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Abstract:

Polar dielectrics are key materials of interest for infrared (IR) nanophotonic applications due to their ability
to host phonon-polaritons (PhPs) that allow for low-loss, subdiffractional control of light. The properties
of phonon-polaritons are limited by the characteristics of optical phonons, which are nominally fixed for
most “bulk” materials. Superlattices composed of alternating atomically-thin materials offer control over
crystal anisotropy through changes in composition, optical phonon confinement, and the emergence of
new modes. In particular, the modified optical phonons in superlattices offer the potential for so-called
crystalline hybrids whose IR properties cannot be described as a simple mixture of the bulk constituents.
To date, however, studies have primarily focused on identifying the presence of new or modified optical
phonon modes rather than assessing their impact on the IR response. Here, we focus on assessing the
impact of confined optical phonon modes on the hybrid IR dielectric function in superlattices of GaSb and
AlISb. Using a combination of first principles theory, Raman, FTIR, and spectroscopic ellipsometry, the
hybrid dielectric function is found to track with the confinement of optical phonons, leading to optical
phonon spectral shifts of up to 20 cm™. Our results provide an alternative pathway towards designer IR
optical materials.

Intro:




Phonons play a key role in dictating many material properties, including acoustic, thermal, electronic, and
optical properties. Optical phonons within polar crystals offer a principal driver for nanophotonics in the
mid- to far-IR¥3, as they enable the excitation of phonon polaritons (PhPs) that offer lower losses and
higher quality factors compared to plasmon counterparts.*> However, PhPs suffer from limited spectral
tunability as they can only be supported within the relatively narrow, nominally fixed spectral window
bound by the transverse (TO) and longitudinal optical (LO) phonons of the host crystal®. Therefore, there
is significant interest in exploring methods for tuning the optical phonon response, such as through
alloying”®, ion intercalation®, or manipulating the isotopic content!®*?, carrier concentration'**, or

strain®>2% in the material.

Beyond these extrinsic factors, phonons can also be modified intrinsically by changing the periodicity of
the solid. This has been demonstrated by several recent studies that have leveraged crystalline anisotropy
to control PhPs. In hBN??? it was shown that the crystal anisotropy results in optical phonons with
different energies along in and out-of-plane crystal axes, causing the PhPs to become hyperbolic due to
the opposite sign of the real part of the permittivity tensors along these directions at a given spectral
frequency?®. These hyperbolic phonon polaritons (HPhPs) are of great interest due to their volume
confinement®2*, frequency-dependent propagation?®, and large wavevectors®. MoOs;, with its
orthorhombic crystal structure giving rise to permittivity tensors that are different along all three axes
has given rise to a platform for hosting in-plane HPhPs,?”2® which propagate at fixed directions in-plane
as well as through the volume within specific frequency ranges, providing enormous utility for steering
light propagation in planar optical applications?*=3, More recently, monoclinic crystals have even been
shown to host exotic polaritonic behaviors where both the polariton wavevector and the propagation
direction disperse as a function of frequency via hyperbolic shear polaritons3*, demonstrating the strong
tie between crystal structure and nanophotonic behavior.

While natural crystals offer a broad toolbox of optical phonons, the lack of control over bulk phonon
properties remains challenging. Instead, manipulating the crystal structure at an atomic-scale offers a new
degree of phonon control. Twisted two-dimensional slabs (i.e., “twist-optics”), for example, can modify
the hyperbolicity of PhPs3%7323%3¢ and serve as a method towards achieving active tuning®’. Alternatively,
so-called crystalline hybrids can be created via more traditional semiconductor superlattices (periodic
stacks of thin films) to sculpt the IR response®3°, Ratchford et al.®® demonstrated that the confined and
interface phonon modes that occur in atomic-scale superlattices of GaN and AIN are capable of
significantly altering the IR dielectric function. The resulting material, with its new hybrid dielectric
function, enables a suite of extremely dispersive elliptical and hyperbolic polaritons as a result of the
complex phonon interactions and superlattice anisotropy. However, due to the large lattice mismatch
between GaN and AN, isolation of the role of the superlattice periodicity from that of strain is non-trivial.
Thus, while the initial crystalline hybrid work demonstrated the power of using superlattice modifications
to dictate the optical phonons to create new IR nanophotonic materials, in order to predictively design
such systems using this approach, it is necessary to develop our understanding of the emergent phonon
behavior and determine how this impacts the IR optical properties (i.e., the dielectric function) of the
resultant hybrid material.

In semiconductor superlattices, phonons behave differently from those in bulk constituent materials.
Acoustic phonons in differing superlattice layers have largely overlapping energy ranges and long
wavelengths due to the nature of their dispersion. They are thus able to propagate through the entire
superlattice, undergoing zone-folding due to the long-range periodicity within the structure*®*, These
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folded phonons can be used to modify the thermal conductivity of the structure as a function of the
superlattice periodicity*** . In SiC this behavior is observed for optical phonons as well, with this zone-
folding resulting from the different super-cell lattice stacking within the multiple natural polytypes*,
which can interact with transverse phonon polaritons®, potentially offering a route towards electrically
pumped mid-infrared emitters. However, for superlattices where the optical phonons in different layers
occur at different energies, the optical phonons can become confined within a single material layer,
resulting in a so-called confined phonon®=%, In addition, new phonons resulting from the modified
bonding, strain and local dielectric environments occurring at the interfaces between superlattice layers
are also observed>2. The combination of these modifications to the optical phonon properties is the basis
for the anticipated modifications in the IR dielectric functions at the heart of the crystalline hybrid
approach.

Optical phonon confinement has been extensively demonstrated in Raman scattering studies for
superlattices in multiple material systems3846495354 gnd has even been observed in a singular thin film®>.
The confinement of the optical phonon manifests in Raman measurements as a spectral shifting of the
optical phonon frequencies as well as the introduction of additional TO and LO phonons. These confined
phonons have been described as sampling the bulk phonon dispersion along the confinement direction,
with the momentum given by:

k(m) = (nzg;ldo, m=12,..,n (1)
where m is the mode order, n is the number of monolayers (ML) in the confined layer, d, is the lattice
constant, and 6 is a correction term that is typically attributed to the interface leakage — i.e. how many
MLs past the interface are included in the phonon oscillation®®®. The § term has typically been assumed
to be 0 or 1, indicating that the atomic displacement from the phonon stops at the interface or the first
atom (half of a ML on both sides) past the interface.

Most studies of confined phonons have relied on superlattices with layer thicknesses on the order of tens
of MLs, supporting many higher-order modes. This approach is an efficient way to probe the phonon
confinement using Raman spectroscopy investigations and has been considered as an alternative to
neutron scattering measurements for mapping the optical phonon dispersion. However, using
superlattices with large layer thicknesses results in weakly shifted first-order modes and small deviations
between the higher-order confined phonons. To instead explore the tunability of the principle (m = 1)
confined mode, which we expect to be the primary driver for the IR optical response, we instead vary
individual layer thicknesses, with monolayer precision, across a number of samples.

Our initial investigations into the effect of phonon confinement on the off-I' phonon dispersion were
undertaken through high-energy-resolution inelastic x-ray scattering and ab-initio superlattice phonon
dispersion calculations. Our results suggest that phonon confinement presents a controlled way to
significantly tune the optical phonon properties for potential applications in IR optics, as well as potential
applications in modifying optical phonon scattering.
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Figure 1: Superlattice Diagram. a) Zincblende unit cells of GaSb (red), and AlSb (blue). b) Diagram of 2ML/2ML superlattice. c)
Bulk Reflectivity of constituent materials. d) Phonon dispersion plots of bulk GaSb (red) and AlSb (blue) along the I-X Brillouin zone
(superlattice direction).

The initial proof-of-concept demonstration of crystalline hybrid materials showed the ability to create a
modified dielectric material with novel nanophotonic properties through deterministic, atomic-scale
superlattice design. However, while the AIN/GaN superlattices studied previously®***¢ host polaritons
within a technologically important atmospheric window, the large lattice mismatch and partial overlap of
the Reststrahlen bands in GaN and AIN leads to strain-induced phonon shifts in addition to a suite of new
confined, quasi-confined, and unconfined phonons that limit predictive design. To isolate and explore the
impact of optical phonon confinement upon the IR dielectric function, here we leverage superlattices of
GaSb and AlSb (Fig. 1a,b). This system offers a two materials with a very small lattice mismatch to minimize
strain, while exhibiting two spectrally separate Reststrahlen bands (Fig. 1 c,d), and a shared cation (Sb) to
minimize the interface phonon contribution. Thin films of GaSb and AISb are currently used in
optoelectronic devices such as IR detectors and lasers®’~°, so high-quality growth is also well developed.
In addition, the zinc blende structure (Fig. 1a) makes the bulk constituent materials optically isotropic,
simplifying measurements and dielectric function modeling. The superlattices employed here were grown
using molecular beam epitaxy (MBE), enabling ML-level control of layer thickness and high-quality
interfaces®.

While this system allows us to minimize the role of strain-induced phonon shifts, we cannot completely
eliminate these effects as there is still a small lattice mismatch between AlSb and GaSb. Though thorough
studies have not been done on such large-scale GaSb/AISb superlattices, we make some initial
approximations on the scale of strain shifts within our superlattice (see supplemental) and note that it is
expected to be on the order of 0.5-1% of the phonon frequency. Hence the strain cannot account for the
majority of the observed spectral shifts, and thus, those effects derived from phonon confinement.
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Figure 2: Phonon confinement in 4 ML GaSb /4 ML AlISb superlattice. a) schematic of 4 ML/4ML superlattice, with atomic
displacement u shown for m=1 mode along the superlattice direction. Dashed lines indicate different 6 values are shown, to
illustrate the impact of the interface leakage term. b) Unpolarized and polarization-resolved Raman spectra of 4ML/4ML
superlattice, with single LO phonon (LO;) observed in the AISb range, and 2 LO phonon peaks observed in the GaSb range (LO;,
LO;). c-d) Real (c) and imaginary (d) permittivity for the 4ML GaSb and AlSb layers, in the ordinary and extraordinary axes,
compared to the bulk dielectric functions (black). e) Optical phonon dispersions for bulk GaSb and AlSb, calculated in DFT (dashed)
and scaled to match literature values (solid), and confined phonon frequencies from Raman (green squares) and FIR-SE (circles).

To start, we use an exemplary superlattice with thin (4ML) layers of GaSb and AlSb and with a large total
superlattice thickness (~10 um) to strongly reduce the contribution from the underlying substrate to the
IR response. Within such a superlattice, the atomic displacement caused by confined phonons®! can be
described as:

U, (By) « cos (%), m=1,3,5, ... (2)
. mmnz
Uy (A1) « sin (m), m= 2,46, ... (3)

The m = 1 mode (Fig. 2a) is typically much larger in amplitude than higher-order modes reported in prior
Raman studies*®**8 indicating a larger oscillator strength, so we expect it to dominate the optical
response. Using superlattice samples with spectrally distinct constituent Reststrahlen bands allows us to
confine the phonons within a single material, enabling individual control over the phonon properties in
layered materials. This is differentiated from the previous reports of AIN/GaN atomic scale superlattices
where the partially spectrally-overlapped Reststrahlen bands result in complex phonon interactions.
These complex interactions necessitate fitting the optical response with a single uniaxial model of the



dielectric function that masks how the phonons behave within the individual AIN or GaN layers. Here, our
use of materials with spectrally-offset Reststrahlen bands eliminates folded optical phonon modes and
allows us to extract the dielectric function of superlattice layers individually. This, in turn, allows for an
assessment of the thickness dependence of the phonons within an individual, nanoscale-thickness
material.

We measure Raman scattering from the superlattice under multiple polarization conditions with a 532-
nm excitation laser, observing several features that vary with polarization (Fig. 2b). Under non-resonant
conditions, cross-polarized Raman preferentially scatters odd-ordered LO phonons, whereas parallel
polarized Raman scatters more of the even-ordered LO phonons, as well as TO and interface phonons®2,
Using these rules, we can attribute the peaks in the parallel-polarized Raman spectra to the even-order
confined phonons and interface modes, and the other prominent peaks in the cross-polarization spectra
to odd-order confined LO modes (supplemental figure S4). The spectra show a strong LO; mode in both
the GaSb and AlSb regions, as well as a much weaker LO; peak in the GaSb region. There are some weak
background features that were previously attributed to large wavevector scattering processes and
electronic transitions,® which we will not consider in this study.

To precisely determine the optical response of the thin layers of GaSb and AlISb, we leverage far-IR
spectroscopic ellipsometry (FIR-SE) measurements of the 4ML/4ML superlattice (spectra in supplemental
figure S5). Using the FIR-SE spectra, we model the dielectric function of each layer in the sample (GaSb
substrate, 350-nm AlSb buffer, 3279 periods of 4ML AlSb/ 4ML GaSb, and a 5-nm GaSb capping layer) as
a transverse-optical/longitudinal-optical (TOLO) oscillator. Bulk GaSb and AlISb are isotropic, and thick
layers should be least affected by stress, so we treat the thick layers (substrate, buffer, capping layer) as
isotropic. For the thin layers however, we expect the lightly strained unit cells to be uniaxial (see discussion
in supplemental), so we model the 4ML layers as uniaxial TOLO oscillators. It is assumed in the modeling
of the optical response that there is no variation between individual monolayers in the sample (i.e., one
model for the 4ML GaSb, and another for the 4ML AlSb layers). The uniaxial TOLO model relies on the
phonon frequencies, and a phonon damping term y:

2 2
Wi + OTo, )
2 2 .

wio i~ wi-iwyj

& = €0 (1 + j=ex, ord (4)
Our ellipsometric model provides a dielectric function for the thick layers of GaSb and AlISb that are
nominally bulk-like, lining up with literature values for bulk crystals, as well as our measurements of bulk
samples, so we use these as the bulk dielectric functions for comparison.

We find the uniaxial TOLO model for the 4ML-thick layers, repeated for 3279 periods, provides an
excellent fit to the FIR-SE measurements (parameters in supplemental table 1), suggesting that the optical
response is indeed dominated by a single pair of TO and LO phonons in each of the ordinary and
extraordinary functions, and for each of the bulk-like layers. However, the TOLO resonance is red-shifted
and broadened along both axes (ordinary and extraordinary) compared to the bulk dielectric function, for
both GaSb and AlSb (Fig. 2c,d). We expected the ordinary and extraordinary phonon frequencies to
diverge since the layer thickness is only confined in the ordinary axis. Instead, the phonon frequencies are
only slightly offset, but the extraordinary TOLO resonance is further broadened compared to the ordinary
axis — perhaps as a result of the small uniaxial strain in the superlattice. The magnitudes of the overall
shifts, however, are much larger than we would expect for strain-induced effects in this system.



The altered dielectric function of the thin layers acquired from FIR-SE and the emergence of confined
modes in the Raman response are indicative of confined phonon modes. However, in order for this
change in the dielectric function to provide an effective design tool, the effects must be understood at a
predictable level — building upon the phonon confinement models from the literature. To then investigate
whether the phonon shifts are attributable to confinement effects, we use Eq. 1 to map the measured
phonon frequencies from Raman and FIR-SE measurements to a calculated bulk phonon dispersion in the
-X Brillouin zone (superlattice direction) for GaSb and AlSb (Fig. 2e).

The calculated phonon dispersions from ab initio electronic structure theory calculations (faint dashed
lines in Fig. 2e) rely on functionals which typically over-estimate lattice parameters®, so they fall short of
experimental phonon frequencies. To compensate for this discrepancy, we scale the dispersion curves to
better match our measurements and literature values of the bulk phonon frequencies at the -point (solid
lines in Fig. 2e). For the measured LO phonons, we use a & value of 1, indicating that the vibrational
amplitude of the confined phonon terminates at the first anion atom (Al or Ga) after the interface (Fig.
2a). We find that for both the Raman measurements (black circles) and the phonon frequencies extracted
from the FIR-SE measurements, the observed phonons correspond well to a confined m=1 mode. The
ordinary and extraordinary phonon frequencies from our ellipsometric modeling both agree well with the
confinement model shifts, with small offsets that correspond to the direction we would expect from strain
(discussion in supplemental). The Raman peaks line up very closely to the extraordinary phonons from
FIR-SE.

Using this same model indicates that the TO modes are not as confined as are the LO phonon modes.
Specifically, unlike the LO phonons in which the mode dispersion could be matched with a 6 = 1 value in
Eqg. 1, the confined TO modes required & = 3 to obtain correspondence with the bulk dispersion for both
those in AISb and GaSb. The larger value of 6 is indicative of a longer vibrational extent of the confined
phonon across the interface, as shown in Fig. 2a, suggesting that the confined TO phonon vibration
continues for one ML past the interface and stops at the next anion atom. The discrepancy in confinement
between TO and LO modes is not without precedent. Within GaAs/AlAs superlattices, for example, a
different degree of confinement was also reported for TO phonons (6 = 0) compared to LO phonons (& =
1) using the same model*%51,
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Figure 3: Exploring thickness dependence of phonon confinement. a) FTIR reflectance spectra of superlattices with 20ML AlSb
alternating with varying thicknesses of GaSb. b) Ordinary dielectric function of GaSb layer at varying GaSb layer thicknesses, as
extracted from FTIR studies. c) Extraordinary dielectric function of GaSb layer at varying thicknesses. d) Raman measurements of
confined GaSb phonons for varying GaSb layer thicknesses. e) Confined phonon peaks from Raman (d), plotted against the confined
phonon dispersion (dashed lines). Measurements of the 4ML/4ML superlattice from Fig. 2 included as stars. f) Ordinary phonon
frequencies from (b), plotted against the confined phonon dispersion (m=1). Phonon frequencies from ellipsometry (Fig. 2) plotted
as stars.

While the optical phonons observed in the 4ML/4ML superlattice appeared to show phonon confinement-
induced changes to both the AlSb and GaSb phonons, we cannot make any conclusive observations from
a single superlattice sample. In order to use the layer thickness to engineer the phonon properties, we
must understand how phonon confinement develops as the layer thickness changes. The LO phonon
dispersion along I'-X is much less dispersive than the GaSb phonon dispersions, making it more difficult to
discern confined LO phonons in the AISb layers. Therefore, we focus on further exploration of the GaSb
optical phonons.

To explore the impact of the changing layer-thickness, we use samples consisting of superlattices with
20ML-thick AISb layers alternating with GaSb layers with thicknesses of 20, 6, 4, and 2ML. Here, 20ML was
chosen for the AlSb layer as this was determined to be ‘bulk-like’, that is at this thickness the material
could be well described using the bulk dielectric function. As such, by modifying the thickness of the GaSb
while maintaining AlSb thickness, we can extract the role of phonon confinement upon the former,
without any corresponding influences driven by the latter. Measuring the reflectance (at 55° incidence)
using a Fourier Transform infrared (FTIR) spectrometer (Fig. 3a), we observe the underlying Reststrahlen
band from the bulk GaSb substrate in tandem with subtler features arising from the superlattice layers



that shift with the change in layer-thickness. Using the same method of permittivity modelling as used
with the previous FIR-SE data, we extract the dielectric function of the GaSb layers (Fig. 3b,c) as a function
of thickness. With FTIR at such incident angles we are less sensitive to the extraordinary optical response,
so we fix the extraordinary TO phonon frequency equal to the ordinary TO phonon frequency, which did
not diverge strongly at 4ML (Fig. 2e). From the extracted dielectric function, we clearly see the phonon
resonance redshift and broaden with decreasing thickness (Fig. 3b,c). The staggered trend in the
extraordinary amplitude (Fig. 3c) is attributed to our decreased sensitivity, otherwise theres is a similar
shift in the optical response along the ordinary and extraordinary axes.

We also characterize these thickness-varying superlattices with Raman spectroscopy (Fig. 3d). In these
samples, we observe multiple peaks corresponding up to the m = 3 confined LO phonons that shift
monotonically with the changing layer-thickness. We also observe strong peaks in a few samples that do
not correspond to confined phonons. From the Raman selection rules discussed previously, we attribute
these to interface phonons beyond the scope of the present study.

Confined phonons are typically measured, assigned a momentum via Eq. 1, and plotted on the bulk
phonon dispersion as in Fig. 2e. However, while this method can support the identification of confined
phonons, it prevents separation of different modal orders and layer thicknesses. Instead, if we consider
Eg. 1 for a specific mode order m, and interface leakage 6, we have a constant ratio between the confined
momentum and the layer thickness. Therefore, we can invert Eg. 1 to get an expression for the confined
phonon dispersion for each order mode, which is a function of the number of MLs n.

ko(m) = k(m) + 3= 7% (5)
n=:"-% (6)

If we use this expression, we can map the bulk phonon dispersion (a function of momentum, k) to the
confined thickness (a function of layer thickness in ML, n) to get the thickness-dispersion for the different
order confined phonon modes (Fig. 3e,f). Note that for this we must choose a value for 6, which simply
shifts the curve to the left or right on the x-axis. As in Fig. 2, we use 6=1 for the LO phonons, and 6=3 for
the TO phonons. The relationship between the confined momentum and the layer thickness also provides
some insight into the ideal thickness range for controlling the momentum (supplemental figure S7).

Using this confined phonon dispersion, we can overlay the observed Raman peaks for the different GaSb
thicknesses and see how the confined phonons disperse as a function of the layer thickness (Fig. 3e). This
confined phonon dispersion exaggerates any deviation from the confinement model but clearly
demonstrates the thickness-dependent shift of the various-order phonons that results from phonon
confinement and can be used to evaluate the engineering potential. Significant first-order phonon shifts
occur in GaSb with thicknesses up to about 8ML, after which the frequency asymptotically approaches its
bulk value (Fig. 3e). The confined phonons observed in Raman also match with the confined phonon
dispersion, with the higher-order modes exhibiting larger shifts and a wider range of thickness tunability.

The TO and LO phonons extracted from FTIR measurements track well with the m=1 confined phonon
dispersion (Fig. 3f). The thickness dependent behavior of the TO phonons agrees very well with a § value
of 3 — supporting our observations from the 4ML/4ML superlattice in Figure 2. The extracted LO phonons
follow the confined phonon dispersion well, but because LO phonons are not IR-active, and thus can only



be extracted via a fit to the reflection spectra, these measurements exhibit larger error bars. We also note
here that the confined GaSb phonons measured in the 4ML/4ML superlattice agree well with those
observed in a 4ML GaSb / 20ML AlSb superlattice (Fig. 3e-f stars indicate 4ML/4ML sample). This suggests
that in spite of the interface leakage described by §, phonon confinement is largely tolerant of the barrier
layer width (i.e. GaSb phonon confinement is only a function of the GaSb layer thickness).
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Figure 4: High-resolution momentum resolved inelastic X-ray scattering to probe the superlattice phonon dispersion. a) Schematic
of mechanically thinning the substrate supporting the superlattice sample (The sample was not mounted on a cooper post during
dicing, it was mounted on a copper post during the measurements). b) Inelastic X-ray scattering spectrum, with peak-fits showing
the elastic (zero loss) peak, the longitudinal acoustic phonon peak, and longitudinal optical phonon peak, at 0.2 reduced
momentum in the -X Brillouin Zone. c) LO and LA phonon peaks observed in inelastic X-ray scattering of bulk GaSb (black
triangles), the 4ML superlattice from Fig. 2 (red circles), and a 6ML GaSb/ 6ML AlSb superlattice (green squares) Overlaid on LO
and LA dispersions of bulk GaSb (blue dashed lines) and bulk AlSb (red dashed lines). d) Calculated phonon density of states of 4ML
GaSb/ 4ML AlSb superlattice, with overlaid IXS LO phonon peaks.

It has been conclusively shown that optical phonon confinement in thin films dramatically changes the
optical phonon properties at the -point. This becomes a useful tool, as we have shown here, for
manipulating the infrared dielectric function of polar materials. Optical phonons also play a key role in
many other applications involving phonon scattering processes. The ability to engineer the phonon
dispersion could also become a valuable tool for engineering the phonon scattering properties. From the
M-point measurements, it is clear that phonon confinement alters the phonon dispersion — but the size of
superlattices is incompatible with metrologies such as neutron scattering, which typically requires bulk
samples, precluding direct measurements of the confinement-induced changes to the full phonon
dispersion across the Brillouin zone.
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High-energy-resolution inelastic x-ray scattering® is an alternative to neutron scattering that allows for
momentum and energy-resolved measurements of the phonons on smaller samples, down to a few
microns in size. To that end, the 4ML/4ML superlattice discussed in Fig. 2 was grown to an overall
superlattice thickness of ~10 um. For comparison, we also grew a 6ML GaSb/ 6ML AlSb sample with similar
overall thickness, the 4ML and 6ML samples were grown on GaSb substrate. The bulk GaSb substrate of
these samples introduced additional phonon scattering due to the large penetration of the x-ray beam,
(23.72 keV), which interfered with the signal coming from the superlattice. To minimize the scattering
from the substrate and isolate the scattering signal to the superlattice, we thinned down most of the
substrate supporting the 4ML superlattice using a diamond dicing machine, as demonstrated in Fig. 4a.
As a result we were able to remove most of the substrate, so that the overall sample thickness was within
a few um of the superlattice thickness. The 4ML superlattice was then mounted on a copper holder on
the HERIX spectrometer at sector 30 at the Advanced Photon Source, with the measurements performed
in transmission mode. Following the substrate removal, we then measured the energy loss spectrum by
scanning the energy of the incident x-ray beam at a fixed momentum. From our choice of momentum, we
selectively scatter from the longitudinal phonons (Fig. 4b) and map out the I'-X Brillouin zone (Fig. 4c). The
measurements were performed close to (600).

Our measurements of a bulk GaSb substrate align very well with the longitudinal phonon dispersion we
calculated using DFT (after shifting to match Raman frequencies), confirming our bulk GaSb phonon
dispersion. The observed phonon features in the 4ML and 6ML superlattices also agree well in the acoustic
phonon regime, albeit with a slight blue-shift resulting from the addition of AlSb acoustic phonons, which
are too closely overlapped to resolve in IXS. At higher momenta near the X-point, the LO phonons of the
superlattice also largely agree with the bulk GaSb phonons outside of some energy offset we attribute to
strain induced by the mechanical thinning. However, near the confined layer thickness (~1/4 for the 4ML
superlattice, and ~1/6 and ~1/3 for the 6ML superlattice) there is a marked deviation from the slowly
dispersing bulk trends. To understand this deviation, we calculated the phonon dispersion for a 4ML GaSb
/ 4ML AISb superlattice in DFT (Fig. 4d). Unfolding the superlattice phonons prevents us from including
TO-LO splitting, so the bulk-like mode is shifted down in frequency, yet there is a new superlattice feature
observed near the N-point that damps out quickly with increasing momentum. This feature appears to
align well with the feature observed in IXS (Fig. 4d). The AISb phonons are too weakly scattering and high
energy to observe in IXS, but in the calculated DFT dispersion there is a similar superlattice feature to the
one we see in the GaSb region (supplemental Fig. S6).

Our IXS measurements, coupled with ab initio calculations support the idea that phonon confinement
impacts the off- I phonon dispersion. These results suggest that the phonon confinement effect results in
a highly dispersive phonon branch that dominates the scattering behavior near the I-point, and the
phonon behavior approaches the bulk dispersion as the momentum increases. This behavior is inherently
different from zone-folding and other superlattice effects that have been demonstrated previously.

Conclusion

Here, we have shown that optical phonon confinement in thin film superlattices can be employed to
directly modify the IR dielectric function of the material. We have also shown that this phonon
confinement is primarily a function of the individual layer thickness rather than superlattice periodicity,
offering the possibility to modify the constituent phonon behavior independently of the overall
superlattice anisotropy. Additionally, we have provided an alternative view of the phonon confinement
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model, which enables predictions of optical phonon properties in thin films that may be useful for IR
optics, but also for applications benefiting from controlling optical phonon behavior at the atomic scale,
such as recent demonstrations of phonon polariton assisted thermal conduction®®. We demonstrate
some initial efforts to understand the impact of confinement on the phonon dispersion, which may have
significant consequences in phonon scattering applications.

Methods

Sample Growth: The short period superlattices studied in this work were grown using a Veeco GENxplor
molecular beam epitaxy (MBE) system. The primary superlattices consisted of 20 ML of AlSb, alternating
with varying thickness (20,6,4,2) ML of GaSb, to a total thickness of roughly 1000nm. All samples were
grown on (001)-oriented undoped GaSb substrates from Wafer Technology Ltd., with a 100nm GaSb
buffer layer and a 5nm GaSb capping layer. The 4ML GaSb/4ML AlSb superlattice from Fig. 2 was grown
to an 8um total thickness, with a 350nm AISb buffer layer, and 5nm GaSb capping layer. Further details
can be found here®.

Raman Scattering: Raman spectroscopy was performed utilizing a WiTec alpha300R Raman system
employing a 532 nm. All measurements performed in a backscattering arrangement with incident light p-
polarized and focused with a 50X/0.55 NA objective. The collected Raman scattered light is dispersed
using a 2400 |/mm grating resulting in accuracy of ~0.2 cm-1 and collected both with and without a
polarization analyzer.

Phonon Dispersion Calculations: Phonon dispersions and eigenvectors were calculated, for bulk GaSb and
AlSb as-well as the 4ML/4ML super-lattice, from first principles using the density functional theory
formalism as implemented in the Vienna Ab initio Simulation Package (VASP)®”%® and the frozen-phonon
method as implemented in the PHONOPY package®®. We use the VASP projector-augmented wave (PAW)
pseudopotentials and converge the Hellmann-Feynman forces to 25 peV/A using a plane-wave energy
cutoff of 600 eV and a (12x12x12) 12x12x1 -centered k-point mesh to sample the Brillouin zone of the
(bulk) super-lattice geometry respectively. For the exchange-correlation functional, we choose the
Perdew-Burke-Ernzerhof revised for solids (PBEsol) form of the generalized gradient approximation
(GGA)™°. After computing the force constants on the 4ML/4ML superlattice, an _effective_ phonon band
structure is unfolded onto the bulk unit-cell using the projection operators of the small representation of
the little groups as implemented in the upho package™.

Far Infrared Spectroscopic Ellipsometry: Far-infrared ellipsometry was performed from 100 cm™-500 cm’
1 using an in-house built FIR-VASE ellipsometer’?, Data were acquired in Mueller matrix format as well as
in isotropic Psi-Delta format at angles of incidence of &, = 50°, 60°, and and 70°. Measurements were
performed with a resolution on 1m™ in stable, ambient conditions at room temperature.

Fourier-Transform Infrared Spectroscopy: Mid- to far-infrared, angle-resolved reflectance measurements
were taken using a Pike Technologies VeeMax variable angle specular reflectance accessory coupled to a
Bruker Vertex 70v FTIR spectrometer, equipped with a broadband DTGS detector, and a wide range FIR
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beam-splitter (30-6000 cm™). A polyethylene wire grid polarizer was used to collect s- and p-polarized
light.

Dielectric Fitting: Dielectric function extraction was performed using the WVASE software (J.A. Woolam).
The superlattice dielectric functions were fit on a layer-by-layer basis, by linking the dielectric functions
of matched layers.
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Supplementary Information:

The Role of Optical Phonon Confinement in the Hybrid
Infrared Dielectric Response of IlI-V Superlattices

Joseph Matson, Md Nazmul Alam, Georgios Varnavides, Patrick Sohr, Sean Knight, Vanya
Darakchieva, Megan Stokey, Mathias Schubert, Ayman Said, Thomas Beechem, Prineha Narang,
Stephanie Law, Joshua D. Caldwell

Strain in AISb/GaSb superlattices:

Differences between room-temperature lattice constants of stress-free AlSb (aaiss=6.1355 A) and GaSb
(acasb=6.0959 A)! lead to alternating strain within m-period [daisb/dsasb]m Superlattices by adoption of a
common in-plane lattice parameter, ainpne. FOr example, when the underlying buffer is unstrained (bulk-
like) GaSb, one may assume that the superlattice adopts common ainpiane €qual to acash. Hence, the AlSb
sublayers would be strained and the GaSb sublayers would be not. This is true for superlattices that are
relatively thin and/or with AlSb sublayers whose thicknesses are small compared to that of the GaSb
sublayers. However, the samples investigated here have very large periods (several thousand) and are
therefore thick enough to cross the critical thickness at which the superlattice will relax. The superlattice
then adopts a common pseudomorphic in-plane lattice constant that averages those of its constituents
weighed by their elastic properties and thickness parameters. Because AlSb and GaSb have
approximately the same elastic constants, the common in-plane lattice constant can be obtained from
the weighted thickness average?.

QAinplane(dGaastdaisb)=acasbcasb+ Aaisbdaish. (1)

For growth on crystal faces represented by the symmetrically equivalent class of lattice vectors in zone
<100>, the non-zero components of the strain tensor are then?:

€ xx,i= Eyy,i=(Qinplane-ai)/ai=(S11+512)6i=(S11+512) T3,
eZz,i=(aoutofplane'ai)/ai=2512(5i,

where S11 and Si; are the elastic constants in inverse units of kbar, aj represents the strain-free lattice
constants in units of A, acutofpiane, are the out of plane lattice constants under strain in units of A, and the
index addresses either the AlISb (i=1) or GaSb (i=2) constituents. o; are the strengths of stress for each
sublayer and o; are given in units of kbar. The resulting shift of a given phonon mode can be expressed
by strain or stress deformation potential parameters. For zincblende structure perturbation theory
analysis leads to phonon mode shifts for biaxial strain,?

(Wi,n'Wi,n,O)/Wi,n,O:ai,nexx,i + bi,n(exx,i - Ezz,i),

where ®in, and wino are the phonon mode frequencies under strain and the corresponding strain-free
mode frequency, respectively, in either the AISb (i=1) or GaSb (i=2) sublayers for polarization in plane

19



(n="]1") or out of plane (n="1"), and ai, and bi, are the respective strain deformation parameters.
Jusserand et al.2 investigated the shift of phonon modes in strained superlattice sublayers using
deformation potentials for cubic symmetry under biaxial stress. LO mode shifts were observed for the
GaSb sublayers in short period (m =5 ... 20) AlSb/GaSb superlattices with approximate daisb/dcas ratios of
5:1to 10:1 grown on quasi-AlSb substrates. According to Jusserand et al., a red shift of the GaSb LO modes
by approximately 2 cm™ is observed for in-plane lattice strain of ex~ 0.55%. A Raman scattering study by
Da Silva et al.® reported on frequencies assigned to the AlSb sublayer LO modes in short-period AlSb/GaSb
modes. A systematic study of the effects of strain remains elusive. Deformation potential parameters
were only reported for the LO mode for GaSb SL constituents so far. The strain situation reported by
Jusserand et al. is equivalent to that in our large-period (m>>10) 20ML/4ML quasi-free standing AlSb/GaSb
superlattice. Hence, we anticipate a strain-induced shift of the LO mode in the GaAsb sublayer of about -
2 cmL. In general, because of the biaxial in-plane stress the degenerate optical phonon mode bands at
the zone center in zincblende cubic lattice split into pairs with infrared dipole vector polarized either
within the plane of the biaxial stress, or perpendicular. Hence, phonon modes with displacement vector
parallel to the AlSb/GaSb interfaces may differ from those with displacement vector perpendicular to the
interface (out-of-the plane). As a result, for each sublayer constituent, a pair of TO and LO modes may
exist, each representing lattice displacement modes polarized either within or out of the interface. As a
result of the strain, a total of 8 infrared-active modes should be observable within the superlattice instead
of 4 in the case of zero strain. This behavior is indeed reflected in our hybrid infrared dielectric function
model. Each SL constituent is modelled by an optically uniaxial tensor, where one Lorentz oscillator
introduces TO and LO modes for electric polarization within the superlattice plane (parallel to the
interfaces, ordinary dielectric function), and another introduces TO and LO modes for electric polarization
perpendicular to the superlattice planes (perpendicular to interfaces, extraordinary dielectric function).
Thereby, we allow for potentially split pairs of TO and LO modes for each of the Reststrahlen bands of
AISb and GaSb, respectively. We note that a similar approach was performed recently to describe the
strain- and confinement-induced phonon mode shifts in wurtzite-structure (0001)-oriented AIN/GaN
superlattices®.

As shown in the Supplemental Figures S1-S3, the AISb sublayers are under tensile stress within the
superlattice interfaces while the GaSb layers are compressed. Accordingly, the in-plane and out-of-plane
strain parameters are negative (positive) and positive (negative) for the AlSb (GaSb) sublayers. The strain
values in our superlattices are similar to those reported by Jusserand et al.?2 Hence, we anticipate small
shifts of all phonon modes. Assuming similar deformation potential parameters for all TO and LO modes,
while these remain unknown precisely, those for the AlSb sublayers are expected to blueshift while those
for the GaSb sublayers are expected to red shift by about 0.5-1% in frequency. A systematic study of the
effects of strain in AlSb/GaSb onto the phonon mode properties is needed and maybe subject to future
investigations.
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Lattice parameters [Angstrom]
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Fig. $1: Common superlattice in-plane (a_SL in), AlSb-sublayer out-of-plane (a_AISb_SL out), and GaSb-
sublayer out-of-plane (a_GaSb_SL out) lattice parameters in quasi-free standing 20ML-AISb/xML-GaSb
as a function of number of ML GaSb (x). Room-temperature stress-free equilibrium lattice constants for
AlISb (a_AISb_bulk) and GaSb (a_GaSb_bulk) are shown for comparison. With increasing GaSb thickness,
the AlISb sublayer becomes tensile strained within the SL interfaces, and the GaSb sublayer reduces its
compressive strain.

Strain [%]

exx_GaSb
0.2 ezz_AISb
— - ML GaSb M
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Fig. S2: Non-zero superlattice sublayer strain tensor elements in quasi-free standing 20ML-AISb/xML-
GaSh as a function of number of ML GaSb (x). With increasing GaSb thickness, the AlSb sublayer becomes
tensile strained within the SL interfaces ( exx_AISb < 0), and the GaSb sublayer reduces its compressive
strain (exx_GaSb -> 0). Likewise, the out-of-plane strain increases for the AlSb sublayer (e€zz_AISb > 0)
while the out-of-plane strain decreases for the GaSb sublayer (€zz_GaSb -> 0).
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Fig. $3: Phonon mode shift in percent for modes with in-plane (parallel to interfaces, in) and out-of-plane
(perpendicular to interfaces, out) infrared displacement vector directions in the AlSb and GaAsb
sublayers for quasi-free standing 20ML-AISb/xML-GaSbh as a function of number of ML GaSb (x). The
phonon deformation potential parameters for the GaSb sublayer LO modes with polarization out-of-
plane reported previously by Jusserand et al. [Jusserand1985] are used here as crude estimate. In
general, provided all deformation potential parameters for all TO and LO modes for all sublayers would
be the same, modes with the AISb sublayer are blueshifted while those in the GaSb sublayers are
redshifted. The amount of shift is much smaller than the effect of confinement observed and discussed in
our work.

Raman Polarization and Mode Selection

In order to identify the variety of optical phonon modes which occur in atomic-scale superlattices, we
employ polarization-controlled Raman spectroscopy. As shown for a 4ML GaSb / 20ML AlSb superlattice
in Figure S4, different polarization conditions preferentially excite different phonon modes. It has been
shown that cross-polarized Raman preferentially scatters odd-order LO phonons, whereas parallel
polarized Raman scatters more of the even-order LO phonons, as well as TO and interface phonons. Using
these rules, we can attribute the peaks in the parallel polarized Raman to the even order confined
phonons and interface modes, and the other prominent peaks in cross-polarization to odd-order confined
LO modes.
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Fig. S4: Normalized Raman spectra under varying polarization conditions, with 532nm laser, of 4ML GaSb
/ 20ML AISb superlattice. Up to the m=3 confined LO phonon peaks are visible (marked by vertical lines),
as well as a strong interface peak in the parallel polarized spectrum.

FIR-SE Spectra and Model Fit

In order to explore the impact of confined phonons on the infrared dielectric function of atomic-scale
superlattices, it is necessary to precisely measure the infrared dielectric function. Here, we relied on far
infrared variable-angle spectroscopic ellipsometry, where the strong interaction of light with optic
phonons allows precise modelling of the optic phonon frequency and damping coefficients, as well as
the low- and high-frequency permittivities. The green curve in figure S5 shows the experimental spectra
taken on a 4ML AlSb / 4ML GaSb superlattice, overlaid with the model described in the text (red dashed
line). We see excellent agreement between the observed IR-VASE spectra and our model for the 1%
order confined phonons. The fit parameters are given in Table S1.
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Fig. S5: FIR-SE spectra (green) from 4ML GaSb / 4ML AISb superlattice sample. Red-dashed line is the
ellipsometric model fit.

Ab initio Calculation of 4ML GaSb / 4ML AISb Superlattice

We also explore the impact of optical phonon confinement on the phonon dispersion. Rather than limiting
the scope to the Gamma point, the phonon confinement effects off-Gamma could have significant
implications for the numerous processes which involve scattering from optical phonons.

In order to

In order to explore these effects, we couple experimental studies using inelastic x-ray scattering (see main
text) with ab initio calculations of an infinite superlattice composed of 4ML of GaSb, alternating with 4ML
of AISb. The result (Figure S6) is an overlap of the GaSb and AISb phonon dispersions, each exhibiting the
effects of phonon confinement, which we observe as highly dispersive features near the Gamma point,
which decay rapidly at higher momenta.
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Fig. $6: ab initio calculation of the phonon dispersion of a 4ML GaSh / 4ML AlSb superlattice. The contour
provides the spectral weight of the phonon branches. The upper band from 8-12 THz are primarily AlSb-
like optical phonons. The middle band, from ~5-7 THz are primarily GaSb-like optical phonons, which we
focus on in the paper. The acoustic phonon bands largely overlap, causing some small zone-folding-like
effects near the Brillouin zone boundaries.

Generalized Phonon Confinement

To get a generalized view of phonon confinement, we can simply look at the phonon confinement model,
and plot the confined wavevector as a function of the layer thickness (Figure S7). This allows us to see two
main regimes of confinement: one at small layer thicknesses, where the confined wavevector tunes
rapidly with changing layer thickness, and at larger layer thicknesses where the wavevector is near the
Gamma point and would require a large change in thickness to modify the wavevector.
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Fig. $7: Using equation 5 from the main text (inset), we plot a general view of the dependence of the
confined phonon momentum (ko) on the layer thickness n for each order of confined mode. It is clear from
this view that the majority of the tuning for the m=1 mode occurs in the ML+ 6 <10, as we saw in our GaSb
results. However, alternative approaches could involve materials with high optical phonon group velocity,
where the optical phonons are more dispersive near the gamma point or structuring along different
crystallographic directions to select Brillouin zones with preferable phonon dispersions.

Table S1: TOLO Oscillator values from FIR-SE — 4ML Superlattice

Wro,1 Wro,1 Wro| Wiro,|

Material Eoo [em™] [em™] [em™] [em™]
GaSb (Bulk) ‘ 13.89 228.6 236.2 228.6 236.2
GaSb (4ML) 13.89 217.7 228.9 220.6 227.8
AlSb (Bulk) | 9.57 318.7 340.4 318.7 340.4

AlSb (4ML) 9.57 324.8 336.8 316.5 341.97

26



Table S2: GaSb TOLO Oscillator values from FTIR reflectance of X GaSb / 20 ML AlSb Superlattices

Wro,1 Wro,1 Wro,| Wro,|

Thickness [em] [em™] [em™] [em™]

Bulk 228.6 236.2 228.6 236.2

20ML - 236.4 226.5 236.3

6ML - 236.3 222.4 2314
4ML - 225.7 220.6 225

2ML - 216.8 215.7 220.6
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