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ABSTRACT

In recent years, there has been significant fundamental research into surface phonon polaritons, owing to their ability to compress light to
extremely small dimensions, low losses, and the ability to support anisotropic propagation. In this Perspective, after briefly reviewing the
present state of mid-infrared optoelectronics, we will assess the potential of surface phonon polariton-based nanophotonics for infrared (3–
100 μm) light sources, detectors, and modulators. These will operate in the Reststrahlen region where conventional semiconductor light
sources become ineffective. Drawing on the results from the past few years, we will sketch some promising paths to create such devices and
we will evaluate their practical advantages and disadvantages when compared to other approaches to infrared optoelectronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064234

I. INTRODUCTION

Achieving optimal performance from an optoelectronic device
depends on controlling both light and matter degrees of freedom.
Key to this is the strength of light–matter interaction that can be
enhanced through careful tailoring of the electromagnetic environ-
ment via the Purcell effect.1,2 In recent decades, advances in optical
engineering have allowed for control of light on length scales below
the diffraction limit, permitting tailoring of optoelectronic devices
photonic environment and increasing efficiencies.3–6 Nanophotonic
concepts are of particular interest in the mid-to-far infrared
(3–100 μm), where technologies are less mature, operate below the-
oretical efficiency limits,7 and the mismatch between photon wave-
length and electronic degrees of freedom results in naturally weaker
light–matter interaction. Light can be confined deep below the dif-
fraction limit by hybridization with charge carriers. In the visible
and near-infrared spectral regions, this can be achieved utilizing
metallic elements to form hybrid surface plasmon polariton modes;
morphological excitations whose properties are characterized by
the system’s geometry and the plasma frequency of the free electron
gas.8 The plasma frequency can occur from the UV (4 eV, 0.3 μm
for noble metals) through to the infrared and terahertz part of the
electromagnetic spectrum (0.01 eV, 120 μm for heavily doped semi-
conductors9,10). As both noble metals and doped semiconductors

are already ubiquitous in optoelectronic devices, surface plasmon
polaritons became a natural approach for implementing nanopho-
tonics. Since the surface plasmon laser was demonstrated in the
infrared two decades ago,11 and in the visible a decade ago,12 there
have been significant developments in this field. Such concepts
were integral to the creation of the first THz quantum cascade
lasers13 and have been demonstrated in both light sources14–16 and
detectors.3,17,18 Plasmons though have intrinsic limitations. The
electrons supporting the mode have relatively rapid scattering rates,
which lead to modes with broad linewidths and short lifetimes.19

The presence of metals or free carriers can also be counterproduc-
tive to device operation, for example, through diffusion of metals
into active device layers degrading device performance20 and
enhanced non-radiative damping through electronic interactions.21

Recently, there has been growing interest in alternative mecha-
nisms of light confinement, utilizing the optical phonon modes of
polar dielectric crystals, in modes termed surface phonon polari-
tons (SPhPs). These modes can exist in the Reststrahlen region of
polar dielectrics between their longitudinal optical (LO) and trans-
verse optical (TO) frequencies. They thus naturally cover the mid-
infrared (0.2 eV in calcite22 and hexagonal boron nitride23–26) and
terahertz (10 meV in InSb27) regions. Although they lack some of
the frequency tunability of plasmons, the wide variety of available
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polar materials including SiC,28–30 GaN,31 SiO2,
32 Al2O3,

33 GaAs,34

among others35–37 (see Fig. 1) and their significantly reduced
optical losses make them a strong alternative to plasmonic systems.
For a discussion of the basic physics of SPhP modes, see the
Appendix. The wavelength of a SPhP mode within the Restsrahlen
band can be set through the creation of patterned resonators into a
crystal of the above materials.28 Additional dynamic wavelength
tunability can also be engineered into SPhP devices through the
injection of free carriers,37,38 intersubband transitions,39 or alterna-
tively through the use of phase change materials.40–42 Both doping
and phase change based tuning can be engineered through either
optical or electrical stimuli to the SPhP device, opening up the
potential for active optoelectronics. Many polar dielectrics are
already utilized in mature optoelectronic devices35,43 and interac-
tions of charge with optical phonons already play a key part in
intersubband-based optoelectronics.44–46 These facts, together with
recent high-profile research results from around the
world,24,38,40,47–54 highlight phonon polaritons as a uniquely prom-
ising platform for infrared optoelectronics.

This Perspective will assess opportunities and challenges pre-
sented by SPhP-based optoelectronic devices. To begin, we outline
the current state-of-the-art in infrared optoelectronics. We will
then proceed to examine opportunities for light sources, light
detectors, and future phononic devices utilizing the unique proper-
ties of SPhPs. Finally, we outline emerging materials’ challenges.
We hope to convey to the reader our excitement for this blossom-
ing field and our belief that it is now the time to start putting
together the proof-of-concept works and the know-how developed
over the past decade to empower a novel generation of pioneering
infrared optoelectronic devices.

II. INFRARED OPTOELECTRONICS

Infrared light plays a critical role in passive thermal imaging,
exploiting blackbody radiation emitted by all objects. The infrared
region also contains spectroscopic fingerprints for different chemi-
cal species relevant for healthcare, environmental sensing, and
security. For example, ammonia, NH3, has spectral lines in the 10–
12 μm range and is used as a biomarker for predicting kidney dis-
eases.55 A multitude of other environmental pollutants possess
absorption bands at even longer wavelengths, including trichloro-
ethylene and other volatile organics.56 Furthermore, the reduced
atmospheric scattering cross section for long wavelength infrared
light and transparency in the 3–5 and 8–12 μm mid-infrared
windows could be relevant for free-space laser ranging and com-
munication.57 However, infrared light is challenging to generate
and detect due to the low energy of photons and high absorption
associated with many materials in the spectral region.58

Present-day optoelectronics utilizes four main approaches to gener-
ate or detect mid-infrared light: thermal mechanisms, excitation of
a narrow bandgap semiconductor, excitation of a narrow bandgap
superlattice, or through intersubband transitions, as illustrated in
the upper panel of Fig. 1. The operation ranges of devices based on
these approaches are also illustrated in Fig. 1. In this section, we
will discuss briefly the merits and drawbacks of each of these
approaches.

When considering different mechanisms for light emission
and detection, it is worth highlighting specific figures of merit with
respect to each mechanism. For emitters, perhaps the most signifi-
cant figure of merit is the wall-plug efficiency of the device, which
is simply the ratio of optical power output to electrical power
input. This is often more relevant for applications where battery
operation or portability is critical. A high wall-plug efficiency
ensures good conversion from electrical to photonic energy and
reduces heating, improving reliability. For detectors, the primary
limitations are responsivity as well as the level of current noise in
the device at a given speed. The temperature dependent specific
detectivity (D*) of the device acts as a combined figure of merit
encompassing response speed, responsivity (voltage or current
output per unit optical power), and noise, with higher values indi-
cating better performance. The noise signal can generally be split
into noise due to the thermal excitation of carriers, the background
flux of photons, and defect-induced events in the material. The D*

is defined in terms of responsivity (R), the area of the device (A),
the electrical response frequency Δf , and the noise signal I in
voltage or current as

D* ¼ R
ffiffiffiffiffiffiffiffiffi
AΔf

p
I

: (1)

The specific detectivity D* is a useful metric for comparing
between detectors; however, it is worth noting that other metrics
apply—such as the background limited operating temperature and
maximum response speed depending on the application. A more
complete discussion of different metrics can be found in compre-
hensive reviews such as Refs. 7 and 3. Infrared detectors can also
be operated as focal plane arrays, where multiple small detector ele-
ments (typically only 10 μm across) can be used to form an infra-
red camera. This is a key application space, as it forms the basis for
all infrared thermal imaging and hyperspectral imaging technology.

A. Thermal emitters

The simplest method of generating mid-infrared light is to
exploit the natural thermal motion of charged particles, illustrated
schematically in the upper panel of Fig. 1. Thermal emitters are
useful for their simplicity and their wide range of operation.
Fluctuating currents generated by moving charges radiate electro-
magnetic energy to free space, described by the spectral radiance
I(K , θ, T), which is emitted radiant power per unit frequency per
unit surface per solid angle. The radiance is frequency (f ) depen-
dent and is most usefully expressed as a function of spectroscopic
wavevector K ¼ f =c, temperature T , and azimuthal angle θ, by
Planck’s law,

I K , θ, Tð Þ ¼ 2hc
K3

ehcK=kBT � 1
ϵ K , θ, Tð Þ, (2)

in which kB is the Boltzmann constant, h is Planck’s constant, c is
the speed of light, and ϵ K , θ, Tð Þ is the emitter’s emissivity. This
relation can be derived considering the emitter to be in thermal
equilibrium with the photon bath in the environment, as illustrated
in Fig. 2(a). When this photon bath consists of free photons, as
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FIG. 1. A comparison of mid-infrared optoelectronic (a) emitter and (b) detector technologies. The mid-infrared spectral region (centre) contains many technologically inter-
esting regions, particularly the atmospheric transparency window between 8 and 14 μm. Upper panels detail common mid-infrared optoelectronic emitters and detectors
and the spectral regions they typically operate in. In the lower panel, the operation regions of common polar dielectric materials supporting surface phonon polaritons are
shown. (c) In the Reststrahlen region λLO , λ , λTO, these materials have a negative dielectric function, are highly reflective, and support bound excitations. (d) Lower:
reflectance from a 3C-SiC surface. Upper panel: Scattering from a metallic tip above a 3C-SiC surface. Reproduced with permission from Hillenbrand et al., Nature 418,
159 (2002). Copyright 2002 Springer Nature. (e) Reflectance of a 3C-SiC nanopillar array. Reproduced with permission from Caldwell et al., Nano Lett. 13, 3690 (2013).
Copyright 2002 Springer Nature. ( f ) Near-field imaging of propagating SPhPs on a hBN flake. Reproduced with permission from Dai et al., Science 343, 1125 (2014).
Copyright 2014 The American Association for the Advancement of Science.
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shown in the upper panel, its density of states monotonously grows
with energy while its occupancy falls. The spectral radiance in Eq.
(2), which is the product of these factors, then has the shape of an
ideal blackbody whose emissivity is equal to unity. In an ideal
blackbody, emission occurs over a broad wavelength range, such
emitters are often utilized as broad-spectrum thermal sources in
free-space optics, for example, as sources in FTIR systems. These
are typically glowbar type hot-filament sources, operating similarly
to a traditional lightbulb.

For many applications, conventional incoherent broadband
sources are inappropriate, particularly those requiring directional
emission or efficient light generation in a specific spectral window.
Narrowband thermal emission can be achieved by tailoring the
surface emissivity in Eq. (2), which relates through Kirchoff’s law
to the surface absorption A. This means thermal emittance can be
controlled by altering the surface absorption of nanophotonic
structures; the process is illustrated by the lower panel of Fig. 2(a).
By creating structures with a sharply peaked photonic density of
states, it is possible to funnel thermal radiation into narrow spectral
regions.

Large area surface patterning can be utilized to control ϵ.4

Disordered patterns can enhance broadband emittance by increas-
ing photon absorption across a wide spectral band.59 Alternatively
highly ordered patterns can be utilized to generate directional, nar-
rowband emission. The simplest scheme consists of a planar 1D
grating, fabricated on negative-dielectric substrate.52,60,61 In these
systems, the grating periodicity folds the dispersion of the surface
polariton supported by the substrate inside the light line, leading to
resonant peaks in the emissivity. Furthermore, the long coherence
length of the emitting mode permits thermal radiation generated at
different points to interfere, yielding lobes in the angular emission
spectrum rather than the quasi-Lambertian expected for a black-
body. This concept can be further extended to control the angular
spread of light utilizing photonic crystals in two or more
dimensions.62–65 The performance of photonic crystal emitters can
be greatly improved by utilizing metamaterials, which have been
proposed as perfect absorbers.66,67 In these systems, the emissivity
can approach the blackbody limit ϵ � 1 over a wide, user-
controlled spectral range68,69 and angular distribution.70 A simpler
approach is to exploit arrays of nanoscale cavities or antennas,
whose well-defined mode spectrum contributes to the emissiv-
ity.71,72 This approach has even been shown to work down to the
single antenna level.73 Recently, dynamic manipulation of thermal
emission has been demonstrated by electrical modulation74,75 or
the use of photochromic materials.76

Thermal emitters have excellent prospects in areas such as
passive cooling77 but are ultimately limited by the spontaneous
emission process through which they are powered. As emission is
not stimulated the temporal coherence of a thermal source is typi-
cally low and lasing cannot be achieved; this means that radiance
can only be increased by utilizing a higher working temperature.
This leads to parasitic divergence in the short-wavelength spectral
radiance; this reduces the amount of thermal emission directed
into the target narrowband mode and strongly limits device effi-
ciency in the target spectral window. Regardless, increasing the
operating temperature is not always desirable without recourse to
high-temperature materials.78

B. Semiconductor emitters

Semiconductor emitters can surpass thermal emitters as they
are not restricted by Planck’s law. They can therefore emit with
higher power per unit solid angle (brightness), making them both
easier to use and in principle more efficient. However, the design
of mid-infrared semiconductor emitters is challenging because of
the narrow bandgaps required to facilitate mid-infrared transitions.
Figure 1 outlines the spectral regions where different emission
schemes operate across the mid-infrared region. At the short end of
the mid-infrared spectrum, narrow bandgap antimonide (III-V-Sb)
structures are often employed in type-I structures where electrons
and holes are confined within the same layer. The active region of
such a device consists of multiple quantum wells sandwiched into a
p–n heterojunction. Electrons and holes are injected into the
system, which recombine producing photons. For wavelengths
greater than 2 μm, the wall-plug efficiency of a diode laser drops
dramatically while the threshold current density increases, primar-
ily due to an increase in Auger scattering. A host of other issues
compound to decrease device performances when increasing the
wavelength, particularly a decrease in the overlap between the
optical mode and active region,44 difficulties in balancing strain in
the structure with weakening confinement of holes,79 and more
generally a correlation between smaller bandgaps and fragile mate-
rials. To the best of the authors knowledge, the longest wavelengths
achieved by type-I diode lasers have been demonstrated at 3.8 μm
for pulsed operation using AlGaInAsSb barriers.80

Rather than pushing against the limitations of natural materi-
als, it is possible to increase the operating wavelength of sources by
designing a user-defined bandgap through quantum confinement
of carriers. When electrons and holes are confined in a nanoscale
layer, the conduction and valence bands split into multiple quasi-
parallel subbands with quantized momentum perpendicular to the
layer. By confining electrons and holes on separate nanolayers in a
type-II configuration, energy transitions below the bandgap of the
constituent materials can be engineered, extending the operating
region of a given material system. Wall-plug efficiencies can be
improved further by reducing the current density in the system at
the threshold, which, in turn, reduces parasitic Auger recombina-
tion. This can be achieved by wiring the multiple quantum wells
comprising the device active region in series, so current passes
through each in an interband cascade as proposed in 1995 by
Yang.81 Compared to a diode laser, this reduces the threshold
current by a factor of the number of quantum wells, which can
allow for operation beyond 6 μm.82 Type-2 superlattices have been
used to create interband cascade lasers in the mid-infrared,83 but
often suffer from low efficiency when operated at longer wave-
lengths. Type-2 superlattices also have the advantage that they can
be operated to create LEDs with brightness higher than that of a
blackbody.84 Generation of light in such an interband cascade
system is illustrated in Fig. 1, which shows the emission of light
and how electrons tunnel into emitting states through an interstitial
injector region.

Carrier recombination is eliminated entirely in a quantum
cascade laser (QCL), first demonstrated by Faist et al. in 1995.85

These are unipolar devices powered instead by intersubband elec-
tronic transitions, which occur between different subbands within
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FIG. 2. (a) An illustration of thermal emission. The oscillations of charged media radiate photons. These are emitted and re-absorbed according to the environment
density of photonic states, so the system remains at thermal equilibrium. In a non-resonant environment (upper panel), the photonic density of states increases monoto-
nously, yielding a blackbody spectrum. (b) In a resonant one (lower panel), the photonic density of states can peak sharply, leading to narrowband thermal emission. (c)
Reflection from a lameller 3C-SiC grating. (d) Directional thermal emission from the same 3C-SiC grating, (c) and (d) reproduced with permission from Greffet et al.,
Nature 416, 61 (2002). Copyright 2002 Springer Nature. (e) Comparison of reflectivity and thermal emission measured for arrays of SiC bowtie nano-antennas.
Reproduced with permission from Wange et al., ACS Photonics 4, 1753 (2017). Copyright 2017 Author(s), licensed under a Creative Commons Attribution (CC BY)
license. (f ) Near field at the corresponding mode frequencies. (g) Near-field heat-transfer coefficient between a polar dielectric sphere and a planar surface as a function
of their spacing. Reproduced with permission from Shen et al., Nano Lett. 9, 2909 (2009). Copyright 2009 American Chemical Society. (h) Illustration of SPhP heat transfer
on a nanoscale SiO2 film. Reproduced with permission from Tranchant et al. Nano Lett. 19, 6924 (2019). Copyright 2019 American Chemical Society.
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the conduction band. A sketch of a single period of the active
region of a QCL is shown in Fig. 1. In these devices, each period
consists of a transition region, where the lasing intersubband tran-
sition occurs, and an injection region in which electrons thermalize
into the upper level of the subsequent transition region.

The lasing wavelength in a QCL is determined by the nano-
scale structure of the transition region, which determines the ener-
gies of the electronic subbands. This can be engineered for
emission across almost the entire mid-infrared spectral region,
limited on the short-wavelength end by the conduction band offset
and initially on the long-wavelength end in the neighborhood of
the optical phonon resonances of the material system. In this
Reststrahlen region, between the longitudinal and transverse optical
phonon frequencies (the lower panel of Fig. 1), materials become
highly reflective, preventing device operation. Devices can be oper-
ated below these energies in the THz spectral region, using appro-
priately modified designs.86,87

Room temperature, continuous wave outputs of order 1W
with high wall-plug efficiencies has been demonstrated at 4:9 μm.88

Longer wavelength THz emission was first demonstrated in 200213

but it still requires cryogenic operation.89 QCLs are highly tunable
as the active region can be tailored to emit at multiple wavelengths,
even in a single device by the use of external cavities.90,91

They do, however, have some important drawbacks. Although
Auger scattering is removed, it is replaced by rapid LO phonon
scattering. This gives intersubband optical transitions non-radiative
lifetimes of the order of picoseconds, resulting in a larger threshold
current and reducing wall-plug efficiency,92 although values reach-
ing 50% have been reported at low temperature.93,94 Intersubband
transitions are transverse magnetic (TM) polarized and couple only
to TM polarized photons, meaning QCLs are intrinsically in-plane
emitters. This precludes surface emission without the fabrication of
outcoupling structures.95 Additionally, the wall-plug efficiency of
QCLs rapidly drops off at longer operating wavelengths as a result
of an increase in the threshold current due to a reduction in gain
cross section.92

The most serious drawback of QCLs is in our opinion the
overall cost and complexity of system design. For good overlap with
the cavity photon, the device active region must be grown micro-
meters in thickness and will therefore contain many cascade
periods, requiring the growth of hundreds to thousands of atomi-
cally precise layers. The laser then needs to be carefully aligned
with associated control optics and electronics for useful emission.
These complexities make QCLs excessive for low-performance
applications, where other technologies may offer advantages.

C. Thermal detectors

Thermal detectors are based on measuring changes in the
optical properties of the material when it is heated by the absorp-
tion of infrared light. Common examples include thermopile detec-
tors, pyroelectric detectors, photoacoustic detectors, and bolometric
detectors. The discussion of some of the most relevant infrared
detectors has been adapted from Rogalski.96 Thermopile detectors
are based on the Seebeck effect, where a voltage is generated across
a metal heterojunction when there is a temperature difference.
While they typically are very slow (Hz) and have low specific

detectivity D* � 2� 108 cm0:5 Hz0:5 W�1 at 295 K, they are also rel-
atively cheap, operate at room temperature, and offer spectrally flat
responsivity. This makes them useful for measuring the power of
relatively strong continuous light sources, but limited in other
applications. Pyroelectric detectors (such as those used commonly
in infrared spectrometers) use the inherent electrical field inside
certain materials to generate a voltage upon a change in tempera-
ture. While they can operate at faster speeds than thermopile detec-
tors (up to 1 kHz), D* is still limited (1� 109 cm0:5 Hz0:5 W�1) at
295 K and they only produce a measurable voltage with modulated
infrared light. Photo-acoustic infrared detectors are based on the
expansion or contraction of gases when they are heated by infrared
light, with the most well known being the Golay cell. While these
achieve much higher specific detectivity than thermopile or pyro-
electric detectors (D* � 1� 1010 cm0:5 Hz0:5 W�1) at 295 K, they
are very sensitive to mechanical vibrations and offer relatively low
speeds, which make them excellent for accurate power and noise
measurements, but of limited use beyond laboratory spaces. The
most advanced and sensitive type of thermal detector is bolometers,
which are based on the change in resistance in a device when it
heats. Micro-bolometer arrays are the basis of uncooled thermal
cameras,7 and cooled single element bolometers can offer extremely
high values D* � 4� 1011 cm0:5 Hz0:5W�1 at 4 K using conven-
tional semiconductors. More modern superconducting bolometers
achieve even higher sensitivities D* � 8� 1011 cm0:5 Hz0:5 W�1 at
4 K and even fast response speeds when based on the detection of
hot electrons.97 However, high sensitivity bolometers all require
liquid helium cooling, which is extremely expensive and bulky.
Thermal detectors have the major advantage in that they are highly
linear and relatively simple in concept. However, room temperature
versions tend to show low sensitivity and low speed.96

D. Semiconductor detectors

Semiconductor detectors can be operated identically to detec-
tors in the near-infrared or visible, in appropriate narrow bandgap
semiconductors.98 Indium antimonide has a bandgap as small as
0.3 eV, and mercury cadmium telluride (MCT)-based alloys have a
bandgap that can be tuned from 1.5 to �0:3 eV (semimetallic
behavior). These detectors have been a material of choice for sensi-
tive infrared detection for several decades, as they can be operated
at relatively high speeds (greater than 1 GHz), with high sensitiv-
ity98 and relatively high detectivities, with D* values ranging from
1� 1010 cm0:5 Hz0:5 W�1 to 1� 1012 cm0:5 Hz0:5 W�1 at 77 K,
strongly dependent on cutoff wavelength. They are routinely used
in a wide range of applications in spectroscopy, typically operating
at liquid nitrogen temperatures. One of the challenges of MCT
detector technology is the relatively high defect density in materials,
as well as a drop in D* at longer wavelengths. Further, MCT detec-
tors operated in photoconductive mode are renowned for showing
nonlinear behaviors under even modest infrared illumination,
strongly limiting the dynamic range of many measurements.99

Many of these properties are inherently linked to the properties of
MCT alloys themselves, which has driven a push for other types of
infrared detectors, especially at longer wavelengths. While some 2D
materials offer candidates here,100 these will be addressed later in
Sec. IV as relatively recent developments. The more established
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route has been through the development of quantum-engineered
semiconductor heterostructures.

Quantum detectors based on III-V semiconductors exploit
band structure engineering to control the energy levels in a mate-
rial, based on mature III-V semiconductor growth. Two primary
approaches have been studied: the quantum well infrared photodi-
ode (QWIP),101 and the type-II superlattice (T2SL).102 Both create
an artificial band structure through the use of quantum wells,
which allows the definition of a user-defined bandgap to detect
light. QWIPs are based on intersubband transitions in the conduction
band, similarly to the operation of QCLs as discussed above. While at
low temperatures they are sensitive (D* � 1� 1010 cm0:5 Hz0:5 W�1)
at 77 K, QWIPs suffer from weak coupling to the out-of-plane
dipole transitions in intersubbands without an extrinsic coupling
mechanism such as a grating. Furthermore, QWIPs typically rely
on multiple quantum wells operating in series, limiting maximum
possible performance due to noise from each of the wells. In tradi-
tional QWIP design multiple quantum wells, this still maximizes
overall efficiency. However, if more light can be coupled into fewer
quantum wells, dramatic improvements in noise and detector per-
formance could be realized. Recently, there have been some exciting
developments with the application of metallic antennas with
QWIPS, which indicate the potential of nanophotonics to enhance
infrared detection,17,103–105 with D* values approaching 2�
1012 cm0:5 Hz0:5 W�1 at 77 K, and heterodyne detection at room
temperature. This enhancement comes from both the field
enhancements inside the active layers and the “antenna effect,”
where a small detector area can collect a large cross section of
infrared light.

T2SLs have the advantage that they are much easier to couple
to, with in-plane active transitions, similar to a narrow gap semicon-
ductor, but they also offer significant control over the band struc-
ture. This makes it possible to design the band structure of T2SL
structures with respect to multiple electronic and hole bands, reduc-
ing Auger recombination. It is this engineering that suggests that
T2SLs can have a better efficiency than MCT detection technology,
especially at longer wavelengths.102 However, recombination due to
imperfections in the materials still limit this approach. We note that
while III-V superlattice technology has made significant strides, it
currently cannot match the performance of the more mature MCT
technology, especially for focal plane arrays in the LWIR.

E. Optical engineering for enhancing optoelectronics

In order to make an efficient light source or detector, it is criti-
cal to get light efficiently two and from the active region. It is also
critical to operate this active region effectively, aka with high effi-
ciency for a light source, and low noise for a detector. Ideas from
optical engineering can provide useful tools in order to achieve both
efficient light coupling and effective operation. First, the use of reso-
nant modes associated with antennas allows finer control over both
radiative and absorptive losses, in order to better reach a critically
coupled condition where perfect absorption and/or emission can be
achieved from a detector or an emitter. Second, ideas from polari-
tonics allow for such efficient operation with significantly smaller
volume active areas. For a light emitter, a smaller mode volume will
result in enhanced spontaneous emission due to the Purcell effect.

Alternatively, for light detectors, a reduced mode volume will typi-
cally result in a reduced noise generation from the active area. This
twofold enhancement forms the basis for why polaritonics offers
exciting opportunities for improving infrared technology.

III. SPHP LIGHT SOURCES

Having briefly outlined the state of the art in infrared optoelec-
tronics, we will now turn to a detailed examination of how innovations
in SPhP physics and technology can result in significant improve-
ments for optoelectronic devices. While in the name of brevity we do
not provide an in-depth review of SPhP physics here, we would invite
the interested reader to the appendix, as well as to examine recent
reviews on the topic.106 In general, SPhPs offer a form of spectral
control, through the choice of material and use of patterned
surfaces, strong absorption, and strong field localization. Each of
these properties offers specific advantages in terms of different con-
cepts for optoelectronics, which we will break down individually in
Secs. III A–III D.

A. SPhP based thermal emitters: Far field

SPhPs have great potential for the design of mid-infrared
thermal emitters. Their narrow modal linewidths lead through
Kirchoff’s law to narrowband thermal emission, and their morpho-
logical dependence allows for both spectral and directional tunabil-
ity. The highly refractory nature of typical polar dielectrics such as
SiC makes them suitable for high-temperature operation. Narrow
linewidth SPhP modes can also act as narrowband thermal emit-
ters.4 The equality between absorption and thermal emission pre-
dicted by Kirchoff’s law was first demonstrated for SPhPs in the
work of Greffet et al. through measurements of both emissivity and
reflectivity of a 1D 3C-SiC grating [Fig. 2(c)].52,107 In this work, the
spatial coherence of the emitted light, a result of its emission from
modes with well defined wavevector, was also demonstrated by
measuring the angular emission spectrum [Fig. 2(d)], which was
seen to be highly directional. These results opened the way to the
design of narrowband, directional thermal sources.

Later studies have investigated thermal emission from 2D
grating structures, which allow for the generation of collimated
light and for unpolarized emissivities approaching 100%.108

Periodic nanostructures have also been proposed as the basis of a
thermal lens, whose thermal emission is focussed at a well-defined
height above the grating structure.109 More sophisticated emission
patterns can be realized by relaxing the periodicity of gratings,
though the partial spatial coherence of the SPhP mode needs to be
accounted for in such designs.110

Similarly to these delocalized SPhPs in periodic structures,
localized SPhPs on individual polar nanoresonators can also be uti-
lized to enhance far-field thermal emission. In a nano-resonator,
bright modes with a net dipole moment couple naturally to free-
space radiation and can modify the surface emissivity. The first
demonstration of Kirchoff’s law on the single-antenna scale was
conducted in 2008 by Schuller et al.,73 who demonstrated the equiv-
alence between the extinction and emittance of long 3C-SiC nano-
wires. Subsequently, the surface phonon polaritons of small polar
nanospheres have been proposed as a route to radiative sky
cooling.111 While only the frequency-dependent emittance of SPhP
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has been exploited to this aim, directionality, possibly electrically
tunable,112 could provide further fruitful venues to explore in the
domain of smart thermal materials, for both civil and military appli-
cations. Recent experimental studies have looked at the arrays of
phonon polariton resonators on the same-material substrate typically
utilized in optical experiments, particularly in an SiC bowtie nanoan-
tennas configuration where tunable mid-infrared emission was dem-
onstrated with linewidth approaching 10 cm�1.113 Results from this
work are shown in Fig. 2(e), which compares the reflectivity and
emissivity of such an array, showing correspondence between dips in
the spectral reflectivity and peaks in the emissivity. The near-field
profiles of the contributing modes are shown in Fig. 2(f).

Recent studies have looked at combining these elements in
nano-resonator arrays to create hybrid thermal emitters, whose
modes are mixtures of localized and propagating surface phonon
polaritons.114 In these systems, the discrete modes of individual
nano-resonators interact with the propagative surface phonon
polariton of the supporting substrate, which is leaky due to the
periodic structure of the array. This allows for enhancement of the
coherence length, increasing the directionality of emission, and for
an increase in the modal quality factor.115

B. SPhP based thermal emitters: Near field

Another advantage of utilizing SPhPs as thermal sources is
that they allow for super-Planckian energy transfer. Planck’s law
assumes that thermal radiation is transported from an emitter’s
near-field to a far-field detector through propagative photons radi-
ated from the emitter. This provides a lower limit to the true rate
of thermal emission, when a source and sink of thermal radiation
are placed in close proximity the rate of thermal exchange can
increase dramatically through tunneling of evanescent waves.116,117

This was first demonstrated in SPhP systems by Chen et al. in
2008 by measuring the heat transfer between parallel SiO2 surfaces
separated by a microscale gap118 and reporting strong enhancement
in the thermal heat transfer due to the propagative surface phonon
polariton modes on each SiO2 surface. An even stronger result was
later demonstrated for heat transfer between an SiO2 microsphere
and a flat surface,119 where for small separations a three order of
magnitude enhancement in the radiative heat transfer was observed
compared to the blackbody case. This is shown in Fig. 2(g), where
the calculated sphere-plate heat-transfer coefficient is shown as a
function of separation compared to the blackbody case. The use of
surface phonon polaritons for wide-area near-field radiative heat
transfer has also been proposed.120,121 A strong near-field radiative
heat transfer is desirable for near-field thermophotovoltaics,122–124

for thermal management in integrated nanoscale devices125 and for
controlling heat flow in graphene.126 Recently, super-Planckian
heat transfer using surface phonon polaritons was demonstrated
using nanoscopic SiO2 films to dissipate heat injected from a
metallic contact over 50% more efficient than in bulk, as illustrated
in Fig. 2(h). These approaches have great potential in designing
on-chip integrated cooling.

C. SPhP based nonlinear sources

An alternative route to generate narrowband mid-infrared
light is through nonlinear frequency conversion of emission from

conventional light sources operating in the visible or near-infrared.
Mid-infrared light could be generated either through different fre-
quency generation127,128 or through four-wave mixing in an optical
parametric oscillator.129,130

Although the generation of SPhPs is yet to be demonstrated,
polar dielectrics are known to have strongly resonant second (χ(2))
and third (χ(3)) order nonlinear susceptibilities around their optical
phonon frequencies.131–135 Moreover, nonlinear processes have
been investigated in the mid-infrared, when all photon frequencies
lie in the neighborhood of the optical phonons. Second harmonic
generation has been demonstrated utilizing propagative SPhPs on
bulk 6H-SiC,136 in ultrathin AlN films supporting epsilon-near-zero
modes,137 and in deep sub-diffraction polar nano-resonators.138,139

Recently, sub-diffraction imaging of mid-infrared resonances
in polar nano-antennas was demonstrated utilizing sum-frequency
generation. As the sum-frequency beam is of significantly reduced
wavelength compared to the mid-infrared, this allows for a dra-
matic increase in resolution compared to mid-infrared imaging as
shown in Fig. 3(a).140 This process is the inverse of SPhP difference
frequency generation and it opens the way to all-visible resonant
excitation of mid-infrared SPhP modes. Moreover, strong third-
order optical nonlinearities were also recently observed in SiC by
measuring the self-phase modulation141 of a propagative surface
phonon polariton as shown in Fig. 3(b).135 Here, a three order of
magnitude increase in the effective nonlinear index was observed
compared to that expected for a non-resonant dielectric, confirm-
ing theoretical predictions and presenting a promising result for
excitation of SPhPs by four-wave mixing.130

D. SPhP based intersubband sources

In Sec. I, we discussed the QCL, the premier mid-infrared
emitters due to their broad tunability. There has been interest in
utilizing these systems to electrically excite phonon polariton
modes in a planar heterostructure. In a remarkable work, Ohtani
et al. demonstrated phonon polaritons excitation by electrical injec-
tion in a quantum cascade structure.142 This study illustrated in
Fig. 3(a) used phonon polaritons obtained by hybridizing TO
phonons in the barrier layers as lasing mode. The resulting device
presents many interesting features, including the possibility to
modulate gain by changing the light and matter components of the
lasing mode, but it still required a standard quantum cascade struc-
ture for electron injection.

One route to make QCLs more accessible is reducing the size
of the active region. Due to the long photon wavelength in the mid-
infrared, devices require many repetitions of the cascade unit, typi-
cally of order 30–40 in the mid-infrared, in order to achieve good
overlap between the lasing mode and the active region and achieve
reasonable threshold current densities. By utilizing sub-diffraction
SPhPs as the lasing mode of a QCL, it could be possible to minia-
turize the device, reducing the number of repetitions necessary.
Moreover, the low loss and narrow linewidths of SPhP could offset
some of the limiting factors associfated with plasmonic lasers.21 In
order to assess the feasibility of SPhP-based laser waveguides, we
can calculate modal propagation coefficients for a sample wave-
guide. We consider a “Metal-Insulator-Metal” type waveguide,
widely used in THz QCLs,86 and analyze four possible materials for
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the waveguide—Au, Ti, doped InAs, and SiC, at 825 cm�1 with a
1 μm core and optical constants from Refs. 143 and 144. Au is con-
sidered an exemplar noble metal for a waveguide; however, practical
limitations on metal adhesion to semiconductors mean that fre-
quently imperfect metals such as Ti are often used as part of the
waveguide so both are considered here. Further, certain classes of
QCLs operate using heavily doped semiconductor layers, so a
doped InAs is also a useful comparison to a SPhP-based waveguide.
We calculate the guided wave effective index (neff ) using the
conventional slab waveguide equations145 and find that neff
¼ 3:0713þ 0:016i for an Au waveguide, 3:226þ 0:080i for a
Ti-based waveguide, 4:7146þ 0:289i for a doped InAs waveguide,
and 4:142þ 0:071i for an SiC-based waveguide. For a laser, we
seek to have a low imaginary part of neff , with the results presented
here suggesting that while a SiC waveguide is inferior to a pure Au
waveguide, it outperforms Ti-based waveguides and significantly
outperforms doped semiconductors. This suggests that SPhP-based
laser resonators might indeed be possible and may offer shorter
cavity lengths required, represented by the higher mode index, as
well as typically low group velocities of SPhPs. Phonon polariton
powered QCLs could also have lower threshold voltages due to
additional components opening up in the gain. They could also be

highly tunable, providing multi-wave mixing through the strong
intrinsic nonlinearity of the optic phonons as discussed above.
However, we note that while SPhPs might offer great opportunities
for compact devices, they are inherently lossy. While this might be
mitigated in part through more complex waveguide design, or
through the choice of material, ultimately a SPhP waveguide will
have a higher loss than a pure dielectric waveguide, calculated to
have losses on the scale of 1–10 cm�1 in this spectral range.146

IV. SPHP LIGHT DETECTORS

Similar to light emitters, SPhPs also offer a significant oppor-
tunity for light detection in the mid- to far-infrared where a nar-
rowband response, commensurate with those of SPhPs, is required.
Three different general schemes for integration of SPhPs with
detectors are illustrated in Fig. 4. In the simplest case, light can
simply be filtered by SPhP resonators, allowing the creation of
bandpass filters in spectral ranges where conventional dielectrics
are less well developed. This alters the absorbed wavelengths of the
device and reduces any background-induced thermal noise and, for
example, might result in a cleaner image in a thermal camera. A
second approach is the integration of SPhP resonators on top of an

FIG. 3. (a) Surface phonon polariton imaging by frequency upconversion. Lower panels show mid-infrared images recorded from the polar resonator arrays shown on the
right. Upper panels show the sum-frequency spectrum. Adapted with permission from Kiessling et al. ACS Photonics 6, 3017 (2019). Copyright 2019 Author(s), licensed
under a Creative Commons Attribution (CC BY) license. (b) Measurement of the self-phase modulation of a surface phonon polariton, a static shift in frequency with
varying illumination intensity as illustrated on the left. The right shows the change in linear reflectance in a two-pulse measurement as a function of delay time, a hallmark
of the nonlinear interaction. Adapted with permission from Kitade, ACS Photonics 8, 152 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution
(CC BY) license. (c) Upper panel: SEM image of a phonon polariton emitting QCL. Lower panel: Conduction band structure of the QCL. Illustrated are the upper and lower
lasing states (ULS and LLS), electronic transitions between which produce phonon polaritons which are emitted from device end-facet. Photons are illustrated by orange
arrows and the phonon oscillations by green dots. Adapted with permission from Ohtani et al. Sci. Adv. 5, 1632 (2019). Copyright 2019 Author(s), licensed under a
Creative Commons Attribution (CC BY-NC) license.
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infrared detector. In this case, we can exploit the field enhancement
of the resonator to improve absorption responsivity, while also
reducing the thickness of the detector and thus both background
and thermal induced noise. This could also improve the device
response speed due to any reductions in the thickness of the device
active area. Finally, one could leverage optoelectronic transitions
inside the SPhP resonator themselves, which allows us to further
enhance field overlap, while reducing the device area further, pro-
viding the strongest boosts to responsivity and a decrease in back-
ground noise. We highlight that in all these approaches the
bandwidth of the detector is reduced, making them appropriate for
targeted applications where the narrow spectral response is neces-
sary (such as in spectroscopic sensors). Specific approaches to real-
izing these schemes will be discussed in Subsections IVA and IV B.

A. Thermal detectors

Thermal detectors are relatively simple in terms of operation,
which makes them particularly appealing for SPhP enhancement.
In a thermal detector, it is only necessary to heat up the detection
material with infrared light, without any considerations for
quantum engineering required in semiconductor detectors. As
such, integrating a bolometric or pyroelectric material onto conven-
tional SPhP resonators, it should be possible to fabricate a narrow-
band SPhP detector, with the possibility of on-site tuning. In such
a detector, the infrared light at a specific frequency localized by the
SPhP mode will be absorbed, creating a local rise in temperature
and thus a detectable signal. A similar scheme has been used with
pyroelectrics and plasmonics in the near-infrared.6,147 An advan-
tage of this approach is that the strong field localization of SPhPs
means that only a relatively small thermal detector will be required.
A smaller amount of detecting material will decrease thermal mass,
enabling rapid changes in temperature and a quicker response
speed. Moreover, a secondary improvement will be an increase in
sensitivity due to a reduction in background radiation flux from
spectral filtering. Integration of mid-infrared SPhP resonators on
thermal detectors seems a promising venue for early-stage com-
mercial SPhP devices, and we expect to see multiple combinations
of detectors and SPhP materials explored in the near future.

A promising material choice for such efforts would be the cre-
ation of a thermal detector based on vanadium oxide (VOx), which
is already used in microbolometer array cameras.102 VOx can be
conformally coated on in principle any material through atomic
layer deposition148 and offers a strong bolometric effect. We envi-
sion that VOx could be coated on SiC nanopillars, similar to what
achieved through coating of SiC resonators with AlOx .

33 This
would provide the perquisite localization of the infrared absorption
inside the SPhP resonator with the thermal detection material. By
measuring the resistance of the VOx film with and without infrared
illumination, it should be possible to detect at the frequencies of
the phonon polaritons. Although the proposed devices would lever-
age well established design rules for SPhP resonators, a couple of
challenges would need to be overcome. First, the heating must be
closely localized at the position where electrical current travels
through the detection material. For a nanopillar array, the current
would flow through the VOx film at the base, which might limit
the sensitivity, which might suggest different device geometry. A

FIG. 4. Illustration of different detector concepts when integrated with SPhPs.
(a) and (b) A passive SPhP element is used as a spectral filter in otherwise
challenging spectral ranges. (c) and (d) By integrating the SPhP resonator onto
the detector, we can exploit field enhancements to improve the responsivity of
the detector. (e) and (f ) Finally, by leveraging a detection mechanism inside the
SPhP material itself, we can maximize signal and minimize device volume. (g)
Simulation of a QWIP type detector enhanced by SPhP modes. We show the
absorption into the quantum wells, absorption into the phonon, and absorption
when the transition is detuned, indicating a �19 increase in coupling into the
quantum wells.
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second limitation will be the high thermal conductivity of SiC,
which might result in low responsivity due to rapid thermal spread-
ing, reducing the size of the electrical signature. If technical chal-
lenges could be overcome, this might offer a number of advantages,
notably improved response speed, and a controllable bandwidth. In
terms of application performance, the improved response speed
may offer advantages in terms of frame rate for thermal cameras
targeting specific signatures. Current thermal cameras based on
arrays of thermal detectors (often of VOx ) are largely limited by
the rate at which the material heats when subject to incident infra-
red. We highlight that state of the art modern superconducting
bolometers might offer an alternative material system where some
of the advantages of SPhPs can be exploited; however, a serious
examination of the interplay with these materials would require
more significant design innovations.

B. Semiconductor detectors

While nanophotonic enhancement can offer a significant
improvement in thermal detector technology, further potential
advantages are present for semiconductor detectors. In particular,
III-V semiconductors have demonstrated their capacity to both
support phonon polaritons54 and optoelectronic transitions.7,102

Indeed, it is already widely observed that close to the LO phonon
of GaAs in terahertz QWIPs there is often a dramatic enhancement
in the responsivity of devices, despite operation away from the
strongest intersubband absorption.103,149 Fully leveraging and opti-
mizing for coupling to the SPhPs should further enhance respon-
sivity, as well as increase operational temperature.

The rationale for the operation of a semiconductor device
with SPhPs can be seen clearly taking the specific example of
QWIPs. Unless they are operated at extremely low temperatures
(below liquid nitrogen), QWIPs typically exhibit performance
limited by dark-current induced noise. Based on a simple electronic
model, in thermal dark current limited operation one can show
that the D* value is given by101

D* ¼ λη

2hc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tc

NQWN3DLp

s
, (3)

where λ is the operational wavelength, η is the internal absorption
efficiency, NQW is the number of quantum wells, tc is the electron
capture time, N3D is the temperature dependent 3D electron
density, and Lp is the quantum well period. By leveraging SPhPs, it
is possible to enhance the absorption of the detector, potentially up
to an efficiency approaching 100%. Further, by leveraging the wave-
length compression associated with surface waves, it is possible to
reduce both the number of quantum wells and potentially the peri-
odicity between quantum wells. The result will be a strong drop in
the noise of the device, which makes it possible to enhance the
operational temperature of semiconductor detectors. Such advances
have already been exploited using metal antennas in QWIPs to
push operation to room temperature17 and have been proposed for
T2SL using related approaches.18,150 Extending this approach to
SPhPs seems to us a natural next step.

To give an example of specific materials where this idea can
be applied, we can examine conventional GaAs/AlGaAs-based
QWIPS, which have been most widely studied. The presence of a
SPhP in a thin film of a material can induce extremely strong
absorption close to the LO phonon, due to Berreman absorption.34

Given that a GaAs/AlGaAs QWIP consists of a series of thin films
of GaAs (the quantum wells), nested in AlGaAs barriers, it is feasi-
ble that the Berreman enhancement can be exploited for a detector
operating close to the GaAs LO phonon. By enhancing the absorp-
tion from a single well dramatically, we anticipate that only a few
quantum wells may be required for this type of detector, providing
a high D* when compared to conventional QWIPS. Indeed, similar
concepts have already been applied to create an infrared modulator,
where intersubband transitions and SPhP induced absorption were
combined to create an infrared modulator.39 By exploiting alloys of
AlGaAs, it would subsequently be possible to tune the frequency of
the mode within a narrow target band.151

To demonstrate the feasibility of such a detector, we conduct
finite element simulations considering 3� 15 nm GaAs quantum
wells when embedded in an Al0:08Ga0:92As barriers on a heavily
doped GaAs substrate (n ¼ 5e18 cm�3), with a grating-based Au
coupler, as shown in Fig. 4(g). Optical properties are taken from
Ref. 151 for the vibrational properties of the semiconductor layers.
For simplicity, we assume the intersubband absorption can be rep-
resented by a Lorentz type absorber,101 with parameters center
wavelength ω0 ¼ 290 cm�1, attenuation coefficient α ¼ 1200 cm�1,
and linewidth γ ¼ 30 cm�1. We consider the device absorption in
two different cases—one where the intersubband absorption is res-
onant with the Berreman mode of the GaAs at 290 cm�1 and a
second where the band is detuned from the Berreman mode at
380 cm�1. We see that absorption into the quantum wells is
enhanced by a factor of �15 for the resonant vs detuned. While as
the reviewer points out, we also get a fraction of absorption into
the vibrational band of the GaAs itself, this is more than out-
weighed by the significant improvements in QW absorption, also
quantified in the figure. To estimate the temperature performance,
we can use bulk transport models, accounting for absorption and
number of wells. Crucially, we can anticipate a D* of approximately
2� 1010 cmHz0:5 W�1, assuming an operating temperature of
40 K, a sheet density of 1011 cm�2, and a carrier capture time of
5 ps, which is comparable to the bolometers at 4 K in this range. It
is worth noting that T2SLs could also in principle be enhanced
through a similar approach of leveraging phonon polaritons.
However, the optical phonons in GaSb/InAs-based superlattices
occur at significantly lower energies (80 μm), which may limit
applications. The integration of a second polar material may be
more appropriate for efforts in this material system and open up a
significant wider application space, as will be discussed later in this
Perspective.

V. LONGITUDINAL TRANSVERSE COUPLED DEVICES

This section describes an alternative, conceptually simpler but
still largely unexplored route to mid-infrared SPhP optoelectronics.
Ohmic losses in polar dielectrics predominantly arise from emis-
sion of optical phonons via the Fröhlich interaction.152 These
phonons are of LO polarization and are decoupled from the
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transverse electromagnetic field in a bulk crystal. Once generated,
LO phonons usually decay incoherently through the Ridley
channel153 into an acoustic phonon plus a TO phonon.

As TO phonons can be a part of hybrid SPhP excitations,
the LO phonon decay can potentially also lead to the emission
of SPhPs, which can radiate to the far field [the top panel of
Fig. 5(a)]. Such a process is nevertheless inefficient due to the large
phase space available for LO-phonon disintegration. SPhPs are
composed of longitudinal and transverse phonon components and
could be electrically excited by electrical currents through their LO
phonon fields. In a local model, this is not possible as a longitudi-
nal charge density only exists precisely at the crystal interface. In a
nonlocal one however, the LO phonon component extends into the
bulk and pumping can occur away from the crystal interface, while
the transverse field can couple to far-field electromagnetic radiation
[the bottom panel of Fig. 5(a)]. These excitations termed
longitudinal-transverse polaritons (LTPs) were initially observed
experimentally utilizing the atomic-level structure of 4H-SiC to
fold the LO phonon branch along the c-axis.48 In Fig. 5(b), we
reproduce figures from Ref. 48 showing a clear anticrossing when
the SPhP modes of a 4H-SiC nanopillar array are tuned across the
folded LO phonon (also known as weak phonon mode154). Such
anticrossing clearly signals a strong coupling between the contrib-
uting modes, indicating that the system eigenmodes are a mixture
of transverse SPhP and LO phonons.155

More recently, the existence of LTPs has been demonstrated to
be a general feature of polar materials in size regimes where the dis-
persion of optical phonons can no longer be safely neglected.156,157

At large wavevectors, optical phonon modes are dispersive as illus-
trated in Fig. 5(c), meaning they contribute to energy transport
into the polar dielectric, an effect termed optical nonlocality by
analogy with similar effects observed in other nanophotonic
systems.158,159 In small polar dielectric particles, this leads to
increased losses as energy leaches away from the excitation spot
and transfers into short wavelength matter-like phonon modes as
illustrated by the electric field plot for a nanoscale 3C-SiC sphere.
The effect is illustrated in Fig. 5(d), which shows the quality factor
for a small 3C-SiC sphere as a function of radius in both the nonlo-
cal and local case.

To account for the additional longitudinal degrees of freedom,
mechanical boundary conditions at the dielectric boundaries are
needed to complement Maxwell boundary conditions, mixing lon-
gitudinal and transverse oscillation patterns with a coupling
strength proportional to the phonon velocity and inversely propor-
tional to the system size.160 For small systems, this leads to the
appearance of discrete LTP modes in the optical spectrum, which
could be exploited for resonant electrical emission [Fig. 5(e)].

Theory of nonlocality in dielectrics have also proved relevant
to describe anomalous frequency shifts in crystalline hybrids, user
defined materials created from many nanoscale layers of different
polar media as illustrated in the left panel of Fig. 5(f ).37 These
materials are most promising for mid-infrared photonics and SPhP,
in particular, but as the layers comprising the crystalline hybrid are
sufficiently small to exhibit nonlocal effects, the phonon modes
observed in reflectance strongly deviate from what expected from a
standard local treatment [the upper right panel of Fig. 5(f )].
Correct results can instead be obtained by utilizing nonlocal

response models,156,161 illustrated in the lower right panel of
Fig. 5(f ), thus highlighting the relevance of LTP physics in this
class of materials and thus the possibility to employ them in SPhP
optoelectronics.

Many unsolved problems remain to the demonstration of
LTP-based devices, as the appropriate nanostructuring required to
match both momentum and energy conservation of the
electron-to-SPhP conversion process or the requirements to achieve
efficient spontaneous emission or lasing for realistic current densi-
ties. Still, this mechanism promises the possibility to design mid-
infrared optoelectronic devices powered directly through Ohmic
losses, a process illustrated in Fig. 5(a). Achieving efficient electrical
injection without requiring complex and expensive quantum
cascade structures. The resulting devices, fabricated using optical
lithography on commercially available wafers, would substantially
cut the cost of mid-infrared capabilities, allowing them to be inte-
grated into consumer electronics. We can note moreover that,
should an LTP laser be achieved, the electron–electron scattering
would become stimulated, thus potentially opening a novel way to
ultrafast optical modulation of electrical resistivity at the picosec-
ond scale.

VI. MATERIALS CHALLENGES AND CONSIDERATIONS

While above we have detailed the opportunities to leveraging
nanophotonics for enhancing infrared optoelectronics, phonon
polaritons offer some unique materials challenges. For plasmonics,
the only requirement is to have a population of free electrons and
can be supported in amorphous or crystalline materials. This
means many plasmonic schemes can be realized simply by deposit-
ing metals on top of a material with optoelectronic properties.
SPhPs, on the other hand, require crystalline materials, which will
not always form using an arbritrary combination of growth mate-
rial, method, and substrate. Further, the frequency and quality of
the SPhP resonance is determined by its crystalline properties.
Finally, even if an optoelectronic material supports SPhP modes
itself, it may not be at a desirable frequency. This makes realizing
SPhP optoelectronics a fundamental materials challenge, as many
materials that support excellent SPhP modes are challenging for
optoelectronics and vice versa. Therefore, serious consideration
needs to be given to the integration of SPhP modes with optoelec-
tronic transitions. We have given a few specific examples, focused
on SiC and III-V semiconductors, in Secs. III–V which naturally
lend themselves to this integration. In this section, we aim to
provide an outline of broader developments in materials science,
which could lead to new SPhP systems for optoelectronics.

First, we highlight some general considerations for integration
between a SPhP material and optoelectronic transitions. First, it is
necessary to ensure that the Restsrahlen band of the SPhP material
aligns with those of the optoelectronic transition. Without this con-
dition, enhancement cannot be achieved. Second, it is important
that the SPhP lifetime is long enough that optoelectronic activity is
not dwarfed by phonon absorption. Both properties in a given
material depend on a number of parameters, such as the micro-
scopic crystal structure and relative atomic masses of the crystal
ions are intrinsic. Typically, optical phonons are longer lived when
the energetic gap between acoustic and optical branches is larger,
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restricting the phase space for anharmonic decay of optical
phonons into acoustic ones. Other sources of loss are intrinsic,
depending on the quality of the grown crystal or its crystal’s isoto-
pic purity, meaning it is beneficial to choose a material system with
mature fabrication technologies.

It is also critical to consider which class of optoelectronic tran-
sition is going to be used, the materials that have been demon-
strated to support the transition—and the associated selection
rules. For instance, intersubband-based devices feature in-plane
dipoles, while interband devices typically operate in-plane, and
thermal mechanisms have no sensitivity to field orientation. This
will influence the choice of the SPhP resonator. Finally, it is impor-
tant to consider integration considerations—are the two materials
lattice matched, and can be grown epitaxially, or do other

techniques need to be considered for integration. Finally, it is
important to choose a material that can be fabricated into photonic
structures, without significant damage to either SPhP or optoelec-
tronic activity.

For the above reasons, the archetypal SPhP material in recent
years has been SiC.35 In SiC, the optic phonon frequencies are rela-
tively high, resulting in a significant optical-acoustic phonon
energy gap that limits anharmonic phonon decay. Additionally, as
SiC is a common material utilized in industry for the fabrication of
optical devices, it is simple to purchase high-quality wafers. These
factors mean phonon polaritons in SiC typically have extremely
narrow linewidths and have been highly attractive for experimental
studies. However, this section will explore a wider range of designs
considering a much broader scope of possible materials.

FIG. 5. (a) Illustrates generation of phonon polaritons through LO phonon decay and direct LTP emission (b) Strong coupling between the resonances of a 4H-SiC nanopil-
lar and a zone-folded optical phonon is illustrated by the reflectance map in the upper panel. The lower panel plots the reflectance dip magnitude, illustrating hybridization
between photon and phonon. Adapted with permission from Gubbin et al. Nat. Commun. 10, 1682 (2019). Copyright 2019 Author(s), licensed under a Creative Commons
Attribution (CC BY) license. (c) Illustrates the negative dispersion of phonon branches in a polar crystal and its consequence. When SPhP energy sits in the lattice excita-
tions, it is transported by the phonon modes away from the supporting interface. (d) The effect in thick layers is to increase loss, here we show the quality factor for a nano-
scale 3C-SiC sphere in the local and nonlocal cases. Adapted with permission from Gubbin and De Liberato, Phys. Rev. X 10, 021027 (2020). Copyright 2020 Author(s),
licensed under a Creative Commons Attribution (CC BY) license. (e) In small particles, the phonon spectrum is discrete; here, we plot the extinction for a nanoscale
3C-SiC sphere; new modes in the nonlocal case correspond to localized phonon excitations. ( f ) Left: Illustration of a crystal hybrid, formed from nano-layers of GaN/AlN
on an SiC substrate, with SEM image of the fabricated hybrid. Adapted with permission from Ratchford et al., ACS Nano 13, 6730 (2019). Copyright 2019 Author(s),
licensed under a Creative Commons Attribution (CC BY) license. Right: Upper panel shows experimental reflectance from the hybrid, compared with that predicted from a
local model(37). The lower panel shows the same experimental reflectance compared with a nonlocal model. Adapted with permission from Gubbin and De Liberato, Phys.
Rev. X 10, 021027 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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A. Wide bandgap nitrides and oxides

Wide bandgap materials such as GaN and AlN have seen sig-
nificant development in the past few decades, largely driven by
efforts to create visible optoelectronics or power electronics. This
means that a mature know-how of doping and quantum well for-
mation have been developed for these materials. Further, both GaN
and AlN have been shown to support extremely high quality SPhPs
in the infrared.31,136,162,163 While studies into the wide bandgap
materials have been limited by the challenging growth conditions,
the increasing number of studies in this area suggests that this
could be a promising area for SPhPs. Of particular relevance is that
they possess some of the highest energy optical phonons for semi-
conducting materials, pushing into the LWIR transparency
window. The nitrides are also interesting because, in principle, they
could be used to create infrared optoelectronics.164 In particular,
intersubband transitions have been demonstrated inside nitride
materials, which suggests that an appropriately designed well could,
in principle, support SPhP-based emission or detection.165,166

Indeed, the thinner active regions inherent to SPhPs would be a
significant advantage for the growth of nitride electronics, where
strain and defects often limit the thickness of epitaxial layers
grown. It is worth briefly addressing the concept of carrier injection
as a tunable means for controlling optoelectronic devices in many
wide bandgap materials. Free carrier injection has been used to
change the frequency of a SPhP mode in SiC and GaN.38,112

Similarly, there are several ways that optoelectronic transitions can
be tuned, for example, via stark shifting of intersubband transi-
tions.39 Both could be in principle be used to make a spectrally
tunable optoelectronic device, an obvious advantage in cases where
a light emitter or detector is to be used in a spectroscopy system.
However, injecting carriers into either SPhPs or optoelectronic
transitions will introduce significant complexity to the system
design. As such, while we highlight this as an exciting possibility,
we will not discuss how this might be achieved in this work. While
undoubtedly extremely challenging systems in terms of materials, it
may also provide one of the most promising opportunities.

Oxides present one of the oldest SPhP systems, with studies
on quartz and sapphire dating back almost 50 years.167 While the
lack of optoelectronic functionality in the most common oxides has
precluded significant applications, the family of oxides is extremely
large. For instance, there has been significant interest in epitaxial
oxide materials over the past several decades, including complex
oxides168 and semiconducting oxides.169 For the complex oxides
(such as SrTiO3 and LiNbO3), this has largely been due to the
interest in their electro-optic properties, which are widely exploited
in telecommunications to make modulators. Indeed, the piezoelec-
tric properties of these materials have already been demonstrated as
a way of controlling plasmonic resonators.170 Another notable
oxide is vanadium oxide, which supports a phase change in the
infrared, making it particularly interesting for SPhPs,171 though
large area single crystal growth is challenging. Many of these oxide
materials possess strong Reststrahlen bands across the mid-infrared.
Further, emerging oxides, such as β-Ga2O3,

169,172 are semiconduc-
tors that can be doped. While some groups have noted the rele-
vance of the bulk polaritons modes in oxide materials such as
these,173 the surface modes have largely remained unexplored.

This is because oxides often have a large number of optically active
phonons, which makes studies more involved, although further
exploration of the family of oxide materials could be beneficial for
expanding the landscape of SPhP applications. For example, recent
reports suggest that low symmetry surface waves can be supported
on such β-Ga2O3, which may be particularly relevant for polariza-
tion sensitive oxide optoelectronics.174 We note that many oxides
have more than one set of optical phonon pairs, with examples
being oxides including MoO3, SiO2, Al2O3, and Ga2O3. While the
presence of multiple phonon modes can complicate the design of
optoelectronic devices, the relatively narrow-band nature of many
optoelectronic devices, as well as the ability to pattern nano-
antennas, can allow us to only consider vibrations close to the rele-
vant design wavelength. As a final note on the wide bandgap mate-
rials and oxides, it is worth noting that many of them have
advantageous mechanical properties and thermal stability. This
offers some major advantages vs more traditional MCT, III-V, and
even silicon-based platforms in different environments. Further,
this enables them to be effective thermal emitters even in ambient
or low vacuum environments, unlike many conventional materials.

B. Heterogeneous integration of SPhP materials

Plasmonics has been very successful in realizing functionalities
in different applications through heterogeneous integration of
metal structures onto other materials and systems. The obvious
approach to using SPhPs in optoelectronics would be to take this
same approach and seek combinations of materials and systems
where heteroepitaxial integration is possible. In this case, we would
take one material, which supports SPhPs at the desired frequency,
and combine it with a material that contains optoelectronic transi-
tions in this frequency range, but no SPhP modes. The field
enhancements induced by the SPhPs would allow the associated
nanophotonic enhancements detailed in Secs. III and IV. As noted
above, such integration requires highly crystalline films, which can
be challenging to realize when combining two different materials
with different bonding, lattice constants, and potentially crystal
structures. Perhaps, the most obvious option is the heterogeneous
epitaxial growth of a material with optoelectronic functionality on
a substrate that supports SPhPs or vice versa. An example might be
the integration of III-V active region onto SiC, as both are well
demonstrated for optoelectronics and SPhP modes, respectively.
However, the different crystal structures between these materials
will make it difficult, if not impossible, to grow these materials epi-
taxially due to the strain in lattice mismatched materials [Fig. 6(a)].
A notable exception is the growth of cubic SiC on Si, which has a
sufficiently similar lattice constant for growth up to several micro-
meters,175 albeit with lower crystalline quality than that achievable
in bulk single crystals of hexagonal SiC polytypes. Such material
has already been exploited in the creation of SPhP devices in the
infrared.114,176 Where direct lattice matching may not be possible,
indirect lattice relationships might also be an alternative for inte-
gration of SPhP materials [Fig. 6(b)]. This process is applicable to
the growth of complex oxides on semiconductors, as has been
studied for electronics applications.177 We suggest this system as
one that could be studied in greater depth, where an indirect epi-
taxial relationship is established.
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A related approach to epitaxial growth is the use of wafer
bonding in order to combine materials with different properties as
depicted in Fig. 6(c). Wafer bonding is a critical process in the
semiconductor industry and uses the application of temperature,
pressure, and radiation in order to physically join two semiconduc-
tor wafers together. One of the most widely explored examples of
this has been the integration of III-Vs on silicon for the creation of
photonic integrated circuits,178 and it has even been demonstrated
that GaAs can be bonded onto silicon carbide.179 A related
example is the integration of silicon on sapphire wafer technology,
which could exploit SPhPs of the sapphire substrate, and bolomet-
ric or defect effects in silicon.180 However, wafer bonding is prone
to damaging the materials involved and presents significant fabrica-
tion expense. While it is foreseeable that there are other examples
where integration via epitaxy or wafer bonding is possible, there is
not for the moment a “one size fits all” approach applicable for the
combination of two arbitrary materials to leverage SPhP modes.

An alternative to the integration of single crystal SPhP materi-
als might be the growth of polycrystalline SiOx or AlOx layers onto

optoelectronic devices, which are widely deposited as dielectrics in
semiconductor processing [Fig. 6(d)]. Polycrystalline materials nat-
urally have much higher crystal damping and hence much higher
losses than their monocrystalline counterparts. However, given that
SPhP modes already have much lower losses than those seen in
conventional metal or semiconductor plasmonics, this may still be
a viable pathway to integration. To assess this, it is useful to
attempt to compare limited data available for the optical constants
of polycrystalline materials with those of plasmonic systems. For
instance, data on AlOx and SiOx films suggest a dielectric quality
factor [Re(ϵ)=Im(ϵ)] on the order of 1-3,181 vs many doped oxides
being in the range of 1-5.182 Given the limited development of
polycrystalline materials for this application compared with plas-
monic counterparts, there may be room for improvement in
growth quality with specific optimization (such as the use of buffer
layers), and these may offer advantages where the inclusion of
metallic layers would be a drawback for device electronic proper-
ties. For these thin films, techniques such as atomic layer deposi-
tion and pulsed laser deposition are highly suitable, and a wide
range of oxides and nitrides have been studied using these techni-
ques.33,183 While the interaction between atomically thin oxides
and SPhPs has been explored in the context of enhanced sensing,33

more work is required in this area to assess if polycrystalline films
are adequate to meet the requirements of relatively low absorption
that would see amorphous integration practical. We note that in
principle it may also be possible to combine multiple SPhP sup-
porting materials, allowing a much greater degree of control over
the optical properties. This includes emergent properties arising
from non-locality, as detailed in Sec. V. However, the full spectrum
of emergent nanophotonics in such cases is beyond the scope of
this Perspective.

C. 2D materials

In recent years, there has been growing interest in examining
SPhP modes in the class of two dimensional (2D) materials. In
general, 2D materials are characterized by a layered structure, which
allows them to be exfoliated from bulk into thin films,184 supporting
both polar optical phonons and optoelectronic transitions.185 Further,
as layers are only held together by van der Waals forces, they can be
stacked into arbitrary arrangements,184 including introducing a twist
angle between layers to engineer new functionality.186,187 Exploring
SPhPs is a rapidly growing area for 2D materials research, due to the
high energy of the polar phonons in hexagonal boron nitride23,24

(with an LO phonon at 6:1 μm), as well as the anisotropic response of
α �MoO3.

49,188,189 They have been shown to exhibit some of the
highest quality factors (Q ¼ 400)47,190,191 due to the ability to isotopi-
cally enrich flakes of material. The ability to layer optoelectronic
materials, such as monolayer192 or bilayer193–195 graphene, with these
polar material offers an exciting opportunity to create infrared detec-
tors [Fig. 6(e)]. For example, recently it has been shown that by com-
bining a metal antenna, phonon polaritons in hexagonal boron
nitride, and graphene flakes, it is possible to create an infrared detec-
tor196 [Fig. 6(f)]. It has also been possible to measure the photocur-
rent induced in twisted bilayer graphene, which highlights the new
physics possible in this platform.197,198 Other materials, such as black
phosphorous199 and platinum diselenide,200 show potential for the

FIG. 6. Illustration of different approaches for combining optoelectronic and
SPhP materials. (a) illustrates the issue with lattice mismatch when a large
lattice constant material (such as GaSb) is integrated on a small lattice constant
material (such as 3C-SiC). (b) Indirect lattice matching between materials with
very different lattice constants for epitaxial integration. (c) Wafer bonding, using
a thin film of amorphous material. (d) Polycrystalline integration on a substrate.
(e) Integration based on 2D materials, where the weak out of plane bonding
allows different materials to couple without lattice matching. (f ) Recent demon-
stration of integration of 2D materials with optoelectronically active graphene.
Adapted with permission from Castilla et al., Nat. Commun. 11, 4872 (2020).
Copyright 2020 Author(s), licensed under a Creative Commons Attribution (CC
BY) license.
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detection of infrared light. A final option might be the combination
of 2D materials with more conventional 3D semiconductor devices.
One of the first demonstrations of this idea was the integration of gra-
phene with terahertz lasers201 and has been achieved in the visible,
with patterned gallium phosphide resonators used to control the
emission from tungsten disulfide.202 This requires careful co-location
of the two materials but may provide an interesting platform for
novel devices. The main outstanding challenge for creating efficient
infrared detectors from 2D materials is the small size of the flakes
created using exfoliation, the relatively technical fabrication processes
involved,203 and lack of air stability for many of the materials.
However, given the ongoing development of 2D material growth and
fabrication processes, these challenges may be overcome in the near
future. This makes 2D materials a promising area to monitor as this
material system continues to develop

VII. OUTLOOK

The last few years have seen remarkable interest in the physics
and technology of SPhPs, with a number of proof-of-concepts
demonstrated in top-tier research papers. While we are convinced
such a line of investigation is still in its infancy, and many more
exciting fundamental results will keep appearing in the next few
years, we also think it is time to put serious thought into maturing
some of these proof-of-concepts and increase their technological
readiness level into marketable devices. We hope that this
Perspective provides a few different areas that are ripe for techno-
logical innovation and spurs collaboration between photonics,
optoelectronics, and materials communities. While the market
landscape for SPhP devices remains yet unclear, their expected low
cost, small dimension, and possibility to integrate them on existing
platforms make us expect to see an intense effort to engineer
SPhP-based commercially successful products. For instance, we
envision that SPhP thermals source can harvest waste heat gener-
ated by many consumer electronics,204 making them extremely effi-
cient. Further, multi-spectral SPhP filters combined with
conventional semiconductor technologies43 could offer a low tech-
nical barrier to entry. The low-cost optoelectronic devices that
SPhPs promise would allow to integrate mid-infrared sensing capa-
bilities in consumer electronics, gaining access to quantitative, real-
time, localized information on our chemical environment.
Smartphones capable of identifying volatile organic compounds in
the breath will revolutionize healthcare, while widespread real-time
monitoring of sources of atmospheric pollution will provide
authorities with detailed information for policy enforcement. In the
next few years, we thus expect to see growing interest in deep-tech
venture capital toward SPhP-based spin-offs, leading to the creation
of multiple ventures exploring at least some of the pathways we
sketch in this work. We hope this Perspective will help such a
process, introducing new colleagues to the state-of-the-art in the
field and serving as a white paper around which academic collabo-
rations and commercial initiatives can coalesce.
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APPENDIX: A BRIEF INTRODUCTION TO SURFACE
PHONON POLARITONS

Photonic energy can be confined by coupling to short-
wavelength charge oscillations in composite modes termed polari-
tons. For this to work, the charges must oscillate out-of-phase with
the electromagnetic field, which translates to a requirement that the
dielectric function ϵ ωð Þ is negative. Additionally, for efficient light
confinement, it is necessary that the natural frequencies of the
oscillating charges are in close-resonance with the mode frequency.
This is possible utilizing polar dielectrics, which support longitudi-
nal and transverse optic phonon modes with natural frequencies in
the mid-infrared. A polar dielectric is characterized by a Lorentzian
dielectric function,

ϵ ωð Þ ¼ ϵ1
ω2
L � ω ωþ iγð Þ

ω2
T � ω ωþ iγð Þ , (A1)

where γ is the material damping rate and ϵ1 ¼ ϵ 1ð Þ is the high-
frequency dielectric constant. As shown in the upper panel of
Fig. 7, this dielectric function has a pole at the transverse phonon
frequency ωT and a zero-crossing at the longitudinal phonon fre-
quency ωL. In the interstitial region between ωT and ωL, termed the
Reststrahlen band, it is negative, and it is possible for optic
phonons and photons to hybridize. In the Reststrahlen region, a
flat polar surface supports a guided evanescent mode termed a
surface phonon polariton, satisfying dispersion relation

kk ¼ ω

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ ωð Þϵa

ϵ ωð Þ þ ϵa

s
, (A2)

where kk is the modal wavevector in the plane and ϵa . 0 is the
cladding dielectric function. The resulting dispersion is illustrated
in the lower panel of Fig. 7. The key to note is that the excitation
sits outside the light-line in the cladding, illustrated by the dashed
line, meaning the excitation is bound to the interface and cannot
be excited from, or escape to, the far-field in the absence of a cou-
pling mechanism such as a prism, grating, or SNOM-tip, or
through interaction with defects or surface roughness.

Polar systems are an attractive material system for mid-
infrared optics because, unlike competing systems such as doped
semiconductors, they allow for sub-diffraction capture and control
of light without the need for free carriers. This means they are
characterized by narrow linewidths and long lifetimes, making
them excellent candidates for the development of mid-infrared
sensors and optical devices. A full and in-depth review of surface
phonon polaritons is available in the literature.35,106
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FIG. 7. Upper panel: A plot of the real (orange) and imaginary (blue) compo-
nents of the Lorentzian dielectric function [Eq. A1]. Lower panel: A plot of the
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dielectric function. The lightline is illustrated by the dashed line, while the fre-
quency satisfying the bilayer SPhP dispersion [Eq. A2] is shown by the orange
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