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Abstract
Surface phonon polaritons (SPhPs) – the surface-bound electromagnetic modes of a polar material
resulting from the coupling of light with optic phonons – offer immense technological
opportunities for nanophotonics in the infrared (IR) spectral region. Here, we present a novel
approach to overcome the major limitation of SPhPs, namely the narrow, material-specific spectral
range where SPhPs can be supported, called the Reststrahlen band. We use an atomic-scale
superlattice (SL) of two polar semiconductors, GaN and AlN, to create a hybrid material featuring
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layer thickness-tunable optic phonon modes. As the IR dielectric function is governed by the optic
phonon behavior, such control provides a means to create a new dielectric function distinct from
either constituent material and to tune the range over which SPhPs can be supported. This work
offers the first glimpse of the guiding principles governing the degree to which the dielectric
function can be designed using this approach.

The mid-infrared (MIR) to terahertz (THz) spectral region is of great technological importance to
nanophotonics and offers numerous potential applications, including super-resolution imaging,1-4
enhanced spectroscopy5 and free-space signaling6. For instance, nanophotonic approaches are
highly suitable to sense trace levels of chemical species through enhanced vibrational
fingerprinting7 due to molecular vibrational frequencies in this spectral region. One promising
avenue for realizing these technologies is to use surface phonon polaritons (SPhPs), which greatly
enhance light-matter interactions by confining light to sub-diffractional dimensions at the surface
of a polar material4,8-14. SPhPs are supported between the transverse (TO) and longitudinal optic
(LO) phonon frequencies of polar dielectrics, i.e., in the so-called Reststrahlen band, through the
coupling of incident light with the oscillating ionic charges on the polar lattice, resulting in a
reflectivity approaching 100%10. One significant benefit of SPhPs is the substantially reduced
losses they exhibit in comparison to surface plasmon polaritons (SPPs). The fast scattering of
electrons in metals and semiconductors leads to these larger optical losses for SPPs, while the
much longer scattering time for phonons results in lower losses for SPhPs15. Although the intrinsic
optical losses associated with SPPs have limited their broad application in many practical devices,
SPhPs offer a promising alternative10,16.
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One of the most important technological hurdles for the implementation of SPhPs in
nanophotonic and metamaterial technologies is that individual polar materials have a narrow,
material-specific spectral range over which SPhPs are supported17. Thus, while there are many
polar materials that occur in nature featuring Reststrahlen bands that combined cover the entire
MIR to THz spectral domain, any given material will only support SPhPs within its own relatively
narrow specific band. In many instances, it is necessary to combine other material properties (e.g.,
an accessible band-gap for active tuning18 or ferroelectric response) with the polaritonic response
at a given frequency. For instance, while AlN offers a Reststrahlen band that overlaps with the 812 µm atmospheric window, its ~6 eV band gap implies that free carrier-based tuning methods18
will be unrealistic for the phonon modes originating in AlN. Therefore, it would be ideal if one
could tailor the IR dielectric function of the material, from which the nanophotonic response is
derived, while maintaining and combining other functional properties.
Atomic-scale semiconductor superlattices for tunable infrared photonics
Several recent experiments have demonstrated the spectral tuning of SPhP resonances by
overcoating the material with a functional layer (e.g. phase change material)19,20, directly
modifying the polar semiconductor permittivity through carrier photoinjection18,21 or by means of
gate-bias control in planar heterostructures at the nanoscale22-24. However, additional optical losses
due to the fast electron scattering rates may be introduced, thereby diminishing the intrinsic
advantages of the SPhPs for IR nanophotonics.
Here, we experimentally demonstrate a complementary approach for IR-specific tuning
using atomic-scale superlattices (SLs) comprised of commercially established polar
semiconductors. When polar materials are combined into SLs with layers a few atoms thick, the
SL vibrational modes are modified from that of the bulk phonons of the constituent materials by
3

interfacial chemical bonding, electrostatic effects, and changes to the material lattice constants25,26.
Therefore, the SL behaves as a new, continuous material with a tunable IR dielectric function that
depends on the constituent layer thicknesses. These SL structures are referred to as crystalline
hybrids (XH)17,27 since it is the changes to the chemical structure of the crystal lattice that modify
the IR response. We demonstrate the XH approach by using an atomic-scale AlN/GaN SL, which
has a highly anisotropic IR response featuring multiple Reststrahlen bands. We show that the
phonon modes, which define the upper and lower limits of the Reststrahlen bands, shift by >10
cm-1 based on the SL layer thicknesses. This XH approach provides the opportunity to control the
optic phonon frequencies, the dispersion of the optical constants, and the bandwidth of the
Reststrahlen bands. Therefore, one can create new engineered materials for IR and THz
nanophotonics and optoelectronics, incorporating additional functionalities through appropriate
material selection, while also still taking advantage of the SPhPs’ relatively low losses.
AlN/GaN superlattice as a Crystalline Hybrid
For the purposes of demonstrating the XH concept, multiple AlN/GaN SL samples, each
with layer thicknesses of ~10 or fewer monolayers, were grown using molecular beam epitaxy
(MBE). A representative schematic of the layered sample configuration is provided in Fig. 1a for
an AlN/GaN SL grown on a SiC semi-insulating substrate. Wurtzite GaN and AlN are both
birefringent with 𝜔 𝑇𝑂,∥ and 𝜔𝐿𝑂,∥ phonon modes that oscillate parallel to the crystal c-axis and
𝜔 𝑇𝑂,⊥ and 𝜔𝐿𝑂,⊥ phonon modes that oscillate perpendicular to the c-axis. For GaN (AlN), these
phonon frequencies28,29 are 𝜔 𝑇𝑂,∥ = 533 (614) 𝑐𝑚−1, 𝜔𝐿𝑂,∥ = 735 (893) 𝑐𝑚−1, 𝜔 𝑇𝑂,⊥ =
561 (673) 𝑐𝑚−1, and 𝜔𝐿𝑂,⊥ = 743 (916) 𝑐𝑚−1 . In bulk form, AlN and GaN have similar IR
responses, with partially overlapping Reststrahlen bands bounded by their respective optic phonon
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frequencies. This is shown in Fig. 1b, which plots the nominal reflectance of bulk GaN (blue), AlN
(orange), and SiC (red).
Two representative structures, referred to as ‘A’ and ‘B’, are discussed here. Sample A,
shown in the cross-sectional scanning transmission electron microscope (STEM) image in Fig. 1c,
consists of 50 alternating layers of AlN and GaN grown on a ~50 nm thick AlN buffer layer. Since
this sample was deliberately not rotated during growth, a gradient in the Al- and Ga-flux across
the wafer surface resulted in a strong variation in the corresponding layer thicknesses, with values
ranging from 2 to 3 nm for the AlN and GaN layers across the wafer. At the location shown in Fig.
1c, each layer is ~ 2 nm thick. Sample B (STEM image in Fig. 1e) contains a SL with 500
atomically thin, alternating layers of AlN and GaN with thicknesses of ~1.2 nm (~4 monolayers)
and ~1.4 nm (~5 monolayers), respectively. The layer thicknesses in Sample B are more uniform
because the sample was rotated during the growth. The STEM and X-ray diffraction (XRD)
measurements imply some chemical intermixing of the layers, and that the SLs are pseudomorphic
but with a high degree of chemical segregation (see Supplemental).
The optic phonon modes of SL polar materials30, including III-nitride materials systems3134

, have been extensively studied and generally described using both microscopic and macroscopic

models35. When two materials are combined in a SL, phonon confinement effects can arise,
resulting in confined phonon modes that propagate in one material and not the other25, or new
vibrational states can occur that feature phonons propagating in both materials. Interface phonon
modes may also be supported, wherein the vibration is localized to the interfaces35. For sufficiently
thick layers, the resulting confined and interface phonon modes can be accurately described using
macroscopic electromagnetic modeling, e.g. the transfer-matrix method, starting from the bulk
permittivity of each layer36. A particularly simple macroscopic approximation when the SL layers
5

are much thinner than the wavelength of the light is the well-known effective-medium theory for
layered structures. However, as the layer thicknesses in the SL are reduced to just a few atomic
layers, the SL phonon modes are not well described by conventional effective-medium theory
because of the atomic-scale interactions that modify the SL phonon modes, namely, the prominent
effects of the interfacial bonds that impose different boundary conditions and the modified lattice
constants of the epitaxially grown layers. The distinction between the confined and interface
modes is less important in this limit, and we may regard the SL as a new effective XH material.
This point is illustrated in Fig. 1d and 1f, where the measured IR reflectance (blue line) is plotted
for Samples A and B, respectively, along with the calculated reflectance (orange dotted line) of
the SLs using the transfer-matrix method based on the bulk optical constants of AlN and GaN. It
is clear that the conventional approach towards predicting the IR reflectance fails, with the
quantitative mismatch of peak positions and the emergence of unexpected features in the
experimental spectra (especially prominent for the thinner layered Sample B). As a result, the XH
opens up additional degrees of freedom in the design of novel SPhP materials that have not been
explored until this work.
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Figure 1 STEM images and reflectance of AlN/GaN heterostructures and Reststrahlen bands. a) Illustration
depicting AlN/GaN heterostructures. b) Calculated reflectance of bulk GaN, AlN, and SiC for normal
incidence light in the IR, showing the spectral overlap of the Reststrahlen bands. c) and e) display crosssectional high-angle annular dark-field STEM images of AlN/GaN heterostructures with AlN (GaN)
thicknesses of ~2.2 nm (2.2 nm) for Sample A and ~1.2 nm (1.4 nm) for Sample B, respectively. The AlN
layers appear as dark-gray bands and the GaN layers as light-gray bands. d) and f) show the measured
reflectance (blue line) at an incidence angle of 65° and the calculation (orange dashed line) based on the
bulk properties of the AlN/GaN SL from c) and e), respectively.
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Tunability of the superlattice optic phonons
We first characterize the optic phonons of the SL, which define the poles and zeros of the dielectric
function and the range of the Reststrahlen bands. Quantitative analysis of the phonon modes from
the reflection spectra is difficult due to the highly reflective Reststrahlen band of the SiC substrate,
along with the high reflectivity of the developing XH Reststrahlen bands between the multiple
LO/TO phonon pairs. Thus, in order to directly characterize the SL optic phonons, we employed
IR second harmonic generation (SHG),37-40 collecting spectra from each of the XH structures using
an IR free-electron laser41. This technique was recently shown to provide clear identification of
phonon modes in multimode systems42 since it allows for the direct measurement of phonon peaks
on a nominally flat spectral background.
The IR SHG and reflection spectra collected from three locations on Sample A with
varying AlN and GaN layer thicknesses is provided in Fig. 2a and b, respectively. In contrast to
the reflection measurements (Fig. 2b), the SHG spectra (Fig. 2a) provides clear, separate peaks
that can be analyzed using standard line-shape fitting methods. Within the SHG spectra, each
E1(TO) phonon is observed with large contrast42. Additionally, A1(LO) phonons of the SL can be
closely approximated via the Berreman effect43 that results in subtle dips in the reflectivity near
the spectral position where the real part of the permittivity crosses through zero (so-called epsilonnear-zero condition). This also results in pronounced peaks in the SHG (see Supplemental for
details). The spectra in Fig. 2a feature phonon resonances of the SL as well as the SiC substrate
and the AlN buffer layer. The latter two are easily identified, as they occur at the bulk TO and LO
phonon frequencies and do not vary spectrally across the wafer surface. The SHG peaks originating
from the SiC, the AlN buffer, and the SL are highlighted in blue, orange, and green, respectively,
in Fig. 2.
8

From the SHG spectra one can immediately discern that the spectral positions of the SL
optic phonons vary strongly across the wafer (see Supplemental for the full dataset and extended
discussion). The SL exhibits two E1(TO)-like phonon modes around ~575 cm-1 and ~630 cm-1, as
well as three A1(LO)-like phonons: one at ~735 cm-1 and two more at ~840 cm-1 and 880 cm-1.
Surprisingly, we observe significant frequency shifts (> 10 cm-1) of these modes even for minute
changes in the layer thicknesses, demonstrating the tunability of the IR dielectric function via this
XH concept. We expect a significant modification of the lattice constants of the SL, with the inplane lattice constant being between AlN and GaN and resulting in tensile and compressive strain
for the AlN and GaN layers, respectively. In this case, the effective in-plane lattice constant in the
structure depends on the thickness ratio between AlN and GaN. This effect, as well as the resulting
strain-induced phonon frequency shifts in short-period AlN/GaN SLs have been studied by Paudel
and Lambrecht26. As we discuss in the Supplemental, the observed phonon frequency shifts are
consistent with the modified in-plane lattice constants we measured by X-ray diffraction.
Therefore, controlling the AlN/GaN layer thicknesses provides a direct means to tune the phonon
frequencies and, thereby, the IR dielectric function. Additionally, we expect phonon confinement
and interface phonon formation to become significant at these small layer thicknesses. In our data,
the latter is indicated by the emergence of the new A1(LO) modes near ~840 cm-1, in excellent
agreement with theoretical predictions26. Overall, our observations demonstrate the independent
tunability of the XH optic phonons through the layer thickness ratio and absolute layer thicknesses
of the SL, making use of the modified strain and interface contributions, respectively, to the XH
phonon frequencies.
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Figure 2 Optic phonon tunability in the XH structure. (a) Experimental SHG spectra at three exemplary
positions on the SL with graded AlN and GaN layer thicknesses (Sample A). Subscripts in the legend denote
average number of monolayers. SHG peaks marking the SL’s optic phonon modes shift spectrally with
varying layer thicknesses, thus demonstrating the tunability of the XH modes (green shade). In contrast,
SHG peaks at AlN and SiC bulk phonon frequencies (orange and blue shade, respectively) originating from
the buffer layer and the substrate, respectively, do not shift as the SL’s layer thicknesses vary. (b)
Corresponding reflectivity spectra. The layer thickness-dependent behavior of the XH optic phonons in the
linear response is consistent with the features observed in the SHG spectra. Please note the logarithmic
scale in (a).

Dielectric function of the atomic-scale AlN/GaN heterostructure
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We extracted the XH dielectric function of Sample A and Sample B through least-squares fitting
of IR ellipsometry data, using a single dielectric function to describe the optical response of each
SL sample. The initial fit parameters for the phonon frequencies were taken from the SHG phonon
spectra. Here, we focus the discussion on Sample B, which has thinner layers than Sample A and
thus maximizes the atomic-scale impact of the XH. Fig. 3a and b shows the measured dielectric
function of Sample B. The AlN/GaN XH is strongly birefringent, with very different in-plane and
out-of-plane dielectric responses, denoted 𝜀⊥ (blue curve) and 𝜀∥ (orange curve), respectively. For
comparison, Fig. 3c and d shows an effective-medium calculation of the XH dielectric function
based on the optical constants for bulk GaN and AlN measured by ellipsometry. From this
comparison, it is clear that the effective-medium calculation fails to predict several important
features of the IR response because it does not take into account the atomic-scale interactions
between the layers.
Perhaps the most direct and powerful means of incorporating the atomistic details (i.e., the
effects of the interfacial bonds and modified lattice constants) on the XH phonon modes is through
density-functional perturbation theory (DFPT). We employed DFPT to calculate the XH phonon
density of states and derive a theoretical dielectric function (Fig. 3e and f). The lattice constants of
the SL were assumed to be fully relaxed, and the layer thicknesses were based on Sample B with
5 monolayers of GaN and 4 monolayers of AlN. Unlike the comparison to the effective medium
approximation, very good qualitative agreement with experiment is found. The small frequency
shifts of the modes between the DFPT and experiment can be attributed to the assumption of fully
relaxed lattice constants in each layer as well as the choice of the exchange-correlation functional.
In contrast to the effective-medium approach, the DFPT calculation accurately predicts multiple
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phonon modes at short wavelengths for the out-of-plane permittivity and can provide physical
insight into the qualitative vibrational character of the modes.
The measured XH dielectric function exhibits multiple Reststrahlen bands (identified by
regions with 𝑅𝑒(𝜀) < 0) as a result of the different phonon modes. The poles in the dielectric
function occur at E1(TO)-like and A1(TO)-like phonon frequencies and the zero crossings at
E1(LO)-like and A1(LO)-like phonon frequencies for 𝜀⊥ and 𝜀∥ , respectively. The measured 𝜀⊥
displays two Reststrahlen bands: one narrow region from 572 cm-1 to 599 cm-1 and another from
629 cm-1 to 807 cm-1. Therefore, the out-of-plane Reststrahlen bands of the XH cover a broader
range than that of GaN (~561-743 cm-1) and are on the same scale as AlN (~673-916 cm-1). Similar
Reststrahlen bands occur in the DFPT dielectric function (Fig. 3e), although they are red shifted
by ~15 cm-1. Although the strong influence of the atomistic interface conditions in the SL makes
unambiguous identification of the modes difficult and less practically useful, the calculated phonon
vibrational pattern associated with the 559-583 cm-1 Reststrahlen band (Fig. 3g) shows that it most
closely resembles a GaN confined mode. In contrast, the phonon associated with the 615-784 cm1

Reststrahlen band (Fig. 3h) appears to be mostly an interface phonon in the AlN layers.
The measured 𝜀∥ is dominated by a broad Reststrahlen band region from about 536 cm-1 to

740 cm-1. It also exhibits two additional Reststrahlen bands, one from 769 cm-1 to 791 cm-1 and
another from 828 cm-1 to 859 cm-1, which are present in the DFPT-calculated dielectric function
too. As discussed in the Supplemental, examination of the lattice vibrational patterns indicates that
these modes involve atomic movement in both the GaN and AlN layers, but in general, these modes
are weakly confined to the AlN layers.
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The multiple Reststrahlen bands of the XH result in both elliptical and hyperbolic behavior.
The former is observed when 𝜀⊥ and 𝜀∥ have different values, but are both negative in sign, while
hyperbolicity results when the permittivities along orthogonal axes are opposite in sign. However,
unlike most hyperbolic systems studied to date, the vibrational resonances result in a large range
of positive and negative permittivities, both of which vary rapidly with frequency, potentially
providing a material system to explore hyperbolic behavior in highly dispersive media.

Figure 3 Dielectric function of the atomic-scale AlN/GaN SL. a-b) measured, c-d) effective medium
calculated, and e-f) DFPT calculated real and imaginary parts of the dielectric function of the AlN/GaN SL
(Sample A). The in-plane component, 𝜀⊥ , and the out-of-plane component, 𝜀∥ , are shown in blue and
orange, respectively. g) and h) phonon vibrational patterns associated with the 559-583 cm-1 and 615-784
cm-1 Reststrahlen bands, respectively, for 𝜀⊥ shown in e).
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Polaritonic response of the XH
In order to prove that the XH dielectric function is descriptive of the underlying physics, we show
that it accurately predicts the SL’s nanophotonic response. If the material acts as a single,
continuous medium, the polariton dispersion should be consistent with predictions using the XH
dielectric function, in contrast to the effective-medium approximation. To test this, we employ
prism coupling in the Otto geometry (see Methods for details)39,44,45 to measure the dispersion of
the polariton modes, as shown in the schematic of Fig. 4a. The experimental dispersion maps of
the XH are shown in Fig. 4b, where several dispersing polariton modes are clearly identified. To
understand the nature of these modes, thin-film effects and interactions of the XH polaritons with
the SiC substrate must be considered (see Supplemental for a detailed discussion).
To corroborate the experimental findings with the XH concept, we calculated the
polaritonic dispersion spectra for the Otto geometry using a transfer-matrix method for anisotropic
materials36. Two complementary models were employed to describe the IR response of the SL
structure: (i) the extracted XH dielectric function (Fig. 3a-b), and (ii) an explicit calculation using
the bulk dielectric functions for each AlN and GaN thin layer. For very thin layers, the latter model
is expected to produce results that are equivalent to the effective-medium theory. The results of
the transfer matrix calculations for several cuts through the dispersion (Fig. 4b) are shown together
with the respective experimental spectra in Fig. 4c-e. From these comparisons, we find very good
agreement with the model using (i) the XH dielectric function (solid orange curve), while (ii) the
multilayer calculations (dashed red curve) using the bulk properties of the constituent materials
cannot reproduce the observed polaritonic response. These results provide unequivocal evidence
of the realization of the XH concept, and therefore, the ability to use atomic-scale manipulation of
the vibrational character of phonon modes in SLs to modify the IR dielectric function.
14

Figure 4 Polariton dispersion of the XH. (a) Schematic of the Otto-type prism coupling experiment39 that
probes the dispersion of XH polaritons. Total internal reflection at the prism (KRS5, n = 2.4) backside
launches evanescent waves (red shaded) with large in-plane momenta k, tunable via the incidence angle
θext, that launch evanescent modes in the XH (green shaded) across a well-defined air gap of thickness d
determined by white light interferometry, which in turn couple to SPhP modes in the XH. (b) Experimental
reflectivity map for a series of normalized wavevectors k/k0, where k0 is the wavevector in vacuum, at fixed
air gap thickness d = 3.0 μm. SPhP modes appear as minima (red-white shading). (c-e) Experimental (blue)
and calculated (solid orange and dashed red) reflectivity spectra for selected momenta.

Conclusions
We have demonstrated the use of atomic-scale AlN/GaN SLs for creating hybrid polar
semiconductors with tunable IR responses. The IR properties of these XH materials are governed
by their optic phonons, which, in turn, depend on the SL structural geometry and composition.
This implies that the resulting SL does not behave as an effective medium that combines two bulk
15

materials, but rather as a new XH with its own distinct phonon density of states and IR response.
Here, we demonstrated tunability of the XH optic phonons based on changes to the constituent
layer thicknesses (with frequency shifts >10 cm-1). This provides the opportunity to manipulate
the IR range over which polariton modes can be supported and to modify the dispersion of the
optical constants, without introducing additional sources of optical loss. We showed the AlN/GaN
XH has multiple Reststrahlen bands, offering the potential for tailoring the spectral dispersion of
both elliptical and hyperbolic spectral regions. A major benefit of the XH approach is that it allows
the combination of two materials to achieve a desired IR response, while maintaining their
individual mechanical, electrical, and/or opto-electronic functionality. This development could
add flexibility in the design of multi-functional nanophotonic components, while keeping optical
losses relatively low. For example, one can envision active devices whose electronic properties are
dictated by one constituent (e.g. GaN), where the XH polaritonic response is modulated at high
speeds through carrier injection18.
Methods
Sample growth: We used radio-frequency (RF) plasma-assisted molecular beam epitaxy (MBE) to
grow the polar epitaxial heterostructures on 3-inch diameter metal-polar semi-insulating 4H- and
6H-SiC substrates. The substrates were commercially polished using chemical-mechanical
polishing to an epi-ready finish and were used as received. The reactive nitrogen was generated
using an RF plasma source fed by ultra-high purity N2 which was further purified by an in-line
purifier. The Ga and Al fluxes were generated using conventional dual-filament effusion cells.
Other details about the MBE growth conditions were given in an earlier publication46. X-ray
diffraction (XRD) measurements were carried out using a Rigaku system that employs a rotating
Cu anode to produce Cu-Ka radiation. AlN/GaN SL thicknesses were estimated by fitting satellite
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peaks in XRD scans and high resolution cross-sectional scanning transmission electron
microscopy (STEM) images. The SL of Sample A was grown on ~50 nm AlN buffer layer. The
SL consists of 50 alternating layers of AlN and GaN and was fabricated with a gradient of AlN
and GaN thickness across the SiC wafer ranging from about 2-3 nm thick for both the AlN and
GaN layers. For Sample B, there are 500 alternating layers of GaN and AlN, with average layer
thicknesses of 1.35 +/- 0.13 nm (4.78 monolayers) and 1.17 +/- 0.05 nm (4.13 monolayers),
respectively.
Electron microscopy preparation and imaging: Cross-sectional STEM specimens were prepared
as lift-out sections with an FEI Helios, a focused ion beam scanning electron microscope. Initial
cuts were made at 30 kV, and final polishing was performed at 8 kV. STEM examination was
carried out using a Nion UltraSTEM200-X operated at an accelerating voltage of 200 kV. Bright
field, medium and high-angle annular dark-field images were acquired. The image magnification
calibration was verified each session using lattice measurements of evaporated gold nanoparticles.
Ellipsometry: Infrared ellipsometry was performed using a J.A. Woolam Mark II IR-VASE
spectroscopic ellipsometer. The sample was mounted in the upright position and aligned using the
standard four-quadrant detector to be positioned at the center of rotation. The broadband incident
light was provided by a SiC glow-bar and was detected using a DLaTGS detector. The incident
light was polarized and detected using a polarizer and analyzer combination, and the various ratios
of the p- and s-polarization components of the reflected light were plotted as Ψ and Δ, as is standard
for ellipsometric measurements. The Ψ and Δ signal were both measured as a function of frequency
(250-8000 cm-1) at angles of incidence of 45, 55, 65, and 75° using the standard 𝜃/2𝜃 geometry.
The collected data was modeled using the WVASE software and based on the phonon frequencies
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extracted from the SHG measurements provided the starting parameters for the best fit. Following
least-squares fitting, the resultant dielectric function was extracted.
Second Harmonic Spectroscopy: The second-harmonic phonon spectra37,42 were obtained using an
IR free-electron laser (FEL)41 as a light source which provides widely tunable, ~ 0.5 % bandwidth
laser pulses in the mid- to far-IR. Using a noncollinear autocorrelator geometry in reflection, both
FEL beams were focused onto the SL wafer in spatial and temporal overlap, incident at angles
𝛼1𝑖 = 28° and 𝛼2𝑖 = 62°, respectively. The SHG signal emerges spatially separated from the
reflected fundamental beams and was detected using a LN2-cooled mercury cadmium telluride
(MCT) detector (InfraRed Associates). Both incoming beams as well as the detected SHG beam
were p-polarized. Optical long- and shortpass filters were used in the incoming and detected
beams, respectively, to suppress intrinsic higher harmonics of the FEL and scattered fundamental
light. Simultaneously, the intensity of the reflected beam incident at 𝛼2𝑖 = 62° was recorded using
a pyroelectric detector. Varying the FEL undulator gap allows for tuning of the FEL center
frequency 𝜔, thereby providing the SHG and reflectivity spectra shown in Fig. 2. Spectra were
recorded at different locations on the SL wafer corresponding to varying absolute and relative
thicknesses of the AlN and GaN layers, which were then extracted from XRD measurements for
the representative examples shown in Fig. 2. The full data set of the SHG spectra is provided in
the Supplemental.
Otto-geometry measurements: Prism coupling in the Otto geometry was achieved using a
triangular KRS5 (𝑛 ≈ 2.4) prism in total internal reflection which provides the in-plane momenta
necessary to couple to SPhPs39. The prism was mounted on a motorized holder which allows for a
controlled adjustment of the air gap width 𝑑, which is read out by white light interferometry, see
Fig. 4a. The prism-sample assembly itself was mounted on a motorized rotation stage in order to
18

vary the incidence angle 𝜃𝑒𝑥𝑡 , and consequently the in-plane momentum 𝑘 = 𝜔⁄𝑐 𝑛 sin 𝜃𝑒𝑥𝑡 of
the incoming wave, thereby providing the means to excite SPhPs at different points along their
dispersion. Scanning the FEL center frequency 𝜔 across the XH’s Reststrahlen region while
detecting the reflected intensity resulted in the reflectivity spectra shown in Fig. 4. The data were
normalized to a reference spectrum taken at large air gaps (d > 100 μm), where no light can be
coupled to the SPhP modes. This measurement was repeated at various incidence angles 𝜃𝑒𝑥𝑡 , and
thus in-plane momenta 𝑘, to map out the polariton dispersion of the XH. Since multiple modes
with different critical coupling behavior appear in the XH structure, the data shown in Fig. 4 were
recorded at a fixed air gap width of 𝑑 = 3.0 𝜇𝑚.
Transfer matrix calculations: The theoretical reflectivity spectra in Fig. 1 as well as the theoretical
Otto geometry spectra in Fig. 4 were acquired using a transfer matrix algorithm specifically
accounting for absorptive anisotropic media36. The algorithm can treat an arbitrary number of
layers, allowing to directly compare spectra for the XH and the explicit multilayer stack using the
bulk dielectric functions of SiC, AlN and GaN. The bulk parameters for SiC, AlN and GaN are
reported in the Supplemental.
DFPT: The -point phonon frequencies were obtained using the first-principles approach as
implemented in the Quantum-ESPRESSO package47. In this work, we used the generalized
gradient approximation (GGA)48 of Perdew-Burke-Ernzerhof (PBE)49 for the exchangecorrelation functional. The electronic wavefunctions were expanded in the plane wave basis set
with a kinetic energy cut-off of 40 Ry. The Brillouin-zone was sampled with a grid of 18 × 18 ×
2 k-points according to the Monkhort-Pack method50. In order to compare theoretical results with
those reported in the experiment, the GaN/AlN heterostructure was created using 5 monolayers of
GaN and 4 monolayers of AlN. The geometry of the resultant structure was optimized and the
19

phonon frequencies for the ground-state structure were calculated within Density-Functional
Perturbation Theory (DFPT)51-54. Originating from long-ranged dipole-dipole interactions, the LOTO splitting at the zone center (𝑞⃗ → 0) was taken into account by including the nonanalytical
contribution to the dynamical matrix.
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