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Localized surface phonon polariton resonances in polar gallium nitride
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We demonstrate the excitation of localized surface phonon polaritons in an array of sub-diffraction
pucks fabricated in an epitaxial layer of gallium nitride (GaN) on a silicon carbide (SiC) substrate.
The array is characterized via polarization- and angle-dependent reflection spectroscopy in the
mid-infrared, and coupling to several localized modes is observed in the GaN Reststrahlen band
(13.4—18.0 um). The same structure is simulated using finite element methods and the charge den-
sity of the modes are studied; transverse dipole modes are identified for the transverse electric and
magnetic polarizations and a quadrupole mode is identified for the transverse magnetic polariza-
tion. The measured mid-infrared spectrum agrees well with numerically simulated spectra. This
work could enable optoelectronic structures and devices that support surface modes at mid- and
far-infrared wavelengths. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929502]

A pillar of nanophotonics is the interaction of light with
collective charge oscillations using free electrons and
holes—a field known as plasmonics. These charge oscilla-
tions, called plasmons, typically comprise free electrons in a
metal or semiconductor. Around the plasmon frequency,
which is determined primarily by charge density and electron
effective mass, the optical properties of the plasmonic mate-
rial change rapidly. At frequencies lower than the plasmon
resonance frequency, the permittivity is negative. A negative
permittivity enables devices and structures that exhibit extra-
ordinary behavior such as sub-diffraction mode confinement
and field enhancement.'™ These devices and structures have
potential applications in a variety of fields, including sensing
and photonic circuits.*> Despite immense interest and poten-
tial, the application of plasmonic devices is usually limited
by significant optical loss.

A principal concern with plasmonic materials is the
large inherent loss due to scattering of free electrons.®
Metals such as silver are the conventional choice in the visi-
ble to near ultraviolet (UV) region, and plasmon lifetimes
are typically on the order of tens of femtoseconds (fs).” For
longer wavelengths in the near-infrared (near-IR) to mid-
infrared (mid-IR), doped semiconductors can be used as
plasmonic materials.®” The optically excited carrier scatter-
ing time in semiconductors is on the order of 100fs.'®
Despite the improvements, the loss is still significant and fur-
ther improvements are desirable. Recent efforts have focused
on improving plasmonic loss via a number of strategies,
including developing novel materials such as transparent
conductive oxide (TCO)'' and introducing gain into the
system.'?

In the long wavelength mid-IR and far-infrared (far-IR),
an alternative approach to plasmonics exists using polar
dielectric crystals: instead of coupling to collective
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oscillations of free-carriers, light couples to coherent oscilla-
tions of the polar lattice (optical phonons). At frequencies
between the transverse optical (TO) phonon and longitudinal
optical (LO) phonon frequencies, which is referred to as the
Reststrahlen band, the permittivity of the material is nega-
tive.'"> Additionally, natural hyperbolic materials, resulting
from strong anisotropy of the crystal, have been demon-
strated in hexagonal boron nitride.'*'* Similar to plasmonic
materials, polar crystals can support optical modes that are
confined to the surface of the material. These surface phonon
polaritons (SPhP) can be excited using techniques similar to
their plasmonic counterparts, surface plasmon polaritons
(SPP).'*!® Likewise, the SPhPs can also be highly confined
within (or in the vicinity of) sub-diffraction geometries,
resulting in strong field enhancement.'”'® These confined
SPhP modes are generally referred to as localized
SPhPs.'?~2? Compared to plasmonic materials, the phononic
materials typically exhibit a smaller imaginary part of the
permittivity at identical values of the real part, which is ad-
vantageous for realizing high Q resonances.”

In this work, we design and fabricate sub-diffraction op-
tical resonators using the polar semiconductor gallium
nitride (GaN). GaN is a wide bandgap (3.4 eV) semiconduc-
tor, which has been widely used in modern electronic and
photonic devices.”*** GaN and other III-nitride heterostruc-
tures can be grown using epitaxial techniques such as molec-
ular beam epitaxy (MBE), hydride vapor phase epitaxy
(HVPE), and metal-organic chemical vapor deposition
(MOCVD).?® These growth techniques allow precise control
over material layer thicknesses and enable the development
of myriad devices; Ill-nitride light emitting diodes (LED)*’
and laser diodes (LD)?® are now able to cover the blue part
of the visible, as well as the ultraviolet, spectra. The estab-
lished growth and mature fabrication technologies make
GaN an attractive material choice for phonon polariton devi-
ces as these previous advances can be leveraged to develop
more sophisticated devices that could enable new
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optoelectronic devices for the mid-IR. The substrate type
and orientation used for growth influence the optoelectronic
properties of the epitaxial GaN, and more than six different
materials can be used as substrates.”” The flexibility in the
choice of the substrate enables both hetero- and homo-
epitaxial growth of GaN and enables a larger optical design
space. Among the various substrates, sapphire (Al,O3) and
SiC are the most common.>* GaN grown on (0001) Al,O3 or
6H-SiC is polar due to spontaneous and piezoelectric
induced polarization.>®=? In this research, 670 nm of intrin-
sic GaN was grown on 6H-SiC substrate using plasma
assisted MBE.

In the mid-IR portion of the spectrum, the permittivity
of GaN is determined primarily by optical phonon energies
and the free-carrier concentration, which can be controlled
via impurity doping. In general, the permittivity for both
GaN and SiC are anisotropic; however, isotropic models
reduce the complexity of calculations and are good approxi-
mations in most applications.'”*! Since both the GaN epitax-
ial layer and the SiC substrate used in this program have low
free-carrier concentrations, the contribution to the permittiv-
ity from free-carriers is ignored for both materials in this
work. The contribution to the permittivity of a polar semi-
conductor from optical phonons is modeled using a
Lorentzian function®”

w?, — o>
s = 6o 1 LO TO . 1
e ( +w%0—a)2+ia)l“ M)

Here, w; ¢ is the longitudinal optical (LO) phonon frequency,
wro 18 the transverse optical (TO) phonon frequency, and I"
is a damping constant related to the optical phonon lifetime.
When the frequency of light is between the TO and LO fre-
quencies (the Reststrahlen band), the permittivity is nega-
tive. At the LO phonon frequency, the material permittivity
crosses from positive to negative, such that e(w.p) ~ 0.

We use Eq. (1) to model the permittivity of the polar
GaN layer and SiC substrate. We characterized the reflectiv-
ity of the bare GaN/SiC sample at mid-infrared wavelengths
using a Bruker Vertex 80v Fourier Transform infrared
(FTIR) vacuum spectrometer with an internal room-
temperature DLaTGS detector. The angle-dependent reflec-
tivity was measured under vacuum using a PIKE
Technologies VeeMAX III specular reflectance accessory.
An isotropic transfer matrix model was used with ['g.v
(damping constant for GaN) and the TO and LO phonon
energies as fitting parameters. The damping constant was
calculated as 9 cm !, and the TO and LO phonons have fre-
quencies of 556 and 735 cm ™', respectively. All of these val-
ues are in good agreement with other published results.*~?
The phonon frequencies for the SiC substrate were taken
from literature:*® wro =797cm™! and w0 = 970cm™!.
The damping constant for SiC was determined as 5cm™! via
fitting to the experimental data. Fig. 1(a) depicts the real and
imaginary parts of the isotropic permittivity for intrinsic
GaN and SiC using the specified parameters. An important
feature of the GaN-SiC material system is that the SiC sub-
strate behaves as a dielectric—albeit a lossy dielectric—in
the GaN Reststrahlen band because the TO and LO phonon
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FIG. 1.(a) Permittivity of GaN and SiC. w7o gan=556cm™
1

W1L0,Gan =735 cm !, wro,sic=797cm ", and w o, sic=970 em™'. The
Reststrahlen bands of GaN and SiC are shaded yellow and blue, respectively.
(b) Experiment and simulation result of the reflectivity of GaN thin film on
SiC substrate, with the Reststrahlen bands shaded as in Fig. 1(a). The incident
angle is 30°.

frequencies for SiC have higher energies. For example, at
® = 650cm~!(in the middle of the Reststrahlen band of
GaN), esic = 16.0 + 0.1/; based on a simple calculation we
have the attenuation coefficient o = 73 cm~!. Compared to
approaches using different polar materials, the SiC substrate
is attractive because it enables strong confinement of light
within the GaN structures due to a large index contrast; also
the relatively low loss of SiC can result in longer propagation
length. A comparison between the measurement and transfer
matrix calculations is shown in Fig. 1(b) for an incident
angle of 30°. The agreement within the Reststrahlen band of
GaN (shaded yellow region) is excellent. The deviation
between experiment and calculations in the SiC Reststrahlen
band (shaded blue region) may be due to the presence of
background doping or a native oxide.?’

A 0.5 x 0.5cm? array of GaN pucks with a diameter of
3.2 ym and a period of 4.8 um were fabricated using standard
processing techniques. A nickel etch mask was created using
photolithography and electron beam evaporation. The pucks
were etched the entire thickness of the GaN epitaxial layer
using an inductively coupled plasma reactive ion etch (ICP-
RIE). Finally, the nickel mask was removed using a HF and
HNO; wet etch. Fig. 2(a) shows an image of the fabricated
array obtained using tilted scanning electron microscopy.
Over the entire fabricated area, the uniformity of the puck di-
ameter is excellent except for sparse fabrication defects.
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FIG. 2. (a) SEM picture of the fabricated GaN micro-disk array with pitch
d=4.8 um and diameter w = 3.2 um. (b) Schematic of the reflection of fabri-
cated GaN sample. The image is not to scale because the real beam spot is
much larger than a single disk.

The fabricated puck arrays were spectrally characterized
using FTIR spectroscopy. Polarization-dependent reflection
spectra were measured for incident angles from 40° to 60°.
using a KRS-5 holographic wire grid polarizer. The samples
were characterized in the FTIR sample compartment and
all spectral measurements were performed under vacuum.
Fig. 2(b) is a schematic of the incident and reflected beam
for an incident angle of 45°, and the direction of the electric
field for the transverse magnetic (TM) and transverse electric
(TE) polarizations used in the measurements. The measure-
ment results for the TM and TE light are shown in Figs. 3(a)
and 3(b), respectively. For each measurement, the reflection
spectra were normalized to the spectrum of a gold-coated
mirror at the same incident angle and with the same polariza-
tion of the incident light. Several dips in the spectra are pres-
ent and indicate coupling to localized SPhP modes.

To confirm the presence of these localized modes, we
used the commercial finite element analysis (FEA) software
COMSOL Multiphysics with a full 3D model to simulate
the reflectivity of the micro-puck array based on the iso-
tropic dielectric model of GaN and SiC shown in Fig. 1(a).
The TM and TE simulated reflectivity for 45° are shown in
Fig. 4(a) as dashed lines and compared to the measured
spectra (solid lines). There is strong agreement between
experiment and simulation, except for a discrepancy around
680cm~!, where the simulation predicts two resolved TM
modes while the modes are much closer in the experiment.
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FIG. 3. (a) TM reflection spectra of the micro-puck array with different inci-
dent angles. (b) TE reflection spectra of the micro-puck array with different
incident angles.

This discrepancy may be due to surface damage and resid-
ual chlorine from the RIE process,”’ which can broaden the
modes, and differences in the experimental and simulated
shapes and permittivities, which influences the separation
between the modes.

The numerical simulations can be used to further under-
stand the nature of the localized modes. The shapes of the
absorption valleys in Fig. 4(a) reveal the quality factors of
the oscillation modes at the corresponding frequencies,
which is in the range of 10-60. The charge density of 4 rep-
resentative modes are depicted in Fig. 4(b). For these
images, the charge density was calculated using Gauss’s law
and normalized to a constant value. The charge distribution
for TE modes (i) and (ii), also indicated on Fig. 4(a), show
that these localized modes correspond to transverse dipoles.
The frequency difference is primarily determined by the dif-
ferent media surrounding the GaN puck, which can be
roughly estimated as'’

Re[e(w)] = —2é&p, (2)

where ¢(w) is the permittivity of the material of the nano-
structure, i.e., GaN in this case. ¢, is the permittivity of the
surrounding media, which are air and SiC for the two modes,
respectively. Using air and SiC as surrounding media,
Eq. (2) leads to two localized modes frequencies at 589 and
691 cm ', respectively. As is shown in Fig. 4, mode (i) at the
base of the puck is close to the former frequency for SiC;
modes (ii), (iii), and (iv), which are on the top of the puck
are close to the second frequency for air. For TM light, the
two modes with the strongest coupling are (iii) and (iv). TM
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FIG. 4. (a) Experiment and simulation results of the reflection of the micro-
puck array, with 45° incident angle. Light with different polarization was
used. The green dotted line is the reflectance of unpatterned GaN film as a
reference; the incident light is unpolarized with 40° incident angle. (b) Plots
of normalized charge density of four different oscillation modes observed in
3D simulation. Unless specified, all incident angles are 45°. (i) transverse
dipole (TD) for TE light at 603 cm™"; (ii) TD for TE light at 673 cm ™ "; (iii-
a) charge distribution for TM light at 683 cm™'; this mode is corresponding
to the left one in the doublet shown in Figure 4(a); (iii-b) TD for TM light at
normal incidence, 683 cm’l; (iv-a) hybrid mode for TM light at 721 cm’l;
and (iv-b) combination of quadrupole and TD for TM light at normal inci-
dence, 714 cm™!
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polarized light has a vertical component of the electric field
that also influences the charge density and electric field pro-
files. In Figure 4(b) (iii-a) and (iv-a) show the charge density
for TM light incident at 45°; identification of the modes is
complicated by the large angle of incidence. Calculations of
the charge density for normal incidence for the same modes
are shown in Fig. 4(b) (iii-b) and (iv-b). At normal incidence,
mode (iii) is a transverse dipole mode similar to (ii), whereas
at 45°, the dipolar symmetry in the charge density is altered
by the vertical component of the electric field. Mode (iv)
at normal incidence is a combination of a quadrupole®® and
a transverse dipole on the top and bottom of the puck,
respectively. Similarly, increasing the incident angle distorts
the charge distribution. In both cases, the substantial vertical
component of the electric field in the incident light

Appl. Phys. Lett. 107, 081108 (2015)

introduces a longitudinal dipole component and a circular
charge density profile on the top of the puck begins to
dominate.

In sum, we simulated, fabricated and characterized GaN
based micro-puck arrays in the mid-IR portion of the spec-
trum. Localized SPhP modes were observed in polarization-
and angle-dependent reflection measurement. The localized
SPhP modes were verified and analyzed using finite different
calculations. Future work includes incorporating intersub-
band transitions into localized geometries and rapidly con-
trolling localized SPhPs.
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