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Laterally screened two-dimensional plasma excitations in a disk-shaped
two-dimensional electron system
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We investigated plasma excitations in a disk-shaped two-dimensional electron system (2DES) laterally
screened by a coplanar metal electrode surrounding the 2DES with a fixed-size separation gap around the
perimeter of the disk. We find that lateral screening leads to a significant redshift in the plasmon frequency
as the gap width approaches zero. It is caused by the redistribution of charges in the metallic gate that induce a
logarithmic screening potential in the 2DES region. The spectroscopy of laterally screened plasmons provides
valuable information on the structure of the 2DES edge. We developed a theoretical model and performed
numerical simulations which show good agreement with the experimental data.
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The study of plasma excitations in two-dimensional elec-
tronic systems (2DES) has been attracting considerable
interest for more than 50 years [1–5]. One of the main rea-
sons is that the plasmonic response governs the operation of
all semiconductor devices in the terahertz frequency range.
Therefore, the development of terahertz electronics requires
the understanding of two-dimensional (2D) plasmonics at the
most fundamental level. The spectrum of 2D plasmons has
been well established both theoretically [6] and experimen-
tally [7–9] as follows:

ωp(q) =
√

ne2q

2m∗ε0ε(q)
, (q � ω/c). (1)

Here, q is the plasmon wave vector, n and m∗ are the density
and effective mass of the 2DES electrons, while ε0 and ε(q)
denote the vacuum permittivity and the effective permittivity
of the surrounding medium. One of the most attractive proper-
ties of 2D plasmons is that their frequency can be tuned over
a wide range by varying the electron density. Usually, it is
accomplished by evaporating a gate on top of the crystal at a
distance a above the 2DES.

For the gated 2DES, the plasmon dispersion in Eq. (1)
becomes linear due to the strong modification of the Coulomb
interaction between the charge fluctuations, which can be ac-
counted for by the effective dielectric function ε(q) = 1/2qa
[10]. However, such a type of gating is not very practical in
plasmonics as the gate screens the incident electromagnetic
radiation, preventing the excitation of plasma waves in the
2DES. Therefore, lateral gates are more suitable for excit-
ing and controlling the desired 2D plasma waves. Previous
theoretical studies showed that lateral Coulomb screening
leads to the redshift in the plasmon frequency, with no sig-
nificant effect on the mode dissipation [11–15]. Regrettably,
so far, there have been no systematic attempts made at the
experimental investigation of laterally screened 2D plasma
excitations.

In the present paper, we report on the resonant microwave
absorption of a 2DES disk laterally screened by a metallic
gate. Our experimental findings show that lateral screening
produces a substantial redshift in the plasmon frequency
as the gap between the 2DES and the gate is reduced. The
redshift is the result of the redistribution of charges in the
metallic gate, which induces a logarithmic screening potential
in the 2DES disk. We demonstrate that spectroscopy of
laterally screened plasmons offers a revealing insight into the
structure of the 2DES edge. We propose a theoretical model
and perform numerical simulations that are consistent with
the experimental data.

The experiments were conducted on Al0.24Ga0.76

As/GaAs/Al0.24Ga0.76As heterostructures hosting a 2D
electron system. In particular, we examine two types of
structures. One, with a single 30-nm-wide quantum well
370 nm below the crystal surface, hosting a 2DES with
the electron density n = 1.6 × 1011 cm−2 and the electron
mobility μ = 2 × 106 cm2/V · s at T = 4.2 K. The other,
with a 20 nm-wide quantum well 220-nm deep, having
the 2DES electron density n = 3.5 × 1011 cm−2 and the
electron mobility μ = 0.4 × 106 cm2/V · s at T = 4.2 K. The
geometry of the structure under study is depicted in the top
panel of Fig. 1. The samples were patterned by the E-beam
lithography as follows. First, a disk-shaped mesa of diameter
d was fabricated from a 2DES to produce two sets of samples
with d = 0.25 and 0.5 mm. Then, a 200 nm Au/Cr gate was
thermally evaporated on top of the crystal in the form of a
concentric ring, with a gap of the width h separating the gate
from the 2DES disk around the perimeter. The size of the gap
varies between different samples, ranging from h = 0.2 µm
to 40 µm. The sample was mounted at the center of a WR-28
rectangular waveguide used to feed the microwave radiation
of 10–60 GHz. The generator power is adjusted to avoid
sample overheating in the range 0.01–1 mW. Then, it is
placed into a cryostat with a base temperature of 1.5 K, inside
a superconducting coil producing a magnetic field B of 0–7 T.
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FIG. 1. (Top left) Schematic drawing of the experimental struc-
ture. A disk-shaped mesa marked in yellow is screened laterally
by the coplanar metallic gate marked in orange. (Top right) SEM
image of the sample edge with the gap width h = 0.78 µm. (Bottom
panel) Microwave absorption dependence on the B field, measured
at indicated frequencies, for the sample with the 2DES diameter
d = 0.25 mm, the gap width h = 10 µm, and the electron density
n = 1.6 × 1011 cm−2. The plots are offset for clarity.

To detect the plasma excitations, we employ a nondestructive
optical technique [16] based on the high sensitivity of the
2DES luminescence spectrum to the heating caused by the
absorption of microwave radiation.

In Fig. 1, we display the microwave absorption versus
the applied magnetic field, measured at 29, 31, 35, and
39 GHz. The data refer to the sample with the 2DES di-
ameter d = 0.25 mm, the gap width h = 10 µm, and the
electron density n = 1.6 × 1011 cm−2. These results show
that absorption curves have a well-resolved resonance corre-
sponding to the excitation of the fundamental plasmon mode.
The absorption spectra are also analyzed over wider ranges
of frequencies and magnetic fields to track the resonance
position.

In Fig. 2(a), we include the experimental data for the de-
pendence of the resonance frequency on the magnetic field,
measured at the gap widths of 0.25 µm (black dots) and 10 µm
(blue diamonds), as compared to the unscreened 2DES disk
(red squares). As one can see, in the presence of the magnetic
field, the plasmon resonance splits into two branches. The
low-frequency mode ω−(B) has a negative magnetodisper-
sion — it is often called the edge magnetoplasmon mode
[17–20]. The upper mode ω+(B), on the other hand, exhibits
a positive magnetodispersion and corresponds to the usual
(“bulk”) 2D magnetoplasmon [9]. According to the authors

FIG. 2. (a) Magnetodispersion of the plasmon mode for the res-
onance observed in the 2DES with diameter d = 0.25 mm at the gap
widths h = 0.25 µm (black dots) and 10 µm (blue diamonds). Red
squares denote the data for the bare disk of the same diameter. The
solid lines represent the curves calculated from Eq. (2). The dashed
line indicates the cyclotron resonance ωc = eB/m∗. (b) Dependence
of the plasmon frequency on the size of the gap between the 2DES
and the gate. The measurements are plotted in red dots. The solid
and dashed curves designate, respectively, the numerical simulation
results and the prediction of the theoretical model (4). The inset
depicts a close-up view of the gap area, showing the depletion region
of size ld at the edge of the 2DES.

of Refs. [17,21], the magnetodispersion of both modes can be
expressed as

ω± = ±ωc

2
+

√
ω2

c

4
+ ω2

p, (2)

where ωc = eB/m∗ is the cyclotron frequency and ωp is the
plasmon frequency at B = 0 at the wave vector q = 2.4/d
[22]. The curves calculated from Eq. (2) are plotted in solid
lines in Fig. 2(a). These results make it evident that the model
describes the experiment well enough to allow us to extrap-
olate the plasmon frequency fp = 18.2 GHz at h = 0.25 µm.
For comparison, the red squares in the figure mark the magne-
todispersion measured for the unscreened 2DES disk of the
same diameter 0.25 mm, with no lateral gate. Clearly,
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the plasma frequency of the bare disk, fp = 35 GHz, signif-
icantly exceeds the values obtained for the laterally screened
2DES structures. Physically, it can be explained by the fact
that the Coulomb interaction between the charges in the
plasma wave is screened by the charges induced in the gate
[23–25].

For a more detailed study of the screening effect, we ex-
plored a series of samples with different sizes of the gap
h = 0.25, 1.3, 2, 5, 7, 10, 20, and 40 µm. The resultant depen-
dence of the plasmon frequency on the gap size is summarized
in Fig. 2(b). Most interestingly, we find that no appreciable
change in the plasma frequency is observed at the gap widths
above 10 µm, whereas fp sharply decreases for the smaller
values of h. To assess the validity of the findings from the
physics perspective, a full-wave three-dimensional (3D) elec-
tromagnetic simulation was carried out in Ansys HFSS (for
the details, see Supplementary Material [26]). The results of
the numerical simulation plotted in the red line in Fig. 2(b)
demonstrate a good agreement with the experimental data.

To gain more insight into the nature of the observed
physical phenomenon, we develop a qualitative model. For
simplicity, we can treat the plasmon in terms of the lumped el-
ement model [27–29]. In that case, a bare 2DES disk acts as a
nonmagnetic inductor, with LK = m∗/ne2, connected in paral-
lel with a capacitor of C = 2ε0ε̄/q, where ε̄ = (1 + εGaAs)/2
is the dielectric permittivity of the medium hosting the 2DES
and q = 2.4/d is the wave vector specific to the disk geometry
[22]. We note that such an LC circuit naturally resonates
at the plasmon frequency ωp = 1/

√
LKC, in agreement with

Eq. (1). In turn, the lateral screening introduces an additional
capacitance Cs to the given plasmonic circuit. According to
the literature [30–32], the lateral capacitance can be defined as

Cs = 2ε0ε̄

q
ln

1

qh
, (3)

which results in the screened plasmon frequency

ωs(q) = 1√
LK(C + Cs)

=
√

ne2q

2m∗ε0ε̄

1√
1 + ln

1

qh

. (4)

The prediction based on the proposed theoretical model is
plotted in a dashed black line in Fig. 2(b). Comparing these
data with the measurement and simulation results, we can see
that the model captures the basic physics of the phenomenon.
Namely, at the large values of the gap width h, the plasmon
dispersion in Eq. (4) closely resembles that of the ungated 2D
plasmon frequency, ωp ∝ √

q, whereas for small gaps, qh �
1, the lateral gate screening contribution increases, and the
logarithmic term becomes significant. This physical picture
is confirmed by the distribution of the electric fields at the
plasmon resonance (inset to Fig. 3). There is a quantitative
agreement between the experiment and the proposed theoret-
ical model. Admittedly, a more elaborate theoretical model is
needed for the exact description of the observed physical phe-
nomenon, taking into account the geometrical factors. Such a
model would be highly desirable for future research.

Curiously, the proposed theoretical model predicts that
the normalized plasmon frequency, ωs/ωp, depends solely on
the dimensionless parameter qh. Indeed, the plots of ωs/ωp

FIG. 3. Plot of the normalized plasmon frequency ωs/ωp as a
function of h/d , measured for the laterally screened 2DES disks of
diameters d = 0.5 mm (red squares) and d = 0.25 mm (black dots),
at the electron density n = 1.6 × 1011 cm−2. The solid curve shows
the result of the numerical simulation. Inset shows the color maps
of field-|E | distribution at the plasmon resonance for h/d = 0.16
and 0.01.

versus the h/d in Fig. 3 demonstrate that the experimental
data obtained for the disks with d = 0.5 mm (red squares)
and d = 0.25 mm (black dots), at the 2DES density n =
1.6 × 1011 cm−2, follow a universal functional dependence.

It is worthwhile considering what happens when h tends
to zero and the lateral gate is brought arbitrarily close
to the 2DES edge. In real two-dimensional systems, the
edge charges are accumulated in the depletion region of
a finite width ld . Thus, to make the results of our study
applicable to realistic systems, the parameter h in Eq. (4)

FIG. 4. The plasmon frequency plotted as a function of the gap
width h between the 2DES and the gate. The measurements are taken
on the laterally screened 2DES disk of diameter d = 0.25 mm at
the electron density n = 3.5 × 1011 cm−2 (red dots). The solid line
denotes the numerical simulation results [26]. The inset shows the
plasmon frequencies on the expanded scale of the gap size, from 0.2
to 6 µm.
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should be replaced with ld + h. For this reason, the ac-
tual plasma frequency in Fig. 2(b) tends to a nonzero
value determined by the depletion length ld . Therefore, the
spectroscopy of laterally screened 2D plasmons can reveal
valuable details about the structure of the 2DES edge. For
the sake of demonstration, we carried out a series of mea-
surements over a finer range of the gap widths using a
laterally screened 2DES disk of diameter d = 0.25 mm fabri-
cated from the wafer with n = 3.5 × 1011 cm−2. In the pro-
cess of microfabrication, special care is taken to make the
plane of the 2DES and the surface of the metal gate at the
same level. Also, as can be seen in Fig. 1, the roughness of
the mesa and the gate did not exceed 100 nm. As a result,
Fig. 4 presents a more detailed dependency of the plasmon
frequency on the gap size, where the inset shows the data on
the expanded scale, from h = 0.2 µm to h = 2 µm. The exper-
imental evidence indicates that for h < 0.5 µm, the plasmon
frequency saturates at a constant value of 30 GHz. Conse-
quently, we can conclude that the lateral depletion length must
be approximately 0.5 µm, which is consistent with the results
of previous experimental studies [33,34].

In addition to the apparent advantages of lateral gat-
ing, some difficulties may be faced during its operation.

First, it is unclear how to contact the 2DES. This problem
can be solved by cutting the gate segment and directing
the contact pad through the resulting disclosure. Another
complication is associated with gate leakage and current
percolation. Using Al2O3 or Hf O2 dielectrics can improve
these factors. A direct demonstration of plasmon tuning by
applying a gate voltage is a natural next step of current
research.

In conclusion, we investigated plasma excitations in an
AlGaAs/GaAs 2DES of a disk geometry, laterally screened
by a gate. We found that the lateral screening leads to a
significant redshift in the plasmon frequency. The theoreti-
cal model we developed and the numerical simulations show
good agreement with the experimental data. We demonstrated
that the spectroscopy of laterally screened plasmons provides
valuable insight into the structure of the 2DES edge. Under-
standing the physics of lateral screening can be of critical
importance in designing plasmonic detectors, generators, and
phase shifters, where a grid gate is used as a tunable control
electrode [35–41].
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