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Resonances of relief triangular gratings for terahertz input/output in A;Bs

semiconductors
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Diffraction efficiencies of relief semiconductor gratings in the terahertz range (THz) have been obtained by
numerical modeling, and the properties of relief semiconductor gratings with a triangular symmetric profile of
strokes have been considered. It is shown that three types of resonances are supported in such gratings: plasmon-
polariton resonances (PPR), Rayleigh resonances, and resonances related to the stroke depth. The dielectric
permittivity of InSb, GaAs and Aly3Gag 7As at a given temperature was taken from literature data or calculations
using the Drude—Lorentz model taking phonons into account. It is found that lattices of this type, unlike lattices
with other stroke profiles, exhibit very deep and narrow PDP resonances, as well as Rayleigh resonances.
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The construction of terahertz (THz) radiation sources
and receivers and, in particular, compact solid-state devices
operating in this range is becoming increasingly relevant
at present.  Quantum-cascade lasers with their small
dimensions, high efficiency, and the potential to design
devices with the required output characteristics stand out
among solid-state THz sources [1,2]. Super-multiperiod
superlattices based on A3;Bs materials constitute a different
type of promising tunable THz radiation sources operating
at room temperature. Intersubband optical transitions in
them proceed between minibands in the conduction band
(Wannier—Stark levels) and due to successive tunneling of
carriers through several periods of the structure [3].

Relief surfaces (diffraction gratings and metamaterials
supporting plasmon-polariton resonance (PPR) in TM po-
larization) are used to control THz radiation in semicon-
ductor structures. At certain temperatures and doping
levels, the semiconductor/dielectric interface (similar to the
metal/dielectric interface in the visible range [4-6]) supports
PPR in the THz range due to the interaction of light
with oscillations of free electron gas in the semiconductor,
provided that the wave vector of a surface plasmon is
equal to the projection of the wave vector of a photon
onto the interface with account for the diffraction grating
vector (see below). Thus, all resonance effects known in
optics may be reproduced in the THz range. Note that
accurate numerical methods [7,8] and the Drude—Lorentz
permittivity model [9] should be used in the study of these
phenomena with gratings of different groove profiles. Note
also that the technique for fabrication of short-wave gratings
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detailed in our recent study [10] is applicable in the IR and
THz ranges and to group A3Bs semiconductors [11-13]. In
other words, one needs to determine the design of gratings
and control different types of resonances (PPR, Rayleigh
(threshold) resonance, and resonance related to the groove
depth) to manipulate THz radiation in semiconductor
devices.

Note that the diffraction properties of relief gratings
with a triangular groove profile in semiconductors have
not been investigated yet. A symmetric field distribution
along the groove is needed for efficient PPR. To clarify
these issues, gratings based on InSb, GaAs, and AlGaAs
with a symmetric triangular profile were examined in the
present study, and several types of resonances, which are
often located nearby and transform into one another [14],
were investigated.

The PPR condition for diffraction order n of a grating
with period d, wavelength 4 of incident radiation in vacuum
(TM polarization), and incidence angle 6 is found from the
approximate equality of the sum of wave vector projection
ksin6 and reciprocal grating vector 27zn/d to PPR wave
vector magnitude qspp = ky/1+ (£”7)2, where k = 271/1,
e=¢ +ie’, £E= \/g — impedance, |£| <1, & <O,
& >0 [7,14]. The propagation of a surface plasmon
polariton is observed at 6 = 24.76°, A = 300um (1THz,
incidence from vacuum), and n=1 in the first grating
(with e = —66.6 +27.1) calculated for undoped InSb with
account for the phonon interaction and T = 300K. The
possible d = 513.9um value, which is determined from
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Figure 1. Absolute diffraction efficiency of orders (17) of the 1.946 mm~! InSb grating with symmetric triangular grooves at a wavelength
of 300 um in TM polarization as a function of incidence angle 6. a — n(n) for triangle angle @ = 21.6°; b — n(—1) in logarithmic scale
for triangle angle @ = 21.6°; and ¢ — n(n) for triangle angle o = 13.1°.

the grating equation, was taken from [5]. The correspond-
ing Rayleigh resonance value for n=1 is at 6 = 24.6°.
Therefore, taking into account the obtained & value, one
might expect the emergence of resonances of grating
orders within the range of angles around 6 = 25°. The
angular dependences of absolute diffraction efficiency n(n),
absorption, and reflected energy were calculated using the
PCGrate™ [15] software developed based on the rigorous
boundary integral equation method (see Chapter 12 in [14]).

The simulation reveals a deep resonance at 6 = 25.56°
(Fig. 1,a) for a symmetric triangular groove profile with
angle @ = 21.6° governed by PPR (Fig. 1, ). The minimum
of n(—=1)=4.2-107%  The calculation accuracy was
~ 0.001% with 800 sampling points. The minimum of 1(0)
and the maximum of absorption are observed beyond the
Rayleigh threshold. However, the total reflected energy
is large (~ 50%), since the n(—2) and n(0) values are
high. The total reflected energy for the optimum sinusoidal

grating may be several times smaller. No deep resonance
in order —1 is found for an equivalent sinusoidal grating.
Depth h = 101.53 um of the optimum triangular groove is
more than 2 times greater than depth h = 46.65 um of the
optimum sinusoidal profile. The angular distribution of n
in the vicinity of PPR depends only weakly on the grating
depth.

The simulation also reveals a deep resonance for InSb
at T=300K with a minimum of n(0) =5.6-107% at
0 =25.19° and a = 13.1° (Fig. 1,c¢). The reflected energy
value for this resonance is several times smaller, which is
attributable to the simultaneous minimization of 7(0) and
n(—1) and a modest value of n(—2). One needs to use
a grating with a smaller period to reduce the amount of
reflected energy further.

The angular dependences of energy characteristics of the
relief GaAs grating with doping level N =1-10'7 cm—3
at T =30K and d = 1.7mm are presented in Fig. 2 for
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Figure 2. Absolute diffraction efficiency (17) of the 0.588 mm™"
GaAs grating with symmetric triangular grooves with angle 24.7°
at a wavelength of 1000 um in TM polarization at a temperature of
30K as a function of incidence angle 6. The inset presents n(—1)
in logarithmic scale.

A =1000um (0.3THz). A very deep resonance with a
minimum of 7(—1) = 3.5-107% is observed at 6 = 25.49°
for a triangular groove with a = 24.7°. The total reflected
energy is large (~ 50%), since the n(—2) and n(0) values
are high. No deep resonance in order —1 is found for
an equivalent sinusoidal grating. The optimum triangular
profile is approximately 2 times deeper than the optimum
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sinusoidal profile. The angular and spectral position of
n(—1) depends only weakly on the grating depth.

The Alp3Gap;As grating with doping level
N=1-108¥cm™3 at T =30K operating at the same
frequency as the one examined in the previous case was
the last to be modeled. A deep resonance with a minimum
of n(—1) =2.7-107% is observed for a triangular groove
profile with o = 18.3° at incidence angle 6 = 23.69°
(Fig. 3,a). This resonance is a combination of the Rayleigh
resonance and PPR. The angular and spectral position of
n(—1) depends only weakly on the grating depth. A deep
resonance in order —1 is not observed in the equivalent
model of a perfectly conducting grating (ie., without
PPR); only the Rayleigh resonance with a minimum of
n(—1) = 0.027 is present (Fig. 3,b).

Thus, the diffraction properties of relief A3;Bs semi-
conductor gratings with a symmetric triangular groove
profile supporting three types of resonances (PPR, Rayleigh
resonance, and resonance related to the optimum groove
depth) have been examined for the first time. Such gratings
feature very deep and narrow PPR and Rayleigh resonances
and broad optimum-depth resonances. These resonances are
often located nearby and transform into one another, which
should be taken into account in the design of THz radiation
sources and receivers.
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Figure 3. ¢ — Absolute diffraction efficiency (1) of the 0.6 mm~' Aly3Gao7As grating with symmetric triangular grooves with an angle
of 18.3° at a wavelength of 1000 um in TM polarization at a temperature of 30K as a function of incidence angle 6; b — n(n) of the

same grating, but with a perfect conductivity.
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