™ |

Check for
updates

Research Article Vol. 28, No. 19/14 September 2020/ Optics Express 28590 |

Optics EXPRESS SN

Engineering the Berreman mode in mid-infrared
polar materials

IRFAN KHAN,! ZHAOYUAN FANG,! MILAN PALEL,' JUNCHI Lu,’
LELAND NORDIN,2 EVAN L. SIMMONS,® OWEN DOMINGUEZ,' S. M.
IsLAM,* HuiLI GRACE XING,*°® DEBDEEP JENA,*° VIKTOR A.
PopoLsKl1Y,® ® DANIEL WASSERMAN,2 AND ANTHONY J.
HoFFMAN'"

1 Department of Electrical Engineering, University of Notre Dame, Notre Dame, IN 46556, USA
2Department of Electrical and Computer Engineering, University of Texas Austin, Austin, TX 78758, USA
3 Department of Physics and Applied Physics, University of Massachusetts Lowell, Lowell, Massachusetts
01854, USA

4Department of Materials Science and Engineering, Cornell University, Ithaca, NY 17853, USA

;School of Electrical and Computer Engineering, Cornell University, Ithaca, NY 14853, USA
“ajhoffman@nd.edu

Abstract: We demonstrate coupling to and control over the broadening and dispersion of a
mid-infrared leaky mode, known as the Berreman mode, in samples with different dielectric
environments. We fabricate subwavelength films of AIN, a mid-infrared epsilon-near-zero
material that supports the Berreman mode, on materials with a weakly negative permittivity,
strongly negative permittivity, and positive permittivity. Additionally, we incorporate ultra-thin
AIN layers into a GaN/AIN heterostructure, engineering the dielectric environment above and
below the AIN. In each of the samples, coupling to the Berreman mode is observed in angle-
dependent reflection measurements at wavelengths near the longitudinal optical phonon energy.
The measured dispersion of the Berreman mode agrees well with numerical modes. Differences
in the dispersion and broadening for the different materials is quantified, including a 13 cm™!
red-shift in the energy of the Berreman mode for the heterostructure sample.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, long-wavelength nanophotonics has attracted considerable attention. The growing
interest in the mid-infrared and far-infrared portions of the electromagnetic spectrum, cumulatively
3-60 um, is due in large part to the potential for advancing applications in spectroscopy and
sensing [1-6], optical free-space and on-chip communications [7,8], and radiative cooling
[9,10]. Much of the recent progress has leveraged surface phonon polaritons (SPhPs) to increase
light-matter interactions [4,11-14]. These hybrid excitations couple electromagnetic radiation
to vibrations of a polar crystal lattice (phonons) and strongly confine light to the surface or
interface of polar materials. A SPhP is supported at the interface between materials with optical
permittivity values of opposite signs. Polar dielectric materials exhibit a negative permittivity in
a spectral region dictated by the optical phonon energies, which reside in the mid-infrared and
far-infrared for most dielectric and semiconductor materials [11,12,15].

In the spectral region between the longitudinal optical (LO) and transverse optical (TO) phonon
frequencies, a polar dielectric exhibits negative permittivity. This spectral region, known as the
Reststrahlen band of the material, can be leveraged as a low-loss, negative permittivity frequency
band. For polar dielectrics, the loss depends on the scattering time of optical phonons, whereas
the loss is governed by electron scattering in metals. The longer scattering times of optical
phonons in polar dielectrics compared to electrons in metals and doped semiconductors result in
epsilon-near-zero and negative permittivity materials with lower loss [11,12]. These reduced
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losses make SPhPs an excellent long-wavelength alternative for applications where SPPs are
limited by the loss of the metal or doped semiconductor.

In addition to the potential for supporting SPhPs, polar dielectrics are also promising low-loss,
epsilon-near-zero (ENZ) materials. At the LO phonon energy, the real part of the permittivity
vanishes, and the imaginary part can be similarly small [11-13,16]. Epsilon-near-zero materials
have been used for engineering the frequency response of optical antennas [17-19], wavefront
engineering [20,21], and controlling emissivity [22,23]. Furthermore, sub-wavelength layers of
ENZ material support a leaky propagating mode known as the Berreman mode [24]. Ultra-thin
layers of polar dielectrics (# < A/100, where 7 is the polar dielectric thickness and A is the Berreman
mode wavelength) on a metal ground plane have been used to demonstrate near-perfect absorption
of mid-infrared light and selective thermal emission with an emissivity that approaches unity
[15]. For these ultra-thin materials, the dispersion of the mode depends weakly on the tangential
component of the wavevector, kj|. Thicker sub-wavelength materials (# = A/10) also exhibit
strong absorption and selective emission, but the dispersion is stronger, with the Berreman mode
blue-shifting with increasing k)|, and the coupling is weaker [15,24]. Recently, hybrid excitations
that couple SPPs to the Berreman mode have been demonstrated as a mechanism for engineering
the dispersion of ENZ modes, which are limited in applications due to the small group velocity
and limited propagation length [25] . Controlling coupling to the Berreman mode and the
dispersion of the mode via the surrounding dielectric environment is an alternate approach to
engineering the Berreman mode and could open new opportunities for leveraging ENZ material
for new applications in nanophotonics.

Here, we demonstrate control over the dispersion of the Berreman mode excited on subwave-
length films of AIN by depositing or growing the sub-wavelength films (# ~ A/10) on materials
with disparate optical permittivity functions. We also show how the Berreman mode can be
shifted energetically by amounts exceeding the broadening of the mode via strain in ultra-thin
layers of AIN and GaN. The samples are characterized using angle- and wavelength-dependent
reflection spectroscopy and simulated using a transfer matrix method. We map the dispersion of
the Berreman mode for 1.2 pm thick AIN on Mo, SiC, and GaN and interleaved layers of AIN
and GaN on a SiC substrate. We show how coupling to the Berreman mode is also influenced by
the material under the AIN films and by incorporating the AIN into the AIN/GaN heterostructure.
We demonstrate a spectral red-shift of approximately 10 cm~! for modes excited in the AIN/GaN
heterostructure compared to modes excited on bulk AIN.

2. Methods

The samples we study all have a top film thickness of 1.2 um, with one sample having an AIN/GaN
heterostructure thickness of 1.2 um. These subwavelength films are thin enough to support
the Berreman mode and thick enough to exhibit dispersion in the Berreman mode energy with
increasing incident angle. The four samples we characterize are summarized in Fig. 1(a). Sample
I consists of 1.2 pm of AIN grown via molecular beam epitaxy (MBE) on a SiC substrate. Sample
II consists of a Si carrier substrate, 100 nm Mo ground plane, and 1.2 um of polycrystalline AIN
deposited via sputtering. Sample III consists of 1.2 um of AIN on 2 um of GaN grown using
MBE on a SiC substrate. Finally, sample IV consists of 12 pairs of 50/50 nm thick AIN/GaN
layers grown via MBE, a total heterostructure thickness of 1.2 um, on a SiC substrate. Samples |
to IIT allow us to demonstrate control over the characteristics of the Berreman mode through the
material below the ENZ AIN film. We show how the permittivity of the substrate affects coupling
and confinement of the mode. We use sample IV to demonstrate the effects of surrounding the
ENZ AIN film with positive permittivity material.

‘We model the optical permittivity of each material using an analytic model for the bulk material.
The frequency-dependent complex dielectric permittivity for the AIN, GaN, and SiC layers are
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Fig. 1. (a) Summary of the samples characterized in this work. The bulk AIN layers are
1.2 um thick for samples I, II, and III. The Mo layer is 100 nm thick for sample II and the GaN
layer is 2 um thick. (b) Relative permittivity versus wavelength for GaN (red), AIN (purple),
and SiC (gray). The blue line shows the effective permittivity in the growth direction for
sample I'V. The inset shows the relative permittivity of SiC over a larger range.

modeled using an isotropic permittivity with a single oscillator:

2 2

wLO,m - wTO,m
Em((")) = 6°°,m 1 + 2 2 .
Wrom — W™~ IWYm

where m = [AIN, GaN, SiC] indicates the selected material; €, is the high-frequency permittivity;
wro.m and wro,, are the frequencies of the LO and TO phonon, respectively; and y,, is the
scattering rate. We use isotropic models because the materials are polycrystalline, the anisotropy
is relatively small (compared to broadening), and isotropic models have been used successfully
previously for similar materials [12,17,20,26-29]. Table 1 summarizes the parameters that
were used for each material. These material parameters were taken from literature and adjusted
less than 5% to improve agreement between the experimental data and numerical models. To
determine the scattering rate, we fit the width of the reflection dip associated with the TO phonon.
The scattering rate, which is related to the optical quality of the film, differs for the AIN films
realized via MBE and sputtering, 9 and 12.5 cm™!, respectively. For the AIN/GaN heterostructure,
we red shift the AIN phonon frequencies and blue shift the GaN phonon frequencies. We attribute
this shift to strain in the heterostructure due to a lattice mismatch in the AIN and GaN layers; this
shift agrees well with existing models of optical phonon energies in strained III-nitride layers
[30,31].
The wavelength-dependent permittivity of Mo is modeled using Drude model

2
wP,Mo
EMo(W) = €opo = | —
W= + IYpMow

where € 1, = 1 is the static permittivity for Mo; w oMo = 60,200 cm™! is the plasma frequency;
and yy, = 412 cm~! is the scattering rate [32].

Figure 1(b) shows the calculated permittivity near the AIN LO phonon energy for each of
the materials, excluding Mo because it is strongly negative in this spectral region. The vertical
dashed line at 11.18 um (894.45 cm™!) indicates where the real part of the permittivity for AIN is
zero, Re(esy) = 0. For appropriately thin films, a Berreman mode, which couples to free-space
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Table 1. Material Optical Constants?,?,°

Material €00 WTO (cm™) wLo (em™) Y (em™)
AIN (MBE)* 4.6 656.8 889.8 9

AIN (sputtered) 4.6 656.8 890.0 12.5
AIN (strained)” 4.6 649.5 880.3 9

GaN“ 5.35 530 735 35

GaN (strained)” 5.35 537.7 742.4 35

SiC¢ 6.56 797 970 5

“From Appl. Phys. Lett. 111, 091105 (2017).
bFrom Phys. Rev. B 68, 165335 (2003).
“From Appl. Phys. Lett. 107, 081108 (2015).

light, can be excited at and around this wavelength. The real part of the permittivity for GaN
is positive at this wavelength, while the real parts of the permittivity for SiC and Mo are both
negative at this wavelength, € yo(A=11.18 um) =-3736 + 1721i. Therefore, samples I, II, and III
can be used to show how a weakly negative, strongly negative, and positive permittivity material
under an ENZ material influence the Berreman mode. Sample IV demonstrates how interleaving
the ENZ material with a positive permittivity material affects the characteristics of the AIN
Berreman mode.

Polarization-dependent reflection spectra are collected using a Bruker Vertex v80 vacuum
spectrometer with a Pike VeeMAX III for incident light from 30 to 75 deg. with a step size of 5
deg. The transverse magnetic (TM) or transverse electric (TE) polarization of the incident light,
see Fig. 2(a), is selected using a KRS-5 wire grid polarizer prior to the VeeMAX III. A cooled
HgCdTe detector and mid-infrared globar source are used for all measurements.

a) sample b) 1.0

TE
0.8}
™

0.6

0.4}

Reflectivity

to from
detector interferometer

0.2}

8 0 12 14
Wavelength (um)
Fig. 2. (a) Schematic of the experimental setup and definition of TM and TE polarizations.

Mirrors are represented by gold shapes. (b) Measured (solid) and calculated (dashed) TM
and TE reflectivity of sample I for light incident at 45 deg.

Single channel spectra for each of the samples and a gold-coated glass coverslip, which served
as a near-perfect reflector, are collected using a resolution of 4 cm™! for all measurements.
Angle-dependent reflection spectra for each polarization are obtained by dividing the single
channel spectrum of the sample by the single channel spectrum of the gold-coated coverslip
reference for each incident angle.
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3. Results and discussion

Figure 2(b) shows the measured TE and TM reflection spectra for sample I when light is incident
at 45 deg. The calculated reflection is shown using dashed lines. The TE reflection spectrum
approaches unity beyond 10.2 um. This increase in reflectivity is expected for polar materials at
wavelengths near and between the LO and TO phonons. For sample I, the increase in reflectivity
at 10.2 um is due to the SiC substrate, which has LO phonons at 970 cm~! (10.3 um). At
wavelengths where the photon energy is similar in energy to the AIN LO phonon, c.a. 11.18 um,
the permittivity of AIN approaches zero, Fig. 1(b). The strong dip in the TM reflection spectrum
at 11.1 um in Fig. 2(b) indicates coupling of free-space light to the Berreman mode in the AIN
layer; such a dip is not observed in the TE reflection spectrum.

In Fig. 3 we show the measured TM reflection versus wavelength and incident angle for
each of the samples. These images are assembled from many spectra such as those shown in
Fig. 2(b) and use a common colorscale for comparison. Each of the samples exhibits a dip in
the reflection at energies close to the AIN LO phonon, indicating excitation of the Berreman
mode. We overlay the calculated dispersion of the mode for each of the samples, obtained via
rigorous coupled-wave analysis (RCWA) based numerical simulations, using white dots. As
mentioned earlier, we red-shift (blue-shift) the phonon frequencies of AIN (GaN) to account for
tensile (compressive) strain in sample IV [25]. Overall, there is strong agreement between the
measured and calculated spectra. We confirm the nature of these Berreman modes—and other
modes evidenced by additional dips in the measured reflection spectra—by calculating the field
distribution for each of the samples using COMSOL Multiphysics.

Samples I and II each exhibit a single dip in the reflection spectra in Fig. 3. Figure 4 shows
|E.|? and |[H|* at A= 11.1 um, the wavelength of the dip in the experimental data. For both
samples, there is an enhancement of the electric field in the AIN layer. The fields for sample I are
weakly confined by the bottom SiC layer, which has a slightly negative permittivity, and leak into
air, Fig. 4(a). For sample II, again the fields leak into air, but they are confined more strongly by
the 100 nm Mo layer beneath AIN, Fig. 4(b). The enhancement of the field in the ENZ AIN layer
and the leaky nature of the mode observed in both samples are characteristic of the Berreman
mode [24].

The TM reflection spectrum of sample III exhibits three dips, as seen in Fig. 3. Figure 5 shows
the calculated fields for each of these modes at 45 deg. incidence. The first dip at 11.1 um
corresponds to the Berreman mode as confirmed via the field plots for this wavelength in Fig. 5(a).
However, two longer-wavelength dips at approximately 12 and 13.5 um are also identified in the
reflection measurements of Fig. 3(c). These spectral dips are reproduced in the numerical models
and correspond to a leaky metal-insulator-metal propagating waveguide mode (12 um) and a
GaN Berreman mode (13.5 um). The leaky metal-insulator-metal waveguide mode, Fig. 5(b),
consists of a sinusoidal mode in the positive-permittivity GaN layer and decaying fields in the
SiC and AIN layers, which exhibit a negative permittivity at A = 12 um, Fig. 1(b). The stronger
confinement provided by the SiC layer compared to the AIN layer is due to the more negative
permittivity of SiC at this wavelength. The Berreman mode in the GaN layer is similar to that in
the AIN layers in that an enhanced electric field is observed in the GaN layer, Fig. 5(c). The
electric field decays relatively slowly in the AIN layer on top of the GaN layer due to the slightly
negative permittivity. As with the AIN Berremamn mode, the GaN Berreman mode leaks into a
propagating mode in free-space.

Two dips are identified in the reflection measurements for sample IV, Fig. 3. The first at
A =11.3 pm corresponds to a Berreman mode enabled by the vanishing permittivity of the AIN
layers. The field plots at this wavelength, shown in Fig. 5(d), exhibit enhancement of the electric
field in the ENZ AIN layers. Similarly, the dip at A=13.4 um is due to the excitation of a
Berreman mode in the GaN layers. At this longer wavelength, the electric field is enhanced in
the GaN layers, Fig. 5(e). The spectral locations of both modes agree well with our simulations
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Fig. 3. Measured reflectivity of each sample versus wavelength and incident angle for TM
polarized light. The white dots indicate the minimum in the calculated reflection spectrum

using RCWA code.
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Fig. 4. Calculated field versus sample depth at A= 11.1 um for incident angle of 45° for
samples (a) I and (b) II. The sign of the real part of the permittivity for each material is
indicated “0” or “-”. A “- -” indicates that the optical permittivity of Mo is strongly negative.
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Fig. 5. Calculated field versus sample depth for (a) — (c) sample IIT and (d) - (¢) sample
IV at several wavelengths. The sign of the real part of the optical permittivity for a given
material is indicated in the top panel of each sample using “0”, “-“, or “+”.



Research Article Vol. 28, No. 19/14 September 2020/ Optics Express 28597 |

Optics EXPRESS SN

after red-shifting the LO phonon energy, Fig. 3. Note that the collective modes in Sample
IV can be described in terms of either bulk plasmon [33] or effective medium theory [34]
terminology. In the latter case, the excitation of the Berreman mode occurs in the vicinity of
the ENZ condition of the effective permittivity (in the growth direction) of the multilayer stack,

€ = (dgan + daiv)/ (ZZ—:z + iﬁ), with d,,, being thickness of the material m. The effective
permittivity is shown in Fig. 1(b).

While each of the samples exhibits a Berreman mode around the AIN ENZ spectral region, the
characteristics of that mode vary significantly by sample. The dispersion of the Berreman mode
versus k)|, the tangential component of the incident wavevector, for each of the samples is shown
in Fig. 6(a). The dashed lines are guides for the eye. The strongest dispersion is observed for
sample II, which blue-shifts by more than 40 cm™" over the range of measured angles. Sample IV
exhibits the weakest dispersion, blue-shifting less than 7 cm~'. Figure 6(b) depicts the evolution
of the spectral width of the mode, measured as the full-width at half minimum, for each of the
samples. Sample II exhibits the broadest mode for each k||. The peak broadening of Sample

IL, 0.32 um, is more than two times the peak broadening of samples I and IV, 0.11 and 0.01 pm,
respectively.
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Fig. 6. (a) Measured dispersion of the AIN Berreman mode. (b) Broadening versus incident
angle measured as the full width at half minimum of the reflectivity dip. (c) Depth of the
reflectivity dip due to coupling to the Berreman mode.

Finally, Fig. 6(c) depicts a measure of the coupling between the Berreman mode and free-space
light. This coupling parameter is determined by fitting the reflection spectrum in the spectral
neighborhood of the Berreman mode using a Gaussian lineshape with a linear slope baseline
and reporting the difference between the fit minimum and the value of the linear baseline at the
wavelength of the fit minimum. The dip in the reflection approaches unity for sample I, indicating
strong coupling of the Berreman mode to the incident light. The coupling is much weaker for the
multi-layered sample IV, which can be as low as 0.2. Thus, while the broadening is smaller for
the Berreman mode excited in sample IV, coupling to the mode is smaller and the dispersion is
flatter, presenting a trade-off for devices that leverage this mode.

4. Conclusions

We demonstrate coupling of free-space light to the Berreman mode in sub-wavelength AIN thin
films on different dielectric and metal layers using angle-dependent reflection measurements.
In all, we characterize four samples, where the dielectric environment around the AIN ENZ
layer is controlled via material selection. Each sample exhibits a strong dip in the TM reflection
indicating coupling to the Berreman mode. The field distribution for this mode, and modes
corresponding to additional dips in the reflectivity spectra, are calculated using finite element
methods. The dispersion of the Berreman mode is measured and agrees well with RCWA models.
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Finally, we analyze the spectral broadening and coupling to the modes for each of the samples,
demonstrating the ability to engineer many aspects of the optical characteristics of the Berreman
mode through material selection, including a spectral shift of 13 cm™' that arises from strain
in the AIN layers due to the lattice mismatch between AIN and GaN. The work presented here
offers an approach to integrating the Berreman mode into optical devices aimed at narrow-band
emission in the mid-infrared. New devices enabled by engineering the dispersion, coupling, and
broadening of the Berreman mode may be possible.
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