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The theory of non-linear interaction of electromagnetic radiation with hybrid plasmonic struc-
ture, which consists of the two-dimensional quantum heterostructure integrated with a plas-
monic element in the form of a metal grating, is developed. In particular, the non-linear effect
of a detection of high-frequency radiation by a drifting two-dimensional electron gas is ex-
amined. Based on the self-consistent solutions of the Maxwell and non-linear hydrodynamic
equations in the frames of consistent perturbation theory of the second order, the expression of
a photoresponse in the THz region is found. It is shown that the obtained expression contains
an additional factor corresponding to the radiative decay rate. The latter was omitted in the
previous theories. The presented theory is applied to the analysis of high-frequency properties
of hybrid plasmonic structures on the basis of AlGaAs/GaAs quantum heterostructure. The
influences of an optically thick substrate and the effect of the electron heating under high elec-
tron drifts on the spectral characteristics of the transmission/absorption coefficients and on
the photoresponse spectra are analyzed. Some recommendations as for the design of efficient
terahertz radiation detectors with the use of the hybrid plasmonic structures as a core element
are given.
K e yw o r d s: THz plasmonics, THz detection, hybrid plasmonic structures.

1. Introduction

The paper is devoted to the theoretical investigation
of non-linear effects arising at the interaction of ter-
ahertz (THz) electromagnetic (em) radiation with a
strongly nonequilibrium electron gas under the exci-
tation of plasmon oscillations. This research is closely
connected to applied aspects of the further develop-
ment of THz micro- and nanoelectronics.

Indeed, in spite of great successes in this field, the
problem of the development of compact, highly ef-
ficient devices with electrical pumping and electri-
cal control of working frequencies remains actual [1–
3]. The usage of the hybrid plasmonic structures, as
the core elements for such devices, is perspective and
has a great potential. Their working principles are
based on the resonance excitation of plasmon oscilla-
tions of a two-dimensional electron gas (2DEG) in the
conductive channel of a quantum heterostructure in
the presence of a plasmonic element, for instance, sub-
wavelength metallic gratings. In this case, due to the

c○ YU.M. LYASCHUK, V.V. KOROTYEYEV, 2017

relatively low electron concentrations, the character-
istic frequencies of plasmon oscillations lie in the THz
range, have essential wavevector dispersion [4], and
can be controlled by external applied fields. The uti-
lization of hybrid plasmonic structures for the emis-
sion and the detection of THz radiation is widely dis-
cussed in the literature.

Recently, an electrically driven thermal THz ra-
diation source based on AlGaN/GaN heterostruc-
ture with micrometer scaled grating was demon-
strated [5]. It has a specific form of the emission spec-
trum associated with a radiative decay of 2D plas-
mons [6]. In addition, the possibilities of the develop-
ment of coherent THz sources, by using the effects of
Dyakonov–Shur [7–9] and Cherenkov’s [10–12] plasma
instabilities induced by strong electric fields, were dis-
cussed. However, these ideas have not been verified
reliably in experiments, for the present.

At the same time, the greater progress is achieved
in the problem of THz-wave detection. The mod-
ern semiconductor receivers of THz radiation are
the square-law detectors, which transform the high-
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frequency signal to a steady-state (𝑑𝑐) signal (pho-
toresponse) proportional to the intensity of radia-
tion. The physical asymmetry and/or strong non-
linearity of electrical characteristics of such devices
are required for the detection of the external radi-
ation. The asymmetry can be structural and built-
in on the device fabrication stage (asymmetry of
the contact system, modulation of the electron den-
sity [13, 14]) or induced by an external electric
field [15]. For example, the electrical asymmetry of
contacts in the nanoscale Field-Effect Transistors
(FET) [13, 16, 17] or the size-effect of carrier deple-
tion in self-switching diodes (SSD) [18, 19] is used for
a detection of THz signals.

In the field of THz detectors, the great attention
is paid to silicon metal-oxide-semiconductor-FETs
(MOSFETs) structures. From the point of view of ap-
plications, the silicon MOSFETs are the most impor-
tant ones due to the well-developed fabrication and
integration in electrical circuits. It should be noted
that the mechanism of detection of high-frequency
radiation in such structures has a non-resonant char-
acter and is not directly associated with the exci-
tation of plasmon modes. The mechanism of non-
resonant detection is realized, when the carrier relax-
ation times are much shorter than the time periods of
oscillations of a plasmon and an external signal. The
typically non-resonant detection is described by the
broadband spectral sensitivity, and it was intensively
studied for different silicon transistor structures [20–
23]. Particularly, for the silicon MOSFET structure,
the values of detected drain-source photovoltage of
order of mV [21,22] in sub-THz frequency range were
reported. In this case, the values of photoresponse of
several tens of V/W with a noise equivalent power
of 10−10 W/Hz1/2 [24] were obtained. Nowdays, the
arrays of silicon detectors supplied with special an-
tenna exhibit the superior sensitivity up to several
kV/W [25,26] and are used as a core element for THz-
imaging setups.

However, the high electron mobility transistor
(HEMT) structures with the possibility of the
plasmon mechanism of resonant detection remain
still actual due to the enhanced functional abili-
ties. Particularly, the electrical control of the spectral
sensitivity of a detector can be used to obtain a col-
ored imaging from a single array of detectors. The
first experimental evidences of the plasmon mech-
anism of resonant detection were demonstrated for

GaAs HEMT [27]. The device detected the signal
with a frequency of 2.5 THz, which was much higher
than the transistor cutoff frequency. This fact was a
result of the resonant excitation of plasmon modes
in the channel of a transistor. Later, the mechanism
of resonant detection of THz radiation was identi-
fied for various HEMTs based on InGaAs/InP [28],
InGaAs/InAlAs [29] and InGaAs/GaAs [30] het-
erostructures.

The nanometer size of the FET and HEMT struc-
tures is the main disadvantage that strongly re-
stricts their application to the detection of THz radi-
ation. Typically, the size of a transistor is much more
smaller than the size of the cross section of a THz
beam, i.e., only a small part of the incident radia-
tion is transformed to the useful signal. To increase
the effective coupling of the external THz radiation
with plasmon excitations, it is necessary to match the
transistor with an antenna. This circumstance sophis-
ticates the fabrication of the arrays of THz detectors
based on nanoscale transistors, where each transistor
should be supplied by the own antenna.

This problem can be solved by the use of a hybrid
plasmonic structure with subwavelength metallic gra-
ting. The metallic grating plays the role of a broad-
band antenna that can effectively couple incident
radiation with plasmon oscillations in the conduc-
tive channel of quantum heterostructures. The ad-
vantages of such plasmonic structure are the large
effective area of a detector (the novel methods of ex-
treme ultraviolet interference lithography allow one
to easily fabricate the large-area structured surface
with deeply submicron resolution [31, 32]) and fre-
quency and polarization selectivities. The selectivity
is stipulated by the resonance absorption of THz ra-
diation due to the excitation of plasmons in a hybrid
plasmonic structure with metallic grating.

For the first time, the detection of THz radiation
with the use of a hybrid plasmonic structure was ob-
served in Ref. [33]. The plasmonic structure was fab-
ricated on the basis of a double quantum well (QW)
AlGaAs/GaAs heterostructure and had sensitivity of
order of 1 mV/W at 25 K [33]. In the further exper-
iments with the use of single QW heterostructures
with micron grating periods, the values of photore-
sponse up to one hundred of mV/W [35, 36] were
reached.

The modern theories of detection of THz radiation
in hybrid plasmonic structures with 2DEG consider
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two main mechanisms: appearance of the photore-
sponse induced by the electron drift of 2DEG under
the applied 𝑑𝑐 voltage [15] and the emergence of a
photoresponse due to the spatial modulation of elec-
tron concentrations in structures with the asymmet-
ric grating-gates [14, 37, 38]. These theories are based
on the perturbative solutions of the nonlinear sys-
tem of equations that includes the hydrodynamic and
Maxwell’s equations. Their solution allowed one to
obtain the expression for a photoresponse. However,
from the mathematical point of view, the theories
have an essential shortcoming. In the frames of the
proposed approach, the hydrodynamic equations were
considered in the second order of perturbation the-
ory, but the solutions of Maxwell’s equations were
obtained in a linear approximation. This led to the
violation of the complete self-consistency of those
theories.

The aim of this paper is the development of a con-
sistent nonlinear theory of the detection of a high-
frequency radiation in hybrid plasmonic structures
with the drifting 2DEG. The theory will include a
consideration of the multilayer geometry of a plas-
monic structure with regard for the effects of electron
heating under the action of strong enough applied 𝑑𝑐
electric fields.

The paper is organized as follows. Section 2 to-
gether with the Appendices includes the model,
mathematical formulation of the perturbation theory
of a detection, and the consistent procedure of obtain-
ing the basic expression of the photoresponse. The
developed theory is applied to the analysis of the
spectral dependences of the photoresponse of a plas-
monic structure based on AlGaAs/GaAs quantum
heterostructure. The main results and their analysis
are presented in Section 3. Particularly, the behav-
ior of the transmission/absorption spectra and their
correlation with photoresponse spectra in dependence
on the geometric parameters of a plasmonic struc-
ture and the magnitude of the applied 𝑑𝑐 electric field
are studied. The conclusions are summarized in Sec-
tion 4.

2. Theory of Detection
2.1. Model and basic equations

The model of hybrid plasmonic structure is shown in
Fig. 1 and consists of the quantum heterostructure
with 2DEG growing on the dielectric substrate. The
metallic grating with period 𝑎 is deposited on the

Fig. 1. Sketch of the geometry of the hybrid plasmonic struc-
ture based on a quantum heterostructure with 2DEG. The 𝐷

and 𝐷𝑠 are the thicknesses of the barrier layer and substrates,
respectively. Three vectors k0, E, and H denote the orienta-
tions of the wavevector and vectors of electric and magnetic
components of the incident em wave, respectively. The vector
E0 shows the directions of 𝑑𝑐 applied electric field

top surface of the barrier layer. The grating is formed
by parallel strips of a metal with thickness 𝑑𝑔 and
width 𝑏. We consider a deeply subwavelength grating,
𝑎 ≪ 𝜆0, with 𝜆0 denoting the wavelength of the inci-
dent em wave. We assume the case of the normal inci-
dence of a plane monochromatic (E(𝑡) ∼ exp(−𝑖𝜔𝑡))
em wave with its polarization oriented perpendic-
ularly to the grating strips. In such geometry, the
electric field of the em wave induces instantaneous
dipoles, which form a spatially inhomogeneous field,
in the grating strips. This field can efficiently ex-
cite the plasmon oscillations in 2DEG. To ensure the
strong coupling between the external wave and plas-
mons in 2DEG, the thickness of the barrier layer, 𝐷,
should be essentially less than 𝑎.

The coordinate system of the problem is the fol-
lowing: the axis 𝑂𝑋 is directed along the grating
axis (perpendicularly to the grating strips), and the
axis 𝑂𝑍 is directed along the wavevector of the inci-
dent wave. It is assumed that, along the 𝑂𝑌 axis, the
structure is uniform and infinitely long. In this case,
the electric field components of the em wave depend
on two coordinates 𝑥 i 𝑧, i.e., the electrodynamics of
the problem is effectively two-dimensional. In the far-
field zone of the structure (𝑧 ≫ 𝑎), the electric field
has only one component, 𝐸𝑥(𝑧). In the near-field zone
(𝑧 ∼ 𝑎), due to the interaction of the incident wave
with the grating, the field acquires a complicated vec-
tor geometry, which is described by two components,
𝐸𝑥(𝑥, 𝑧) and 𝐸𝑧(𝑥, 𝑧) [39].
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For the analysis of the interaction of an external
electromagnetic field with the plasmonic structure,
we use Maxwell’s equations written in the form of
the single wave equation:

rot rotE(r, 𝑡) +
𝜖(r)
𝑐2

𝜕2E(r, 𝑡)
𝜕𝑡2

= −4𝜋

𝑐2
𝜕j(r, 𝑡)

𝜕𝑡
, (1)

where 𝑐 is the light velocity in vacuum, 𝜖(r) is the lo-
cal dielectric permittivity of the medium, and j(r, 𝑡)
is the high-frequency (𝑎𝑐) conduction current den-
sity, which includes the current density in the grating,
j𝐺(r, 𝑡), and in the layer of 2DEG, j2D(r, 𝑡). For the
assumed geometry of the plasmonic structure, 𝜖(r) is
the function only of the 𝑧-coordinate,

𝜖(𝑧) =

⎧⎪⎪⎨⎪⎪⎩
𝜖𝐼 , 𝑧 < 0,
𝜖𝐼𝐼 , 0 < 𝑧 < 𝐷,
𝜖𝐼𝐼𝐼 , 𝐷 < 𝑧 < D,
𝜖𝐼 , 𝑧 > D,

(2)

where D = 𝐷+𝐷𝑠 is the distance between the grating
and the bottom interface of the substrate. Let us as-
sume that the thicknesses of the grating strips and the
region of 2DEG are much less than the corresponding
skin layer for the electromagnetic waves with THz fre-
quencies. Under this assumption, the current density
will have only the nonzero 𝑥−component that can be
written as follows:

𝑗𝑥(r, 𝑡) = 𝑗𝐺(𝑥, 𝑡)𝛿(𝑧) + 𝑗2D(𝑥, 𝑡)𝛿(𝑧 −𝐷), (3)

where 𝛿 denotes the Dirac delta-function. To find the
current in the grating, we use Ohm’s law in the local
approximation,

𝑗𝐺(𝑥, 𝑡) = 𝜎𝐺(𝑥)𝐸𝑥(𝑥, 0, 𝑡), (4)

where the functional dependence of the 2D grating
conductivity 𝜎𝐺(𝑥) is determined by the spatial grat-
ing profile. We assume that the conductivity of metal
strips has no frequency dispersion (it is realized for
the majority of highly conductive metals in the THz
frequency range [40]). The frequency dispersion of the
conductivity of noble metals can be essential in the
visible range of electromagnetic waves. In this case,
the conductivity becomes a complex-valued function
that can modify the electrodynamic properties of a
metallic grating. In particular, it can give rise to
the strong absorption of electromagnetic waves and
the emergence of the plasmon resonance in a grat-
ing [41, 42].

The determination of the current 𝑗2D(𝑥, 𝑡) requires
the specification of the electron transport model in
2DEG. Here, we apply the hydrodynamic model (ap-
plicability of the hydrodynamic approach is discussed
in Ref. [7]) which includes: the Euler equation,

𝜕𝜐(𝑥, 𝑡)

𝜕𝑡
+ 𝜐(𝑥, 𝑡)

𝜕𝜐(𝑥, 𝑡)

𝜕𝑥
=

= − 𝑒

𝑚*𝐸𝑥(𝑥,𝐷, 𝑡)− 𝛾𝜐(𝑥, 𝑡), (5)

the continuity equation,

𝜕𝑛(𝑥, 𝑡)

𝜕𝑡
− 1

𝑒

𝜕𝑗2D(𝑥, 𝑡)

𝜕𝑥
= 0, (6)

and the current density in the local approximation:

𝑗2D(𝑥, 𝑡) = −𝑒𝑛(𝑥, 𝑡)𝜐(𝑥, 𝑡), (7)

where 𝑒 is the elementary charge, 𝑚* is the elec-
tron effective mass (the parabolic dispersion law is
assumed for electrons), 𝑛(𝑥, 𝑡) and 𝜐(𝑥, 𝑡) are the
electron local concentration and the average velocity,
respectively. The quantity 𝐸𝑥(𝑥,𝐷, 𝑡) is the electric
field in the plane of 2DEG. The electron scattering
processes are taken into account by the parameter
𝛾 = 1/𝜏 that has a meaning of the momentum scat-
tering rate.

The essentially non-linear system of equations (1)–
(7) will be solved in the frame of perturbation the-
ory. For this purpose, all entering variables are ex-
panded in series as follows:

𝑛(𝑥, 𝑡) = 𝑛0 + 𝑛(1)(𝑥, 𝑡) + 𝑛(2)(𝑥, 𝑡),

𝜐(𝑥, 𝑡) = 𝜐0 + 𝜐(1)(𝑥, 𝑡) + 𝜐(2)(𝑥, 𝑡),

𝐸{𝑥,𝑧}(𝑥, 𝑧, 𝑡) = 𝐸0 + 𝐸
(1)
{𝑥,𝑧}(𝑥, 𝑧, 𝑡)+

+𝐸
(2)
{𝑥,𝑧}(𝑥, 𝑧, 𝑡),

𝑗𝑥(𝑥, 𝑧, 𝑡) = 𝑗0 + 𝑗(1)𝑥 (𝑥, 𝑧, 𝑡) + 𝑗(2)𝑥 (𝑥, 𝑧, 𝑡).

(8)

The quantities 𝑛0, 𝜐0, 𝐸0, and 𝑗0 correspond to the
uniform 𝑑𝑐 electron concentration, drift velocity, and
current density in 2DEG, respectively. The super-
scripts (1), (2) enumerate the terms, which are pro-
portional to the first and second degrees of the ampli-
tude of the external wave. We restrict ourselves by the
consideration of the second-order perturbation the-
ory, and the terms of the orders higher than 2 will be
omitted. We begin the analysis of system (1)–(7) with
the wave equation. The linearity of the wave equation
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with respect to the electric field allows us to find its
solution for the different orders of a perturbation sep-
arately.

Due to the periodicity of the plasmonic structure
along the 𝑂𝑋 axis, we can search for the solution of
Eq. (1) in the form of the Fourier expansion in the co-
ordinate 𝑥. Moreover, the non-linear terms in the hy-
drodynamic equations can give rise to the non-linear
effect such as the emergence of multiple harmonics in
the frequency spectra of the 𝑎𝑐 fields/currents. Thus,
the electric field components of the electromagnetic
wave and current densities can be expressed in the
following form:

[𝐸
(𝑠)
{𝑥,𝑧}(r, 𝑡), 𝑗

(𝑠)
𝑥 (r, 𝑡)] =

=

+∞∑︁
𝑚,𝑝=−∞

[𝐸
(𝑠)
{𝑥,𝑧},𝑚,𝑝(𝑧), 𝑗

(𝑠)
𝑥,𝑚,𝑝(𝑧)] exp(𝑖[𝑞𝑚𝑥− 𝜔𝑝𝑡]),

(9)

where 𝑞𝑚 = 2𝜋𝑚/𝑎, 𝜔𝑝 = 𝜔𝑝, 𝜔 is the frequency
of the incident signal, and superscript 𝑠 = (1, 2) is
the order of perturbation. With the use of expansion
(9), the wave equation (1) can be transformed to a
system of differential equations with respect to the
coordinate 𝑧 (in the each medium) for the each 𝑚, 𝑝-
Fourier harmonic of the 𝑥-component of the electric
field:

𝜕2𝐸
(𝑠)
𝑥,𝑚,𝑝

𝜕𝑧2
−𝑘2𝑟,𝑚,𝑝𝐸

(𝑠)
𝑥,𝑚,𝑝=

4𝜋𝑖𝑘2𝑟,𝑚,𝑝

𝜖𝑟𝜔𝑝

[︀
𝑗𝐺(𝑠)
𝑚,𝑝 𝛿(𝑧)+

+ 𝑗2D(s)
𝑚,𝑝 𝛿(𝑧 −𝐷)

]︀
, (10)

where subscript 𝑟 = 𝐼, 𝐼𝐼, 𝐼𝐼𝐼 enumerates the three
media: vacuum, the barrier layer, and a substrate
(see Fig. 1). The characteristic wavenumber

𝑘𝑟,𝑚,𝑝 =

⎧⎪⎪⎨⎪⎪⎩
√︂
𝑞2𝑚 − 𝜖𝑟

(︁
𝜔𝑝

𝑐

)︁2
, 𝑞𝑚 >

√
𝜖𝑟𝜔𝑝/𝑐,

−𝑖

√︂
𝜖𝑟

(︁
𝜔𝑝

𝑐

)︁2
− 𝑞2𝑚, 𝑞𝑚 <

√
𝜖𝑟𝜔𝑝/𝑐

describes the spatial localization of the 𝑚, 𝑝-Fourier
harmonics, which compose the spatial geometry and
temporal dynamics of the resultant electromagnetic
fields.

Solving Eqs. (10) with the appropriate boundary
conditions at the interfaces between different media,
we can find the relation between the 𝑎𝑐 electric field

in the plane of 2DEG and the 𝑎𝑐 currents that are
induced in the plasmonic structure for the different
orders of a perturbation:

𝐸(𝑠)
𝑥,𝑚,𝑝(𝐷)=−4𝜋𝑖𝑘𝐼,𝑚,𝑝

𝜔𝑝𝜖𝐼

(︁
𝑗𝐺(𝑠)
𝑚,𝑝 +Λ𝑚,𝑝𝑗

2D(s)
𝑚,𝑝

)︁ 1

Δ𝑚,𝑝
+

+2𝐸0𝛿𝑚,0𝛿𝑝,1
𝛿𝑠,1
Δ𝑚,𝑝

, (11)

where �̃�0 is the amplitude of the incident wave. The
details of the procedure of solution of Eq. (10) and
the explicit form of the entering functions Λ𝑚,𝑝, Δ𝑚,𝑝

are given in Appendix 1. Relation (11) will be used
to determine the photoresponse.

2.2. Expression for the photoresponse

To obtain a formula for the photoresponse, we ap-
ply the expansions of perturbation theory (8) to the
hydrodynamic equations (5)–(7). Note that all quan-
tities are referred to 𝑧 = 𝐷. In the zero order, it is
easy to obtain the relations between 𝑑𝑐 characteris-
tics, 𝜐0 = −𝜇0𝐸0, 𝑗0 = 𝜎0𝐸0, where 𝜇0 = 𝑒/𝑚*𝛾 and
𝜎0 = 𝑒𝑛0𝜇0 are the electron mobility and conductiv-
ity of 2DEG, respectively. In the linear approxima-
tion, system (5)–(7) takes the form

𝜕𝜐(1)

𝜕𝑡
+ 𝜐0

𝜕𝜐(1)

𝜕𝑥
= − 𝑒

𝑚*𝐸
(1)
𝑥 − 𝛾𝜐(1),

𝜕𝑛(1)

𝜕𝑡
+ 𝜐0

𝜕𝑛(1)

𝜕𝑥
+ 𝑛0

𝜕𝜐(1)

𝜕𝑥
= 0,

𝑗2D(1) = −𝑒
(︁
𝑛0𝜐

(1) + 𝑛(1)𝜐0

)︁
.

(12)

From system (12) written in the Fourier representa-
tion(︀
𝛾 − 𝑖[𝜔𝑝 − 𝑞𝑚𝜐0]

)︀
𝜐(1)
𝑚,𝑝 = − 𝑒

𝑚*𝐸
(1)
𝑥,𝑚,𝑝,

(𝜔𝑝 − 𝑞𝑚𝜐0)𝑛
(1)
𝑚,𝑝 − 𝑞𝑚𝑛0𝜐

(1)
𝑚,𝑝 = 0,

𝑗
2D(1)
𝑚,𝑝 = −𝑒

(︁
𝑛0𝜐

(1)
𝑚,𝑝 + 𝑛

(1)
𝑚,𝑝𝜐0

)︁
,

(13)

we can find the 𝑎𝑐 conductivity of 2DEG, 𝜎2D
𝑚,𝑝, which

describes, in the linear approximation, the response
of the drifting 2DEG on the external spatially non-
uniform 𝑎𝑐 signal, i.e., 𝑗2D(1)

𝑚,𝑝 = 𝜎2D
𝑚,𝑝𝐸

(1)
𝑥,𝑚,𝑝 with

𝜎2D
𝑚,𝑝 = 𝜎0

𝜔𝑝

𝜔𝑝 − 𝑞𝑚𝜐0

𝛾

𝛾 − 𝑖(𝜔𝑝 − 𝑞𝑚𝜐0)
. (14)

The asymmetry of this quantity (at non-zero 𝜐0) with
respect to the substitution 𝑞𝑚− > 𝑞−𝑚 is the respon-
sible for the specific splitting of the plasmon reso-
nance in the transmission and absorption spectra (see
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Section 3). For the further analysis, it is convenient
to express the 𝑚, 𝑝-Fourier harmonics of a local elec-
tron concentration and average velocity through the
𝑚, 𝑝-Fourier harmonics of an 𝑎𝑐 field in the plane of
2DEG

𝜐(1)
𝑚,𝑝 = − 𝑒

𝑚*
𝐸

(1)
𝑥,𝑚,𝑝(︀

𝛾 − 𝑖[𝜔𝑝 − 𝑞𝑚𝜐0]
)︀ , (15)

𝑛(1)
𝑚,𝑝 = −𝑒𝑛0

𝑚*
𝑞𝑚𝐸

(1)
𝑥,𝑚,𝑝(︀

𝛾 − 𝑖[𝜔𝑝 − 𝑞𝑚𝜐0]
)︀
(𝜔𝑝 − 𝑞𝑚𝜐0)

. (16)

In the quadratic approximation, the hydrodynamic
equations take the following form:

𝜕𝜐(2)

𝜕𝑡
+ 𝜐0

𝜕𝜐(2)

𝜕𝑥
+ 𝜐(1) 𝜕𝜐

(1)

𝜕𝑥
= − 𝑒

𝑚*𝐸
(2)
𝑥 − 𝛾𝜐(2),

𝜕𝑛(2)

𝜕𝑡
+ 𝜐0

𝜕𝑛(2)

𝜕𝑥
+ 𝑛0

𝜕𝜐(2)

𝜕𝑥
+

𝜕

𝜕𝑥

(︁
𝑛(1)𝜐(1)

)︁
= 0,

𝑗2D(2) = −𝑒
(︁
𝑛0𝜐

(2) + 𝑛(2)𝜐0 + 𝑛(1)𝜐(1)
)︁
.

(17)

In the Fourier representation, we come to the infinite
system of algebraic equations:(︀
𝛾 − 𝑖[𝜔𝑝 − 𝑞𝑚𝜐0]

)︀
𝜐(2)
𝑚,𝑝 + 𝑖

∑︁
𝑚′,𝑝′

𝑞𝑚′𝜐
(1)
𝑚′,𝑝′𝜐

(1)
𝑚−𝑚′,𝑝−𝑝′ =

= − 𝑒

𝑚*𝐸
(2)
𝑥,𝑚,𝑝,

(𝜔𝑝 − 𝑞𝑚𝜐0)𝑛
(2)
𝑚,𝑝 − 𝑞𝑚𝑛0𝜐

(2)
𝑚,𝑝 =

= 𝑞𝑚
∑︀

𝑚′,𝑝′ 𝑛
(1)
𝑚′,𝑝′𝜐

(1)
𝑚−𝑚′,𝑝−𝑝′ ,

𝑗2D(2)
𝑚,𝑝 = −𝑒

(︁
𝑛0𝜐

(2)
𝑚,𝑝 + 𝑛(2)

𝑚,𝑝𝜐0 + 𝑛(1)
𝑚,𝑝𝜐

(1)
𝑚,𝑝

)︁
.

(18)

Eliminating the variable 𝑛
(2)
𝑚,𝑝 from the second equa-

tion of this system, we find the expression for a
quadratic perturbation of the current. This quadratic
perturbation is responsible for the emergence of the
non-zero photocurrent:

𝑗2D(2)
𝑚,𝑝 =− 𝑒𝑛0𝜔𝑝

𝜔𝑝−𝑞𝑚𝜐0

⎛⎝𝜐(2)
𝑚,𝑝+

∑︁
𝑚′,𝑝′

𝑛
(1)
𝑚′,𝑝′𝜐

(1)
𝑚−𝑚′, 𝑝−𝑝′

⎞⎠.
(19)

Indeed, by definition, the photocurrent is determined
as the result of the averaging over the spatial and
temporal periods of an 𝑎𝑐 current perturbation, i.e.,

𝑗ph=
⟨
𝑗(𝑥, 𝑡)−𝑗0

⟩
𝑥,𝑡
=
⟨
𝑗2D(1)(𝑥, 𝑡) +𝑗2D(2)(𝑥, 𝑡)

⟩
𝑥,𝑡

.

(20)

In the case of monochromatic incident radiation,
a linear perturbation of the current, 𝑗2D(1)(𝑥, 𝑡) ∼
∼ exp(−𝑖𝜔𝑡), gives zero after the averaging. By per-
forming the averaging,

𝑗ph=
⟨
𝑗2D(2)(𝑥, 𝑡)

⟩
𝑥,𝑡

=

𝑎∫︁
0

𝑑𝑥

𝑎

𝑇∫︁
0

𝑑𝑡

𝑇
𝑗2D(2)(𝑥, 𝑡)=𝑗

2D(2)
0,0 ,

(21)

we found that the photocurrent is equal to the zero
Fourier harmonic of a quadratic perturbation of the
current, 𝑗2D(2)

0,0 . The latter can be found from formula
(19) in the limit 𝑚 → 0 and 𝑝 → 0. As a result, we
have
𝑗
2D(2)
0,0 = −𝑒𝑛0

(︁
𝜐
(2)
0,0 +

∑︁
𝑚′,𝑝′

𝑛
(1)
𝑚′,𝑝′𝜐

(1)
−𝑚′,−𝑝′

)︁
. (22)

The first equation of system (18) yields

𝜐
(2)
0,0 = − 𝑒

𝑚*𝛾
𝐸

(2)
𝑥,0,0 −

𝑖

𝛾

∑︁
𝑚′,𝑝′

𝑞𝑚′𝜐
(1)
𝑚′,𝑝′𝜐

(1)
−𝑚′,−𝑝′ . (23)

It is easy to verify that second term is identically
zero. Indeed, passing to the summation over positive
indices, we obtain∑︁
𝑚′,𝑝′

𝑞𝑚′𝜐
(1)
𝑚′,𝑝′𝜐

(1)
−𝑚′,−𝑝′ =

=
∑︁

(𝑚′,𝑝′)>0

(︁
𝑞𝑚′𝜐

(1)
𝑚′,𝑝′𝜐

(1)
−𝑚′,−𝑝′+ 𝑞−𝑚′𝜐

(1)
−𝑚′,−𝑝′𝜐

(1)
𝑚′,𝑝′

)︁
= 0.

(24)
Thus,

𝜐
(2)
0,0 = − 𝑒

𝑚*𝛾
𝐸

(2)
𝑥,0,0, (25)

where 𝐸(2)
𝑥,0,0 should be found from the electrodynamic

equation (11) for the second order of perturbation
theory. In the limit 𝑚 → 0, 𝑝 → 0, we have Δ0,0 = 2
and Λ0,0 = 1 (see Appendix 1). As a result, Eq. (11)
gives the following simple relation:

𝐸
(2)
𝑥,0,0 = − 2𝜋

√
𝜖𝐼𝑐

𝑗
2D(2)
0,0 . (26)

Here, we used that 𝑗
𝐺(2)
𝑥,0,0 = 0. The latter reflects the

apparent fact that the 𝑑𝑐 current cannot flow across
the grating strips.

Substituting Eq. (25) into Eq. (22) and taking
Eq. (26) into account, we can obtain the expression
for the photocurrent through quantities of the first
order in the perturbation:

𝑗
2D(2)
0,0 = −𝑒

𝛾

𝛾 + Γ

∑︁
𝑚′,𝑝′

𝑛
(1)
𝑚′,𝑝′𝜐

(1)
−𝑚′,−𝑝′ , (27)
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where the factor Γ = 2𝜋𝑒2𝑛0/(𝑚
*𝑐
√
𝜖𝐼) has a mean-

ing of the radiative decay rate. It should be noted that
formula (27) contains the factor 𝛾/(𝛾+Γ), which was
omitted in the previous theory [15]. The emergence
of this factor is stipulated by the sequential consid-
eration of Maxwell’s equations in the second order of
perturbation theory.

Using Eqs. (15) and (16), we obtain the final for-
mula, which expresses the photocurrent through the
spatial Fourier harmonics of the 𝑎𝑐 electric field in
the plane of 2DEG:

𝑗ph = −2𝑒3𝑛0

𝑚2

𝛾

𝛾 + Γ

∑︁
𝑚

𝑞𝑚
𝜔 − 𝑞𝑚𝜐0

|𝐸(1)
𝑥,𝑚,1|2

𝛾2 + (𝜔 − 𝑞𝑚𝜐0)2
.

(28)

On the derivation of the last equations in the case
of a monochromatic wave, we used 𝐸

(1)
𝑥,𝑚,𝑝 ∼ 𝛿𝑝,1�̃�0

(see Appendix 2). This means that the sum over 𝑝′

in Eq. (27) contains only terms corresponding to the
frequency of the external signal, 𝜔. In the 𝑑𝑐 current
regime, the illumination of the plasmonic structure
by terahertz radiation induces the additional 𝑑𝑐 pho-
tovoltage:

𝛿𝑈ph = −ℒ𝑗ph

𝜎0
,

where ℒ is the channel length. This photovoltage is
the measured quantity in experiments and is often
mentioned as the photoresponse. The expression for
the photoresponse,

𝛿𝑈ph =
2𝑒𝛾2ℒ

𝑚*(𝛾 + Γ)

∑︁
𝑚

𝑞𝑚
𝜔 − 𝑞𝑚𝜐0

|𝐸(1)
𝑥,𝑚,1|2

𝛾2 + (𝜔 − 𝑞𝑚𝜐0)2
,

(29)

together with the solution of the electrodynamic
problem Eq. (37) (see Appendix 2) finalize the formu-
lation of the perturbation theory of the photoresponse
in the hybrid plasmonic structures.

3. Results and Discussions
3.1. Effect of the electron
drift on the spectral characteristics
of the plasmonic structure

For the better comprehension of the physics of
the drifting mechanism of THz-wave detection, we
start our analysis from several phenomenological spe-
culations.

So far as the photoresponse is proportional to the
squared electric field amplitude in 2DEG, the maxi-
mal values of photoresponse are expected to be in the
frequency range of the plasmon resonance. In such
structures, the plasmon resonance is accompanied by
a great enhancement of the electromagnetic field in
the near-field zone of the grating, including the re-
gion of 2DEG [43], that manifests itself by the reso-
nant absorption of an incident wave. Such absorption
is identified as specific extrema in the transmission
and reflection spectra [10, 43–45].

In the absence of the electron drift (𝐸0 = 0,
𝜐0 = 0), the detected signal is equal to zero due to the
symmetric contributions of the plasmons with posi-
tive and negative wavevectors [see formula (29)]. In
this case, the minima corresponding to the wavevec-
tors 𝑞 = 2𝜋|𝑚|/𝑎 can only be observed in transmis-
sion spectra.

Under the steady-state electron drift (𝐸0 ̸= 0, 𝜐0 ̸=
̸= 0), the symmetry of the system is broken with re-
spect to the mapping of 𝑞𝑚 → 𝑞−𝑚. This means that
the Fourier harmonics of the electric fields, 𝐸

(1)
𝑥,𝑚,1

and 𝐸
(1)
𝑥,−𝑚,1, will be different, and their contributions

to the photoresponse will not be compensated. Thus,
the photocurrent increases with the asymmetry of
plasmons with opposite signs of wavevectors.

The symmetry breaking also leads to the specific
splitting of the plasmon resonance extrema in the
transmission/reflection spectra. This splitting can be
estimated with the use of the dispersion law of the
drifting 2D plasmons that is obtained in the electro-
static approximation:

𝜔sc(𝑞) = 𝜐0𝑞 + 𝜔sc(𝑞)|𝜐0=0, (30)

where 𝜔(𝑞)sc|𝜐0=0 is the plasmon frequency in the ab-
sence of the electron drift. In this model, the split-
ting is determined by the Doppler shift, 𝜐0𝑞 (see, e.g.,
[4, 46, 47]). For the estimations, we used the expres-
sion of 𝜔sc(𝑞)|𝜐0=0 in the case of 2D plasmons gated
by the ideal metallic mirror:

𝜔sc(𝑞)|𝜐0=0 =

√︃
4𝜋𝑒2𝑛2D|𝑞|
𝑚*𝜖eff(𝑞)

,

where 𝜖eff(𝑞) is the effective dielectric permittivity of
the assumed plasmonic structure and is given by the
formula

𝜖eff(𝑞) = 𝜖𝐼𝐼cth|𝑞|𝐷 + 𝜖𝐼𝐼𝐼
𝜖𝐼 + 𝜖𝐼𝐼𝐼cth|𝑞|𝐷𝑠

𝜖𝐼𝐼𝐼 + 𝜖𝐼cth|𝑞|𝐷𝑠
.
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Fig. 2. Panel А: transmission spectrum of AlGaAs/GaAs
hybrid plasmonic structure at 𝐸0 = 0 V/cm (thin line) and
𝐸0 = 200 V/cm (thick line). Panel B: dispersion curves
of gated 2D plasmons calculated according to Eq. (30) for
𝜐0 = 7.5 × 106 cm/s. The parameter 𝛾 = 0.83 × 1012 s−1

is obtained from the slope of 𝑑𝑐 characteristics, 𝜐0(𝐸0) (see
Fig. 5 (B)). Geometric parameters of the structures are follow-
ing: 𝑎 = 0.5 𝜇m, 𝑏 = 0.4 𝜇m, 𝐷 = 40 nm, and 𝐷𝑠 = 1 𝜇m.
Dielectric constants: 𝜖𝐼 = 1, 𝜖𝐼𝐼 = 12.9, 𝜖𝐼𝐼𝐼 = 9.3 (Al2O3 is
assumed as a material for the substrate). Metallic grating is
assumed to be a gold with a bulk conductivity of 4×1017 s−1;
thickness of strips 𝑑𝑔 = 20 nm, and 𝜎𝐺

0 = 8× 1011 cm s−1

Fig. 3. Photoresponse spectrum of the assumed plasmonic
structure. Points 𝑎 and 𝑏 mark the selected frequencies 𝜔/2𝜋 =

= 0.49, 0.81 THz, for which the amplitudes of spatial Fourier
harmonics |𝐸(1)

𝑥,𝑚,1| of the field in the plane of 2DEG for differ-
ent 𝑚 are shown in the inset. Squares correspond to 𝜔/2𝜋 =

= 0.49 THz and triangles correspond to 𝜔/2𝜋 = 0.81 THz.
Power density of incident radiation is equal to 1 W/cm2, the
length of a 2DEG channel, ℒ = 2 mm. Other parameters are
the same as in Fig. 2

The more precise calculation of the drifting splitting
of the plasmon resonance requires the cumbersome
analysis of plasmon spectra under the grating includ-
ing the effect of the branch folding [10, 12].

It should be noted that, for the distinct observa-
tion of the drifting mechanism of the plasmon reso-
nance splitting, it is necessary to fulfil the number
of requirements to the parameters of the plasmonic
structure. One should use heterostructures with high
electron mobilities, low electron concentrations, and
as much as possible drift velocities. For example, such
conditions can be realized in the plasmonic struc-
tures based on modern, high-quality AlGaAs/GaAs
quantum heterostructures. Illustration of the drift-
ing mechanism of plasmon resonance splitting in a
transmission spectrum and its interrelation with the
dispersion law (30) is demonstrated in Fig. 2 for
AlGaAs/GaAs heterostructure with the electron con-
centration 𝑛0 = 1011 cm−2 at the applied 𝑑𝑐 field
𝐸0 = 200 V/cm (𝜐0 = 7.5 × 106 cm/s, taken
from the calculation of 𝑑𝑐 transport characteristics in
Ref. [48]). As seen from Fig. 2 (А), the splitting of the
plasmon resonance is ∼ 0.3 THz, and the positions
of extrema are in good agreement with characteristic
plasmon frequencies 𝜔sc(−2𝜋/𝑎) = 2𝜋0.5 ТHz and
𝜔sc(2𝜋/𝑎) = 2𝜋0.8 THz. Such good matching is real-
ized for metallic gratings with filling factors, 𝑓 = 𝑏/𝑎,
closed to 1. In the calculation, 𝑓 = 0.8.

3.2. Photoresponse spectrum

The spectrum of photoresponse of the plasmonic
structure with the same parameters is shown in Fig. 3.
As seen, the form of the spectrum has the well-
pronounced extrema that correspond to the resonant
frequencies in the transmission spectrum. The po-
larity of the detected signal depends, according to
Eq. (29), on the sign of the wavenumber, 𝑞𝑚, of the
excited plasmon mode. The extremum of the photore-
sponse that occurs at the frequency 𝜔/2𝜋 = 0.49 Hz
has the value 𝛿𝑈ph ≈ −40 mV and corresponds to
the excitation of the plasmon mode with 𝑞−1. At the
same time, the extremum at the frequency 𝜔/2𝜋 =
= 0.81 ТHz has the positive sign, 𝛿𝑈ph = 10 mV,
and one associates with the excitation of the plasmon
mode with 𝑞+1. This is demonstrated in the inset in
Fig. 3 by the dependences of the Fourier-harmonics
|𝐸(1)

𝑥,𝑚,1| of the field in the plane of 2DEG vs num-
ber 𝑚. For the frequencies that correspond to the ex-
trema of 𝛿𝑈ph, the electric field in the plane of 2DEG
has almost single-mode spatial structure, and the
Fourier-harmonics 𝐸

(1)
𝑥,−1,1 and 𝐸

(1)
𝑥,1,1 dominate. For

the frequencies situated between the plasmon reso-
nance frequencies, the spatial structure of the field
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can be much more complicated and is described by
Fourier-harmonics of higher orders. In this case, the
contributions of the different Fourier-harmonics can
be compensated that leads to a decrease of the pho-
toresponse.

3.3. Analysis of the substrate effect

The substrate is the constitutive part of a hybrid
plasmonic structure. The presence of the optically
thick substrate can essentially modify THz proper-
ties of the assumed structure, including the trans-
mission/absorption and photoresponse spectra. The
thick substrate can give rise to an essential suppres-
sion of the plasmon resonance. It relates to a decrease
of the amplitude of the 𝑎𝑐 electric field in the plane
of 2DEG due to the effect of destructive interference
of the two waves: transmitted wave and the wave re-
flected from the bottom interface of a substrate. For
the efficient design of a THz detector, the thickness of
a substrate should be chosen in such way that the fre-
quencies of the Fabry–Perot and plasmon resonances
will be close.

The spectra of 𝛿𝑈ph(𝜔) are shown in Fig. 4 (А)
for three types of substrates: membrane-like (𝐷𝑠 =
= 1 𝜇m), non-resonant (𝐷𝑠 = 46 𝜇m), and reso-
nant (𝐷𝑠 = 92 𝜇m). As seen, the photoresponse in
the case of non-resonant substrate is almost by three
times less than in the cases of the membrane-like
and resonant substrates. Such damping of the pho-
toresponse is associated with a decrease of the am-
plitude of the 𝑎𝑐 electric field in the plane of 2DEG
and, as a result, the suppression of the plasmon reso-
nance. This illustrates the spatial distribution of the
quantity |𝐸𝑥(𝑥,𝐷)| (Fig. 4 (B)) and absorption spec-
tra 𝐿(𝜔) (inset to Fig. 4 (A)). Consequently, the cor-
rect matching of the substrate parameters can com-
pletely compensate, in the defined frequency range,
the negative effect of the destructive interference on
the photoresponse magnitudes.

3.4. Effect of electron heating

In the majority of previous theories devoted to
the electro-optical characterization of plasmon struc-
tures [11, 15], the momentum relaxation rate, 𝛾, was
assumed to be a constant quantity and independent
of the magnitude of an applied 𝑑𝑐 field. However, in
the case of A𝐼𝐼𝐼B𝑉 semiconductor compounds, the
electron scattering can be strongly intensified with
increasing 𝐸0 due to the activation of the nonelas-

Fig. 4. Panel А: Photoresponse and absorption (inset) spectra
of the plasmonic structure for various thicknesses of the sub-
strate. Panel B: spatial distribution of the amplitude of the
𝑥-component of an electric field in the plane of 2DEG calcu-
lated in the linear approximation at 𝜔/2𝜋 = 0.57 THz. Thin,
dashed, and thick lines correspond to 𝐷𝑠 = 1, 46, and 92 𝜇m.
Other parameters are the same as in Fig. 2

tic electron-optical phonon interaction. This results
in a sublinear behavior of current-voltage character-
istics [49]. Thus, the rigorous modeling of THz detec-
tors also requires the account for the effects of elec-
tron heating.

We used the field dependences of the drift veloc-
ity, 𝜐0(𝐸0), obtained from the kinetic theory of 2D
electrons. The drift velocity and differential electron
mobility were calculated with the use of solutions of
the Boltzmann transport equation in the frame of the
electron temperature approach [48]. In the calcula-
tions, we restrict ourselves by the consideration of a
range of moderate applied 𝑑𝑐 fields, where the de-
pendence of 𝜐0(𝐸0) still shows the quasilinear behav-
ior. The values of momentum scattering rates 𝛾 were
obtained from the differential mobility corresponding
to the slope, 𝑑𝜐0/𝑑𝐸0.
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Fig. 5. Transmission spectra (panel А) and photoresponse
spectra (panel B) of a plasmonic structure at 𝐸0 = 200 V/cm
(solid lines) and 𝐸0 = 400 V/cm (dashed lines). Panel C: the
drift velocity vs the 𝑑𝑐 electric field for AlGaAs/GaAs quantum
well at an ambient temperature of 77 К. The selected values of
𝐸0 are marked by points

The dependence of 𝜐0(𝐸0) is shown in Fig. 5 (В).
With an increase of the applied 𝑑𝑐 field from
200 V/cm to 400 V/cm, the differential mobility
decreases from 3.1× 104 cm2/Vs (𝛾 ∼ 0.9 ps−1) to
2.2× 104 cm2/Vs (𝛾 ∼ 1.3 ps−1). This is the cause for
the increase of Ohmic losses in the plasmonic struc-
ture that is reflected in a decrease of the quality factor
of the plasmon resonance and in a broadening of the
photoresponse spectra (see Fig. 5 (А, B)).

The increase of the magnitudes of 𝑑𝑐 applied elec-
tric fields leads to several effects. The increase of the
plasmon resonance splitting gives possibility of a fine
tuning of the working frequency of a detector. Howe-
ver, simultaneously, the increase of the applied field
gives rise to the increase of the electron scattering
that decreases the quality factor of the plasmon reso-
nance and, as a result, the photoresponse of a detec-

tor. Thus, to keep the good frequency selectivity of
the detector, the variation of the drift velocity should
be restricted by a quasilinear interval.

4. Summary

In summary, the rigorous perturbation theory of
the nonlinear response of a hybrid plasmonic struc-
ture with a drifting electron gas driven by the ex-
ternal electromagnetic field has been developed. In
the frame of the consistent theory, the formula for
the photoresponse is obtained and analyzed. The ob-
tained formula contains the additional factor, which
corresponds to the radiative decay rate. This im-
portant factor was missed in the previous the-
ory [15]. The developed theory involves a multilayer
geometry of the plasmonic structure and the effect of
electron heating by the applied 𝑑𝑐 electric field. The
theory is applied to the analysis of the THz proper-
ties of the plasmonic structure based on quantum Al-
GaAs/GaAs heterostructure with a low electron con-
centration of 2DEG of about 1011 сm−2.

It is shown that the form of the photoresponse
spectrum is closely related to the specific splitting
of the plasmon resonance induced by a strong elec-
tron drift. We have shown that, in the range of the
applied 𝑑𝑐 electric fields of 200 ... 400 V/сm, the pho-
toresponse can reach the values of tens of mV for the
external signals with a power density of 1 W/cm2 in
the frequency interval 0.3 ... 1 THz. We have revealed
that the optically thick substrate can have the nega-
tive effect on the photoresponse due to the destructive
interference of the waves transmitted and reflected
from the bottom edge of a substrate. In this case, the
coupling of the electromagnetic field with plasmon
excitations can essentially decrease. The negative ef-
fect of the destructive interference can be avoided, by
using a thin (membrane-like) substrate or the sub-
strate, which matches the frequencies of the plasmon
and Fabry–Perot resonances.

We have established that, at sufficiently strong ap-
plied electric fields, the quality factor of the plasmon
resonances and magnitudes of the photoresponse can
be essentially suppressed due to the effect of elec-
tron heating that is accompanied by an increase of
the electron momentum scattering rate and Ohmic
decay. Thus, the efficient design of THz detectors on
the basis of hybrid plasmonic structures with drifting
electron gas requires the fulfilment of several condi-
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tions. Particularly, it is necessary to use the metallic
gratings with deeply submicron periods and quantum
heterostructures with low electron concentrations. In
addition, there are restrictions on the parameters of
substrates and on a range of applied 𝑑𝑐 electric fields.

In general, the developed theory can be thought
as a step to the complete analysis of the nonlinear
properties of hybrid plasmonic structures interacting
with intense THz electromagnetic radiation.
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APPENDICES
1. Boundary conditions and relations
between the electric field and induced currents

The general solution of the wave equation (10) on 𝑚, 𝑝-Fourier
harmonics of the x-component of the electric field takes the
form:

𝐸
(𝑠)
𝑥,𝑚,𝑝(𝑧) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝐴
(𝑠)
𝑚,𝑝 𝑒𝑘𝐼,𝑚,𝑝𝑧+𝛿𝑠,1𝛿𝑚,0𝛿𝑝,1�̃�0𝑒

−𝑘𝐼,𝑚,𝑝𝑧 ,

𝑧 < 0,

𝐵
(𝑠)
𝑚,𝑝 𝑒−𝑘𝐼𝐼,𝑚,𝑝𝑧+𝐶

(𝑠)
𝑚,𝑝 𝑒𝑘𝐼𝐼,𝑚,𝑝𝑧 ,

0 < 𝑧 < 𝐷,

𝐻
(𝑠)
𝑚,𝑝 𝑒−𝑘𝐼𝐼𝐼,𝑚,𝑝𝑧+𝐹

(𝑠)
𝑚,𝑝 𝑒𝑘𝐼𝐼𝐼,𝑚,𝑝𝑧 ,

𝐷 < 𝑧 < D,

𝑡
(𝑠)
𝑚,𝑝 𝑒−𝑘𝐼,𝑚,𝑝𝑧 , 𝑧 > D.

(31)

Using the boundary conditions for the electric field and its
derivative at three interfaces, 𝑧 ≡ ℎ𝑟 = {0, 𝐷, D} (𝑟 =

= 𝐼, 𝐼𝐼, 𝐼𝐼𝐼):

𝐸
(𝑠)
𝑥,𝑚,𝑝|𝑧=ℎ𝑟+0 = 𝐸

(𝑠)
𝑥,𝑝,𝑚|𝑧=ℎ𝑟−0, (32)

𝜖𝑟+1

𝑘2𝑟+1,𝑝,𝑚

𝜕𝐸
(𝑠)
𝑥,𝑝,𝑚

𝜕𝑧

⃒⃒⃒
𝑧=ℎ𝑟+0

−
𝜖𝑟

𝑘2𝑟,𝑝,𝑚

𝜕𝐸
(𝑠)
𝑥,𝑝,𝑚

𝜕𝑧

⃒⃒⃒
𝑧=ℎ𝑟−0

=

=
4𝜋𝑖

𝜔𝑝
[𝑗

𝐺(𝑠)
𝑝,𝑚 𝛿𝑟,𝐼 + 𝑗

2D(s)
𝑝,𝑚 𝛿𝑟,𝐼𝐼 ], (33)

where 𝜖𝐼𝑉 = 𝜖𝐼 , we can obtain the system of the 6 algebraic
equations for the determination of the coefficients 𝐴(𝑠)

𝑚,𝑝, 𝐵(𝑠)
𝑚,𝑝,

𝐶
(𝑠)
𝑚,𝑝, 𝐻(𝑠)

𝑚,𝑝, 𝐹 (𝑠)
𝑚,𝑝 and 𝑡

(𝑠)
𝑚,𝑝. The solution of this system allows

us to obtain expression (11), which connects 𝑚, 𝑝-Fourier har-
monics of the 𝑥-component of the electric field in the plane of
2DEG with the corresponding Fourier harmonics of the cur-
rents and amplitude of the electric field of the incident elec-
tromagnetic wave. The above-introduced coefficients Λ𝑚,𝑝 and

Δ𝑚,𝑝 are:

Δ𝑚,𝑝=(1 + 𝛽𝐼𝐼,𝐼
𝑚,𝑝𝜃𝑚,𝑝)ch𝑘𝐼𝐼,𝑚,𝑝𝐷+ (𝛽𝐼𝐼,𝐼

𝑚,𝑝 + 𝜃𝑚,𝑝)sh𝑘𝐼𝐼,𝑚,𝑝𝐷,

Λ𝑚,𝑝 = ch𝑘𝐼𝐼,𝑚,𝑝D+ 𝛽𝐼,𝐼𝐼
𝑚,𝑝sh𝑘𝐼𝐼,𝑚,𝑝D.

In the latter expressions

𝜃𝑚,𝑝 = 𝛽𝐼𝐼𝐼,𝐼𝐼
𝑚,𝑝

𝛽𝐼,𝐼𝐼𝐼
𝑚,𝑝 + th𝑘𝐼𝐼𝐼,𝑚,𝑝𝐷𝑠

1 + 𝛽𝐼,𝐼𝐼𝐼
𝑚,𝑝 th𝑘𝐼𝐼𝐼,𝑚,𝑝𝐷𝑠

,

and

𝛽
(𝑟,𝑟′)
𝑚,𝑝 =

𝜖𝑟𝑘𝑟′,𝑚,𝑝

𝜖𝑟′𝑘𝑟,𝑚,𝑝
.

In the limit 𝑚 → 0, 𝑝 → 0, 𝛽(𝑟,𝑟′)
0,0 =

√︀
𝜖𝑟/𝜖𝑟′ , 𝜃0,0 =

√︀
𝜖𝐼/𝜖𝐼𝐼 ,

that gives Δ0,0 = 2 and Λ0,0 = 1.
For any order of perturbation theory, it is useful to obtain

the expression of 𝑚, 𝑝-Fourier harmonics of the 𝑥-component
of the electric field in the grating plane:

𝐸
(𝑠)
𝑥,𝑚,𝑝(0) = 2�̃�0𝛿𝑚,0𝛿𝑝,1

𝛿𝑠,1Φ𝑚,𝑝

Δ𝑚,𝑝
−

4𝜋𝑖𝑘𝐼,𝑚,𝑝

𝜖𝐼𝜔𝑝Δ𝑚,𝑝
×

×
(︁
𝑗
𝐺(𝑠)
𝑚,𝑝 Φ𝑚,𝑝 + 𝑗

2D(s)
𝑚,𝑝

)︁
(34)

with

Φ𝑚,𝑝 = ch𝑘𝐼𝐼,𝑚,𝑝𝐷 + 𝜃𝑚,𝑝sh𝑘𝐼𝐼,𝑚,𝑝𝐷.

2. Electrodynamics of the plasmon
structure in the linear approximation

Since, in the linear approximation (𝑠 = 1), the effect of the
frequency multiplication does not arise, all temporal Fourier
harmonics, except for 𝑝 = 1, are absent. From relations (11)
and (34), using the Ohm law for the 𝑎𝑐 current in 2DEG,
𝑗
2D(1)
𝑚,1 = 𝜎2D

𝑚,1𝐸
(1)
𝑥,𝑚,1(𝐷) (see Eq. (14)) and in the grating

(4), which has the form 𝑗
𝐺(1)
𝑚,1 =

∑︀
𝑚′ 𝜎𝐺

𝑚−𝑚′𝐸
(1)
𝑥,𝑚′,1(0) in the

Fourier representation, we come to the infinite system of alge-
braic equations formulated for spatial 𝑚− Fourier harmonics
of the electric field in the grating plane:∑︁
𝑚′

[𝛿𝑚,𝑚′+
2𝜋𝑖𝑘𝐼,𝑚𝑊𝑚

𝜖𝐼𝜔
𝜎𝐺
𝑚−𝑚′ ]𝐸𝑥,𝑚′ (0)=𝑊𝑚𝛿𝑚,0�̃�0, (35)

where

𝑊𝑚 = 2/(1 + 𝛽𝐼𝐼,𝐼
𝑚 𝑄𝑚),

𝑄𝑚 =
𝜒𝑚 + 𝜃𝑚 + th(𝑘𝐼𝐼,𝑚𝐷)

1 + (𝜒𝑚 + 𝜃𝑚)th(𝑘𝐼𝐼,𝑚𝐷)
,

and

𝜒𝑚 =
4𝜋𝑖𝑘𝐼𝐼,𝑚𝜎2D

𝑚

𝜖𝐼𝐼𝜔
.

For the compactness, the indices 𝑠 and 𝑝 were omitted. Fourier
harmonics 𝐸𝑥,𝑚(0) allows us to find a spatial distribution of
the 𝑎𝑐 electric field in the structure and optical character-
istics, including the transmission, reflection, and absorption
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spectra. Particularly, all coefficients of system (31) can be ex-
pressed through the quantity 𝐸𝑥,𝑚(0) as follows:

𝐴𝑚 = 𝐸𝑥,𝑚(0)− 𝛿𝑚,0�̃�0,

𝐵𝑚 =
1

2
(1 +𝑄𝑚)𝐸𝑥,𝑚(0),

𝐶𝑚 =
1

2
(1−𝑄𝑚)𝐸𝑥,𝑚(0),

𝐻𝑚 =
1

2
𝑒𝑘𝐼𝐼𝐼,𝑚𝐷

[︀
[1+𝛽𝐼𝐼,𝐼𝐼𝐼

𝑚 (1−𝜒𝑚)]𝐵𝑚𝑒−𝑘𝐼𝐼,𝑚𝐷 +

+ [1−𝛽𝐼𝐼,𝐼𝐼𝐼
𝑚 (1+𝜒𝑚)]𝐶𝑚𝑒𝑘𝐼𝐼,𝑚𝐷

]︀
,

𝐹𝑚 =
1

2
𝑒−𝑘𝐼𝐼𝐼,𝑚𝐷

[︀
[1−𝛽𝐼𝐼,𝐼𝐼𝐼

𝑚 (1−𝜒𝑚)]𝐵𝑚𝑒−𝑘𝐼𝐼,𝑚𝐷 +

+ [1+𝛽𝐼𝐼,𝐼𝐼𝐼
𝑚 (1+𝜒𝑚)]𝐶𝑚𝑒𝑘𝐼𝐼,𝑚𝐷

]︀
,

𝑡𝑚 = 𝐻𝑚𝑒(𝑘𝐼,𝑚−𝑘𝐼𝐼𝐼,𝑚)D + 𝐹𝑚𝑒(𝑘𝐼,𝑚+𝑘𝐼𝐼𝐼,𝑚)D.

(36)

Having Eqs.(36), it is easy to find spatial Fourier harmonics
of the electric field in the plane of 2DEG needed for calculations
of the photoresponse:

𝐸𝑥,𝑚(𝐷)≡𝐸
(1)
𝑥,𝑚,1=𝐸𝑥,𝑚(0)[ch(𝑘𝐼𝐼,𝑚𝐷)−𝑄𝑚sh(𝑘𝐼𝐼,𝑚𝐷)], (37)

and to calculate transmission, 𝑇 , reflection, 𝑅, and absorption,
𝐿 coefficients:

𝑇 = |𝑡0/�̃�0|2, 𝑅 = |𝐴0/�̃�0|2, 𝐿 = 1− 𝑇 −𝑅. (38)

It should be noted that the solutions of Eqs. (35) have no
convergence with respect to the rank of the system and give
possibility to find only an approximate result [50]. Therefore,
the usage of the direct Fourier method is ineffective from the
point of view of the accuracy. This difficulty can be overcome
with the use of the following procedure. System (35) can be
rewritten in the coordinate representation in the form of a lin-
ear integral equation for the spatial distribution of the 𝑥− com-
ponent of the electric field:

𝐸𝑥(𝑥, 0) = 𝑊0�̃�0 −
𝑏/2∫︁

−𝑏/2

𝑑𝑥′𝐿(𝑥, 𝑥′)𝐸𝑥(𝑥
′, 0), (39)

where 𝐿(𝑥, 𝑥′) is the kernel of the integral operator:

𝐿(𝑥, 𝑥′) =
2𝜋𝑖

𝜖𝐼𝜔

𝜎𝐺(𝑥′)

𝑎

∑︁
𝑚

𝑘𝐼,𝑚𝑊𝑚𝑒𝑖𝑞𝑚(𝑥−𝑥′). (40)

For the solutions of Eq. (39), Galerkin’s scheme is used with
the expansion of the electric field distribution in the strips
in terms of orthogonal polynomials, {𝑂𝑙}, 𝑙 = 0 ...∞. The
successful choice of the basis depends on the form of grating
strips. For instance, for the assumed elliptic profile,

𝜎𝐺(�̃�) = 𝜎𝐺
0

{︂√
1− �̃�2, −1 ≤ �̃� ≤ 1,

0, 1 ≤ �̃� ≤ 2/𝑓, 𝑓 = 𝑏/𝑎,
(41)

where �̃� = 2𝑥/𝑏, the set of Chebyshev’s polynomials was used
as the basis. After the expansion of the field 𝐸𝑥(�̃�, 0) =

=
∑︀∞

𝑙=0 𝒞𝑙𝑂𝑙(�̃�) (at |�̃�| < 1), Eq. (39) transforms to a system
of algebraic equations for the coefficients 𝒞𝑙
∞∑︁

𝑙′=0

𝑀𝑙,𝑙′𝒞𝑙′ = 𝑊0�̃�0𝛿𝑙,0, (42)

where
𝑀𝑙,𝑙′ = 𝛿𝑙,𝑙′ +

2𝑖𝑓𝜎𝐺
0

𝜔𝜖𝐼

∑︁
𝑚

𝑘𝐼,𝑚𝑊𝑚𝜁𝑙,𝑚𝜁*𝑙′,𝑚, (43)

and

𝜁𝑙,𝑚 =

1∫︁
−1

√︀
1− �̃�2𝑂𝑙(�̃�)𝑒

−𝑖𝜋𝑚𝑓�̃�𝑑�̃�.

The projection of the integral equation (39) on Chebyshev
polynomials of the second kind results in the convergent matrix
equation (42). The cause lies in the fact that such successful
basis functions perform the analytic inversion of the singular
part of the operator in (39) [51]. Finding the coefficients 𝒞𝑙, we
can express the Fourier harmonics of the field in the grating
plane as follows:

𝐸𝑥,𝑚(0) = 𝑊0�̃�0𝛿𝑚,0 −
𝑖𝜋𝑓𝜎𝐺

0

𝜔𝜖𝐼
𝑘𝐼,𝑚𝑊𝑚

∑︁
𝑙

𝒞𝑙𝜁𝑙,𝑚. (44)

This allows us to calculate, as was mentioned above, all elec-
trodynamic characteristics of the plasmonic structure in the
first order of perturbation theory. Eventually, we note that the
application of the Galerkin scheme to the analysis of effectively
2D plasmonic structures can be found in Refs. [10, 52].

1. M. Tonouchi. Cutting-edge terahertz technology. Nature
Photonics 1, 97 (2007).

2. F. Sizov, A. Rogalski. THz detectors. Prog. Quant. Elec-
tron. 34, 278 (2010).

3. T. Otsuji, H. Karasawa, T. Watanabe, T. Suemitsu,
M. Suemitsu, E. Sano, W. Knap, V. Ryzhii. Emission of
terahertz radiation from two-dimensional electron systems
in semiconductor nano-heterostructures. C. R. Physique
11, 421 (2010).

4. A.V. Chaplik. Absorption and emission of electromagnetic
waves by two-dimensional plasmons. Surf. Sci. Rep. 5, 289
(1985).
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ТЕОРIЯ ДЕТЕКТУВАННЯ ТЕРАГЕРЦОВОГО
ЕЛЕКТРОМАГНIТНОГО ВИПРОМIНЮВАННЯ
В ГIБРИДНИХ ПЛАЗМОННИХ СТРУКТУРАХ
З ДРЕЙФУЮЧИМ ЕЛЕКТРОННИМ ГАЗОМ

Р е з ю м е

Побудована пертурбацiйна теорiя нелiнiйної взаємодiї еле-
ктромагнiтного випромiнювання з гiбридною плазмонною
структурою, яка являє собою двовимiрну квантову гетеро-
структуру, iнтегровану з плазмонним елементом у вигля-
дi металiчної ґратки. Зокрема, проаналiзовано нелiнiйний
ефект детектування надвисокочастотного випромiнювання
дрейфуючим двовимiрним електронним газом. На основi
самоузгодженого розв’язку системи рiвнянь Максвелла i
нелiнiйних рiвнянь гiдродинамiки в другому порядку теорiї
збурень отриманий вираз для напруги фотовiдгуку. Пока-
зано, що послiдовне врахування поправок другого поряд-
ку теорiї збурень в рiвняннях Максвелла приводить до по-
яви у виразi фотовiдгуку додаткового фактора, який вра-
ховує радiацiйнi втрати. Теорiя була застосована до аналiзу
ТГц властивостей плазмонної структури на основi кванто-
вої AlGaAs/GaAs гетероструктури. Проаналiзовано вплив
оптично товстої дiелектричної пiдкладки та ефекту розiгрi-
ву носiїв при високих дрейфових швидкостях на спектраль-
нi характеристики коефiцiєнтiв пропускання/поглинання
та форму спектрiв напруги фотовiдгуку. Розроблено ре-
комендацiї щодо рацiонального проектування детекторiв
ТГц випромiнювання на основi гiбридних плазмонних
структур.
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