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This study reviews recent advances in the modern field of terahertz plasmonics concerning the control of resonant
properties of grating-gate plasmonic crystal structures. Particularly, we conducted both experimental and theoretical
investigations of AlGaN/GaN grating-gate structures with a focus on investigations of the resonant structure of trans-
mission spectra associated with plasmon excitations in two-dimensional electron gas at different modulation degree
of concentration profiles. Two distinct resonant phases of the plasmonic crystal structure were analyzed. The first one,
the delocalized phase, is observed in the case of a small modulation degree of electron gas. In this phase, we found
that plasmonic resonant absorption of incident radiation occurs across the entire grating-gate structure, with domi-
nation in the gated regions of the electron gas. In contrast, the second phase, the localized one, is realized at a strong
modulation of the electron concentration profiles when the gated regions of the electron gas are completely depleted.
Here, plasmon resonances are characterized by the spatial localization of absorption of incident radiation exclusively
within the ungated regions of the electron gas. Moreover, in the localized phase, we observed the unexpected blue
shift of plasmon resonant frequency with an increase of gate voltage. This observation was explained by the result of
‘edge gating effect’ and additional shrinking of the concentration profile of the electron gas in the ungated region. We
demonstrate that the correct description of both phases requires rigorous electrodynamic simulations and cannot be

achieved solely in the frameworks of simplified single-mode or single-cavity models.
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1. Introduction

The burgeoning field of terahertz (THz) plas-
monics has been invigorated by the advent of
large-amplitude plasma oscillations within field-
effect transistor (FET) channels, where the oscil-
lation frequency can be precisely controlled by
the gate voltage [EI, ]. Recent decades have seen
a significant attention directed towards exploiting
the potential of periodic structures, such as FET
arrays, grating gates and multigate configurations,
as they facilitate enhanced interactions between
incoming electromagnetic radiation and two-di-
mensional (2D) plasmons. These structures have
already showcased improved performance as THz
detectors [B-4], and ongoing experimental efforts
suggest their growing role as potential THz radia-
tion emitters [ﬁ, E] or amplifiers [E].

In a broader context, these periodic structures
are referred to as plasmonic crystals (PCs) [@,
]. A grating-gate PC, as illustrated in Fig. El(a),
is a meticulously designed arrangement of multiple
plasmonic cavities, often achieved by positioning
metallic grating gates in close proximity to a 2D
electron gas (2DEG) layer. These metallic grating
gates serve multiple roles: (i) control of the plas-
monic cavity size, (ii) antenna coupler to ensure
an efficient THz light-plasmon interaction, and
(iii) 2DEG density control providing tunability of
resonant properties of PC. Initially, analogous plas-
monic configurations were utilized to observe 2D
plasmon resonances within silicon inversion lay-
ers [, ]. Subsequent research endeavours have
expanded to encompass diverse materials such
as InGaAs/InP [], AlGaAs/GaAs [[15], AlGaN/

GaN [, ] and graphene structures [[1§, ].
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Fig. 1. Schematic view of the grating-gate PC (a) realized in the FET configuration with source,
drain and grating-gate electrodes, where P is the grating period, and L and L are the lengths
of gated and ungated plasmonic cavities, respectively. Panels (b) and (c) illustrate the plasmonic
cavities at the applied gate voltage swing V| in the regimes of weak and strong 2DEG density mod-
ulation, respectively. Panels (d) and (e) represent the electron concentration profiles at the gate
voltage swing V> 0 and V| <0, respectively. The n, and n _ are 2DEG concentrations in the gated
and ungated cavities, respectively. Ax is the additional lateral depletion of the ungated cavities in

the regime of strong 2DEG density modulation.

Although many aspects of grating-gate PCs
have been examined theoretlcally by research
groups led b M1kha110v 1, Popov [ él @] and
Kochelap [@], a comprehenswe exploration of
the characteristics of these structures remains no-
tably absent in the scientific literature. This knowl-
edge gap can be attributed to two primary chal-
lenges. Firstly, the experimental challenge arises
from the necessity of incorporating a substantial
number of non-leaking gates within a single PC
to effectively excite 2D plasmons within the THz
range. Secondly, the theoretical challenge stems
from the inherent nonuniform composition of
PCs, where gated and ungated cavities coexist, and
there is interaction between them. So, a theoreti-
cal description of the existing PC structures (see
Fig. I )) with arbitrary shapes of the grating cou-
plers and complicated multi-layered stack geometry
(in the vertical direction) cannot be reduced to any
analytical expressions, and a correct description of
PC resonances requires rigorous electrodynamic
simulations. Consequently, the accurate prediction
and interpretation of plasmonic crystal properties
necessitate advanced numerical calculations.

In this work, we demonstrate the solutions
for these existing challenges and investigate the
AlGaN/GaN grating-gate PCs in the regimes of weak
(Fig. El(b, d)) and strong (Fig. (c, e)) modulation of
2DEG density. The integral equation method (IEM)
was used for the electrodynamic simulations of PC
transmission spectra in the THz range. We experi-
mentally and theoretically studied different phases
of grating-gate PCs. The first phase, termed the de-
localized phase, is characterized by the absorption
of THz radiation throughout the entire grating-gate
structure, but predominantly in the gated regions.
This phenomenon manifests itself when the 2DEG
density modulation is weak. In contrast, the second
phase, known as the localized phase, exhibits a dis-
tinct behaviour. Here, THz radiation absorption
occurs exclusively within the ungated regions of
the structure. Achieving this phase requires the to-
tal depletion of the gated part of 2DEG. Notably,
our investigation reveals that the transition between
these phases is continuous and can be actively con-
trolled through gate modulation of 2DEG.

Moreover, in our THz spectroscopy measure-
ments, we observed an unexpected blue shift of
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the plasmon resonant frequency of PC in the lo-
calized phase at a further increase of negative gate
voltages. This intriguing phenomenon can be at-
tributed to a specific effect, namely, the shrinking
of the conductive profile of 2DEG in the ungated
region. This effect of additional depletion can be
called the ‘edge gating effect’ and will be described
by quantity Ax (as depicted in Fig. (c, e)).

The main part of the experimental results has
been published in the authors’ original prior publi-
cation [@] which will be re-reviewed and extended
in their interpretations in this article. In particular,
the results of the integral equation method were
validated independently by the finite element meth-
od (FEM). FEM was also used for the calculations
of spatial distributions of the electric field compo-
nent of electromagnetic (em) wave in the near-field
zone. Our observations suggest that the phenom-
ena cannot be adequately elucidated solely through
the lens of single-mode and single-cavity approxi-
mations. Instead, it becomes imperative to consider
the grating-gate PC model as it offers a more com-
prehensive framework for explaining the observed
results.

It is noteworthy that while our study is focused
on a specific case involving plasmons in AlGaN/
GaN grating-gate PCs, the insights that we have
gained possess a broader applicability. The gener-
al character of our results extends their relevance
to other semiconductor-based plasmonic crys-
tal structures, offering valuable implications for
a broader field of THz plasmonics.

2. Unbiased AlGaN/GaN grating-gate PC
structures

As mentioned above, the key component of a PC
structure is the metallic grating deposited on
the top layer of a bare heterostructure. Different
PCs with different geometries of the metallic grat-

ing were fabricated and tested. The metallic grat-
ings were fabricated by electron-beam patterning,
following Ni/Au metallization evaporation and its
lift-off. The specific geometric parameters of such
gratings are provided in Table 1.

The AlGaN/GaN heterostructures used in our
experiments were grown using the metalorganic
vapour phase epitaxy (MOVPE) method, em-
ploying a 4-inch diameter semi-insulating SiC
substrate, with a thickness of 500 ym. That semi-
conductor stack was composed of a 2.4 nm GaN
cap layer, a 20.5 nm Al ,.Ga N barrier layer and
a 255 nm GaN buffer layer, which was directly
grown on a 62 nm-thick AIN nucleation layer situ-
ated on the SiC substrate.

In the processing of the PC structure (schemati-
cally shown in Fig. (a)), we especially paid atten-
tion to the technology of fabrication of large-area
grating gates with minimized gate leakage currents.
That was deemed critical for achieving an effective
control over the 2DEG density within the PCs, es-
pecially considering their substantial active area
(>1.7 x 1.7 mm?). To realize this objective, we
dedicated special attention to ensuring the quality
of both the Schottky barrier contact (grating-gate
coupler) and the ohmic contacts for the source
and drain, each of which interfaces with the 2DEG
channel. For a more comprehensive description of
the fabrication process for the grating-gate PCs,
readers are encouraged to refer to our paper [R7].

Transmission spectra measurements of the
AlGaN/GaN-based PCs were performed by a Fou-
rier transform vacuum spectrometer (Vertex 80v
from Bruker, Billerica, Massachusetts, USA) inte-
grated with a continuous flow liquid helium cry-
ostat. All measurements were done at 10 K. The ob-
tained transmission spectra of all investigated
samples are illustrated in Fig. @ under the unbias-
ing conditions of the grating electrode (zero gate
voltage V. = 0 V). As seen, all spectra demonstrate

Table 1. Grating-gate coupler parameters of the four investigated PC samples.

Sample | Grating period | Gated region | Ungated region | Grating filling | Number of grating | Active area,
ID P, ym width Lg, ym | width Lo, ym | factor r = Lg/P cells N mm?
S1 1.0 0.50 0.50 0.50 1650 1.7x 1.7
S2 1.5 0.90 0.60 0.60 1100 1.7x1.7
S3 2.5 2.15 0.35 0.86 712 1.8x 1.8
S4 3.5 3.15 0.35 0.90 508 1.8x 1.8
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Fig. 2. THz transmittance of the unbiased PCs with a different grating period P and a grating filling factor r:
(a) S1 sample: P = 1.0 ym, r = 0.50; (b) S2 sample: P= 1.5 ym, r = 0.60; (c) S3 sample: P =2.5 ym, r = 0.86; (d) S4
sample: P = 3.5 ym, r = 0.90. Blue arrows with numbers indicate the position and order of plasmon resonances
extracted from the experimental spectra. Grey dashed arrows indicate the position and order of the plasmon
resonances calculated by Eq. (1). All parameters of the investigated sample are listed in Table 1.

features inherent to the resonant excitations of 2D
plasmon oscillation in the weakly nonuniform
2DEG.

For the qualitative estimations of the position of
resonances, we can use the so-called single-mode
approach based on the 2D plasmon dispersion law
obtained for totally gated and ungated 2D plas-
mons [@, @, @]. When the grating-gate coupler
is placed in close proximity to the 2DEG layer
(|k|d <« 1), these dispersion relationships can be
written as follows:

2
en.d
o, = k| |2l (1)
m gogbar
2
en
@ =\/Ik|*—°- (2)
m 80(8buf +1)

Here k is the plasmon wave vector, nand n are
the electron concentrations (in general, they can
be essentially different) in the gated and ungated
regions of 2DEG, respectively, m" is the effective
electron mass, d is the thickness of barrier layer,
g, and ¢ . are the dielectric permittivities of bar-
rier and buffer layers, respectively, and ¢ is vacaum
permittivity (formulas (1) and (2) are provided in
ST units).

In Fig. @, blue arrows with numbers indicate
the position and order of plasmon resonances ex-
tracted from the experimental spectra. Grey dashed
arrows correspond to the positions of the plasmon
resonances calculated using Eq. (). As seen, in
the case of large grating filling factors r > 1 (samples
S3 and $4, see Fig. (c, d)), the plasmon resonance
frequency can be well approximated by Eq. (1) as
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for totally gated 2D plasmons, taking |k| = 27j/P,
where (j = 1, 2, 3, ...) numerates the order of
resonances. Here, we imply that a wave vector of
the ‘resonant’ plasmons is defined by the grating
periodicity. In estimations, we used the value of
concentration n_ = 6.2 x 10'> cm™, extracted from
DC measurements (see Section 3), the dielectric
permittivity ¢, = 8.9 and the thickness d = 22 nm,
corresponding to the AlGaN barrier layer.

However, in the case of smaller grating filling
factors (samples S1 and S2, see Fig. P(a, b)), such
a single-mode approach is not valid and this kind
of grating-gate structure should be considered only
in the frameworks of the plasmonic crystal model
where the interaction between gated and ungated
parts of 2DEG is considerable.

Below, we will focus on the analysis of a more
interesting case of the S2 sample for which the sin-
gle-mode approach cannot describe the positions
of the fundamental and second-order plasmon
resonances.

3. Biased AlGaN/GaN grating-gate PC
structures (S2 sample)

Grating-gate PCs were designed to provide the pos-
sibility of DC biasing to the entire grating elec-
trode. The example of the transfer current-volt-
age characteristic of PC under test is illustrated in
Fig. H (left panel) in a semilogarithmic scale. It dem-
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Fig. 3. Transfer current-voltage characteristics (I is
drain current, I  is gate leakage current) and the gate
voltage dependence of 2DEG density in the S2 struc-
ture at 10 K, drain-to-source voltage vV, =10 mV,
where V,, = -2.9 V is the threshold voltage.

onstrates the transistor-like behaviour with a small
gate leakage current density J < 2.5-107 A/mm”’,
In analogy to the single-gate FET, the application
of voltage V _ between the grating electrodes (cir-
cuited on the common bus) and source terminal
ensures an effective control of the 2DEG density in
the gated regions of PC structure. The 2DEG den-
sity in the gated part of our FET-like structures can
be evaluated using the so-called ‘gradual channel’
approximation with known values of the threshold
voltage (V) of the channel depletion

— gbar 80 VO
ed

where V = V_ -V, is the gate voltage swing.
From the transfer current-voltage character-
istic (solid blue curve in Fig. @) we found that
V,, =-2.920.3 V. Using this value, as well as the val-
ues of dielectric permittivity ¢ = 8.9 and thick-
ness d = 22 nm of the AlGaN barrier layer, we
found the dependence n (V) which is plotted in
Fig. E by a red line, where the equilibrium value
n,(V,=0)=6.2+£0.6 x 10" cm™. The 2DEG density
in the ungated regions n, was found from the char-
acterization of bare AlGaN/GaN heterostructures
by capacitance-voltage measurements at 10 kHz
using a mercury probe. The extracted value was
n, = 8.7£0.9 x 10> cm™ for the room temperature.

To analyze the plasmon resonances in the bi-
ased grating-gate PCs of arbitrary grating filling
factor, we use a rigorous approach based on elec-
trodynamic simulations. This method is based on
the numerical solutions of Maxwell’s equations,
and it operates within the framework of the inte-
gral equations method, developed in Refs. [@, @].
Essentially, the IEM relies on the Green function
formalism and involves the reduction of Maxwell’s
system of equations to a set of linear integral equa-
tions in the coordinate space. These integral equa-
tions are amenable to the solution using methods
such as Galerkin schemes. It is worth noting that,
in contrast to well-established Fourier-modal tech-
niques [@] that are widely utilized, the IEM offers
distinct advantages. Notably, it provides a signifi-
cantly enhanced computational efficiency and en-
sures the convergence of results with a specified
level of accuracy. These qualities render the IEM an
excellent choice for our comprehensive analysis of
the interaction of plasmonic structures with THz
radiation.

; 3)

el



256 ISSN 1648-8504 eISSN 2424-3647

P Sai et al. / Lith. J. Phys. 63, 251-263 (2023)

Figure @ demonstrates the calculated contour
plot of THz transmittance in the plane ‘gate volt-
age swing - frequency in the wide frequency
range 0.1-12 THz for the parameters of the S2
sample. In the region above the threshold volt-
age, V, > 0, the transmission spectra possess
multiple resonances which can be attributed to
the resonant excitation of 2D plasmon oscilla-
tions of different orders in 2DEG with a spatially
modulated profile of electron concentration. We
call this regime the delocalized phase of PC when
plasmons oscillate in the whole period of the grat-
ing-gate coupler consisting of gated and ungated
regions.

For the case of weakly modulated 2DEG
(V,=3V,n_ =62 x 10" cm™), we can identify
the most intense fundamental and less intense
2nd and 3rd order plasmon resonances. We ob-
serve that the quality factor of the resonances de-
creases with an increase of their order. With an in-
crease of 2DEG modulation, these resonances are
red-shifted and the resonances of a higher order
appear. For example, in the intermediate case of
2DEG modulation (V, =1V, n_=1.9 x 10" cm™),
even six resonances are clearly identified. The in-
tensity of these resonances also subsides with
an increase of their order. With further approach-
ing of the channel depletion in the gated parts
(V, > 0V), the transmittance exhibits a multi-res-

10

Frequency (THz)
(@)

-3 -2 -1 0

1

onant structure and we can observe the formation
of a quasi-continuous plasmonic band.

At near-threshold voltages, close to V, = 0,
the contour plot in Fig. @ demonstrates the gradual
transition to another regime. At the strong modu-
lation of 2DEG (V,=-0.2 V,n =0.43 x 10"> cm™?),
the new phase of PC starts to form. At this,
the lower-frequency wing of the shown spectral
characteristics still experiences the dense fre-
quency modulation. However, at the sub-thresh-
old voltage V, = -0.1 V, when the gated region of
2DEG is totally depleted and 2DEG-strip grat-
ing has already formed, we observe two orders of
the plasmon resonance in the considered frequen-
cy range. The most intense fundamental resonance
occurs at 2.3 THz and the less intense second-or-
der resonance is realized at 6.12 THz. These plas-
mon resonances are associated with plasmons in
the ungated regions of 2DEG [@, ﬁ, ]. Even
under such conditions, these observations suggest
that the phenomena cannot be elucidated solely
through the lens of a single-cavity model, see
the positions of the horizontal dashed lines cal-
culated by Eq. (2) as for the totally ungated 2D
plasmons, taking |k| = m(2j - 1)/L (j = 1,2, 3, ...)
as a wave vector defined by the length of the un-
gated plasmonic cavity. Thus, we call this regime
the localized PC phase. Note, in the calculations
of part of the contour plot in Fig. @ relating to
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Fig. 4. Calculated contour plot of the transmittance by IEM for
the parameters of the S2 sample. The positions of horizontal
dash-dotted lines are calculated by Eq. (2) using single-cavity

approximations (see below).
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the sub-threshold regime, we assumed that n_ =0
and Ax = 0.

Figure E shows the experimental contour plot
of the transmission spectrum for the S2 sample.
Dashed lines show the positions of the minima ob-
tained as a result of the simulation (fitting) for cor-
responding samples. To fit experimental data above
the threshold voltage, V, > 0, we independently var-
ied two parameters: the concentration of 2DEG un-
der the metallic grating gate n_ and under the grat-
ing opening n . At sub-threshold voltages, V <0, we
varied Ax(L ) at a constant value of n_and n_ of ~ 0.

The plot in Fig. E allows us to follow the depend-
ences of plasmonic resonances on frequency and
gate voltage. Calculations in Fig. @ predict the exist-

ence of 5-6 resonances. Two of them can be clearly
identified for the S2 sample. At V > 1V, the low-
est frequency resonance is most intense and cor-
responds to the fundamental plasmon resonance
marked by (1). The resonances enumerated as (2)
and (3) are realized at the higher frequencies and
they are less intense. At a decrease of V|, the reso-
nances are red-shifted with the emergence of addi-
tional resonances. In the narrow region of the near-
threshold voltages, V ~ -0.3 to -0.6 V, the gradual
transition between the delocalized and localized
phases can be identified.

Below the threshold voltages, from V =
-0.6 to —6 V, an unexpected linear increase in the fre-
quency of this resonance with saturation at high

(a) Transmittance
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Fig. 5. Measured contour plot of the S2 sample transmittance (a).
Dashed curves show the positions of the transmission minima ex-
tracted from the calculations by IEM taking into account the ad-
ditional lateral depletion of ungated regions by Ax value. The ob-
tained Ax(V,) dependence as a result of the best fitting procedure is
shown in panel (b) by dots, and the solid line is a guide for the eye.
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gate voltages starting from V = -4 V is observed.
It was related to the electrically-induced ‘shrinking’
of the ungated region - the so-called ‘edge gating’
effect [@, @] (see Ax notation in Fig. ). Taking
into account the dependence of Ax vs V (shown
in Fig. E(b) and obtained as a result of the best fit-
ting procedure), the general features of the calcu-
lated mapping are well traced in the contour plot on
the basis of experimental data in Fig. E
Additionally, we used the finite element meth-
od (FEM) to validate independently the obtained
IEM results. We employed COMSOL Multiphys-
ics. In particular, the Wave Optics module was
used to solve Maxwell’s equations for the assumed
above plasmonic structure S2. In order to simulate
the delta-thin layers of grating and 2DEG one can
use the surface current density boundary condi-
tion. However, we decided to go beyond this ap-
proximation and considered those layers as 3D

0.9 (a)
0.6
0.3

0.0
0.9 (b)

0.6

0.3

T, R, A coefficients

0.0
0.9 (c)

0.6

0.3

0.0
1 2

Frequency (THz)

parts of the structure. That gave us the possibility
not only to validate our implementation of IEM but
also to check the applicability of delta-thin layer ap-
proximation. Therefore, we fixed the thickness of
the 2DEG layer to 7, .. = 3 nm and the thickness
of the grating metal to 7, = 50 nm. Considering
the value of #, the 3D conductivity was converted
into 2D as following o, = 0, /.

As seen from Fig. f, FEM and IEM provide
the sameresultsin transmittanceaswell asin reflec-
tance and absorptance spectra for different values
of 2DEG modulation at V = 3, 0.1 and -0.1 V.
The relative errors between these methods do not
exceed 1% for all comparative curves in panels (a)
and (b), and 2.5% for panel (c) in the whole consid-
ered frequency range. This validates the developed
IEM as well as the applicability of the delta-thin
metallic grating and delta-thin electron conductive
layer model.

T (IEM)
A (IEM)
R (IEM)
T (FEM)
A (FEM)
R (FEM)

Fig. 6. Transmittance (T), reflectance (R) and absorptance (A) spec-
tra calculated by IEM (solid lines) and FEM (dotted lines). Panels:
(a) V,=3V; (b) V, = 0.1 V; (c) V, = -0.1 V.
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It should be noted that the developed IEM is
more effective and more suitable for fast processing
of the experimental data than the FEM concerning
the computation time. The simultaneous calcula-
tion of three curves for T, R, A-coeflicients with
500 points per curve requires 1.4 min within IEM.
The computation of the same curves using FEM, tak-
ing a 10 nm grid, requires 2 h and 30 min at a simi-
lar computational power because COMSOL calcu-
lates additionally all components of the em fields in
the entire simulated structure and at each frequency.
While IEM is much faster than FEM, FEM is much
more flexible that gives the possibility to add differ-
ent layers, different shapes of gratings, etc.

4. Near-field study of PC structure

The main difference between delocalized and lo-
calized phases can be illustrated in the examples

()
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= =50 °
g 4
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of the near-field patterns calculated by FEM taking
a 10 nm grid for a good spatial resolution (Fig. ﬁ).
Particularly, we pay attention to the spatial distribu-
tions of the amplitude of x component of the elec-
tric field, |E (x, z)|, the em wave in the vicinity of
the metallic grating and 2DEG.

In the case of the delocalized phase, as depicted
in panels (a) and (b) of Fig. ﬁ, the em field within
the near-field zone surrounding the plasmonic struc-
ture exhibits a strong non-uniform distribution. This
non-uniformity becomes particularly pronounced
in the vicinity of the metallic finger ridges. Addi-
tionally, a notable amplification effect is observed
in the gated region of 2DEG, where the amplitude
|E | experiences a fourfold increase in magnitude
compared to the incident wave amplitude (E,). This
enhancement can be attributed to the resonant exci-
tation of both the fundamental mode (panel (a)) and
the second-order mode (panel (b)) of 2D plasmons.
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Fig. 7. Spatial distribution of the |E |/E, component of the em field that corresponds to the first two
plasmon resonances at 0.58 THz (a) and 1.11 THz (b) of the delocalized phase, and the first two plas-
mon resonances at 2.46 THz (c) and 6.15 THz (d) of the localized phase.
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The spatial distribution of |E | reveals an oscil-
latory behaviour within the gated region while ex-
hibiting a nearly constant distribution in the ungat-
ed area of 2DEG. Remarkably, these distributions
strongly suggest that the gated region of 2DEG
functions as a cavity for plasmonic oscillations.
Within this cavity, plasmonic oscillations occur
in a manner such that the width of the cavity cor-
responds to odd multiples of half-wavelengths,
a phenomenon often associated with a resonant
cavity behaviour.

In the localized phase, a distinct pattern emerg-
es in the near-field characteristics, as illustrated in
Fig. ﬁ(c, d). In this phase, the concentration of em
energy is even more pronounced. Notably, the ma-
jority of the em wave energy becomes concentrated
within the vicinity of the metallic grating openings.
Specifically, regions with elevated energy levels
form in close proximity to the ridges of metallic
fingers and along the strips of the 2DEG-grating in-
terface. It is important to observe that the em wave
does not significantly penetrate beneath the metal-
lic gate, resulting in the formation of a ‘cold zone’
in this region.

The spatial distribution of the x component of
em wave within the 2DEG plane reveals that, in this
regime, the ungated section of 2DEG effectively
operates as a cavity. Notably, for the fundamental
resonance at 2.3 THz, the plasmon oscillations ex-
hibit a half-wavelength localization along the width
of the grating opening. For the second-order reso-
nance at 6.12 THz, a clear localization pattern is
observed with three half-wavelength localizations.
Furthermore, it is evident that the em energy be-
comes even more strongly localized within the un-
gated region of 2DEG for the second-order reso-
nance, emphasizing the distinct behaviour of this
phase.

5. Conclusions

We studied the THz properties of the grating-gate
plasmonic crystal structure and demonstrated
the electrically controlled gradual transition be-
tween two distinct resonant phases observed in
transmission spectra. The first, delocalized phase,
occurs at weakly modulated 2DEG. This phase is
associated with the emergence of several reso-
nances in transmission spectra corresponding to
different orders of 2D plasmon excitations in weak-

ly non-uniform 2D plasma. With an increase of
the modulation degree, the phase transition occurs
and a localized phase starts to form. It is connected
with plasmon excitations exclusively in the ungated
parts of 2DEG.

THz transmission spectra of all types of plas-
mon resonance in the grating-gate structures were
calculated by the integral equation method used for
the numerical solution of Maxwell’s equations. Ad-
ditionally, the results were validated independent-
ly by the finite element method, which was also
used for the calculations of spatial distributions of
the electric field components of electromagnetic
waves in the near-field zone.

The near-field calculations provide valuable in-
sights into the fundamental physical distinctions
between the two discovered phases of plasmonic
crystals. In the delocalized phase, the plasmonic
absorption of electromagnetic energy takes place
in both gated and ungated parts of 2DEG, but with
a domination of the gated part. In the localized
phase, the plasmon excitation is primarily localized
in the ungated region of 2DEG. The plasmonic ab-
sorption of the THz wave takes place exclusively in
the ungated part of 2DEG, indicating a main physi-
cal diversity from the delocalized phase.

We suggest that the performed experimental
and theoretical analysis of the plasmonic crystal
phases and the transition between them, including
interpretation of their physical nature on the lan-
guage of near-field patterns, provides a deep insight
into the research of resonant properties of the elec-
trically controlled plasmonic crystal structure. It
is important to stress that our results have general
significance and can extend their relevance to other
semiconductor-based structures, offering broader
applications in the field of THz plasmonics.
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