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Acousto-optical devices, such as modulators, filters, or deflectors, implement a simple and effective way
of light modulation and signal-processing techniques. However, their operation wavelengths are restricted
to the visible and near-infrared frequency regions due to a quadratic decrease of the efficiency of acousto-
optical interactions with increasing wavelength. At the same time, almost all materials with a high value of
the acousto-optic figure of merit are nontransparent at wavelengths longer than 5 µm, while the transparent
materials possess a significantly lower acousto-optic figure of merit. Here, we propose and demonstrate by
calculations how these limitations can be overcome using specially designed planar semiconductor struc-
tures that support electromagnetic modes strongly coupled to the incident light in the Otto configuration.
Such an approach can be used for an efficient acousto-optical device operating in the mid-infrared range
of 8–14 µm. An acoustic wave excited by a piezoelectric transducer in a semiconductor prism is utilized to
modulate the coupling coefficient of the incident light to the guided mode of the semiconductor structure,
which results in up to 100% modulation of the transmitted light at a spatial scale less than the ultrasound
wavelength. It allows the utilization of acoustic waves with a short decay distance, and therefore, it pro-
vides a unique possibility to achieve an efficient acousto-optical modulation at frequencies about 1 GHz,
which are unreachable for traditional acousto-optics.
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I. INTRODUCTION

Here, we propose to utilize an acoustically controlled
prism coupling of light in planar semiconductor struc-
tures supporting guided modes to enhance the acousto-
optic interaction in the mid-infrared range, in particular, at
10.6 µm wavelength. The considered structure is suitable
for the following reasons. The vast majority of acousto-
optic devices are intended for visible and near-infrared
frequency ranges [1,2]. However, operation at the mid-
infrared range is very promising due to the atmosphere’s
transparency window at 8–14 µm wavelengths and the fact
that the thermal radiation maximum is within that range at
room temperature. Nowadays, there is an active develop-
ment of mid-infrared tunable filters and image-processing
devices. In particular, there is a request for microscale
light modulators with operational frequencies over 1 GHz
[3]. To adapt acousto-optic devices and techniques to the
mid- and far-infrared ranges, one has to overcome several
challenges, most notable of which is the lack of mate-
rials with a high acousto-optic figure of merit that are
transparent at wavelengths longer than 5–8 µm. Since
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the efficiency of the acousto-optic interaction decreases,
according to quadratic law, with wavelength growth, mate-
rials with an extremely high acousto-optic figure of merit
are highly in demand. Some of the unconventional mate-
rials proposed for such applications include single-crystal
tellurium [4,5], KRS-5 crystals [6], crystalline iodic acid,
and lithium iodate [7]. Additionally, the problem of oper-
ation at gigahertz frequencies is also quite challenging.
The acoustic wave absorption scales quadratically with
frequency, which leads to losses exceeding 10 dB/cm at
1 GHz for many acousto-optical materials [8]. As a result,
the effective length of the acousto-optical interaction is less
than 100 µm, which is negligible for bulk acousto-optics.

The significant enhancement of the acousto-optical
interaction efficiency in the mid-IR region could be real-
ized through excitation of optical modes, which are more
sensitive than the bulk wave beams, in a multilayer
medium. Similar structures are successfully used for the
enhancement of the light-matter interaction in layered
structures [9,10], where surface plasmon polaritons [11],
localized surface plasmons [12], waveguide modes [13],
and Tamm plasmons are excited [14]. Acoustic modulation
of the prism coupling coefficient with plasmonic structures
was used to detect an acoustic wave by visible light in
Refs. [15,16].
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Plasmonics in the mid-infrared range differ from con-
ventional plasmonics of the visible range in terms of mate-
rial properties and required techniques. The wave number
of the surface plasmon for most metals is very close to
the wave number of light, so that surface plasmons poorly
penetrate into the metal layer, while the penetration depth
in a dielectric significantly increases [17]. As a result,
differences between the light incidence angle of the plas-
mon excitation and the angle of total internal reflection
are negligible. This defines an extremely narrow resonance
shape [12], which is challenging for implementation in
real devices, but grants possibilities for a high modulation
depth [18]. Another approach is to utilize phonon polari-
tons in a highly absorbent medium, such as silicon carbide
[19]. In that case, the phonon resonance is similar to the
plasmon one in the visible range.

Here, we consider two types of the structures: the posi-
tive permittivity semiconductor (PPS) structure, consisting
of a GaAs prism and a thin film with an air gap in between,
and the negative permittivity semiconductor (NPS) struc-
ture, where a SiC film is utilized. The SiC film has
negative permittivity near 10 µm due to the phonon res-
onance, and therefore, it is supporting a surface phonon
polariton mode. Modulation of the thickness of the gap
between the prism and the semiconductor film that sus-
tains optical mode results in a significant modulation of
the coupling efficiency between the incident light and the
guided mode, as well as in modulation of the mode prop-
agation constant. It provides efficient modulation of the
reflected light. Thus, we use the Otto configuration for
excitation of the guided modes. The advantage of the Otto
configuration is in the fact that the prism refractive index
can be modulated via an acoustic wave propagating in the
prism and reflecting from the gap boundary. As a result,
there is no modulation of the guiding-layer parameters.
At the same time, because of a high difference in acous-
tic impedances, the refractive index modulation achieved
by means of acoustic waves excited with a piezoelec-
tric transducer is estimated to be about up to 10−3. We
show that this level of modulation is enough to provide
a large variation of the reflected light intensity up to

100% in the structures with high-quality-factor optical
resonances.

II. ACOUSTO-OPTICAL MODULATION BASED
ON COUPLING CONTROL

The principal scheme of the proposed modulator is
shown in Fig. 1(a). The incident light impinges on the
prism and, due to the attenuated total internal reflection,
excites a waveguide mode in the PPS structure or a surface
phonon polariton in the NPS structure. We use the Otto
geometry of prism coupling, since it allows for coupling
control via acoustic waves, as discussed in the Sec. III.
A prism made from an infrared-transparent material with
a high refractive index, such as GaAs or Ge, is located
above the multilayered structure with an air gap of about
1 µm. The longitudinal acoustic wave with power density
W, excited via a piezoelectric transducer placed on top of
the prism, provides variations of both the air gap thickness,
δd, and prism dielectric permittivity, δεp . We show in Part
I of the Supplemental Material [20] that δd depends on the
frequency of ultrasound. As a result, at low frequency, it is
necessary to take into account both δd and δεp . Analysis
shows that, in the case of positive photoelastic constants
of Bi12GeO20, CdS, and KRS-5, the influence of δεp and
δd on the reflection coefficient is cumulative and subtrac-
tive for materials with a negative photoelastic constant,
such as GaP, Ge, and GaAs. However, at frequencies above
100 GHz, only perturbation of the dielectric constant plays
a significant role in light modulation. Therefore, in analyt-
ical theory, we take into account both δd and δεp , but in
numerical calculations performed at a frequency of 1 GHz
modulation of the thickness of the air gap, δd, plays an
insignificant role.

The magnitudes of the air gap and dielectric permittivity
modulation for different infrared materials and 1 GHz fre-
quency of the acoustic wave are shown in Fig. 1(b). We
choose to use a GaAs prism for our research due to its
relatively large absolute value of δεp , which is especially
important at high frequencies.

(a) (b)
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FIG. 1. Acousto-optical light
modulation via excitation of opti-
cal modes in the Otto config-
uration: (a) modulator principal
scheme; (b) comparison of dif-
ferent infrared materials for the
prism. Acoustic power density
is assumed to be W = 1 W/mm2;
frequency of ultrasound is f =
1 GHz.
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To analyze the influence of the prism dielectric per-
mittivity and gap-thickness variation on the coupling effi-
ciency in the Otto configuration, it is necessary to solve
wave equations with boundary conditions for Ey and Hx
for s-polarized light and for Ex and Hy for p-polarized
light, in the case of attenuated total internal reflection
at the prism-air interface. The method for calculation of
reflection from the layered waveguide or surface-wave-
supporting structures is mathematically similar to the one
used to describe multilayered antireflection optical coat-
ing [21] and is generalized for the case of the imaginary
kz wave vector component arising in some layers of the
analyzed structures.

III. ACOUSTO-OPTICAL MODULATION IN THE
STRUCTURE WITH A NEGATIVE

PERMITTIVITY SEMICONDUCTOR

It is advantageous to use silicon carbide for the NPS
structure. It is a semiconductor material that has a resonant
absorbance peak at 10.6 µm with a dielectric permittiv-
ity of εSiC = −1.46 + 0.15i. This allows for excitation
of the surface phonon polaritons at the SiC-air interface.
Similarly to surface plasmon polaritons, excitation of the
surface phonon polaritons is possible only in the case of
p-polarized light. Phonons in the IR range resemble plas-
mons in the visible range: they have a relatively wide
resonance and propagation length comparable to that of
the wavelength of radiation. We start our study by ana-
lyzing surface phonon excitation on the silicon carbide/air
interface with the prism method in the Otto configuration.

Implementing the methodology introduced in Refs.
[14,16,19,22] for the case of the Otto configuration, we
get reflection coefficient R in the case of a wide gap,
exp(−2k1zd) � 1:

R(kx) =
∣∣∣∣k0z/εp − k1z/εair

k0z/εp + k1z/εair

∣∣∣∣
2

×
(

1 − 4β ′′ �β ′′

[kx − (β ′ + �β ′ )]2 + (β ′′ + �β ′′ )2

)
,

(1)

where k0z and k1z are wave vector components orthogo-
nal to layers of the structure in the prism and in the air gap,
respectively; β = β ′ + iβ ′′ is a wave number of the surface
mode at the guiding layer/air interface without considera-
tion of the prism’s influence. Prism coupling results in the
wave number shift �β. The real part of this shift, �β ′,
corresponds to a change in resonance position, while the
imaginary part, �β ′′, leads to symmetrical variations of the
resonance width and depth.

Obtaining expressions for the dispersion of surface
phonon polaritons on a thin film in an asymmetric environ-
ment, similarly to Ref. [21], one finds that the wavevector

of the normal mode of the structure acquires an additional
term caused by prism coupling:

�β =
(ω

c

) k0z/εp − k1z/εair

k0z/εp + k1z/εair
exp(−i2k1zd)C(εj , dj ),

(2)

where C is a parameter that depends on the thicknesses
and dielectric permittivities of the layers, not including the
prism. The value of C(εj , dj ) for the three-layer structure
GaAs-air-SiC can be calculated with the approximation
ε′′

SiC � |ε′
SiC|:

C = 2
εSiC − εair

(
εSiCεair

εSiC
2 + εair

2

)3/2

. (3)

It should be noted that the influence of air-gap-thickness
variation, δd, and changes in dielectric permittivity of the
prism, δεp , do not depend on the structure’s properties.
Additionally, due to total internal reflection, k1z is imag-
inary, so the exponent of power in Eq. (2) is real. Thus, the
acoustic wave affects both resonance shape and position;
however, reflectance is modulated mostly by the resonance
position shift.

Notably, the addition to the phonon polariton wave
number is equivalent to the variation of the light inci-
dence angle at which the resonance is observed: �β =
�θ cos θ

√
εpω/c. Because the acoustic interaction occurs

through prism coupling by means of variations in δd and
δεp , the resonance shift δθ caused by the acoustic wave
can be acquired from Eq. (2):

δθ |ε=const = −2δd
|k1z|
k0z

(�β ′ + i�β ′′), (4)

δθ |d=const = δεp
|k1z|(εair + εp)

k2
0zε

2
air − k2

1zε
2
p
(�β ′′ − i�β ′). (5)

Notably, the value of radiation losses can also be con-
trolled by the air-gap thickness. As follows from Eq. (1),
the optimal value of d is determined by the condition
�β ′′ = −β ′′. Because the angular shift δθ caused by δεp
variation depends on �β ′′ linearly, the contribution of
δεp to the modulation of reflectance is weakly dependent
on the resonance width, while the contribution of δd is
strongly affected by the resonance width. Further analy-
sis shows that, at the given value of the acoustic power
density, the variation of the prism’s dielectric permittiv-
ity, δεp , corresponds to the shift angle δθ = 0.1° for the
examined structures. This means that at low ultrasound
frequency, where both δd and δεp are significant for reso-
nances narrower than 1°, the contribution of δεp prevails
over the influence of δd, while for wider resonances δd
is most important. However, as follows from Eqs. (S1.4)
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and (S1.6) within the Supplemental Material [20], with
an increase in the acoustic frequency, the contribution of
δd decreases, and the influence of δεp is independent of
frequency. Therefore, at frequencies of about 1 GHz, the
contribution of δd becomes insignificant and modulation
is defined by δεp for any resonance width.

To calculate the modulation efficiency, ζ , caused by
acoustic waves, we calculate reflection indices for two full
shift positions: R = R(d−δd, εp−δεp ) and R+ = R(d + δd,
εp + δεp ). The modulation efficiency of the reflected beam
ζ is defined by

ζ = δR
2 〈R〉 = R− − R+

R− + R+
. (6)

In the basic case of the GaAs prism/air gap/semi-infinite
SiC layer, the deepest resonance of Rmin = 18% reflectance
is achieved for an air-gap thickness of 970 nm at an inci-
dence angle value of 45.1°. In Fig. 2(a), the reflectance
and modulation coefficient ζ for the dielectric permittivity
modulation of δεp = 0.0046 are represented; in the inset, a
temporal dependence of reflectance in the case of harmonic
acoustic oscillation is shown. It is seen that modulation is
close to a sinusoidal shape. This trend is explained by the
relatively low level of modulation coefficient, ζ < 0.6%.

The practical advantage of this structure is a wide band
of possible light incidence angles, �θ = 15°. This configu-
ration due to a wide resonance shape possesses a very high
tolerance to operating wavelength variation, ∂Rmin/∂λ =
10−4%/nm. The structure may be easily miniaturized to
increase the operation frequency limit caused by dissipa-
tion of the acoustic beam.

Figure 2(b) demonstrates a spatial distribution of the
electromagnetic field. The distribution of the field proves
that, on the surface of SiC, a surface phonon polariton is
excited. As shown by the blue curve in Fig. 2(b), mod-
ulation of the electric field achieves the highest values

on the surface of SiC, but not in the prism. This means
that the double-layer NPS structure is not optimal for the
modulation of light. The curve is plotted for the incidence
angle corresponding to the highest modulation of R [see
Fig. 2(a)].

To achieve deeper and narrower resonances, it is possi-
ble to utilize thin SiC films on the substrate (for example,
ZnS with n = 2.21) that allow for simultaneous control of
the coupling coefficient and internal damping. The best
results are achieved for the NPS structure containing a 570-
nm thick SiC layer with a 433 nm air gap. The resulting
resonance reaches Rmin = 0.05% at 52.7° [see Fig. 3(a)].
This minimum reflectance value is chosen to mimic the
small background always present due to the roughness of
the layer surfaces and width inaccuracies, to avoid arti-
ficial overstatement of modulation efficiency due to the
near-zero denominator in Eq. (8). The angle of total inter-
nal reflection for the GaAs/ZnS interface is 42.52°, which
results in a singular spike on the graph. Excitation of the
optical mode in examined in our structures allows one
to obtain quadratic or linear acousto-optical modulation,
depending on the angle of incidence. To obtain quadratic
modulation, it is necessary that the optical incidence angle
corresponds to the minimum of the reflection curve, while
a linear regime is observed at some mismatch from the
center of resonance. In the inset of Fig. 3(a), linear (black
curve) and quadratic (blue curve) regimes of R modulation
are shown. This structure provides almost 20% linear mod-
ulation. The described scheme is also tolerant to variation
of the operating wavelength to less than 2 × 10−4%/nm.
Because this structure possesses three layers, it is possi-
ble to calculate the sensitivity to variation of the SiC layer
thickness, ∂Rmin/∂dSiC = 0.01%/nm. Thus, this structure
is quite tolerant to changes in its parameters.

The distribution of the electromagnetic field in Fig. 3(b)
demonstrates excitation of a surface mode in the guiding
layer of SiC. An exponential decrease of the magnetic field

(a) (b)

FIG. 2. Acousto-optical modulation enhanced via excitation of phonon polaritons in SiC. (a) Angular spectra of reflectance R and
modulation coefficient ζ and temporal dependence of R (inset). (b) Spatial distribution of electromagnetic field Hy (black) and |E|2
(red) and its modulation δ|E|2/2 < |E|2 > (blue) due to acoustic oscillations inside the structure.
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Prism Air

(a) (b)

FIG. 3. Acousto-optical modulation enhanced via excitation of phonon polaritons in the SiC layer with ZnS substrate. (a) Angular
spectra of reflectance R and modulation coefficient ζ and temporal dependence of R (inset). (b) Spatial distribution of electromagnetic
field Hy (black) and |E|2 (red) and its modulation δ|E|2/2 < |E|2 > (blue) due to acoustic oscillations inside the structure.

in the air gap and the substrate may be observed. The
higher value of electric field modulation [compare with
Fig. 2(b)] in the prism, with respect to modulation of the
field in the SiC layer, proves the validity of the application
of the NPS structures.

IV. ACOUSTO-OPTICAL MODULATION IN
POSITIVE PERMITTIVITY SEMICONDUCTOR

STRUCTURES

To achieve high sensitivity for photoelastic variation of
permittivity, we propose using PPS waveguide structures
due to lower attenuation and a higher Q factor. Similar
to the structures with SiC analyzed, a longitudinal acous-
tic wave is used to modulate the dielectric permittivity
of the prism. However, opposite to the surface phonon
polaritons, the excitation of TM or TE waveguide modes
allows the utilization of both s- and p-polarized light.

Implementation of waveguides with a high contrast of
refraction index, such as air-GaAs-LiF allows deep reso-
nances to be achieved with a minimal value of R up to
0.05% reflection.

Optimizing parameters of the structures for TM mode,
we obtain an angular width of the resonance of 0.5° in
the prism. In the case of p-polarized light, the optimal
waveguide configuration is a 1.59 µm air gap, 1.8 µm
GaAs core (n = 3.27), and LiF substrate (n = 1.055) with
a resonance angle of 36.23°. Tolerance of the operating
wavelength variation is about 0.002%/nm and sensitiv-
ity to variation of the GaAs waveguide layer thickness is
slightly less than 0.01%/nm. In Fig. 4(a), angular distri-
butions of the reflectance and modulation ζ are shown,
while Fig. 4(b) shows the field distribution inside the struc-
ture and its variation. It is seen that application of the PPS
structure provides the highest possible value of modula-
tion, ζ = 100%. Modulation of the reflectance is nonlinear

(a) (b)

Prism Air

FIG. 4. (a) Acousto-optical modulation enhanced via excitation of waveguide mode in the air-GaAs-LiF waveguide in p-polarized
light. (a) Angular spectra of reflectance R and modulation coefficient ζ and temporal dependence of R (inset). (b) Spatial distribution
of electromagnetic field Hy (black) and |E|2 (red) and its modulation δ|E|2/2 < |E|2 > (blue) due to acoustic oscillations inside the
structure.
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(a) (b)

Prism Air

FIG. 5. Acousto-optical modulation enhanced via excitation of waveguide mode in the air-GaAs-LiF waveguide in s-polarized light.
(a) Angular spectra of reflectance R and modulation coefficient ζ . (b) Spatial distribution of electromagnetic field Hy (black) and |E|2
(red) and its modulation δ|E|2/2 < |E|2 > (blue) due to acoustic oscillations inside the structure.

[inset of Fig. 4(a)]. The modulated signal acquires a square
shape, rather than a sinusoidal one, with a further increase
in the acoustic power density W.

We obtain a narrower resonance in the structure opti-
mized for TE mode. Due to the higher Fresnel coeffi-
cients, s-polarized light provides narrower resonances of
�θ = 0.1°, which are actually narrower than the value of
the shift, due to the acoustic wave. To achieve 0.05%
reflectance minimum at 56.78°, we use the PPS structure
with a 2.33 µm air gap and 1.8 µm GaAs core. Sensitivity
to both variations of GaAs waveguide layer thickness and
operating wavelength is about 0.002%/nm. The character-
istics of this structure are shown in Fig. 5. The modulation
of light is nonlinear [see the inset in Fig. 5(a)] and its
time dependence also has a square shape, the duty cycle
of which is controlled by the acoustic power density. To
obtain a linear regime, it is necessary to decrease the power
density by about six times.

In Fig. 5(b), huge modulation of the electric field is
demonstrated. If we use an optical fiber to output opti-
cal radiation from the guiding layer, it will provide higher
values of modulation. In this case, the modulation effi-
ciency of light will increase with the width of the acoustic
impact region. However, an important advantage of the

device proposed here will be lost, namely, the possibility
of modulation at frequencies above 1 GHz. With increas-
ing width of the acoustic beam, the electric capacitance
of the piezoelectric transducer increases. As a result, the
excitation of acoustic waves at high frequencies will be
extremely difficult and the modulation depth will be low.

Waveguides with lower dielectric contrast, such as air-
GaAs-CdTe or air-ZnS-LiF, are also analyzed. Although
optimal matching conditions for excitation of the waveg-
uide resonance with Rmin = 0.05% can also be realized,
acousto-optical modulation of the signal will be several
times weaker. This is caused by less-efficient energy local-
ization in the waveguide core, which makes the structure
less sensitive to coupling modulation.

V. DISCUSSION

To achieve a high modulation frequency in the studied
structures, it is necessary to overcome several limitations.
We consider the mechanisms in detail in Part II of the Sup-
plemental Material [20]. The calculated frequency limits
for each of the structures are presented in Table I.

Limitations are caused by the fact that the piezoelec-
tric transducer is located at some distance, h (see Fig. 1),

TABLE I. Ultrasound frequency limits for the studied structures due to various factors.

Frequency limits (GHz)

Structure

Angle of
incidence

(deg)

Angular
width of
incident

light (deg)

Length of
acoustic
beam h
(mm)

Acoustic
attenua-

tion

Uniform
modulation

of εp

Intersection
of

diffraction
orders

Diffraction
limit

GaAs-air-SiC 45.06 6.60 0.01 10.96 0.23 0.41 2.08
GaAs-air-SiC-ZnS 52.70 3.00 0.02 7.84 0.12 0.23 2.35
GaAs-air-GaAs-LiF, p-pol. 36.23 0.09 1.10 1.17 0.003 0.005 1.74
GaAs-air-GaAs-LiF, s-pol 56.78 0.02 3.50 0.65 0.001 0.002 2.46
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from the GaAs-air interface. This distance is defined by the
width of the incident-light angular spectrum, correlating
to modulation value ζ attenuation at −3 dB level (see
column 3 of Table I). The fifth column of Table I repre-
sents the limitation caused by ultrasound attenuation [23]
at distance h. Although it allows modulation at rather high
frequencies, it is impossible to excite an acoustic wave
above that limit. The sixth column shows a strict frequency
limit for the case of homogenous disturbance of the prism’s
dielectric permittivity. Above these frequency values, the
disturbance of dielectric permittivity will be inhomoge-
neous. This will lead to the appearance of several light
diffraction orders [24]. However, while the first diffraction
order overlaps with the zero-diffraction order, the modu-
lation intensity will be similar to that of the homogenous
case. Diffraction order overlap is observed at frequencies
up to the limit presented in the seventh column of Table I.
Above these frequencies, modulation can be achieved only
in the case of the oblique incidence of ultrasound at the
prism-air interface. Modulation of the light intensity will
be observed only in −1 and +1 diffraction orders. Varia-
tion of light intensity will be similar to the low-frequency
case. This feature will be observed only while the diffrac-
tion of light at an inhomogeneous disturbance of dielectric
permittivity ε is possible.

At frequencies presented in the eighth column of Table I,
the diffraction disappears as the period of inhomogeneity
becomes too small. Nevertheless, it is possible to observe
quadratic modulation [see inset in Fig. 2(a)], and the modu-
lation frequency will turn out to be twice the frequency of
the ultrasound. Unfortunately, quadratic modulation does
not allow us to overcome the limit caused by ultrasound
attenuation, so it is appropriate for SiC-based structures.
For the case of the semi-infinite SiC layer, quadratic mod-
ulation turns out to be extremely weak: 0.003%. However,
for the GaAs-air-SiC-ZnS structure, quadratic modulation
is around 4%.

An alternative method to avoid restrictions on the mod-
ulation frequency is to excite ultrasound from the substrate
side [see Fig. 1(a)]. However, in this case, the acoustic
problem becomes much more complicated. For example,
you must consider the possibility of forming a surface
acoustic wave in the guiding layer. Moreover, it is nec-
essary to select the guiding-layer material not only with
acceptable optical properties, but also with appropriate
acousto-optical properties. Nevertheless, for the case of
excitation of ultrasound from the substrate, the results and
analytical methods presented here remain valid.

VI. CONCLUSION

Application of the NPS structures allows modulation
of a beam with a wide angular spectrum to be achieved,
while the PPS waveguides provide a higher modula-
tion coefficient, ζ . In terms of efficiency, most potential

for acousto-optical modulation in the mid-IR region is
found for the PPS waveguide structures. Excitation of
TM or TE guided modes produces narrow and deep res-
onances, which make it possible to achieve extremely
high modulation values, ζ . However, from the point of
view of high-frequency modulation, NPS structures are
more promising. Because of wide-angle absorption reso-
nances, these structures provide modulation at frequencies
of several gigahertz.
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