and high temperatures. However,
due to the refractive index mismatch between GaN and air, the
light extraction efficiency of planar GaN-based LEDs is
relatively low. Similarly, planar thin-film geometry is also not
ideally suited for applications such as photochemical reaction,
biosensing, and others, where access to a large surface area of
GaN is required.””

To circumvent these challenges, porous hexagonal honey-
comb-shaped GaN nanowall networks (NwNs) are developed
that exhibit monochromatic and coherent luminescence from
nanocavities, improved photocollection efficiency, and lower
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dislocation densities.” These nanostructures (nanorods, nano-
columns, and NwNs) exhibit sharp band-edge photoemission
and almost no defect-related emission peaks often found in
GaN films.® By altering the growth conditions such as the
substrate temperature and nitrogen and gallium flux, single-
crystalline polygonal-shaped cavities with steep-wedge-shaped
nanowalls with different GaN fill fractions are also developed.
Cross-sectional microscopy imaging revealed that the nanowall
networks are ~100—200 nm wide at the bottom, ~5—10 nm
wide at the top, and exhibit micron-sized heights that can be
tuned with growth durations. Significant changes in the growth
parameters also result in vertically aligned nanorods that are
100—200 nm in diameter, ~1 ym in height, and are directly
deposited on Si or ALO; substrates.”””

Though the visible-wavelength photoemission properties of
such GaN nanostructures have been studied before, the impact
of nanostructuring on GaN’s infrared (IR) optical properties is
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Figure 1. Plan-view FESEM microstructure of MBE-deposited GaN nanostructures. (a—e) Surface topography of nanowall network to nanorod
along with various intermediate complex structures. Crystal growth under nonequilibrium conditions gives rise to such complex surface

morphology.

not elucidated. Achieving optical resonances in the mid-'"~"
and far-'*7'° IR spectral range is necessary to further the
progress in GaN research and for its potential applications'”~*°
in many emerging device technologies such as radiative
cooling,21 solar thermophotovoltaics,n’23
ing,25 surveillance,”® etc. In general, IR light in the mid- to
long-wavelength spectral range couples directly to the
transverse optical (TO) phonon mode in polar semiconductors
and leads to a highly reflecting region bounded by the TO and
longitudinal optical (LO) phonon modes, known as the
Reststrahlen band.”” Inside the Reststrahlen band, the
dielectric permittivity becomes negative, and the material
repels the incident electric field.”® The Reststrahlen effect is
traditionally used to study semiconductors’ vibrational proper-
ties and has also found applications in geophysics and
meteorology.””

For GaN epilayers deposited with molecular beam epitaxy
(MBE) or metal—organic chemical vapor deposition
(MOCVD), the rectangular-shaped Reststrahlen band covering
a spectral range from ~533 to 744 cm™!
demonstrated.’>”" Surface phonon-polariton (SPhP) excita-
tions are also shown in GaN thin films at ~693 cm™ within
the Reststrahlen band using p-polarized light in the attenuated
total reflection (ATR) measurement method.’>** However, in
GaN nanostructures, free surfaces, pores, and cavities are
expected to impact the Reststrahlen band and alter the infrared
light—matter coupling. In general, such free surfaces, edges,
and asperities in the cavity lead to induced dipoles that can
absorb incident light.”*** Such dipole maxima appear inside
the Reststrahlen band depending on the shape of the asperities
and are known as the surface polaritons. Such dipolar and
multipolar resonances accompany phonon absorption and can
drastically impact the optical properties of materials.

In addition to the Reststrahlen effect in the far-IR spectral
range, the nanostructures could also be explored as hosts for
mid-IR plasmon-polariton resonance. As-deposited GaN thin
films in MBE or MOCVD techniques generally possess n-type
carriers due to nitrogen vacancies and oxygen as impurities.
However, in GaN nanostructures, the carrier concentration is
significantly higher and ranges from 10" to 10** cm™ due to
additional carrier generation from the surface vacancies and
defects.” Previously, density-functional theory (DFT)-based
calculations have revealed that the formation energy of the
nitrogen vacancy at the surface of the GaN nanostructures is
more favorable than inside the bulk or inside the thin films.*®
Therefore, by controlling the morphology of the GaN
nanostructures, their carrier concentration can be tuned, and
high-quality plasmon resonance can be achieved.
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In this work, we show that surface polariton excitations at
the edges and asperities in GaN nanostructure significantly
alter the shape of its far-IR Reststrahlen band. Located close to
the LO phonon frequencies, the induced dipoles absorb optical
phonons reducing the reflectance and modifying the Rest-
strahlen band. In addition, surface defects lead to carriers’
generation, resulting in tunable plasmon resonances in the
nanostructures. Excitation of the surface polaritons in the far-
IR and generation of high-quality low-loss plasmon polaritons
in mid-IR make GaN an attractive IR nanophotonic material.

GaN nanostructures are deposited using plasma-assisted
molecular beam epitaxy (PAMBE) in an ultrahigh vacuum
chamber at a base pressure of 3 X 107! Torr on (0001) AL,O4
substrates. A radio frequency (RF) plasma source operating at
a forward power of 375 W was used as the nitrogen plasma
source (see Supporting Information for details). The substrate
temperature was maintained at 630 °C. With changes in the
nitrogen and gallium flux, GaN nanowall networks with various
volume fractions are obtained (see Supporting Information
section-1 for details). In general, a high N,/Ga flux ratio gives
more open surfaces or a low volume fraction of GaN structure.
Major changes in the growth conditions in terms of nitrogen-
to-gallium flux ratio are utilized to deposit vertically aligned
nanorods on Si substrates (see Supporting Information for
details). For an epitaxial thin film with a smooth surface as a
reference, 3 pm thick n-type GaN deposited on (0001) Al,O4
substrates are procured that exhibit a carrier concentration of
~2 X 10" cm™ at room temperature.

Plan-view field-emission scanning electron microscopy
(FESEM) images of GaN nanostructures (see Figure la—e)
show the evolution of surface morphology with changes in
deposition conditions. At a high substrate temperature,
increased Ga adatom diffusion results in large domains of
GaN that are formed both in the lateral and vertical directions
(see Figure S2 in the Supporting Information). However, with
the reduction of substrate temperature, the Ga adatom
mobility reduces substantially, and the growth is dominated
by the Volmer—Weber growth mechanism, where nitrogen-
rich (N-rich) condition results in the formation of tetrahedral
islands. First-principles calculations show that the adatom
attachment at the edges of the tetrahedral islands is
energetically favorable, which leads to an anisotropic growth
resulting in the formation of “Y”-shaped structures.”” With
time, these structures merge and give rise to the particular
NwN morphology. A further reduction in the lateral diffusion
of adatoms finally leads to a nanorod morphology, as shown in
Figure le. Such a nonequilibrium growth mode®® of GaN in
the MBE deposition method gives rise to complex surface
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Figure 2. Reststrahlen band of GaN epilayer and nanostructures. Reflection spectrum (red curve) along with the theoretically fitted curve (blue
curve) of (a) GaN epilayer, (c) GaN NwN (volume fractions of ~70%), and (e) GaN nanorod (volume fractions of ~55%). A highly asymmetrical
right-trapezoidal-shaped Reststrahlan band appears in the GaN nanostructure. The calculated real (¢;) and imaginary (g,) component of the
effective dielectric permittivity (£.¢) of (b) GaN epilayer, (d) GaN nanowall network, and (f) GaN nanorod. Nanostructuring leads to asymmetry
in ENP resonance at the TO phonon frequency. To capture the sharp dip in the reflection spectrum of the nanorod near LO phonon, a phonon
confinement effect*** is included in the modeling as presented in Supporting Information section 8.

patterns and nanostructures (see refs 6, 37, and 39 for a
detailed discussion).

Optical characterization reveals that, compared to the
rectangular-shaped Reststrahlen band in GaN epitaxial layer
with a smooth surface (see Figure 2a), GaN NwN exhibits a
right-trapezoid-shaped Reststrahlen band (see Figure 2c).
Reflectivity in NwN decreases progressively from GaN’s TO
phonon frequency at 566 cm™ to LO phonon frequency at
731 cm™". The optical phonon frequencies of the thin film and
nanostructures are measured using Raman spectroscopy and
presented in Supporting Information section 4. To obtain the
dielectric permittivity, the measured reflection spectrum is
fitted with Fresnel’s equation. The frequency-dependent total
dielectric permittivity (£, (®)) is expressed as follows."

Stotal(w) = 81 + i€2
2 2
_ @y Wio — Wro
=& |1 — R + R
" —iyw Wy — o —iol’
(1)
2
ne
. =
P *
m g, (2)

0)2
P

gplasmon(w) ==
w” — iyw

3)
Here the second term corresponds to the plasmon or Drude
component, while the third term refers to the phonon
resonance. @, (wrp) are the LO (TO) phonon frequencies,
I' is the phonon damping constant for phonon scattering, €, is
the background permittivity due to bound charges (5.35), and
@y 1) 1 and m* are the high-frequency dielectric constant,
plasma frequency, plasmon damping constants, carrier
concentration and effective mass, respectively. Since the GaN
epitaxial layer exhibits a very low carrier concentration (~2 X
10" cm™), the electronic contribution to the dielectric
permittivity in the mid- to long-wavelength IR spectral range
can be neglected. However, for the NwN, since the carrier
concentration is relatively large (in the ~10""—10*° cm™
range), an electronic contribution to the permittivity is
included in modeling the Reststrahlen band spectral region.
The calculated real part of the dielectric permittivity (e,) for
the epitaxial layer undergoes a positive-to-negative transition at
the LO phonon mode frequency (see Figure 2b). The ¢
remains negative within the Reststrahlen band and exhibits an
epsilon-near-pole (ENP) resonance at the TO phonon
frequency. As light couples directly to the TO phonon
mode, the imaginary part of the dielectric permittivity,
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Figure 3. Induced dipole moment and its distribution within the Reststrahlen band. (a) Normalized induced dipole moments of the surface
polaritons as a function of wavenumber with depolarization factor L as a parameter. For L close to 1, the surface polariton maximum appears close
to the LO phonon frequency, while for L close to zero, surface polariton maxima are located close to the TO phonon frequency. (b) The
probability distribution function for dipole absorption as a function of effective depolarization factor of GaN nanostructure.

represented as the optical loss, exhibits a sharp symmetric peak
located at TO phonon frequency, as shown in Figure 2b.

Since the NwN and nanorods contain voids and asperities,
effectively reducing the GaN fill fraction, the infrared reflection
spectrum of the nanostructures is modeled using Fresnel’s
equation with Lichtenecker’s effective medium approximation
(LEMA)." The expression for the effective permittivity (£, =
€, + i€,) can be presented as

log e = f log & + (1 — f)log & 4

where f is the volume fraction of GaN, and g(g,) is the
permittivity of the GaN (air). LEMA softens the dielectric
constant of GaN with its fill fraction f.

Compared to the epitaxial layer, the dielectric permittivity of
NwN exhibits (see Figure 2d) an asymmetric response due to
the asymmetry in the reflection spectrum (see Figure 2c).
Starting from the ENP resonance at the TO phonon frequency,
the real component of the effective dielectric permittivity
(Re[e.g) or €,) is smeared toward the LO phonon frequency
(see Figure 2d). Similarly, the optical loss (Im[é.g] or &,) also
shows an asymmetric peak at the ENP. Optical losses are also
found away from the TO phonon frequency due to the phonon
absorptions. The magnitude of Re[¢.4] in NwN is also smaller
than that of the Re[e] of GaN epitaxial layers due to the
decrease in the effective volume fraction of GaN inside the
NwN.

Compared to the NwN, the reflection spectrum of the
nanorod structure exhibits a much more significant asymmetry
(see Figure 2e), with a pronounced dip at ~720 cm™.
Reflectivity recovers slightly at the position of the LO phonon
frequency before vanishing outside of the Reststrahlen band
spectral region, thus exhibiting a peak-like feature. Extraction
of the dielectric permittivity shows higher asymmetry in the
real component of the dielectric permittivity with very small
values of Re[e.s] or € and minimal dispersion as the LO
phonon frequency is approached (see Figure 2f). The values of
Re[e.] or €, are also much smaller compared to the ones
determined for the NwN. Notably, while the optical loss is
nearly negligible in the region close to the LO phonon
frequency in an epitaxial film, Im[¢.4] or &, of the nanorod is
significant in the regions close to the LO phonon frequency,
highlighting a great extent of optical absorption away from the
TO phonon frequency region.

The origin of the changes in the shape of the Reststrahlen
band can be explained due to the dipole-induced phonon
absorption at the surfaces, edges, and asperities in the

nanostructures. The distribution of the size and shape of the
asperities ensures multiple dipole peaks with various degrees of
geometrical factors (or depolarization factor), which essentially
results in a tapered decrease in the reflectivity from the TO
frequency to LO frequency. Following the description of
previous work,’* the generation of the surface polariton is
modeled by assuming the asperities as having ellipsoidal shapes
with dimensions much smaller compared to the wavelength of
light. The induced dipole moment (p) in the ellipsoid is
calculated by eq 5%

£ — &, E

m™—0

=y)——————=¢

P en + Li(e — &) (s)
where v is the volume of the ellipsoidal particle (4abc/3); a, b,
and c are the principal semiaxes of the ellipsoid. € and ¢, are
the dielectric permittivity of GaN and the matrix (air),
respectively. E, is the electric field of the light. Here L; is the
geometrical factor along the jth principal axis of the ellipsoid
with L, + L, + Ly = 1. The geometrical factor depends on the
shape of the structure.

Figure 3a shows that the induced dipole maxima (or surface
polariton) appearing closer to the LO phonon frequency
exhibit high depolarization factors (L close to 1). On the other
hand, for L approaching zero, the induced dipole modes appear
close to TO phonon frequency. However, since the dipoles
interact with those from the surface and with each other, and
due to the fact that the asperities are not perfectly ellipsoidal,
several induced dipoles with different depolarization factors
can arise inside the Reststrahlen band. To determine the
dominating L values for the GaN nanostructures, Andersson
and Ribbing formalism™* is utilized (see eq 6), which correlates
the induced dipole probability with the effective geometrical
factor (L*¥) and effective permittivity (e25°"°") of the complex
structures.

w ( Leff )

eff
eff dr
e, + L% (e —¢,)

(6)
Here, w(L*®) is the probability function for an induced dipole,
which depends on the effective depolarization factor L*® or the
topography of the surfaces (see Supporting Information
section 6).* In general, for planar flat flakes, the probability
function exhibits a large contribution for L less than 1/3 (see
Supporting Information sections S and 6 for details). In the
case of round edges or spherical surfaces, the probability
function exhibits maxima for L = 1/3, while for out-of-plane
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Figure 4. Impact of GaN volume fraction on nanostructure’s Reststrahlen band. FESEM images of GaN NwNs with increasing volume fraction
(a) f; (~0.60), (b) f, (~0.70), (c) f5 (~0.77), and (d) £, (~0.83). (e) Experimentally measured reflection curve of the NwNs. (f) Calculated
reflection curve using LEMA for volume fraction of 0.6, 0.7, 0.8, or 0.9. Both the experimental and the theoretical results show that a lower volume

fraction of GaN leads to higher asymmetry in the Reststrahlen band.
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Figure S. Plasmon polariton in GaN nanostructures. (a) Plasmon response in GaN NwNs with volume fraction f; (blue curve), f, (green curve),
and f; (red curve), where f;> f,> f;. (b) Plasmon response in GaN nanorods. GaN NwNs exhibit more open surfaces compared to nanorods;
consequently, more carriers are present in NwNs. The (c) real (¢;) and (d) imaginary (&,) component of the dielectric permittivity of GaN NwNs
of volume fraction f; (blue curve), f, (green curve), f; (red curve), and nanorod (magenta curve).

(vertically standing) sharp asperities, the probability function
contributes more near regions where the L values are close to
1. In the case of the GaN NwN and nanorods, the probability
function contributes more to the higher values of L% as the
nanostructures exhibit needle-like asperities. Figure 3b shows
that w(L®) increases monotonically with LF for the NwN,
which explains the continuous decrease in the reflectivity of
GaN NwN from TO-to-LO mode. On the other hand, w(L%)
exhibits a maximum for the L*f between 0.6 and 0.85 for the
nanorod that leads to a dip in reflection inside the Reststrahlen
band (see Figure 2e). The magnitude of w(L™) for the
nanorods is also higher than the NwN, which explains the
higher absorption in the nanorods.

To determine the effects of fill fraction on NwN’s optical
properties, Reststrahlen bands are measured with varying f,
ranging from ~60% to ~83%. With a decrease in f, the
Reststrahlen bands appear more asymmetric (see Figure 4e),
and reflection decreases progressively as one moves away from
the TO phonon to LO phonon frequency. As the FESEM
images show (see Figure 4a—d), GaN NwN with a lower
volume fraction (f;) has more open surfaces and edges than
the NwN with a high-volume fraction (f,). Consequently,
more surface polariton absorption takes place in NwN (f;)
resulting in more asymmetry in the Reststrahlen band. This
phenomenon is further verified by calculating the dielectric
permittivity using the LEMA and by determining the
theoretical reflection curve, where the volume fraction (f) is
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Table 1. Plasmonic and Electrical Properties of the GaN Nanostructures

GaN nanostructures  resonance energy (EP) (em™)  fwhm (AE) (meV)

NwN (f,) 5316 200
NwN (f5) 3530 240
NwN (f5) 2116 193
NwN (£,) 1911 152
nanorod 1892 220

carrier concentration ( cm_3)

mobility (cm?*/(V s))  optical loss (g,) at E,

3.2 x 10%° 29 0.5
1.7 x 10%° 12 1.6
6.1 x 10Y 15 2.1
4.7 x 10" 19 1.9
4.5 x 10Y 13 2.2

decreased from 0.9 to 0.6. A clear decrease in reflectivity can be
found in Figure 4f, which leads to a more right-trapezoidal-
shaped Reststrahlen band with a reduction in GaN volume
fraction. Apart from the decrease in the €, of the nanostructure
with decreasing GaN fill fraction, larger asymmetry is found on
both &, and &, with respect to the ENP at the TO phonon
frequency (see Figure S8).

Apart from the changes in the shape of the Reststrahlen
band, our results also show that nanostructuring alters far-IR
optical properties of GaN, such as thermal emission. The
emission spectra are measured by mounting the samples on a
copper hot plate, from where the radiation is collected in the
Fourier transform infrared (FTIR) spectrometer (see Figure
S10). Thermal emission of the NwN follows the inverse of the
asymmetric Reststrahlen band of the nanostructure (see
Supporting Information section-9 for details). Since, according
to Kirchhoff’s law, emissivity is same as the absorptivity, the
measured emission spectrum is expected to follow the opposite
trend of the Reststrahlen band.

Along with the influence on the Reststrahlen band,
nanostructuring in GaN also produces plasmon resonance in
the mid-IR spectral range. Since the nitrogen vacancies are
easier to form on the free surfaces, exposed surfaces of the
GaN structures lead to a higher concentration of nitrogen
vacancies resulting in a large carrier concentration. Reflectivity
measurements in the mid-IR spectral range show that, for
NwNs, the plasmon resonance appears at 5316 cm™' (1.86
um), 3532 cm™! (2.83 um), 2116 cm™' (4.72 pm), and 1911
ecm™ (523 um) for volume fractions f,, f, f; and f,
respectively (see Figure Sa,b, reflection of GaN (f,) is shown
in Supporting Information Figure S11). The lowest volume
fraction GaN (f;) NwN has the highest exposed free surface as
well as the highest free carriers (see Table 1). In the case of
GaN nanorod, a minimum in the reflection spectrum at 1892
cm™ (5.28 um) is obtained that corresponds to the free-carrier
plasmon resonances. Utilizing the Drude function (eq 3),
reflection spectra are modeled using Fresnel’s equation, and
the dielectric permittivity is obtained.

The &, of NwN (f;) to NwN (f;)) and nanorod exhibit a
positive-to-negative crossover at 5113, 3515, 2065, 1820, and
1808 cm™!, respectively, near to their plasma frequency, also
known as the epsilon-near-zero (ENZ) frequency (see Figure
Sc). Note that plasma frequency and ENZ frequency coincide
with each other only in the case of a lossless medium. In the
present samples, GaN NwN (f;) has the lowest optical loss
(g,) at the plasmon resonance frequency (see Figure S5d),
which is lower than the &, of visible 4plasmonic materials such
as Au,* refractory transition metals,”® metal nitrides TiN'""*
and IR plasmonic materials such as ScN,'®*
conducting oxides,'” etc.

A comparison of the plasma frequency, damping factor, and
the plasmon resonance quality factor of GaN NwNs with other
well-established IR plasmonic materials show (see Figure S12)
that, depending on the fill fraction, the NwNs and nanorods

transparent

exhibit plasma frequencies that span a significant spectral
range. The quality factor of the NwN’s plasma resonance is
also comparable to, or higher than, other mid-infrared
plasmonic nanostructures such as InN,*® Al/ZnO,*’
Cu,_,S,”" Sn/In,0;°" and Ce/In,0;>* due to its low optical
losses.

In conclusion, optical resonance in GaN is extended from
visible to far- and mid-infrared spectral regions by the
excitation of surface-polariton and plasmon polariton modes
in nanostructures, respectively. Single-crystalline hexagonal
honeycomb-shaped GaN nanowall network and vertically
standing nanorods are developed with a plasma-assisted
molecular beam epitaxy (PAMBE). Surface polaritons resulting
from the dipole-induced phonon absorption at surfaces, edges,
and asperities in nanostructures are found to control the shape
of the Reststrahlen band. Most surface polaritons occur close
to the LO mode frequency due to the geometry of the sharp
needle-like asperities standing out of the surface. The
Reststrahlen band shape changed to right-trapezoidal with
increased asperities and pore volume fraction from a
rectangular shape in the planar epitaxial thin film. Free surfaces
of the nanostructure also generate carriers with high
concentrations, resulting in mid-infrared plasmon resonance
with high-quality factors. Demonstration of morphology-
controlled infrared resonances in GaN will further its progress
in thermophotovoltaics, IR sensors, emitters, and other
emerging device technologies.
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