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The theory of interaction between electromagnetic waves and a plasmonic structure consisting
of the subwavelength metal grating locating over the layer of a two-dimensional (2D) electron
gas has been developed. The frequency dependences of the transmission, reflection, and loss
coefficients are shown to have a resonant behavior relating to the excitation of plasmons in
the 2D gas. The influence of the geometrical and electrical parameters of the system on the
plasmon resonance characteristics is studied, and the structure of an electromagnetic field
in the near-field zone is analyzed. The spatial distributions of the electric field components,
the electric power density, and the electromagnetic wave polarization are found. The plasmon
resonance is shown to substantially increase the local concentration of the electric field in the
near-field zone of the grating.
K e yw o r d s: grating, near field, near-field zone, plasmonic system/structure, transmission,
reflection, and loss coefficients, strip, circularly/elliptically polarized.

1. Introduction

Nowadays, the progress in modern micro- and op-
toelectronics is associated with the development of
elements – generators, detectors, modulators – ac-
tive in the terahertz (THz) range of electromagnetic
radiation. The generators and detectors available to-
day for this frequency range have a number of short-
comings. These are a low efficiency, the lack of the
opportunity to continuously vary the operating fre-
quency, a high price, and so on, which makes their
wide application problematic [1]. One of the promis-
ing directions in the further exploitation of the THz
frequency range seems to consists in creating the ac-
tive elements operating on the basis of the excitation
of electron gas oscillations in plasmonic semiconduc-
tor structures [2–6]. The modern field-effect transis-
tor is the simplest example of this structure, in which
the gate plays the role of a specific antenna element
that allows the long-wave THz radiation to be coupled
with short-wave plasmon oscillations of electrons in
the transistor channel. In particular, a possibility of
the terahertz plasmon detecting on the basis of single-
[7, 8] and multigate [4, 6, 9, 10] transistor structures
was demonstrated experimentally.
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Multigate transistor structures are regarded to be
promising candidates for the creation of active ele-
ments in generators with electric pumping and high-
effective detectors of THz radiation. For such struc-
tures, the theories of THz radiation amplification
[11,12] and detecting [13,14] were built. In particular,
an approach to solve the Maxwell equations for the
“metal grating–two-dimensional electron gas” struc-
ture was elaborated and used as a basis to calcu-
late the corresponding transmission, reflection, ab-
sorption, emission, and photoresponse spectra in the
THz frequency range.

However, a detailed analysis of the electromagnetic
field structure in the near-field zone of the system re-
mained beyond the scope of consideration in those
works. At the same time, as was shown in our work
[15], the electromagnetic field in the near-field zone of
a single metal grating (hereafter, grating) has a num-
ber of peculiarities. In particular, the electromagnetic
field becomes strongly concentrated near the edges of
metal strips, and the polarization characteristics of
the structure are strongly non-uniform in space. This
work continues our previous researches. Here, we con-
sider the interaction of an electromagnetic wave with
the “grating–two-dimensional (2D) electron gas” sys-
tem and focus attention on studying the near-field
structure. The analysis of the near-field geometry in
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Fig. 1. Schematic diagram of the grating–2D gas structure

plasmonic structures also turns out challenging in
view of the results of the newest researches concern-
ing hybrid plasmonic structures intended to be used
for studying the dynamics of individual molecules
or nanoparticles, and the features of their radia-
tion emission/absorption characteristics in vicinities
of metal objects and structures [16–19].

The structure of this work is as follows. The elec-
trodynamic theory of interaction between a plane
electromagnetic wave and a grating–2D gas system
is presented in brief in Section 2. The peculiarities in
the THz radiation transmission, reflection, and ab-
sorption spectra and their relation to plasmon exci-
tations in the 2D gas are considered in Section 3. The
features in the spatial distributions of electric compo-
nents, energy density, and polarization characteris-
tics of the electromagnetic field in the near-field zone
of the grating–2D gas system are discussed in Sec-
tion 4. The main conclusions of the work are made in
Section 5.

2. Electrodynamic Theory
of the Grating–2D Gas System

In order to calculate the electrical and optical charac-
teristics of the grating–2D gas system, let us take ad-
vantage of the approach developed in works [11, 15,
20]. Consider a structure consisting of a grating and
a 2D gas (Fig. 1) and a plane electromagnetic wave,
E0 exp(−𝑖𝜔𝑡), incident on it. Let the wave fall nor-
mally to the grating plane, and let its polarization
vector be directed along the grating axis (axis 𝑂𝑋).
We consider the grating period 𝑎 to be much smaller
than the wavelength 𝜆 of incident radiation. We sup-
pose also that the thickness of grating’s metal strips,

𝑑𝑔, is much narrower than the thickness of a skin-
layer at the incident-wave frequency 𝜔, so that the
inequality 𝑑𝑔 ≪ 𝑐/

√︀
2𝜋𝜎𝑔𝜔 is obeyed, where 𝑐 is the

light speed, and 𝜎𝑔 is the uniform bulk conductiv-
ity of the metal which the strips are made of. This
assumption allows the grating to be considered as a
two-dimensional periodic structure described by the
conductivity 𝜎(𝑥, 𝑧) = 𝜎𝐺(𝑥)𝛿(𝑧). The strip conduc-
tivity profile, 𝜎𝐺(𝑥), will be considered below.

The total electric field E obtained as a result of
the interaction between the incident wave and the
grating–2D gas structure satisfies the Maxwell equa-
tion

rot rot E(r, 𝑡) +
𝜖

𝑐2
𝜕E(r, 𝑡)

𝜕𝑡2
= −4𝜋

𝑐2
𝜕j(r, 𝑡)

𝜕𝑡
, (1)

where j(r, 𝑡) describes currents induced by the field in
the grating strips and the 2D gas; and 𝜖 is the dielec-
tric permittivity of the medium, in which the system
is located. Since the system is uniform along the 𝑂𝑌
axis, the resulting electromagnetic field in the near-
field zone is of the 𝐻-type, i.e. its nonzero compo-
nents are 𝐸𝑥(𝑥, 𝑧), 𝐸𝑧(𝑥, 𝑧), and 𝐻𝑦(𝑥, 𝑧) [21]. The
periodic character of a grating along the 𝑂𝑋 axis al-
lows the solution of Eq. (1) to be sought in the form
of a Fourier series

𝐸{𝑥,𝑧} =

+∞∑︁
𝑚=−∞

𝐸
(𝑚)
{𝑥,𝑧}(𝑧) exp(𝑖𝑞𝑚𝑥), (2)

where 𝑞𝑚 = 2𝜋𝑚/𝑎 is the reciprocal lattice vector
of the grating, and 𝑚 are integers. After substituting
formula (2) into Eq. (1), we obtain the following sys-
tem of ordinary differential equations for the Fourier
components of the electric field,

𝜕2𝐸
(𝑚)
𝑥

𝜕𝑧2
− 𝑘2𝑚𝐸

(𝑚)
𝑥 =

=
4𝜋𝑖𝑘2𝑚
𝜖𝜔

(︁
𝑗(𝑚),𝐺
𝑥 𝛿(𝑧) + 𝑗(𝑚),2𝐷

𝑥 𝛿(𝑧 −𝐷)
)︁
,

𝐸(𝑚)
𝑧 = −𝑖

𝑞𝑚
𝑘2𝑚

𝜕𝐸
(𝑚)
𝑥

𝜕𝑧
.

(3)

At 𝑎 < 𝑚𝜆0, the wave number 𝑘𝑚 =
√︀
𝑞2𝑚 − 𝜖𝜔2/𝑐2

describes evanescent modes of the near field, and, at
𝑎 > 𝑚𝜆0, the wave number 𝑘𝑚 = −𝑖

√︀
𝜖𝜔2/𝑐2 − 𝑞2𝑚

describes non-local modes in the far-field zone. The
quantities 𝑗

(𝑚),𝐺
𝑥 and 𝑗

(𝑚),2𝐷
𝑥 are the Fourier compo-

nents of currents induced by the external field in the
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grating and the 2D gas, respectively. In the linear ap-
proximation, according to the Ohm law, the Fourier
components of those currents can be expressed in
terms of the field components 𝐸

(𝑚)
𝑥 as follows:

𝑗(𝑚),𝐺
𝑥 =

∞∑︁
𝑚′=−∞

𝜎𝐺
𝑚−𝑚′𝐸(𝑚′)

𝑥 |𝑧=0,

𝑗
(𝑚),2𝐷
𝑥 = 𝜎2𝐷𝐸

(𝑚)
𝑥 |𝑧=𝐷.

(4)

The Fourier components of the grating conductivity,
𝜎𝐺
𝑚, depend on the geometrical profile of the strip

conductivity, 𝜎𝐺(𝑥); namely,

𝜎𝐺
𝑚(𝜔) =

𝑎∫︁
0

𝜎𝐺(𝑥) exp (−𝑖𝑞𝑚𝑥)
𝑑𝑥

𝑎
.

Analogously to what was done in the previous work
[15], we use a smoothed profile to describe the metal
strips of the grating,

𝜎𝐺(𝑥) = 𝜎𝑔𝑑𝑔

{︂
sin𝑝(𝜋𝑥/𝑏), 𝑥 ∈ [0, 𝑏]

0, 𝑥 ∈ [𝑏, 𝑎],
(5)

where 𝑏 is the strip width. In this work, we use the
value 𝑝 = 1/6. It is worth noting that the smoothing
procedure for the conductivity profile in the strips
(formula (5)) allowed us to obtain a quicker conver-
gence for series (2) in comparison with the case of a
step-like profile. In all following calculations, we as-
sumed that there is no frequency dispersion for the
strip metal, and that the frequency dispersion for
the 2D gas is described by the Drude–Lorentz model
with the effective momentum relaxation time for elec-
trons 𝜏 ,

𝜎2𝐷 = 𝜎2𝐷
0 /(1− 𝑖𝜔𝜏). (6)

The solution of system (3) has to satisfy the con-
tinuity condition for the component 𝐸

(𝑚)
𝑥 across the

grating and 2D-gas planes,

𝐸(𝑚)
𝑥 |𝑧=+0,𝐷+0 = 𝐸(𝑚)

𝑥 |𝑧=−0,𝐷−0, (7)

as well as the condition of a derivative jump,

𝜕𝐸
(𝑚)
𝑥

𝜕𝑧

⃒⃒⃒⃒
⃒
𝑧=+0,𝐷+0

− 𝜕𝐸
(𝑚)
𝑥

𝜕𝑧

⃒⃒⃒⃒
⃒
𝑧=−0,𝐷−0

=

=
4𝜋𝑖𝑘2𝑚
𝜔𝜖

𝑗(𝑚),(𝐺,2𝐷)
𝑥 . (8)

Using Eqs. (3)–(8), the mathematical formulation
of the electrodynamic problem for the grating–2D gas
system can be reduced to a system of algebraic equa-
tions for the Fourier components 𝐸

(𝑚)
𝑥 in the grating

plane,

∞∑︁
𝑚′=−∞

{︃
𝛿𝑚,𝑚′ +

2𝜋𝑖𝑘𝑚
𝜖𝜔

𝑊 (𝑚,𝜔)𝜎𝐺
𝑚−𝑚′

}︃
𝐸(𝑚′)

𝑥

⃒⃒⃒
𝑧=0

=

= 𝑊 (𝑚,𝜔)𝛿𝑚,0𝐸0. (9)

Here, 𝐸0 is the incident wave amplitude, and we use
the notation

𝑊 (𝑚,𝜔) = 1− (1− 1/𝜖2𝐷(𝑚,𝜔)) exp(−2𝑘𝑚𝐷),

where 𝜖2𝐷(𝑚,𝜔) = 1 + 2𝜋𝑖𝑘𝑚𝜎2𝐷(𝜔)/𝜔𝜖.
The solution of system (9) gives the following for-

mula for the electric field distribution in the whole
space, including the near-field zone (𝑧 ≤ 𝑎):

𝐸𝑥(𝑥, 𝑧) = 𝐸0 exp

(︂
𝑖
𝜔
√
𝜖

𝑐
𝑧

)︂
+

+

∞∑︁
𝑚=−∞

(︁
𝐶

(𝑚)
1 exp (−𝑘𝑚|𝑧|)+

+ 𝐶
(𝑚)
2 exp (−𝑘𝑚|𝑧 −𝐷|)

)︁
exp(𝑖𝑞𝑚𝑥). (10)

Here, the constants 𝐶
(𝑚)
1 and 𝐶

(𝑚)
2 are expressed in

terms of the Fourier coefficients 𝐸
(𝑚)
𝑥 |𝑧=0 as follows:

𝐶
(𝑚)
1 =

𝐸
(𝑚)
𝑥 |𝑧=0

𝑊 (𝑚,𝜔)
− 𝐸0𝛿0,𝑚, (11)

𝐶
(𝑚)
2 =

(︃
1− 1

𝑊 (𝑚,𝜔)

)︃
𝐸(𝑚)

𝑥 |𝑧=0 exp(𝑘𝑚𝐷). (12)

Using constants (11) and (12), it is easy to obtain
the distributions of the charge density and currents
in the grating strips and the 2D gas,

𝜌𝐺,2𝐷(𝑥) =

∞∑︁
𝑚=−∞

𝑖𝜖𝑞𝑚
2𝜋𝑘𝑚

𝐶
(𝑚)
1,2 exp(𝑖𝑞𝑚𝑥), (13)

𝑗𝐺,2𝐷(𝑥) =

∞∑︁
𝑚=−∞

𝑖𝜖𝜔

2𝜋𝑘𝑚
𝐶

(𝑚)
1,2 exp(𝑖𝑞𝑚𝑥). (14)
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Fig. 2. Frequency dependences of the coefficients 𝑇𝜔 , 𝑅𝜔 , and
𝐿𝜔 . Panel (a) illustrates the influence of the grating filling fac-
tor 𝑏/𝑎 = 0.9 (1 ), 0.6 (2 ), and 0.3 (3 ). Calculation parameters
are 𝜎𝐺 = 4× 1015 s−1, 𝑑𝑔 = 0.02 𝜇m, 𝑛2𝐷 = 1012 cm−2, and
𝜏 = 3.0 ps. Panel (b) demonstrates the influence of 2D gas pa-
rameters: (1a) 𝜏 = 1.0 ps, 𝑛2𝐷 = 1012 cm−2; (1b) 𝜏 = 1.0 ps,
𝑛2𝐷 = 4 × 1012 cm−2; (2a) 𝜏 = 3.0 ps, 𝑛2𝐷 = 1012 cm−2;
and (2b) 𝜏 = 3.0 ps, 𝑛2𝐷 = 4× 1012 cm−2. The grating filling
factor 𝑏/𝑎 = 0.6

Note that the charge distribution (13) is determined
by the jump of the electric field 𝑧-component, namely:

𝐸𝑧|𝑧=+0,𝐷+0 − 𝐸𝑧|𝑧=−0,𝐷−0 =
4𝜋

𝜖
𝜌𝐺,2𝐷. (15)

Using the solution of system (9), it is easy to obtain
the optical characteristics of the grating–2D gas sys-
tem in the far-field zone (𝑧 ≫ 𝑎), namely, to calculate
the transmission, reflection, and loss coefficients. In
the case of a subwavelength grating (𝑎 < 𝜆0), those
coefficients depend only on the zeroth Fourier com-

ponent, 𝐸(0)
𝑥 ; namely,

𝑇𝜔 =
⃒⃒⃒ 𝐸

(0)
𝑥 |𝑧=0

𝑊 (0, 𝜔)𝜖(0, 𝜔)

⃒⃒⃒2
/|𝐸0|2, (16)

𝑅𝜔 =
⃒⃒⃒
𝐸𝑥,0(𝑧)|𝑧=0 − 𝐸0

⃒⃒⃒2
/|𝐸0|2, (17)

𝐿𝜔 = 1− 𝑇𝜔 −𝑅𝜔. (18)

Hence, formulas (10)–(18) allow the optical character-
istics of the grating–2D gas system to be calculated
in both the far- and near-field zones.

3. Frequency Dependences
of the Transmission, Reflection,
and Loss Coefficients

Let us analyze spectra of the transmission, 𝑇 , reflec-
tion, 𝑅, and loss, 𝐿, coefficients for the grating–2D
gas structure in the case where the parameters of a
2D gas correspond to a real material used in modern
THz optoelectronics, gallium nitride (GaN). The re-
searches of peculiarities in the optical characteristics
of GaN-based heterostructures in the THz frequency
range attracted a substantial attention, because this
material is widely used while creating THz modula-
tors and generators [22–24].

As is seen from Fig. 2, the 𝑇𝜔, 𝑅𝜔, and𝐿𝜔 spectra
have a resonant behavior: there exist a number of ex-
trema in them, which correspond to the resonant ab-
sorption of electromagnetic waves by plasmons in the
2D gas. Plasmons are excited by oscillating charges
induced by the incident wave in the grating strips
(the excitation mechanism is discussed in Section 4
in more details). Actually, the grating plays the role
of a connecting link between long-wave THz radiation
and short-wave plasmon oscillations in the 2D gas.

As follows from Section 2, the resulting field in
the grating–2D gas system is modulated with the
spatial period equal to 𝑎. Therefore, the excited
plasmons have wave vectors equal to or multiple of
the reciprocal lattice vector of a grating. Since we
deal with the 2D gas partially screened by metal
strips, it is natural to expect that the characteristic
absorption frequencies 𝜔𝑠 for the grating–2D gas
system should fall within the interval between the
plasmon frequencies of completely gated, 𝜔𝑔 =

=
√︀
4𝜋𝑒2𝑛2𝐷𝑞/𝑚*𝜖(coth 𝑞𝐷 + 1), and ungated,

𝜔𝑛𝑔 =
√︀

2𝜋𝑒2𝑛2𝐷𝑞/𝑚*𝜖, 2D electron gases, where
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𝑞 = 𝑞𝑚 (𝑚 = 1, 2, 3, ...). (The expressions for the fre-
quencies 𝜔𝑔 and 𝜔𝑛𝑔 can be found, e.g., in work [2].)

In Fig. 2, a, the frequencies 𝜔𝑔 and 𝜔𝑛𝑔 correspond-
ing to the first resonance (𝑚 = 1) are marked by
solid and dashed vertical lines, respectively. The val-
ues 𝜔𝑔/2𝜋 = 1.2 THz and 𝜔𝑛𝑔/2𝜋 = 2.1 THz were ob-
tained for the following parameters of the system: the
2D gas concentration 𝑛2𝐷 = 1012 cm−2, the effective
mass 𝑚* = 0.2𝑚𝑒, where 𝑚𝑒 is the free electron mass,
𝜖 = 1, the grating period 𝑎 = 3 𝜇m, and the distance
between the grating and the 2D gas 𝐷 = 0.1 𝜇m.

The magnitudes of characteristic frequencies 𝜔𝑠

depend on the parameters of both the grating and
the 2D gas. For instance, as the grating filling factor
(the ratio 𝑏/𝑎) decreases, the plasmon resonance fre-
quencies shift toward higher values and gradually ap-
proach the frequency 𝜔𝑔 (curves 1 to 3 ); in addition,
the intensity of resonances become greatly weakened
until they practically disappear at 𝑏/𝑎 < 0.3. This
dependence can be explained by the fact that a re-
duction of the filling factor is accompanied by a de-
crease of the near-field concentration in a vicinity of
the grating strip edges [15]. From whence, it follows
that a grating with narrow gaps between the strips
provides a much better interaction between the plas-
mons and the external field. If the grating is absent
(𝑏/𝑎 = 0), the plane electromagnetic wave does not
interact with plasmons, and the spectra of 𝑇𝜔, 𝑅𝜔,
and 𝐿𝜔 coefficients for a single 2D gas with conduc-
tivity (6) have simple forms,

𝑇 2𝐷
𝜔 =

𝜔2 + 𝛾2

𝜔2 + (Γ + 𝛾)2
,

𝑅2𝐷
𝜔 =

Γ2

𝜔2 + (Γ + 𝛾)2
,

𝐿2𝐷
𝜔 =

2Γ𝛾

𝜔2 + (Γ + 𝛾)2
,

being determined only by the magnitudes of radia-
tion, Γ = 2𝜋𝑛2𝐷𝑒2/𝑚*𝑐

√
𝜖, and non-radiation, 𝛾 =

= 1/𝜏 , losses. The parameter Γ is the reciprocal time
of the oscillation damping for charge carriers in the
2D gas emitting electromagnetic waves. For the pa-
rameters of the 2D gas given above, we obtain Γ =
= 0.26 ps−1, 𝛾 = 0.33 ps−1, 𝑇 2𝐷

𝜔 = 0.994, 𝑅2𝐷
𝜔 =

= 0.002, and 𝐿2𝐷
𝜔 = 0.004 at a frequency of 1 THz.

The analysis of the dependences of plasmon reso-
nance parameters on the parameters of the 2D gas,
namely, the electron concentration and the electron

relaxation time 𝜏 , is presented in Fig. 1, b. One can
see that a change of the relaxation time or the mobil-
ity of electrons does not affect the positions of reso-
nances (curves 1, a and 2, a), but vary their half-
widths and intensities. The growth of the electron
mobility increases the Q-factor of plasmon oscilla-
tions, which results in a reduction of the resonance
half-width and a simultaneous growth of the inten-
sities at the extrema of the 𝑇𝜔, 𝑅𝜔, and 𝐿𝜔 depen-
dences. At the same time, an increase of the electron
concentration in the 2D gas is responsible for both the
growth of resonance peaks (see, e.g., curves 1, a and
1, b) and their shift toward high frequencies in accor-
dance with the formulas for 𝜔𝑛𝑔. If the concentration
becomes four times higher (from 𝑛2𝐷 = 1012 cm−2 to
𝑛2𝐷 = 4×1012 cm−2), the frequency of the resonance
increases by a factor of two (from 𝜔/2𝜋 = 1.25 THz
to 𝜔/2𝜋 = 2.5 THz). The increase of peak intensi-
ties (see curves 1a and 1b) can be explained, on the
one hand, by a stronger interaction between the elec-
tromagnetic field and plasmon oscillations (the am-
plitudes of high-frequency currents excited in the 2D
gas are proportional to the conductivity 𝜎2𝐷). On the
other hand, as the frequency increases, the Q-factor
of plasmon oscillations also increases, provided that
𝜏 remains constant. The growth of electron concen-
tration also gives rise to an increase of the resonance
half-width, which is associated with the growth of ra-
diation losses.

Hence, by changing the parameters of the grating
and the 2D gas, we can excite plasmon oscillations
and observe the resonant absorption of electromag-
netic waves in a wide interval of THz frequencies.

4. Near-Field Structure
in the Grating–2D Gas System

In the far-field zone of a subwavelength grating, the
transmitted and reflected waves are planar, being for-
med by only the zeroth Fourier component 𝐸

(0)
𝑥 . At

the same time, the electromagnetic field in the near-
field zone of the system has a complicated vector
structure formed by plenty of evanescent modes 𝐸(𝑚)

𝑥,𝑧 .
Here, the field distribution is a result of the superpo-
sition of two fields: a field generated by the incident
wave and an induced field arising owing to the charge
redistribution in the grating and the 2D gas.

We found that the electric charge distribution has
structure of a quadrupole that oscillates at the fre-
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Fig. 3. Distributions of the two-dimensional induced charge
density over the grating (a) and the 2D gas (b) at various time
moments 𝑡 = 0 (solid curve), 𝑇/6 (dashed curve), and 𝑇/4 (thin
solid curve). The direction of the electric field of the incident
wave at the time moment 𝑡 = 0 is shown by an arrow. The
parameter 𝜔/2𝜋 = 1 THz, and the other parameters of the
system are the same as for curves 2 in Fig. 2, a
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Fig. 4. Distributions of the electromagnetic wave field com-
ponents (a) 𝐸𝑥(𝑥, 𝑧0) and (b) 𝐸𝑧(𝑥, 𝑧0) along the x-coordinate
at 𝑧0 = 0.9𝐷 at various time moments 𝑡 = 0 (solid curve),
𝑇/6 (dashed curve), and 𝑇/4 (thin solid curve). The parame-
ter 𝜔/2𝜋 = 1 THz, and the other parameters of the system are
the same as for curves 2 in Fig. 2, a

quency of the external signal. In Fig. 3, the distribu-
tions of the two-dimensional charge density at fixed
time moments, which is normalized by 𝐸0, are de-
picted. Note that the two-dimensional charge density
has the dimensionality of the field (see Eq. (15)). One

can see that the charge density on the grating is
strongly non-uniform. The electric charge is concen-
trated very much near the edges of metal strips. As
a result, the field is also strongly concentrated
there. The charges induced on strips by the field of an
incident wave, in turn, invoke a non-uniform distribu-
tion of the electron concentration in the 2D gas, and
this distribution oscillates in antiphase with the grat-
ing charge. One should pay attention to that, owing
to the symmetry of the system and its electroneutral-
ity in general, there exist specific points, 𝑥/𝑎 = 0.3
and 𝑥/𝑎 = 0.8 (these are the middle points in the
strip and in the gap between the strips, respectively),
at which the induced charge equals zero. These points
play the role of nodes for charge oscillations, which
look like standing waves. Generally speaking, oscilla-
tions of any electric parameter along the 𝑂𝑋 axis look
like standing waves in our problem, because there are
no factors that would break the symmetry of the sys-
tem with respect to the substitution 𝑥 → −𝑥.

The oscillations of electric field components are il-
lustrated in Fig. 4. The plots demonstrate that, at a
given frequency of 1.0 THz, the 𝑥- and 𝑧-components
reach the maximum at the initial time moment
(𝑡 = 0), being almost in phase with the incident
wave. Nevertheless, the field components have small
phase shifts with respect to the incident wave. At the
time moment 𝑡 = 𝑇/4, the incident wave field van-
ishes, whereas the total field in the near zone does not
(thin solid curves). The amplitudes of electric field
oscillations are strongly different in the regions un-
der the grating strip (0 < 𝑥 < 𝑏) and between the
strips (𝑏 < 𝑥 < 𝑎). The 𝑧-component of the field
mainly dominates in the interval 0 < 𝑥 < 𝑏. At the
same time, the 𝑥-component dominates in the inter-
strip gap 𝑏 < 𝑥 < 𝑎, except for the regions near the
strip edges. For the 𝑧-component of the field, as well
as for the charge oscillations, there are node points,
at which 𝐸𝑧 = 0. This is in contrast to the field 𝑥-
component, for which the nodes are absent. However,
the Fourier spectrum of 𝐸𝑥-oscillations is symmetric
with respect to 𝑚 = 0 (see the inset in Fig. 4, a). It
should be noted that approximately five evanescent
modes form the field structure near the 2D gas.

From Fig. 5, a, one can see that the profiles of the
𝑥-component along the axis 𝑂𝑋 strongly differ from
one another depending on the coordinate 𝑧. Near the
grating (𝑧 = 0.2𝐷, thick solid curve), the component
𝐸𝑥 has the same features as in the case of a single
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grating, namely, a minimum in the interval screened
by the metal strip, and strongly pronounced maxima
near the strip edges [15]. When moving away from the
grating, those maxima are rapidly smeared owing to
the influence of charges induced in the 2D gas (dashed
and thin solid curves). There emerges a maximum in
the interval under the metal strip and a minimum un-
der the gap, the amplitudes of the both grow when
approaching the 2D gas. Since the charges induced
in the 2D gas are opposite by sign to the charges in
the strip, the field generating by the 2D gas com-
pensates the grating-induced field along the axis 𝑂𝑋
and even can prevail when approaching the 2D gas
plane. This fact qualitatively explains the changes in
the field structure depending on the coordinate 𝑧.

Unlike the 𝐸𝑥 component, the 𝐸𝑧 one (Fig. 5, b)
practically is not changed, as the coordinate 𝑧
varies. This constancy is associated with the fact that
a reduction of the 𝐸𝑧 component of the grating field
at larger distances is compensated by a growth of
the field generated by the charges induced in the 2D
gas (while approaching the latter). Qualitatively, this
field distribution reminds that in a plane capacitor,
for which the metal grating strip and the layer of
2D gas beneath play the role of its plates, between
which the 𝐸𝑧 component of the field is concentrated
(the capacitor effect). The amplitude of the 𝐸𝑧 com-
ponent reaches a much larger value in this case than
the amplitude of of the 𝐸𝑥 component. Despite that
the 𝐸𝑧 component is uniformly distributed along the
axis 𝑂𝑍, its distribution along the axis 𝑂𝑋 remains
strongly non-uniform. This is the essence of the dif-
ference between the electric field distributions in the
grating–2D gas system and in the plane capacitor.

4.1. Distribution of the energy density
of the electric field in the near-filed zone
of the grating–2D gas system

As a result of the capacitor effect giving rise to the
concentration of the electric field, a strong local con-
centration of the electromagnetic field energy takes
place in the grating–2D gas system in the region be-
tween its components. This phenomenon is illustrated
by two-dimensional maps illustrating the spatial dis-
tribution of the electric field energy density averaged
over the period (Fig. 6). The energy density maps
were plotted for the dimensionless quantity 𝑊 (𝑥, 𝑧)
normalized by the energy density in the incident wave
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Fig. 5. Distributions of the electromagnetic wave field com-
ponents (a) 𝐸𝑥(𝑥, 𝑧0) and (b) 𝐸𝑧(𝑥, 𝑧0) at various distances
from the grating 𝑧0 = 0.2𝐷 (thin solid curve), 0.5𝐷 (dashed
curve), and 0.99𝐷 (thick solid curve) and at the same time mo-
ment. The parameter 𝜔/2𝜋 = 1 THz, and the other parameters
of the system are the same as for curves 2 in Fig. 2, a

and determined as follows:

𝑊 (𝑥, 𝑧) = (|𝐸𝑥(𝑥, 𝑧)|2 + |𝐸𝑧(𝑥, 𝑧)|2)/|𝐸0|2.

For a single grating (panel a), the regions, where
the energy is strongly concentrated, are localized
under the grating gaps, and the maximum values
𝑊 (𝑥, 𝑧) ∼ 100 are reached near the strip edges. At
the same time, in the case of the grating–2D gas sys-
tem, the situation is inverse (panel b); namely, the
near-field energy is mainly concentrated in the regions
under the grating strips, where the 𝑧-component of
the field dominates. The corresponding energy den-
sity reaches values of the order of thousands. A strong
dependence of the patterns describing the energy den-
sity distribution in the grating–2D gas system on the
incident wave frequency should also be marked; this
dependence is almost not observed for a single grat-
ing. In panel b, the frequencies were so chosen to
demonstrate the changes in the distribution of the
electric field energy density when the system crosses
the range of the plasmon resonance. In particular, a
frequency of 1.0 THz corresponds to the subresonance
range, a frequency of 1.25 THz frequency to the first
plasmon resonance, and a frequency of 4 THz to the
range above the first resonance. One can see that, in
the case of the plasmon resonance (the middle map
in panel b), the energy density in the near field con-
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Fig. 6. Spatial distributions of the electric field energy den-
sity 𝑊 (𝑥, 𝑧) (a) in a single grating and (b) in the grating–2D
gas system at various frequencies of external electromagnetic
wave: 1.0 (upper panel), 1.25 (the resonance frequency, mid-
dle panel), and 1.4 THz (lower panel). The parameters of the
systems are the same as for curves 2 in Fig. 2, a

siderably increases in comparison with non-resonance
frequencies.

We should emphasize the qualitative character of
differences in the energy density distributions when
changing from the single grating to the grating–2D
gas system. The energy distribution reflects a dipole
structure of the near field in the case of a single grat-
ing and its quadrupole structure in the case of the
grating–2D gas system. The latter pattern can be il-
lustrated by the presence of a cold zone in a vicin-
ity of the quadrupole center, where the fields cre-
ated by four charges are mutually compensated. If
the distance 𝐷 between the 2D gas and the grat-
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Fig. 7. Dependences (a) of the quantities sin(Δ𝜙) (upper
panel) and 𝑟 (lower panel) and (b) of the ellipticity (upper
panel) and the angle of the polarization ellipse slope (lower
panel) on the coordinate 𝑥 within the grating period at vari-
ous distances from the grating 𝑧 = 0.2𝐷 (thick solid curves),
0.5𝐷 (dashed curves), and 0.9𝐷 (thin solid curves). The set of
polarization ellipses corresponding to points 1 to 4 is shown
in the inset. The signal frequency is 1 THz

ing is considerably shorter than the period 𝑎, the en-
ergy density distribution is formed, to a large extent,
by the field component 𝐸𝑧. Since this component has
breaks across the grating and the 2D gas, the quan-
tity 𝑊 (𝑥, 𝑧) also has well pronounced breaks across
the grating plane (at 𝑧/𝑎 = 0) and the 2D gas plane
(at 𝑧/𝑎 = 0.033). Hence, the spatial scale of the near-
range field in the grating–2D gas system is determined
by the distance 𝐷. In the case of a single grating, the
grating period 𝑎 plays the role of this scale.
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4.2. Polarization properties of the near field

As was shown in the previous sections, when a plane
electromagnetic wave interacts with a metal grating,
the resulting electromagnetic field in the near-field
zone has a complicated vector structure that includes
two components of the electric field. Since the ampli-
tudes and oscillation phases of those components are
different from each other and strongly depend on the
coordinates, it is possible to say that the electromag-
netic wave in the near-field zone becomes elliptically
polarized locally; i.e., within the oscillation period,
the total field vector does not pass a straight line, but
circumscribes an ellipse, the parameters of which are
determined by the ratio between the absolute values
of those components, 𝑟 = |𝐸𝑧|/|𝐸𝑥|, and the phase
shift Δ𝜙 between them. This polarization ellipse is
convenient to be characterized by the following pa-
rameters: the ellipticity 𝛿 is the ratio between the
lengths of the minor and major semiaxes, and the az-
imuthal angle 𝛼 is the angle between the major axis
of the ellipse and the coordinate axis 𝑂𝑋. The pa-
rameters of the polarization ellipse locally depend on
the coordinates and are determined in terms of the
parameters 𝑟 and 𝛿 as follows (see work [25]):

𝛿 =
[︁(︁
1−

√︀
1− 𝛽2

)︁⧸︁(︁
1 +

√︀
1− 𝛽2

)︁]︁
,

tan𝛼 =
[︁
2𝑟2 −

(︁
1 + 𝑟2

)︁(︁
1−

√︀
1−𝛽2

)︁]︁⧸︁
2𝑟 cos(Δ𝜙),

where 𝛽 = 2𝑟 sin(Δ𝜙)/(1 + 𝑟2).
Using those formulas, one can easily derive the cor-

responding expressions for the limiting cases of circu-
lar and linear electromagnetic wave polarizations. In
particular, the circular polarization (𝛿 = 1, and tan𝛼
is indefinite) is realized in the case where 𝛽 = 1, for
which 𝑟 = 1 and Δ𝜙 = 𝜋/2. At the same time, the
linear polarization (𝛿 = 0) corresponds to the case
𝛽 = 0, which can take place either if 𝑟 = 0 or ∞ (so
that tan𝛼 = 0 or ∞, respectively) or if Δ𝜙 = 0 or 𝜋
(in this case, tan𝛼 = ±𝑟).

The typical dependences of the parameters 𝛿 and
𝛼 on the coordinate 𝑥 are exhibited in Fig. 7, b. For
illustration, panel a demonstrates how the electro-
magnetic field parameters 𝑟 and sin (Δ𝜙) change as
the coordinate varies. One can see that the electro-
magnetic wave is almost linearly polarized under the
grating strip (0 < 𝑥/𝑎 < 0.6), because the absolute
value of component 𝐸𝑧, |𝐸𝑧|, considerably exceeds
the absolute value of component 𝐸𝑥, |𝐸𝑥|, with those

field components oscillating almost in phase (the up-
per plot in panel a). Almost in the whole region, the
ellipticity does not exceed 0.02, and the azimuthal
angle is close to 𝜋/2, except for a small interval un-
der the middle of the strip, where the component
𝐸𝑧 → 0, and 𝑟 → 0. In the gap region 0.6 < 𝑥/𝑎 < 1,
the near-field geometry quickly varies, because the
oscillation amplitudes of field components become
comparable here, and the phase shift between them
changes drastically. In the region 0.6 < 𝑥/𝑎 < 0.8,
the linearly polarized wave transforms into a substan-
tially elliptical one (the set of polarization ellipses
is shown in the inset in panel b). Near the charac-
teristic point 𝑥/𝑎 ≈ 0.8, which is the gap middle
point, 𝐸𝑧 → 0, and the wave becomes linearly po-
larized. Further, at 0.8 < 𝑥/𝑎 < 1, it becomes ellipti-
cally polarized again. While crossing the characteris-
tic point 𝑥/𝑎 = 0.8, the azimuthal angle jumps from
0 to 𝜋, which corresponds to the sign change of the
field 𝑧-component.

Information on the near field polarization can be
important for the selective excitation of molecules or
nanoobjects in hybrid plasmonic structures. Of spe-
cial importance is the case where the excitation mech-
anisms depend not only on the intensity, but also on
the direction of the field.

5. Conclusions

In this work, the interaction between a plane tera-
hertz electromagnetic wave and a plasmonic struc-
ture “subwavelength metal grating–2D electron gas”
has been studied. The behavior of the transmission,
reflection, and loss coefficients has been analyzed, as
well as the features in the near-field distribution. It
is shown that the frequency dependences of the 𝑇 , 𝑅,
and 𝐿 coefficients in the THz range reveal a number
resonant extrema, which are associated with the ex-
citation of plasmons in the 2D gas. Depending on the
filling factor for the metal grating and the parameters
of a 2D gas, the frequency and the intensity of plas-
mon resonances change. The growth of the filling fac-
tor results in an increase of the intensity of plasmon
resonances and a reduction of their frequencies. The
increase of the electron relaxation time in the 2D-gas
channel does not affect the positions of resonances,
but diminishes their half-widths owing to the growth
of the Q-factor for plasmon oscillations. An increase
of the electron concentration in the 2D gas is accom-
panied by an increase of the frequency and the half-
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width of plasmon resonances. The near field of the
system is shown to have a quasiquadrupole structure,
which is a result of the excitation of opposite charges
at the edges of grating strips by the incident wave
and the specular image of those charges in the 2D
gas plane. While considering the near field, the effects
of local concentration and electric field amplification
are shown to be considerably larger in comparison
with those for a single metal grating. Moreover, at
frequencies close to the plasmon resonance, those ef-
fects can grow further by an order of magnitude. It is
also worth noting that the electric field in the near-
field zone becomes concentrated in the interval be-
tween the metal strip of the grating and the region of
the 2D gas under it.

Therefore, the application of the plasmonic system
with subwavelength sizes provides its effective inter-
action with electromagnetic waves and and enables a
control over the radiation polarization and the con-
centration of the electromagnetic energy. Those fea-
tures of the plasmonic system can be used to study
the THz properties of low-dimensional charge carri-
ers [26–28], to excite individual molecules in hybrid
plasmonic systems [16–19], and to manipulate atomic
states in systems with quantum qubits [29].

The work was supported by a joint project of NASU
and RFBR.
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Ю.М.Лящук, В.В.Коротєєв

ВЗАЄМОДIЯ ТЕРАГЕРЦОВОЇ ЕЛЕКТРОМАГНIТНОЇ
ХВИЛI З ПЛАЗМОННОЮ СИСТЕМОЮ “МЕТАЛIЧНА
ҐРАТКА – ЕЛЕКТРОННИЙ 2D-ГАЗ”. АНАЛIЗ
ОСОБЛИВОСТЕЙ БЛИЖНЬОГО ПОЛЯ

Р е з ю м е

В роботi представлена теорiя взаємодiї електромагнiтних
хвиль з плазмонною системою, що складається з субхвильо-
вої металiчної ґратки та шару електронного 2D-газу, роз-
мiщеного пiд нею. Показано, що частотнi залежностi ко-
ефiцiєнтiв пропускання, вiдбивання та втрат такої систе-
ми мають особливостi, пов’язанi зi збудженням плазмонiв
в 2D-газi. Дослiджено вплив геометричних та електричних
параметрiв системи на характеристики плазмонного резо-
нансу. Проаналiзовано структуру електромагнiтного поля в
ближнiй зонi системи. Знайдено просторовi залежностi еле-
ктричних компонент, густини електричної енергiї та поля-
ризацiї. Показано, що плазмонний резонанс iстотно збiль-
шує локальну концентрацiю електромагнiтного поля в бли-
жнiй зонi ґратки.
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