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Abstract: The excitation of surface-phonon-polariton 
(SPhP) modes in polar dielectric crystals and the associ-
ated new developments in the field of SPhPs are reviewed. 
The emphasis of this work is on providing an understand-
ing of the general phenomenon, including the origin of 
the Reststrahlen band, the role that optical phonons in 
polar dielectric lattices play in supporting sub-diffrac-
tion-limited modes and how the relatively long opti-
cal phonon lifetimes can lead to the low optical losses 
observed within these materials. Based on this overview, 
the achievements attained to date and the potential tech-
nological advantages of these materials are discussed for 
localized modes in nanostructures, propagating modes 
on surfaces and in waveguides and novel metamaterial 
designs, with the goal of realizing low-loss nanophoton-
ics and metamaterials in the mid-infrared to terahertz 
spectral ranges.
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1  �Introduction to surface phonon 
polaritons

The observation that surface plasmon polaritons 
(SPPs) could be stimulated on a metal surface [1] with 
sub-diffraction confinement of the optical fields, as 
well as the later discoveries of the surface enhanced 
Raman scattering (SERS) effect [2, 3] and the extraordi-
nary optical transmission response of sub-wavelength 
holes in metals [4], led to the field of plasmonics. More 
recently, much of the attention has been focused on 
sub-diffraction-limited “localized” modes confined in 
all three dimensions and “propagating” modes that 
are confined in two dimensions and propagate along 
the third axis in nanostructures incorporating metal/ 
dielectric interfaces. The rich physics associated with 
surface plasmons and their potential for manipulating 
light at the nanoscale initiated the fields of nanophotonics 
[5] and metamaterials [6]. Plasmonics research has led to 
many advancements such as improved chemical detection 
[7–10] and enhanced quantum efficiency for detectors in 
the ultraviolet (UV), visible (vis) and near-infrared (NIR) 
spectral ranges [11–16]. However, while significant effort 
has been directed toward plasmonics, its promise for 
many applications has not been realized due to the high 
optical losses inherent in metals at optical frequencies 
[17–19]. Furthermore, while metal-based plasmonics has 
been successfully demonstrated in the UV to NIR spectral 
range, the very large negative permittivity at longer wave-
lengths limits its usefulness beyond the NIR. These issues 
have initiated a wide array of research into alternative, 
low-loss optical materials capable of supporting plasmon-
like modes and/or exhibiting optical properties conducive 
to sub-diffraction confinement in the IR to terahertz (THz) 
spectral ranges [17–25].

The search for alternative materials for nanopho-
tonic and metamaterial applications can be broken into 
two major research thrusts: 1) identifying novel, lower-
loss, free-carrier-based plasmonic materials and 2) 
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exploring the use of dielectric materials. In the case of 
the former, efforts have focused on metal alloys [26–28], 
highly doped semiconductors [29–33] and more recently, 
graphene [34–40]. While the spectral range for localized 
plasmonic modes has been successfully pushed into the 
infrared using such materials, the plasmonic origin of the 
modes implies that they are still limited by the relatively 
fast electron/plasma scattering (typically on the order of 
10–100 fs) [41–43]. On the other hand, the use of dielectric 
materials can dramatically reduce optical losses [44–50], 
but resonators with sub-diffraction optical confinement 
cannot be achieved using positive permittivity materials.

In contrast, polar dielectrics offer an opportunity to 
simultaneously achieve sub-diffraction confinement, low 
optical losses and operation in the mid-IR to THz spectral 
ranges through the stimulation of surface phonon polari-
ton (SPhP) modes. These wavelengths offer a wealth of 
potential applications, for instance, the mid-IR features an 
atmospheric window between 8 and 12 mm where imaging 
through atmospheric obscurants and free space optics are 
highly desirable. This spectral window also coincides with 
a number of IR active vibrational fingerprints for the iden-
tification of trace levels of chemical species. Furthermore, 
blackbody emission peaks in this spectral range, making 
it a focal point for IR sources, imagers and detectors. On 
the long-wavelength side, the THz range exhibits a cor-
responding wealth of molecular rotational transitions 
and has been demonstrated to provide imaging through 
opaque objects. However, most of these potential applica-
tions have been limited by poor efficiencies, the require-
ment of cryogenic cooling, and/or by inefficient or the 
complete absence of monochromatic, coherent sources. 
Similar to efforts with plasmonic materials in the UV-Vis 
range, the high local electromagnetic fields and large 
potential Purcell factors from SPhP systems [23] should 
provide direct avenues towards enhancing these optical 
processes and thus enabling the next generation of 
optical devices. Prior work has also demonstrated that 
tailored thermal emission from SPhP modes within sub-
wavelength SiC wires provided polarized, narrow-band 
sources [51].

SPhPs are the result of polar optical phonons interact-
ing with long-wavelength incident fields from the mid-IR 
(e.g., hexagonal BN [52–55] and SiC [20, 23, 56, 57]) to  < 10 
THz (e.g., GaAs [58, 59], InP [60] and CaF2 [61]), creating a 
surface excitation mediated by the atomic vibrations. Such 
SPhP modes can be stimulated in polar dielectric crystals 
between the longitudinal (LO) and transverse optic (TO) 
phonon frequencies, with this spectral range referred to 
as the “Reststrahlen” band [60, 62, 63]. In these materi-
als, the mechanisms governing optical loss are derived 

from the scattering of optical phonons, which typically 
occurs on time-scales in excess of a picosecond [60, 63]. 
This results in a drastic reduction in the optical losses of 
the SPhP modes [20, 23, 64] in comparison to their plas-
monic counterparts [41–43]. With the recent advances in 
ultra high quality and/or purity materials such as SiC, 
III-V and III-nitride semiconductors, further reductions 
are anticipated. While significant efforts have been aimed 
at improving metal surfaces for plasmonics through tem-
plate removal [65], epitaxial growth [66] and atomic layer 
deposition [8, 67, 68], the potential for improvement is 
even greater in crystalline dielectric and semiconduc-
tor materials as point and extended defect densities are 
reduced further [69–72]. Therefore high-quality polar  
dielectric crystals can provide low optical losses, and 
through modification of their crystal lattice properties 
offer a wealth of options for supporting localized, propa-
gating and epsilon-near zero (ENZ) [73] SPhP modes over 
a broad and adaptable spectral range. As many of these 
materials can be epitaxially grown on other polar dielec-
tric materials, SPhP devices operating at multiple frequen-
cies are also possible [74, 75].

All of these advantages are coupled with the continu-
ing developments in growth methods for various polar  
dielectric crystals and the realization of two-dimensional 
van der Waal’s crystals [76], such as hexagonal boron 
nitride (hBN). Such two-dimensional materials offer 
the potential for unanticipated optical properties. For 
instance, it was recently demonstrated [53, 54] that hBN 
is a naturally hyperbolic material [77], whereby a material 
exhibits metallic (negative) and dielectric (positive real 
permittivity) optical response along orthogonal princi-
pal axes [78–80]. Unlike plasmonic/dielectric hyperbolic 
metamaterials, hBN was shown to offer the potential to 
invert the sign of the permittivity along a given axis, while 
maintaining low optical losses and offer a one atom thick 
unit cell. Additionally, this inversion of the sign of the per-
mittivity was also reported for SiO2/SiC/SiO2 SPhP-based 
metamaterial designs [81]. Further investigations into 
other polar dielectric van der Waals crystals [76] and polar 
dielectric crystals [77] should experimentally demonstrate 
a wealth of such low-loss, naturally hyperbolic materials 
as well as potentially uncover other unanticipated optical 
properties. Furthermore, these van der Waals crystals 
offer the exciting potential for realizing the fundamental 
limit in photon confinement of SPhP modes, with recent 
results demonstrating that SPhP modes can be supported 
within three monolayer thick hBN flakes [54] and in nano-
structures 86× smaller than the free-space wavelength 
[53]. Based on these observations, we propose that polar 
dielectric materials will provide the basis for realizing 
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low-loss metamaterials and nanophotonic devices in the 
mid-IR to THz spectral ranges.

Here we provide insight into the basic phenomena 
governing the Reststrahlen response that enables stimu-
lation of SPhP modes; develop guidelines for identifying 
polar dielectrics with a high potential for nanophotonic 
applications; discuss the influence of various material 
properties upon their characteristics; and suggest direc-
tions for improved SPhP device performance through 
material and structural advancements over the state-of-
the-art. Section 2 of this review will discuss the origins 
of the Reststrahlen band and the physical mechanisms 
behind SPhP modes. Section 3 provides a comparison of 
key SPhP materials spanning the mid-IR to THz spectral 
bands with both metal- and doped-semiconductor-based 
plasmonic materials. A review of recent advances in SPhP 
nanophotonic and metamaterial designs is also included. 
An overview of optic phonon dispersions and lifetimes, 
which define the operational frequency band(s) and 
influence the SPhP modal loss are presented in Section 
4. These features are discussed in terms of fundamental 
lattice properties that include the interatomic bonding 
and masses of the lattice atoms. Finally, a brief perspec-
tive of the future potential of these materials for various 
applications and concluding remarks are provided in 
Section 5. A glossary of the various terms, acronyms and 
variables is also supplied.

2  �The Reststrahlen band and 
surface phonon polaritons

In an effort to develop an understanding of SPhPs, it is 
instructive to begin with a review of the well-studied 
optical properties of metals and the SPPs they support. 
One such property is the high reflectivity that metals 
exhibit from the low (DC) to the high-frequency NIR-vis-
UV regimes. The high reflectivity is derived from the ability 
of “free” or “unbound” electrons in metals to screen out 
incident optical fields. This makes possible the excitation 
of collective oscillations of the free carrier density, which 
are called plasmons. The interest in plasmons is demon-
strated by the large, sustained and continually growing 
field of plasmonics [82–86].

When a plane wave is directed towards a metal surface 
with a frequency lower than the plasma frequency, ωP, of 
the metal, free carriers begin to coherently oscillate in a 
direction opposing the incident electromagnetic (EM) 
field, as shown in the schematic in Figure 1A. This results 
in a negative real part [Re(ε)] of the permittivity (i.e., the 

Free carriersA B

E E
UV-NIR Mid-IR-THz

Optical phonons

Figure 1 Schematic illustrating the collective oscillations of (A) 
free carriers in metals and (B) atomic displacements in the form of 
optical phonons in polar dielectrics that oppose incident radiation 
at frequencies below the plasma frequency of metals or between 
the longitudinal and transverse optical phonons in polar dielectrics. 
These oscillations are the foundations for the SPP and SPhP modes 
discussed in the text.

material does not “permit” the EM radiation), and an eva-
nescent field inside the metal. The frequency dispersion of 
the permittivity far from interband transitions in metals is 
approximated by the modified Drude form:
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where ε∞ is the high-frequency permittivity of the mate-
rial corresponding to the background from interband 
transitions, ω is the incident frequency, γ is the damping 
constant associated with the plasma oscillation, and 

2 *
0/ ( ) ,p Ne mω ε=  is the plasma frequency, where N, e, 

m* and ε0 are the free electron density, electron charge, 
effective mass of the carriers and the vacuum permittivity, 
respectively. Light scattering from metals can be governed 
by the excitation of bulk or surface plasmons. In particu-
lar, a spherical nanoparticle has a peak in the absorp-
tion cross-section when Re(ε) = -2 [63] owing to a localized 
surface plasmon (LSP) resonance [87, 88]. The resonances 
also occur for non-spherical particles with geometrical 
factors determining the resonant values of Re(ε), which 
are on the order of unity for realistically attainable aspect 
ratios. This makes it difficult to fabricate metallic nano-
structures supporting LSPs at wavelengths longer than 
the near-IR.

As mentioned above, a high reflectivity and negative 
Re(ε) are also observed for polar dielectric crystals within 
a spectral range referred to as the “Reststrahlen” band 
that gives rise to the SPhP phenomenon. The Reststrahlen 
band is bound by the TO and LO phonon frequencies. The 
two phonon modes correspond to out-of-phase atomic 
lattice vibrations with k-vectors aligned parallel (LO) and 
perpendicular (TO) to the incident field, with the posi-
tive (negative) charged lattice sites moving with (against) 
the direction of the field. As illustrated in Figure  1B, 
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this reflectivity arises from the coherent oscillations of 
the vibrating bound charges on the atomic lattice (optic 
phonons), which produce negative permittivities. The 
reflection spectra of a semi-insulating 4H-SiC substrate 
near the Reststrahlen band along with the corresponding 
Raman scattering spectra are presented in Figure 2A, to 
demonstrate the TO and LO phonon energies with respect 
to the Reststrahlen band. Analogous to metals, the disper-
sion relation can be approximated as a Lorentz oscillator 
for polar dielectric crystals:

	

2 2

2 2

-
( ) 1

- -
LO TO

TO i
ω ω

ε ω ε
ω ω ωγ∞

 
= + 

  �
(2.2)

with a pole at ωTO, and a zero-point crossing at ωLO, which 
are the TO and LO phonon frequencies, respectively. For 
a polar dielectric such as SiC, the permittivity is nega-
tive between ωTO and ωLO, and thus a plane wave in the 
material acquires an evanescent character. As such, both 
localized and propagating SPhP modes can be supported 
in nanostructures and on surfaces of polar dielectric crys-
tals, respectively, analogous to LSPs and SPPs in metals. 
Alternatively, Eq. (2.2) can be expressed in terms of the 
high- (ε∞)and low-frequency [ε(0)] permittivities and/or 
the oscillator strength, 2 2[ ( ( 0)- )].TOs ω ε ε∞=  Conversion 
is accomplished via the Lyddane-Sachs-Teller relation 
[60, 63]:

	

2
( 0)LO

TO

ω ε

ω ε∞

 
=   �

(2.3)

Additional information regarding the Reststrahlen 
phenomenon and the associated optical response can be 
found in the literature [60, 62, 63].

The values of the real and imaginary permittivity of 
a material can be obtained from experimental spectro-
scopic data, such as ellipsometry or reflection and trans-
mission spectra, and if necessary, fitted to an analytic 
functional form such as Eq. (2.2). The spectral depend-
ence of the permittivity calculated for a 4H-SiC epitaxial 
layer from infrared spectroscopic ellipsometry results 
reported by Tiwald et al. [57] are presented for the entire 
Reststrahlen band in Figure  3A, and a magnified view 
covering the range of 1  ≥  Re(ε)  ≥  -20 is provided in Figure 
3C. For comparison, Figure 3B and D give the correspond-
ing plots for the lowest-loss plasmonic material, silver, 
using optical constants from both Palik’s compendium 
(solid lines) [89] and Johnson and Christie (dashed lines) 
[90]. For the spectral range where localized modes can 
be supported in 4H-SiC and Ag, it is clear that the former 
exhibits values for Im(ε) that are significantly lower, in 
some cases reduced by more than an order of magnitude. 
Achieving such low values of Im(ε), where optical losses 
are lowest, is key to achieving the extremely narrow 
line-widths and high quality factors that were recently 
reported for SiC- [23, 64, 91] and hBN- based [53] local-
ized SPhP nanoscale resonators. As will be discussed in 
Sections 3 and 5, the reduced Im(ε) has direct, positive 
implications for SPhP-based nano-optics.

The Reststrahlen response is at the heart of SPhP phe-
nomena. Within this spectral band, the reflection of inci-
dent light approaches 100%, but unlike in metals, this is 
realized without free carriers. Therefore, one can think of 
these materials as “optical metals”, which exhibit optical 
properties similar to those of metals below the plasma fre-
quency, but with reduced damping rates and vastly dif-
ferent electrical properties. Similar to the case of SPPs, 
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Figure 2 (A) FTIR Reflection (red trace) and Raman (blue trace) spectra collected from a semi-insulating 4H-silicon carbide wafer. (B) 
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there exists a momentum mismatch between the incident 
photons and the SPhP modes (illustrated for the 4H-SiC/
air interface in Figure 2B along with the well-known bulk 
phonon polariton branches). This mismatch can be over-
come using the coupling of the incident field to surface 
modes through a diffraction grating [92], high index prism 
[58, 93, 94], scattering from a nearby sub-wavelength par-
ticle such as an SNOM tip [20, 36, 38, 64] or via nanostruc-
turing of the SPhP material into sub-wavelength particles 
[23, 53, 91]. By doing so, an overlap between the light line, 
k = ω/c and the SPhP dispersion curve,
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can be realized. Here, εSPhP and εa are the complex permit-
tivity of the phonon-polariton material and the ambient 
medium, respectively. Once this momentum mismatch is 
overcome, the direct optical excitation of SPhP modes can 
be achieved and the promise of the materials can poten-
tially be realized.

3  �The promise of phonon polaritons: 
a comparison with plasmonics

The long lifetimes of phonon modes in bulk polar dielec-
trics appear promising from the viewpoint of realizing 
low-loss, sub-diffraction-limited optical modes using 
SPhP excitations. In this Section, we discuss the main 
characteristics of localized and propagating modes 
based on these excitations and compare them with the 
more completely explored case of plasmonic modes. In 
this context, we also provide an overview of some recent 
advances achieved using SPhP optical modes. Since a 
wide variety of geometries are possible, our first task is 
to define a few easy-to-use figures of merit (FOM) that 
can be employed to characterize and contrast both SPP 
and SPhP modes.

Localized modes. Calculation of the extinction, scat-
tering and absorption cross-sections exhibit two distinct 
resonances for sub-diffraction SPhP spherical parti-
cles. The first occurs at ω < ωTO, where the permittivity is 
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positive, and corresponds to a dielectric resonance sup-
ported by the enhancement of the refractive index near 
the TO phonon resonance [see Figure 3A] [95]. The second 
resonance is the dipolar localized SPhP mode and is the 
only resonance that exists regardless of how much the 
particle diameter is reduced. For a spherical nanoparticle 
with the permittivity described by Eq. (2.2), this “Fröh-
lich” mode [96] occurs at a frequency close to ωLO, where 
Re(ε) = –2εa:
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Higher-order, non-radiative modes also exist in sub-wave-
length spheres. In general, the resonance wavelength of 
the modes depends on the shape of the structure, but not 
on its dimensions as long as the enclosed volume is much 
smaller than the diffraction limit, (λres/2n)3, where λres is the 
resonant wavelength, and an ε=  is the index of refrac-
tion of the ambient medium.

It can be shown rigorously that the quality factor (Q) 
of an electrostatic mode is a function of the resonant wave-
length, but is independent of the details of the geometry 
by which this resonance is realized [97]. Therefore, Q rep-
resents an excellent wavelength-dependent FOM for local-
ized modes in both SPhP and plasmonic materials and can 
be estimated from the measured optical constants [97]:
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where the approximate equality is accurate for γ <  < ωLO-
ωTO, and γ is the reciprocal of the SPhP lifetime near 
the zone center. Eq. (3.2) applies to both localized LSPs 
and SPhPs supported by materials with the permittivity 
described by Eqs. (2.1) or (2.2) for γ <  < ω. Thus, one can 
quickly discern that reductions in optical losses lead to 
dramatic increases in Q. Note that Q in Eq. (3.2) does not 
take into account radiative coupling, important for larger 
nanoparticles [98], and should be considered as an upper 
bound for isolated particles. In addition, this also does not 
take into account near-field coupling [8, 99–101], Fano-
interference [23, 102, 103] or other array-induced effects 
[99, 104–107] that can lead to increases in Q through cou-
pling of extended modes, all of which are equally applica-
ble to both SPhP and LSP modes.

In many cases, it is also of interest to have a FOM 
that evaluates the maximum electric-field enhancement 
|Emax|/|Einc| possible for a particular geometry. This is a 

complicated problem that has been explored for dimers 
and particle-plane combinations [100, 101, 108]. These 
structures may be used to localize electric fields over a 
tiny spatial region, with the ultimate |Emax|/|Einc| only being 
properly derived using a nonlocal (rather than bulk) per-
mittivity model. Since this topic falls outside the scope of 
this review, we will consider instead simple spherical par-
ticles, for which |Emax|/|Einc|(ω)∝Q/(ωdRe(ε)/dω)∝1/Im(ε)  
to a numerical factor of order unity. While Im(ε) is often 
described as measuring “loss”, it can also justifiably 
represent a measure of field concentration. On the other 
hand, the normalized dispersion of the real part of the 
permittivity measures the ratio of the field energies resid-
ing inside and outside of the sub-wavelength structure:

	

Re( )

-1
-Re( )

in

out

d
U d
U

ε
ω

ω
ε

=
�

(3.3)

Equipped with these FOMs for the localized modes, we 
can compare different SPhP-based and SPP-based materi-
als. The Q [Eq. (3.2)] as a function of Re(ε) is shown for the 
SPhP materials 4H-SiC [57] and GaAs [59], and the plas-
monic materials n-type InGaAs [29], and silver [89, 90] in 
Figure 4A. A more comprehensive comparison of a wide 
range of plasmonic metals (red circles), metal alloys (pink 
hexagons), doped semiconductors (blue stars) and SPhP 
materials (green squares) are provided in Figure 4B. The 
corresponding numerical values are given in Tables 1 and 
2 for LSP and SPhP materials, respectively. For noble-
metal plasmonic structures, the electrostatic resonances 
tend to occur in the visible and near-IR, with Q in the 
20–40 range, depending on the particular data set and 
material, corresponding to modal lifetimes on the order 
of 10 fs. In doped III-V semiconductors such as GaAs, 
InAs, and various alloys, the modal lifetime can be as 
long as 100 fs, but the typical operating wavelengths are 
near 10 μm [29, 118, 119]. As a result, no improvement in 
the Q over the metallic case is expected. Values of Q in 
the range of 2–6 have been calculated for n-InGaAs [29], 
with similar results observed for heavily doped wide-gap 
oxides and nitrides such as AZO [30, 31], GZO [32], ITO 
[30, 31], and TiN [26], with Q values on the order 10 [120]. 
However, recent work within n-type CdO demonstrates Q 
on the order of 40, similar to plasmonic metallic systems, 
while offering resonances in the mid-IR, thus providing a 
promising alternative plasmonic material [33].

For SPhP materials such as SiC, the damping time is 
increased to several picoseconds, while the operating fre-
quency is reduced by an order of magnitude. The appli-
cation of Eq. (3.2) gives maximum Q values  > 600 using 
the optical constants reported by Tiwald et  al. [57], and 
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Table 1 Calculated wavelengths and corresponding localized, propagating and ENZ FOMs for plasmonic metals and doped semiconductors 
discussed in the text.

Material   λ[Re(ε) = -2] (μm)   Q at Re(ε) = -2  λ[Prop.FOMmax] (μm)  Prop. FOMmax  λ[Re(ε) = 0] (μm)  Im(ε)|Re(ε) = 0

See eq. (3.2) See eq. (3.2) See eq. (3.4) See eq. (3.4)

Metals (plasmonic)
 Silver [90, 109]   0.354  36  0.892  498  0.326  0.7
 Gold [89, 109]   0.486  3  14.01  324  0.229  4.2
 Copper [89]   0.365  1.1  6.89  101  0.155  2.2
 Aluminum [110]  0.146  18  27.55  164  0.084  0.03
 Platinum [89]   0.276  0.5  12.4  66  0.204  3.33
 Lithium [89]   0.359  2.5  0.918  28  0.188  0.37
 TiN (800C) [26]   0.56  2.74  2a  20a  0.51  2.9
 TiN (400C) [26]   0.72  1.37  2a  7a  0.62  4.4
Doped semiconductors (plasmonic)
 Al:ZnO [30, 31]   1.72  8.23  2a  7.6a  1.355  0.31
 Ga:ZnO [31, 32]   1.5  7.56  2a  9.2a  1.18  0.347
 In:ZnO [31]   1.73  4.35  2a  3.9a  1.39  0.688
 n-InGaAs [29]   5.85  4.93  18.59  13.9  5.41  2.193
 n-CdO [33]   2.18  37.1  16.39  97.8  1.87  0.127

aSpectral range for optical constants limited to 2 μm and thus, propagating FOMs do not correspond to maximum values, only maximum 
values from reported results. All values were derived from references as noted in the table. Values were calculated using Eqs. (3.2), (3.4) 
and the value of Im(ε) at the ENZ point for the reported FOM values for localized, propagating and ENZ modes, respectively.

are consistent with values extracted from state-of-the-art 
substrates and epilayers that we have measured. Note that 
these values are over an order of magnitude higher than 
in noble metals. The maximum attainable Q is limited 
by the intrinsic damping due to phonon-phonon scatter-
ing, which is discussed in Section 4. In real structures, 
the imaginary part of the permittivity and, hence, the Q 
are also reduced by surface roughness in both plasmon-
based and phonon-based structures. In addition, the Q 
of nanostructures from SPhP material may be affected by 
free carriers via the Drude term given in Eq (2.1), with their 

presence of resulting in a blue-shift of the resonances and 
some reduction of the Q dependent upon the mobility of 
the free carriers, consistent with the influence of LO pho-
non-plasmon coupling upon the Raman spectra of polar 
semiconductors [121, 122].

At the Fröhlich resonance with Re(ε) = -2,  
ωdRe(ε)/dω∼10–30 for both noble metals and doped semi-
conductors (with values ≈20 for Ag [90]), the permittivity 
dispersion is enhanced in SPhP materials. For 4H-SiC at 
λ = 10.7 μm, ωdRe(ε)/dω≈60 [57], while for GaAs at λ = 34.6 
μm, ωdRe(ε)/dω≈150 [59]. From Eqs. (2.1) and (2.2), the 
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dispersion is enhanced by a factor of ωLO/[2(ωLO-ωTO)] in 
SPhP materials, particularly in those with less polar bonds 
and a small LO/TO splitting, such as GaAs (see Table 3). 
Using Eq.  (3.3), we find that some SPhP materials have 
almost all of their energy residing in the structure rather 
than the surrounding medium. While an “ideal Drude” 
material with ε∞ = 1, has Uin = 2Uout, in isolated particles 
comprised of real metals or doped semiconductors, it is 
also the case that Uin >  > Uout.

The potential of localized SPhP resonant particles has 
been demonstrated in several works, starting with the first 
observations which occurred in the studies of interstellar 
SiC nanoparticles [123]. The first efforts focusing on the 
use of SPhP materials for realizing localized resonances 
took place in 2002 with the seminal works of Hillenbrand 
et al. [20] and Greffet et al. [124] In the former, scanning 
near-field optical microscopy (SNOM) was performed 
on 4H-SiC surfaces, imaging the material-induced reso-
nance from the image charge of the Pt-coated SNOM tip. 
As shown in Figure 5A, the 4H-SiC exhibits a dramatic 
enhancement in the scattering amplitude of the incident 
optical fields at the resonance frequency associated with 
the image charge of the SNOM tip in comparison to the 

surrounding gold. Greffet et  al. [124] demonstrated the 
first infrared perfect absorber, with coherent, polarized 
thermal emission (Figure  5B) that was maintained over 
many free-space wavelengths by writing a ruled grating 
into a SiC substrate. The high absorption cross-section 
of such sub-wavelength SPhP resonators is a driving 
force for many potential applications, including mid-IR 
narrow-band thermal emission sources with tailored 
spectral characteristics. This has led to many subsequent 
efforts, including the work of Schuller et al. [51], in which 
the thermal emission from sub-wavelength diameter SiC 
nanowires was demonstrated to provide polarization-
dependent emission spectra that corresponded directly 
to the SPhP modes observed in the extinction spectra, as 
shown in Figure 5C. Such localized SPhP modes have been 
demonstrated to provide enhanced chemical spectros-
copy through the surface-enhanced infrared absorption 
(SEIRA) of anthracene using spherical particles of 3C-SiC 
and Al2O3 [125].

More recently, localized SPhP modes have again 
become an exciting area of research. In the past year, 
two articles appeared demonstrating experimental Q’s 
from SPhP resonances well-beyond the theoretical limit 

Table 3 Isotope averaged atomic masses and reduced effective charges (Z) are given for a variety of materials. 

Material   m1(m2) (amu)  |Z|  ωLA(X) (ωTO(X)) (cm-1)  ωTO(Γ) (ωLO(Γ)) (cm-1)  Reststrahlen 
Bandwidth (cm-1)

  τTO(Γ) (τLO(Γ)) (ps)

Si   28.09 (28.09)  0  414 (414)  520 (520)  –  1.63 (1.63)
3C-SiC   28.09 (12.01)  1.01  630 (751)  784 (951)  154  2.93 (1.53)
c-BN   10.81 (14.01)  0.88  921 (921)  1057 (1284)  227  5.95 (2.54)
BP   10.81 (30.97)  0.21  534 (727)  821 (831)  10  2.11 (2.18)
BAs   10.81 (74.92)  0.15  324 (634)  700 (704)  4  8776 (6425)
BSb   10.81 (121.75)  0.35  230 (560)  604 (617)  13  428.5 (217.4)
c-AlN   26.98 (14.01)  1.19  587 (654)  650 (901)  251  2.89 (0.87)
w-AlN   26.98 (14.01)  1.19  517 (630)a  600 (911)b  311  2.01 (0.88)b

c-GaN   69.72 (14.01)  1.13  354 (604)  554 (737)  183  0.55 (1.04)
w-GaN   69.72 (14.01)  1.12  317 (570)a  534 (741)b  207  0.64 (0.88)b

BeTe   9.01 (127.60)  0.47  160 (424)  467 (500)  33  65.91 (17.39)
LiF   6.94 (19.00)  0.72  357 (357)  320 (654)  334  1.07 (0.24)
AlSb   26.98 (121.75)  0.53  150 (287)  314 (330)  16  360.1 (98.21)
GaAs   69.72 (74.92)  0.56  223 (244)  274 (294)  20  3.46 (2.68)
InP   114.82 (30.97)  0.65  183 (317)  317 (340)  23  5.30 (58.56)
InAs   114.82 (74.92)  0.6  177 (200)  227 (244)  17  1.38 (40.65)
InSb   114.82 (121.75)  0.41  143 (153)  183 (190)  7  2.72 (2.96)

Here, m1 is the mass of the first atom in each binary material listed in the first column, and m2 is the mass of the second atom. Also given 
are the calculated phonon frequencies for the LA and TO branches at the X point. The frequency difference, ωTO(X)-ωLA(X), gives a measure 
of the A-O gap and is directly related to the mass difference of the constituent atoms. The calculated phonon frequencies for the TO and 
LO branches at the Γ point are given. This frequency difference, (Reststrahlen bandwidth), gives a measure of the LO/TO splitting and is 
correlated with the reduced effective charges. The calculated intrinsic, room-temperature bulk optic phonon lifetimes near the Γ point and 
the Reststrahlen band as measured by the LO and TO frequencies at the Γ point are also given.
aFor wurtzite structures the highest acoustic (lowest optic) frequencies at the M point are given.
bFor wurtzite structures the lowest (highest) frequency optic modes at the Γ point are given, as well as their corresponding lifetimes.
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for plasmonic nanoparticles. The first effort, reported 
by our group [23] showed that lithographic fabrication 
could be used to design SPhP resonators with a priori 
defined resonant frequencies, accomplished through 
the control and design of nanostructure geometry, size 
and periodicity (Figure  6A). The resonances exhib-
ited up to 90% absorption of the incident light, with 
exceptionally narrow linewidths (7–25 cm-1), which cor-
respond to exceptionally high Q factors, (45–135). More 

recent efforts within our group have demonstrated Q’s 
in excess of 250 and resonance tunability over the entire 
Reststrahlen band via changes in nanostructure size 
[23, 91], shape and periodicity [91]. Furthermore, it was 
demonstrated that the broad tunability of the monopo-
lar resonances could be achieved by varying the pitch, 
corresponding to changes in filling fraction of 20%–2%, 
yet these spectral shifts were observed with minimal 
reduction in the resonance amplitude [91]. Efforts by 
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Wang et al. [64] reported similarly high Q-factors, with 
values  > 60, using SNOM investigations of SiC substrates 
through defined circular apertures in a metal surface as 
shown in Figure 6B. Such high-Q localized SPhP modes 
also provide interesting optical interference effects, 
such as those between the bulk LO phonons and the 
localized SPhP modes of SiC nanopillars (see Supple-
mentary Material from Ref. [23]). Such effects enable the 
investigation of Fano and other interference phenomena 
and the associated dark modes which typically exhibit 
exceptionally narrow linewidths [102]. These high Q-fac-
tors were also observed with field enhancements (E2) in 
excess of 5000× for SiC nanopillars [23], which is on par 
with or better than values observed within plasmonic 
nanostructures. Such large enhancements demonstrate 
the potential for such systems to enhance local emitters 
or IR-active vibrational modes for molecular spectros-
copy. While higher enhancements have been reported 
for near-field coupled nanoparticles via plasmonic “hot-
spot” formation [8, 100, 101], similar effects are antici-
pated within SPhP structures. However, this behavior 
has not yet been explored in any depth, so comparisons 
of such coupled structures are premature.

Recently, SPhP modes within hexagonal boron 
nitride (hBN) demonstrated another possibility for polar 
dielectrics unavailable in plasmonic systems: natural 
hyperbolic optical response [53, 54]. By definition a 
hyperbolic material is one in which the real permittivities 
along the two orthogonal principal axes have opposite 
signs, (i.e. the principal axes exhibit metallic and dielec-
tric like optical behavior simultaneously) and is the basis 
of many efforts in super-resolution imaging, quantum 
nanophotonics or fluorescence engineering [53, 54]. 
Nanostructures of hBN on quartz were shown to exhibit 
similarly high Q-factors (60–280) as those observed in 
SiC systems, except they were observed within two dis-
tinct spectral bands corresponding to the upper (6.2–
7.3  μm) and lower (12.1–12.8 μm) Reststrahlen bands. 
Furthermore, the resonances implied the presence of a 
novel type of optical mode, the hyperbolic polariton [53]. 
Such hyperbolic polaritons offer sub-diffraction confine-
ment, with the mode confined within the volume of the 
material, rather than on the surface. SNOM-based meas-
urements enabled the extraction of the SPhP dispersion 
relationship within hBN flakes, and they demonstrated 
the potential to support such modes in flakes as thin 
as three atomic layers (∼1 nm) [54]. Such efforts illus-
trate the immense potential of SPhP materials and can 
provide the building blocks for a wide array of potential 
metamaterial and nanophotonic applications, as will be 
discussed in Section 5.

Propagating modes. Numerous potential geometries 
for propagating polariton modes can be envisioned. While 
it is often said that metal-based SPPs are very weakly 
confined at the wavelengths where SPhP modes are sup-
ported, the confinement can be arbitrarily strong at any 
wavelength for the so-called MIM (metal-insulator-metal) 
waveguide with very thin insulator layers and various 
geometries. Thus, building on the previous work for single 
interface SPPs [126], we employ a FOM that represents the 
ratio of the propagation length Lp to the vertical extent Lm 
(confinement of field orthogonal to propagation direction) 
of the mode at the vacuum/negative-permittivity material 
interface, since we consider this to be the best single-
parameter measure of the “usefulness” of the propagating 
polariton mode. We normalize the propagation length to 
λ, and the modal extent to the “diffraction-limited” value 
of λ/2. Therefore, the FOM can be thought of as quantify-
ing the Lp for a given Lm.

To simplify the expression, we assume further that 
Re(ε) <  < -1 and neglect the penetration of the mode into 
the negative-permittivity material. Therefore, the FOM 
for such propagating modes represents an upper bound 
on the Lp/2Lm quantity for simple polariton modes, but 
our empirical work shows it to be applicable to the MIM 
and other 1D geometries. If the surrounding medium has 
a refractive index larger than 1, Lp/2Lm is reduced, which 
confirms its status as the upper bound. When the modal 
area is normalized to (λ/2)2, the FOM appears to describe 
well the ratio of the normalized propagation length to 
the normalized modal area for 2D modes [127], although 
establishing the generality of this upper bound is beyond 
the scope of this review. From this, it is straightforward to 
show that:
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While Eq. (3.4) is suitable for comparing various sets of 
measured optical constants, further insight is gained by 
re-expressing the FOM in terms of the frequencies and 
damping rates for SPP and SPhP materials using Eqs. (2.1) 
and (2.2):
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as the value that is asymptotically approached in the long-
wavelength limit.

For SPhP modes, the FOM is a strong function of wave-
length described by the following expression:
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corresponding to a FOM value:
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The FOMs for 4H-SiC, GaAs, n-InGaAs, silver and gold are 
given as a function of Re(ε)in Figure 7A and clearly dem-
onstrate that while SPhP materials can provide significant 
advantages for localized resonators, noble metals can 
offer similar if not higher FOMs for propagating modes 
when one considers systems where MIM-type structures 
can be used to enforce arbitrary z-confinement. This is 
further demonstrated for Ag, Au, n-InGaAs and 4H-SiC 
over the mid-IR Reststrahlen band of 4H-SiC in Figure 7B. 
Note that in the case of both silver and gold, no one data 
set covers the entire spectral range and thus for this com-
parison a combination of the Johnson and Christy [90] and 
Bennett and Bennett [128] datasets were used for silver, 
while a combination of the Palik [89] and Ordal [109] data-
sets were used for gold. Over this spectral range, 4H-SiC is 
competitive with the noble metals, but does not display 

a significant advantage when MIM-type geometries are 
employed for SPP systems. A comparison of a wide array 
of plasmonic metals, doped-semiconductors1 and SPhP 
materials are provided in Figure 7C, with the correspond-
ing maximum FOM values provided in Tables 1 and 2, 
respectively. For noble metals, the FOM for SPP modes 
exceeds the Q as ωp > ω, and the presence of interband 
transitions in metals is not a significant factor at longer 
wavelengths. In heavily-doped, wide-gap semiconduc-
tors, γ∼0.05–0.1 eV at best, which leads to values that are 
generally lower than in noble metals (or comparable in the 
case of TiN) [27, 120]. However, forthcoming results from 
n-type CdO are very promising with propagating FOMs on 
par with noble metals in the mid-IR [32]. The reduction 
in the FOM for propagating modes in SPhP materials can 
be understood by considering that while these materials 
have longer lifetimes and therefore lower damping, they 
also exhibit significantly reduced group velocities, vg due 
to their strong dispersion. Therefore, the corresponding 
polariton decay length L-1∼γ/vg is comparable or shorter 
than noble metals.

Since the SPhP FOM does not exceed that of noble 
metals, the main reason to employ SPhP waveguides is 
to eliminate complexity of the MIM and similar structures 
needed to obtain sub-diffraction-limited Lm rather than 
to improve the propagation length (for the same degree 
of confinement). It may also be convenient in many cases 
to dispense with the use of noble-metal layers during the 
fabrication process and replace those with semiconductor 
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Figure 7 (A) Calculated FOM for propagating polariton modes [eq. (3.4)] for 4H-SiC (green trace) [57] and GaAs (blue trace) [59] SPhP and 
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(B) Comparison of calculated propagating polariton FOM for 4H-SiC, n-type In0.3Ga0.7As, Ag and Au over the spectral band corresponding to 
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1 Note: Optical constants for doped ZnO are currently only avail-
able out to 2 µm.
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or dielectric materials (e.g., CMOS compatibility). Finally, 
some niche applications may arise where coupled wave-
guides and localized resonators are needed, for instance 
in nanophotonic circuit designs, whereby incorporating a 
single material for both the waveguides and the resona-
tors may be beneficial and thus be aided through the use 
of SPhP materials.

While direct SPhP waveguides for improving the 
polariton propagation length may not appear to be an 
area of high potential payoff, the work on propagating 
SPhP-based waveguides and metamaterial designs is still 
of significant interest. In addition to the specific applica-
tions noted above, propagating SPhP modes can form the 
basis for a wide array of other applications such as inte-
grated THz generation or stimulated Raman amplification 
for potential THz or infrared sources. Initial investigations 
into such applications were recently reported by Holm-
strom et  al. [129], who reported suspended waveguides 

fabricated from n-type InP on InGaAs, with the resulting 
structure shown in Figure 8A. The authors characterized 
the confinement of propagating polariton modes using 
Raman scattering. Furthermore, Huber et al. [92] demon-
strated the focusing of propagating SPhP modes onto a SiC 
surface using a simple, concave, gold focusing element as 
shown in Figure 8B. Such sub-diffraction focusing dem-
onstrates the capability of manipulating the propagating 
SPhP modes on the nanoscale, of much importance for 
nanophotonic applications. Additional advantages can 
be found in the fabrication of extraordinary transmission 
(EOT) gratings, such as those reported by Urzhumov et al. 
[130]. As demonstrated in Figure 8C, the structural integ-
rity of polar dielectric materials enables the fabrication 
and characterization of thin perforated membranes, with 
the resonance modes exhibiting both local and propa-
gating properties with distinct polarization sensitivity. 
Finally, it was recently reported that both localized and 
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propagating SPhP modes provide over an order of mag-
nitude stronger optical forces with respect to metal-based 
plasmonic systems of the same geometry [131]. These 
results also demonstrate that when combined with the 
mechanical hardness of polar dielectric crystals, SPhP 
modes offer key advantages for optomechanical devices 
in the IR and THz spectral ranges as well. The hyperbolic 
polaritons observed within hBN also demonstrate the 
potential for novel propagating mode systems that may 
provide distinct advantages over SPP-based MIM counter-
parts. Due to the low-loss and volume-bound nature of the 
modes, it is possible that the sub-diffraction equivalent of 
an optical fiber could be realized [53], by which arbitrary 
z-confinement could be achieved via the physical size 
of the structure. Such modes could revolutionize nano-
photonic waveguides for communications or photonic 
circuits, among other applications. However, in depth 
theoretical descriptions of these modes and experimental 
characterization of such systems are still lacking.

An additional type of propagating mode was origi-
nally predicted by Silveirinha and Engheta [73], whereby 
the propagation of a displacement current in air or 
other dielectric material could be realized, provided the 
medium is surrounded by another material with Re(ε)≈0. 
Such epsilon near zero (ENZ) response can be found in 
plasmonic materials at a frequency somewhat lower than 
ωp and SPhP materials at ω∼ωLO. For these ENZ (Re(ε)∼0) 
structures that have drawn much recent interest, an 
important FOM is the magnitude of Im(ε)at the frequency 
for which Re(ε) = 0. Using Eq.  (2.2) for SPhP materials, 
we obtain Im(ε)|Re(ε) = 0≈ε∞γ/[2(ωLO-ωTO)]. The behavior is 
similar to that described earlier in the context of localized 
resonances, as more strongly polar materials with low 
damping are expected to have the best characteristics. For 
4H-SiC, the measured values are in the 0.028–0.129 [56, 57] 
range, as compared to 0.3 [90]–1.8 [89] for silver and 3.4 
[90]–4.3 [89] for gold. For doped semiconductors that are 
reasonably well described by the Drude formula Eq. (2.1), 

3/ 2
Re( ) 0Im( ) | / ,pε

ε ε γ ω= ∞≈  the values observed are compara-
ble to those in metals [Im(ε)|Re(ε) = 0≈2.2 for n-InGaAs] [29].

While the mathematical formalisms associated with 
SPhPs and SPPs are similar, the difference in the origin 
of the two phenomena implies that they are fundamen-
tally dependent upon distinctly different material proper-
ties. For instance, since SPPs are derived from free-carrier 
oscillations, the role of interband transitions and crystal 
properties is only secondary. In contrast, the SPhP modes 
intimately depend on the crystal lattice that supports 
them. Therefore, changes in the atomic masses, the inter-
atomic bonding, the crystal structure and the incorpora-
tion of impurities and/or extended crystalline defects can 

modify the Reststrahlen band. This leads to controllable 
changes in SPhP properties of polar dielectric materi-
als, including the operational frequency, bandwidth and 
modal lifetimes (i.e., optical losses). It is therefore of criti-
cal importance to gain an understanding of how various 
crystal properties impact the optical response of the 
material, especially in the context of finding the highest-
performing SPhP materials, those that are most degraded 
by poor crystal quality (and, therefore, with the greatest 
chance of improvement), and finally those operating in a 
spectral range well suited for a given application. In an 
effort to provide a degree of insight, we address these 
issues in more detail in Section 4.

4  �Lattice properties and optic 
phonons: dispersion, lifetimes 
and SPhP modes

The characteristics of SPPs and SPhPs are generally 
discussed in terms of equations like Eqs. (2.1) and (2.2), 
respectively. These are well-known continuum forms for 
the dielectric functions for bulk systems, and for consist-
ency, bulk values of the parameters are typically used. 
They are appropriate for SPPs and SPhPs that have spatial 
variations that are slow on the scale of the lattice con-
stant, which is satisfactory except in the cases of extreme 
optical confinement.

The frequencies of bulk phonon modes, ( ),j qω
�  are 

determined by such properties as the atomic masses, 
bonding, and crystal structures. These phonon frequen-
cies are what determine the operational frequency range 
and bandwidth for the SPhP modes within a given mate-
rial. Here, q�  is the wavevector and j is the phonon branch 
index: TO, LO or acoustic (A) and the optical losses of SPhP 
modes are given by phonon lifetimes, ( ).j qτ

�  In most non-
metallic materials near room temperature the phonon life-
times are determined by intrinsic three-phonon scattering 
processes arising from crystal anharmonicity and by scat-
tering from inhomogeneous distributions of the natural 
variations in the nuclear isotopes that occur in many of 
these materials. These processes provide an estimate of 
the upper bound on the phonon lifetime near room tem-
perature and therefore should also provide a similar 
upper bound on the SPhP modal lifetimes, while the cor-
responding trends with crystal properties are reflected in 
both the optical phonon and the SPhP modal lifetimes. In 
real materials, both lifetimes are expected to be reduced 
due to additional contributions from scattering by crystal 
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defects and interfaces which will be discussed at the end 
of this section.

Crystals with a diatomic unit cell (e.g., Si, GaAs, cubic 
3C-SiC) have three optic phonon branches (one LO and 
two TO) at higher frequencies and three acoustic branches 
at lower frequencies. Figure 9 gives the phonon frequency 
versus scaled wave vector (i.e., the phonon dispersion) for 
3C-SiC (polar material, right-hand side) compared to Si 
(purely covalent material, left-hand side) in the Γ→K→X 
high symmetry direction as calculated from density 
functional perturbation theory [134]. For the present pur-
poses, we will restrict these discussions to cubic crystal 
lattices, however, the general trends discussed are appli-
cable to other crystal phases. We will focus below on the 
following key features: 1) the scale of the optic phonon 
frequencies, 2) the frequency gap between the LO and TO 
phonon branches (LO/TO splitting), and 3) the frequency 
gap between the TO and lower-lying acoustic branches 
(A-O gap).

Optic phonon frequencies: The Reststrahlen band 
defines the operational range for SPhP modes in polar 
dielectric crystals. Thus, an understanding of the lattice 
properties that modify these phonon frequencies is nec-
essary both to understand the Reststrahlen phenom-
enon and to predict what materials will be best suited 
for a given spectral range. In general, strong interatomic 
bonding and light atomic masses lead to a high phonon 
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Figure 9 Calculated phonon dispersions in the Γ→K→X high 
symmetry direction for Si (black curves) and 3C-SiC (red curves) 
with experimental data for Si (black squares) [132] and 3C-SiC 
(red circles) [133]. Polar 3C-SiC has a frequency gap between the 
acoustic and optic branches (A-O gap) and a frequency gap between 
the LO and TO branches (LO/TO splitting). These features are not 
present in Si, which has purely covalent bonding and identical unit 
cell atoms.

frequency scale, i.e., large acoustic phonon velocities and 
high frequency optic branches. For instance, 3C-SiC has a 
smaller unit cell mass and stronger bonding than does Si, 
which results in 50% higher optic phonon frequencies in 
3C-SiC (see Figure 9). Therefore, to realize high-frequency 
SPhP response, lighter atomic masses and strong atomic 
bonding are required, with hBN offering the highest 
reported frequency response at 6.2–7.3 μm (1367–1610 cm-1) 
for the upper Reststrahlen band [52–55].

It is instructive to consider the role that interatomic 
bonding and the individual atomic masses play using a 
simple diatomic linear chain model. This model consists 
of alternating atoms with different masses, mlight and 
mheavy, interacting harmonically with spring constant, K, 
in a linear chain with periodic boundary conditions. The 
spring constant of this simple model is related to the set 
of harmonic interatomic force constants (IFCs) in real 
systems [135, 136]. The diatomic chain model supports two 
vibrational modes with frequencies [137]:

	
2 / ( acoustic) 2 / ( optic)A heavy Opt lightK m K mω ω= =

�
(4.1)

at the Brillouin zone boundary. It is apparent that larger 
K (stronger bonding) gives rise to both larger acoustic 
and optic phonon frequencies. This is illustrated for real 
systems in Figure 10, via the phonon dispersions of c-BN 
(right) and diamond (left). Despite having similar unit cell 
masses, the stronger bonding in diamond leads to a sig-
nificantly larger phonon frequency scale, with TO phonon 
branches at ∼25% higher frequency than in c-BN. This 
point is further highlighted by comparing the TO frequen-
cies of c-BN and LiF (rock salt structure) given in Table 3. 
Due to the much stronger covalent bonding in c-BN, ωTO(X) 
is more than two times larger than it is in LiF, despite 
having similar unit cell masses.

As demonstrated in Eq. (4.1), the optic and acoustic 
phonon frequencies depend inversely on the light and 
heavy atomic masses, respectively. In order to realize high 
frequency Reststrahlen bands and SPhP modes, polar 
dielectric crystals with small mlight are required, but mheavy 
may be somewhat larger. However, as the difference in the 
atomic masses increases, the interatomic bond strength 
typically tends to decrease and thus reduces the Rest-
strahlen band frequency. Therefore, both properties must 
be taken into account in predicting operational frequency 
bands.

LO/TO splitting: In polar dielectric materials, long-
range Coulomb forces contribute to increasing the LO to 
higher frequencies than the TO phonons, and result in 
a splitting of the LO and TO branches (LO/TO splitting). 
This is described by the Lyddane-Sachs-Teller relation [Eq. 
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(2.3)], and can be seen in the phonon dispersions of 3C-SiC 
(Figure 9) and c-BN (Figure 10). The magnitude of this 
splitting gives the bandwidth of the Reststrahlen band 
and, therefore, the range over which SPhP modes can be 
supported. A measure of the polarity of the interatomic 
bonds, and therefore the LO/TO splitting, is given by the 
reduced effective charge, * / ,Z Z ε∞=  [134] where, Z* is 
the Born effective charge. The calculated Z and LO and 
TO frequencies at the Γ point for a number of materials 
are given in Table 3. Of these, c-BN, GaN and 3C-SiC have 
the largest reduced charges and, consequently, the widest 
LO/TO splittings, thus resulting in, the largest operational 
SPhP bandwidth.

Optic phonon lifetimes: It is the SPhP modal lifetime 
that governs optical losses of nanophotonic and metama-
terial designs. This lifetime will depend on many aspects; 
both from intrinsic phonon-phonon scattering, as well 
as extrinsic effects (e.g., scattering from defects, impuri-
ties or surface damage) [135]. While both types of effects 
are active, the general trends associated with the former 
provide insight into the role that intrinsic crystal proper-
ties play in dictating this lifetime. While the SPhP modal 
lifetime is not equivalent to the bulk optic phonon life-
times, the dependence of the latter upon various lattice 
parameters is reflected in the former as well. In fact, one 
can view the bulk optic phonon lifetimes at or near the 
Γ point, where coupling to optical fields is strong, as an 
approximate upper limit for SPhP modes.
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Figure 10 Calculated phonon dispersions in the Γ→K→X high 
symmetry direction for diamond (black curves) and c-BN (red curves) 
with experimental data for diamond (black squares) [138] and c-BN 
(red circles) [139, 140]. c-BN has lower acoustic and TO frequencies 
than diamond due to weaker interatomic bonding, however, c-BN 
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In general, optic phonons in polar dielectric mate-
rials have longer lifetimes (∼1–100 picoseconds) [60, 63] 
than free carriers in a metal (∼10 femtoseconds) [41–43]. 
In many high-quality crystals at or above room tempera-
ture, intrinsic phonon-phonon scattering that arises 
from the anharmonicity of the crystal potential is the 
dominant mechanism limiting bulk phonon lifetimes. 
To lowest order in perturbation theory, scattering pro-
cesses involve three phonons and their lifetimes depend 
inversely on the sum of all possible three-phonon scat-
tering rates, , , ,qj q j q jΓ ′ ′ ′ ′ ′ ′

� � �  which are built from anharmonic 
matrix elements and the phonon frequencies [135,  141, 
142]. The phonon lifetimes depend strongly on the 
available phase space for scattering, which is dictated 
by simultaneous conservation of energy and crystal 
momentum:

	 ( ) ( ) ( );   j j jq q q q q q Gω ω ω′ ′ ′± = ± = +′ ′′ ′ ′′
�� � � � � �

� (4.2)

where G
�

 is a reciprocal lattice vector. For materials in 
which the conservation conditions in Eq. (4.2) are dif-
ficult to satisfy, scattering of optic phonons is weak 
and the corresponding lifetimes are long. Though 
higher-order scattering processes are predicted to be 
significantly weaker than three-phonon processes [143, 
144], they may become important for optic modes with 
severely restricted three-phonon phase space, especially 
at higher temperatures.

Optic phonon lifetimes have been determined from 
Raman scattering techniques for a number of materials 
(e.g., see Refs. [59, 60, 63, 145–155]), and first principles 
density functional theoretical methods have been devel-
oped and applied to calculate phonon dispersions and 
lifetimes without adjustable parameters (e.g., see Refs. 
[134, 141] and [156–158]). Here, we have used a first prin-
ciples technique [159] to calculate and examine the near-
zone-center optic phonon (TO and LO) intrinsic lifetimes, 
for the various polar dielectric materials given in Table 3. 
The calculated room-temperature bulk optical phonon 
lifetime reported here are in general accord with the avail-
able experimental data [56, 60, 63, 145–155], and fall in the 
range of 0.5 ps to 9 ns, orders of magnitude larger than 
SPP lifetimes. For instance, lifetimes between 0.6–0.8 ps 
and 1.4–1.9 ps were reported for wurtzite AlN [154] for the 
LO and TO phonon lifetimes, respectively, which com-
pares quite favorably to our corresponding calculations 
of 0.88 and 2.01 ps. Similar agreement for other materials 
discussed here were typically found. A few notable excep-
tions, such as InP [150], were observed, however, in all 
cases both the experimental and calculated lifetimes were 
found to exceed reported plasmonic lifetimes [41, 42]. For 
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an estimate of the comparison between the optic phonon 
and the SPhP lifetimes in resonant nanostructures, our 
calculated values for 4H-SiC cylinders of various diam-
eters are provided in Figure 11, demonstrating that the 
optic phonon lifetimes have an upper limit of roughly 3 
ps. In comparison, SPhP lifetimes extracted from the 
resonance of the transverse dipolar and monopolar SPhP 
resonances observed within cylindrical 4H-SiC nanostruc-
tures presented in Figure 6A and Ref [23], were observed 
to fall in the range of 300–800 femtoseconds and appear 
to be relatively insensitive to the nanostructure diameter 
within this size range. For comparison, SPP lifetimes in 
Ag spheres as a function of diameter from Ref. [42] and 
the SPP lifetime (1/γ) for Ag extracted from Table 1 are also 
provided. Thus, SPhP modal lifetimes within a factor of 
4–10 of the optic phonon values are observed, which is 1–2 
orders of magnitude longer than the SPP modal lifetimes 
from Ag spherical particles. This is observed despite the 
possible damage to the surface of the SiC nanopillars via 
fabrication processes.

Certain trends can be seen in the lifetime data pre-
sented in Table 3. For instance, materials with a large 
mass difference between the constituent atoms tend to 
have larger optic phonon lifetimes, e.g., BAs, BSb, AlSb 
and BeTe. This trend is also observed in comparing 
τLO(Γ) of the InX materials (X = P, As, Sb), which demon-
strate increasing LO lifetime with increasing anion mass 
(decreased mass difference). In addition, we find little dif-
ference in the optic phonon lifetimes between different 
lattice structures, cubic and wurtzite, for AlN and GaN.
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Figure 11 Calculated lifetimes for LO phonons within 4H-SiC nano-
structures as a function of diameter (green trace) in comparison to 
values extracted from the resonance linewidths of SiC nanopillars 
reported by Caldwell et al. [23] (blue and light blue trace for modes 
as noted in figure). For comparison, the lifetimes of silver spherical 
particles are reported by Kreibig and Vollmer [42] (red trace) and 
extracted from the inverse of the damping constant for Ag are also 
provided.

The behavior of the optic phonon lifetimes can be 
largely understood in terms of the phonon dispersions 
and the conservation conditions [Eq. (4.2)], which give the 
phase space available for phonon-phonon scattering. It is 
convenient to characterize three-phonon scattering pro-
cesses by the types of phonons involved, (e.g., the scatter-
ing of two optic phonons with an acoustic phonon is OOA 
scattering). There are three scattering channels that limit 
the intrinsic optic phonon lifetimes: i) OOO, ii) OAA and 
iii) OOA. In most materials, OOO scattering is forbidden 
by energy conservation, since the difference in energies 
of any two optic phonons is rarely as large as the energy 
of a third.

OAA scattering and the A-O frequency gap: In many 
materials, the decay of an optic phonon into two acoustic 
phonons (OAA scattering) is the dominant intrinsic scat-
tering mechanism for optic phonons. However, this scat-
tering can be severely restricted in polar materials that 
have a significant frequency gap between the acoustic 
and optic phonons, A-O gap (see Figure 9 for 3C-SiC). The 
origin of this A-O gap is readily seen from the solution of 
the diatomic linear chain model discussed above. As mlight 
decreases, the optic phonon frequency, ωOpt increases 
at the Brillouin zone boundary, and as mheavy increases, 
the acoustic phonon frequency, ωA decreases, thereby 
opening a frequency gap. Table 3 gives the isotope aver-
aged atomic masses, m, and the frequencies of the highest 
acoustic (LA) and lowest optic (TO) phonons at the X 
point for a number of materials. The difference in these 
frequencies, ωTO(X)-ωLA(X), gives a measure of the A-O gap 
in a material. As this gap increases, the conservation con-
ditions [Eq. (4.2)], can severely restrict the phase space 
for OAA scattering, and in some materials prohibits this 
scattering altogether (e.g., AlSb, BAs, BSb, BeTe). Reduced 
OAA scattering gives significantly increased intrinsic optic 
phonon lifetimes in bulk crystals. Evidence for this can 
be observed in Table 3, where it is found that the longest 
optic phonon lifetimes correspond to materials with the 
largest mass differences between the constituent atoms. 
Because as the frequency of SPhP modes falls between ωTO 
and ωLO, the reduced OAA scattering is likely to be relevant 
for surface as well as bulk phonon modes.

The A-O gap is further increased for LO phonons in highly 
polar materials with strong Coulomb interactions between 
the ions, which gives higher LO frequencies. However, we 
note that this does not necessarily result in larger LO phonon 
lifetimes. For example, c-GaN has a large A-O gap and no 
OAA scattering for the zone center LO phonons. However, 
the c-GaN zone center LO lifetime is small, (∼1 ps), compared 
to those of the other large mass difference materials in Table 
3 (from 100’s of ps). Large LO/TO splitting in GaN and in 
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other materials allows higher frequency acoustic phonons 
to participate in OOA processes, which normally play a 
lesser role in limiting optic phonon lifetimes than OAA scat-
tering. For closely spaced optic branches (small LO/TO split-
ting), the conservation conditions limit OOA scattering to 
very low frequency acoustic phonons in a limited frequency 
window near the Γ point. However, in materials with limited 
OAA scattering (e.g., GaN), OOA scattering can be a particu-
larly important mechanism.

Extrinsic defects: To this point, we have discussed only 
intrinsic phonon scattering, which gives the upper bound 
to the phonon lifetimes. In realistic materials, scattering by 
varying nuclear isotopes of a given atom [159, 160], impuri-
ties and extended defects can also limit optic phonon life-
times [135]. However, extrinsic effects are system specific 
and difficult to generalize and therefore a detailed descrip-
tion of these effects is outside of the scope of this review. 
It is important to note that point and extended defects 
are expected to influence primarily the localized SPhP 
modes and result in lifetime reductions and resonance 
line broadening. These effects could be directly probed 
via sensitive near-field measurements (e.g., using SNOM) 
[25, 161, 162]. Such initial investigations were reported by 
Huber et  al. [161] where modifications to the SNOM con-
trast were observed between crystal domains with the 
4H- and 6H- stacking orders of SiC. However, such defects 
may also act as nanometer-scale sources of modified SPhP 
response that can be useful in the design of patterned 
nanophotonic or metamaterial devices. For instance, the 
incorporation of stacking faults in silicon carbide [69, 70, 
163–173] could provide a means to modify the Reststrahlen 
band and, therefore, the SPhP response of specific nano-
structures or nanophotonic/metamaterial designs. Experi-
mental evidence for this were reported by Ocelic et al. [162] 
where it was demonstrated that the SPhP response could 
be severely damped via the patterned implantation of Be3+ 
ions into a SiC surface using ion beam implantation.

5  �Realizing Mid-IR to THz 
nanophotonics and meta
materials: brief perspective

From the preceding Sections, it is apparent that SPhP mate-
rials can provide the basis for a wide array of potential 
nanophotonic or metamaterial applications. In particular, 
the dramatically higher Q’s exhibited by SPhP materials 
indicate the potential for high efficiency optical anten-
nas suitable for enhancements of mid-IR emitters, detec-
tors or sources. Furthermore, the high degree of spatial 

confinement of SPhP optical modes could provide the basis 
for sub-diffraction, super-resolution imaging or reduced 
pixel size imagers. These properties also have high poten-
tial for enhanced molecular sensing and identification 
through the SEIRA process. Promising results by Anderson 
[125] support this claim. Further, an IR analog of surface 
plasmon resonance (SPR) biosensing was recently demon-
strated by Neuner et al. [174] whereby changes in the local 
index of refraction on a SiC surface were detected by atten-
uated total reflection (ATR), and they enable detection of pL 
quantities of analytes (Figure 12A). In addition, the coinci-
dence of the Reststrahlen band of hBN, c-BN, SiC, SiO2, Al2O3 
and many III-N materials with the vibrational modes of a 
wide array of molecular species and with an atmospheric 
transmission window leads to the potential for a wide array 
of applications. For instance, covert, stand-off molecular 
sensing and/or tagging, tracking and locating approaches 
could be realized. This atmospheric window also raises 
the potential for mid-IR free-space communications with 
improved detectors and sources. Based on the availabil-
ity of SPhP materials exhibiting Reststrahlen bands over 
a broad spectral range overlapping with that of the most 
intense blackbody radiation, Rephaeli et  al. [75] reported 
the potential for a broadband SPhP metamaterial shown in 
Figure 12B that would be capable of achieving cooling effi-
ciencies in excess of 100 W/m2 at room temperature.

Another area of importance is the role of thermal 
emitters and their potential as optical sources. As shown 
in Figure 5B and C, it was reported [51, 124, 176] that SPhP 
particles emit tailored thermal emission spectra that corre-
spond to the localized SPhP resonances [23] and maintain 
the corresponding polarization of the optical modes in the 
far-field. Currently sources in the mid- and far-infrared are 
limited. For instance, in the mid-IR the primary emitters 
are either low-efficiency, broadband glowbars, such as 
those used in FTIR instruments, or more expensive coher-
ent, monochromatic sources such as CO2 or quantum 
cascade lasers, both of which offer some degree of wave-
length tunability. Furthermore, narrow-band, polarized 
sources within the far-infrared are exceptional bulky, and 
require cryogenic cooling. Thus, there is significant desire 
for inexpensive, narrow-band and polarized sources that 
could be provided through nanostructured, polar dielec-
tric materials via the corresponding modified black-body 
emission spectrum. Further, the incorporation of narrow 
apertures within SPhP materials around Re(ε)∼0 could 
also potentially convert incident broadband infrared light 
into ultra-narrow bandwidth sources.

While outside of the scope of this review to discuss 
in detail, we note that many SPhP materials exhibit high 
birefringence and, in many cases, a natural hyperbolic 



62      J.D. Caldwell et al.: Low-loss, infrared and terahertz nanophotonics using surface phonon polaritons

optical response. As discussed previously, hBN offers such 
behavior over two distinct spectral bands. The potential 
for hyperbolic media has been extensively discussed in the 
literature [80, 177, 178], however it has focused primarily 
on plasmonic/dielectric stacked systems, which typically 
exhibit high plasmonic losses and only support negative 
Re(ε) along one principal axis.  In contrast, van der Waals 
crystals such as MoS2, WS2, etc [76], and other polar dielec-
trics [77] could potentially offer additional materials with 
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Figure 12 (A) Demonstration of infrared index-based biosensing 
using SPhP modes in SIC. (B) Schematic of the optimized daytime 
radiative cooler design based on SPhP materials SiC and SiO2 along 
with MgF2/TiO2/Ag reflectors and the calculated emissivity of the 
structure at normal incidence (black curve). The AM1.5 solar spec-
trum and atmospheric transmittance window are also provided as 
the yellow and blue regions, respectively. (C) Schematic of SNOM-
based detection scheme used to collect the superlens images of 
the sub-diffraction particles. Reproduced with permission from Ref. 
[174] (A), [75] (B), and [175] (C).

naturally reciprocal hyperbolic response [53]. Such optical 
behavior, coupled with the low-loss nature of the SPhP 
modes, could enable the realization of sub-diffraction 
and/or flat optics such as mid-IR polarizers, wave plates, 
etc. Furthermore, this provides the basis for hyperlenses 
[179] and superlenses [74, 175, 180] capable of super-reso-
lution imaging within a single active layer, which in view 
of the low optical losses of these materials, may result in 
commercially attractive products for the mid-IR. Such a 
SPhP-based superlens was previously reported by Taubner 
et al. [175] and enabled the imaging of objects 20x smaller 
than the free-space wavelength as shown in Figure 12C.

As mentioned previously, propagating SPhP modes 
do not provide a direct benefit in terms of improved prop-
agation lengths at a given confinement in comparison 
to metal-based SPP MIM or similar waveguide systems. 
However, the ability to support such modes within a 
simple, single material system can provide significant 
advantages. Further, multi-frequency waveguides using 
stacked layers of different, lattice-matched polar dielectric 
materials (e.g., GaN/AlN/SiC) may find attractive applica-
tions, such as multi-frequency localized resonators or as 
recently reported by Li et al. [74] as the basis for a multi-
frequency superlens.

Finally, the relatively small values of Im(ε)[at a given 
Re(ε)] by comparison with noble metals and doped semi-
conductors imply that SPhP should find applications as 
metamaterial constituents. The high Q’s possible with 
many of the SPhP materials, and/or the exceptionally 
high index that is achievable for the frequencies just 
below ωTO may also be employed to produce deeply sub-
wavelength dielectric antennas and resonators [51], and 
novel metamaterial structures with multi-frequency and 
multi-functional operation. Furthermore, these properties 
could provide the basis for the realization of metatronic 
optical circuits initially proposed by Engheta [181] with 
nanostructures acting as wavelength-dependent optical 
inductors, capacitors and/or resistors for next generation 
circuits operating at optical frequencies.

Overall, polar dielectric materials and the SPhP modes 
they support provide not only a low-loss alternative to plas-
monics, but open up many opportunities unachievable 
with plasmonic media, such as natural, reciprocal hyper-
bolic and birefringent response, modulation using doping 
and/or defects within the material, flexible operating wave-
length ranges dependent upon the crystal properties as well 
as the dielectric and metal-like optical response from the 
same material. It is our hope that this review, along with the 
wealth of exceptional literature in the field of SPhP materi-
als will lead to a reinvigoration of research in this area and 
to a realization of the promise that these materials offer.
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Glossary
SPP	 surface plasmon polariton
SPhP	� surface phonon polariton
SERS	� surface enhanced Raman scattering
SEIRA	� surface enhanced infrared absorption
TO	� transverse optical phonon
LO	� longitudinal optical phonon
LA	� longitudinal acoustic phonon
FOM	� figure of merit
THz	� terahertz
IR	� infrared
UV	� ultraviolet
LSP	� localized surface plasmon
Q	� quality factor
IFC	� interatomic force constants
λres	� resonant wavelength
ωp	� plasma frequency
γ	� oscillator damping constant
ε	� complex permittivity
εm	� complex permittivity of plasmonic material
εSPhP	� complex permittivity of surface phonon polari-

ton material
εa	� complex permittivity of ambient or dielectric
Re(ε), Im(ε)	� real and imaginary permittivity
ε0	� vacuum permittivity
ε∞	� high-frequency permittivity
ε(0)	� low-frequency permittivity
 N	� carrier density
e	� electron charge
m*	� effective mass
r	� radius
σabs	� absorption cross-section
k	� k-vector of photons
ωTO, ωLO	�� frequency of transverse and longitudinal optical 

phonons
s2	� oscillator strength
n	� index of refraction
ωF	� Frohlich frequency
|Emax|,|Einc|	� absolute value of the maximum and incident 

electric fields
|Uin|,|Uout|	� electromagnetic energy inside and outside the 

SPP/SPhP material
Lp	� polariton propagation length
Lm	� vertical extent of polariton field
ωo	� frequency of maximum FOM value
ωj	� phonon frequency of phonon branch j
τj	� phonon lifetime of phonon branch j
K	� interatomic bond force constant
q� 	� phonon wavevector
N0	� number of unit cells
Γ	�  phonon scattering rate
G
�

	�  reciprocal lattice vector
mlight and mheavy	�� masses of light and heavy atoms in lattice
ωA, ωOpt	� acoustic and optic vibrational frequencies at the 

Brillouin zone boundary
Z, Z*	� reduced and Born effective charges
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