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Abstract. We demonstrate engineering of the low-terahertz range plasmonic spectra
of two-dimensional electron systems by modifying their geometry. Specifically, we have
modelled, fabricated, and measured two devices for comparison. The first device has
a rectangular channel, while the second is trapezoidal, designed to support a richer
plasmonic spectrum by causing variation in the device width along the direction of
plasmon propagation. We show that while plasmon resonant frequencies and field
distributions in the rectangular device can largely be described by a simple one-
dimensional analytical model, the field distributions modelled in the trapezoidal device
shows a more complex pattern with significant variation along the length of the
channel, so requiring a two-dimensional treatment. The results illustrate the potential
of modifying the channel geometry to obtain different spectra in experiments, with
potential applications in the design of novel terahertz-range devices, such as plasmon-
based sources and detectors.
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1. Introduction

Two-dimensional (2D) plasmons are attracting significant attention both as a tool to
study physical properties of novel materials [1, 2, 3, 4] and owing to their potential use
in devices. The lack of widely available compact, powerful, efficient, and cheap terahertz
(THz) sources makes applications of 2D plasmons in THz generation particularly
attractive. In a seminal paper [5], Dyakonov and Shur predicted that plasmons
propagating in the channel of a field-effect transistor may become unstable when a
dc current flows in the channel. Other effects considered for potential THz sources
include transit-time [6, 7] as well as travelling-wave- and Cherenkov-type instabilities
8,9, 10]. Recent studies on electrically-driven plasmon sources have concentrated on,
for example, emission by Dirac electrons [11], instability at high electric fields [12],
channels of variable width [13], and electromagnetic modelling [14].

2D plasmons have also found applications in THz detectors. Nonresonant (e.g. [15])
and resonant (e.g. [16]) detection, as well as single-[17] and multi-pixel [18] imaging
were demonstrated in high-mobility electron transistors. Terahertz detectors based on
graphene have also been realised [19, 20].

The geometry of a channel supporting plasmons is an important factor determining
its frequency response. Ever since the first observation of 2D plasmons in a
semiconductor heterostructure [21], the most widely used channel geometry has been
that of a rectangle. Rectangular channels have been combined both with grating couplers
for plasmon excitation by free-space radiation [21, 22, 23, 24, 25, 26] and with gates for
electrostatic control of the charge density [27, 24, 28]. They can also be readily connected
to Ohmic contacts, antennas [29, 30], and waveguides [31, 32, 33]. A geometry with
a rectangular channel is shown schematically in figure 1(a), while a micrograph of a
fabricated device is shown in figure 1(b). The channel is connected, via Ohmic contacts,
to the central conductors of two coplanar waveguides. One waveguide is used for in- and
the other for out-coupling of THz signals. A metallic gate is formed over a portion of
the channel, and a dc voltage applied to it changes the electron density in the channel
underneath, allowing the plasmon wavelength to be controlled. If one dimension of
a rectangular channel is much larger than the other, any variation in plasmons along
the longer dimension can be ignored. This simplifying assumption has underpinned
the majority of theoretical studies, from the classical derivations of plasmon dispersion
relations [34, 21, 22| to analyses of plasmonic sources [5, 35, 36, 37] and detectors
(38, 7, 39].

Although less common, disk-shaped 2D channels have also been used to study
bulk and edge magnetoplasmons [40, 41] and, more recently for example, to observe
retardation effects [42, 43| as well as low-loss plasmon modes [44]. A related geometry
is the Corbino field-effect transistor, which has cylindrical source, drain, channel, and
gate, that was shown [45] to enable plasmon instability in the presence of a dc current.
Although cylindrical symmetry of such geometries often simplifies analysis, practical
difficulties of establishing electrical connection to the terminals make them less attractive
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for device applications.

Plasmonic effects caused by lateral variations of the channel geometry present a
hitherto relatively unexplored area with potential for device applications. Two recent
studies [46, 13] predicted that lateral variations in the geometry of a rectangular channel
may lead to plasmon instabilities. In this paper, in addition to the rectangular device
geometry of figure 1(a), we discuss a novel device with trapezoidal geometry shown
schematically in figure 1(b). A micrograph of a fabricated device is shown in figure 1(d).
There are several reasons for choosing the trapezoidal shape. First, the trapezoidal
device of figures 1(b) and (d) differs from the rectangular device of figures 1(a) and (c)
only in one parameter (namely, the channel geometry) allowing for a direct comparison
between the two geometries. Second, in contrast to a disk geometry, the trapezoidal
shape permits simple electrical access the gate and ohmic contacts. Third, the non-
constant width of a trapezoidal channel can be expected to create plasmon resonant
modes that vary along both dimensions yielding a denser spectrum than that observed
in the rectangular channel. Finally, the trapezoidal device might potentially be used
to study plasmon gain in an electrically-driven configuration, since the electron drift
velocity varies along the channel length.

Section 2 presents a theoretical analysis of the two device geometries. Section 3
presents their experimental investigation and compares the results to our theoretical
predictions. Section 4 draws conclusions.

Ohmic contacts coplanar
waveguide

2D channel (a) (b)

© (d)

Figure 1. Schematic presentations of device geometries, (a) and (b), and micrographs
of fabricated devices, (¢) and (d). The standard geometry, (a) and (c), comprises a
rectangular channel connected, via Ohmic contacts, to two coplanar waveguides. The
metallic gate formed over a portion of the channel is used for electrostatic control of the
electron density underneath. The novel geometry, (b) and (d), comprises a trapezoidal
channel, whose width varies along the propagation direction.
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Table 1. Dimensions used in simulations (see figure 2).

length of 2D channel, [ 18.8 pm
width of 2D channel, w 23.4 pm
coplanar waveguide width of centre conductor, we 30 pm
AlGaAs mesa height, h 125 nm
depth of 2D channel beneath the gate, d 75 nm
length of first ungated 2D channel section, /s 4 pm
length of second ungated 2D channel section, /2 4 pm

gate width/length of gated 2D channel section, I,  10.8 pm
length of ohmic contact longitudinal extension, [ 4 pm

coplanar waveguide gap, wy 20 pm
width of waveguide ground plane, wg 15 pm
substrate thickness, ¢ 30 pm
depth of ohmic contact, ¢, 1250 nm
length of ohmic contact, . 12.5 pm
length of coplanar waveguide feed sections, l,,4 75 pm
length of PML sections, Ipasr, 37.5 pm

2. Theory

This section presents an analytical and numerical investigation of the plasmon spectra
in the two devices shown in figure 1. To provide a background and to introduce our
methodology, we first discuss, in section 2.1, the device with the traditional rectangular
channel, see figure 1(a). In section 2.2 we discuss trapezoidal channel geometry

(figure 1(b)).

2.1. Device with rectangular channel

Figure 2 shows schematically both top and side views of the rectangular device, with
dimensions summarised in table 1. The channel is formed within a rectangular mesa
on a substrate comprising a GaAs/AlGaAs heterostructure [31]. A rectangular gate
is laid over the 2D channel, leaving two short ungated sections on either side. The
channel is terminated by Ohmic contacts at both ends, and these are connected to the
central conductors of two coplanar waveguides. The substrate material is GaAs with a
relative permittivity of 12.4. The mesa material is AlGaAs with a relative permittivity
of 11.5. The charge carriers in the channel are electrons with an effective electron mass
of m = 0.067mg, where my is the free electron mass. The electron density in the channel
is ng = 7.5 x 10" ecm~2. The electron density under the gate can be reduced by a dc
voltage, and the junctions between the gated and ungated sections of the channel are
assumed to be abrupt.

We analysed the structure in a commercial full-wave electromagnetic solver using
the finite-element method. Signals were excited in the coplanar waveguides by one of
four lumped-element ports placed between the central and the outer conductors [see
figure 2(a)] and collected at the other ports. The waveguides were terminated by two
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Figure 2. Detailed schematic presentation of a device with a rectangular 2D channel:
(a) top-view (b) side-view.

perfectly-matched layers, and the entire geometry was enclosed in a perfectly conducting
box with dimensions 240 pm x 130 pm x 60 pm. The electron motion was described by
a damped Euler’s equation, leading to the standard Drude form of the conductivity
2
] (1)

€ Ny
jw(1+L

JwT

g =

where w is the angular frequency, e is the electron charge, and 7 is the relaxation time,
taken as 7 ps. The dimensions, the electron density, and the relaxation time were chosen
to correspond to the experiments (see section 3) and to allow direct comparison between
the two geometries.

In the simulations, port 1 was excited between 30 and 400 GHz and signals
transmitted through the device were collected at ports 2-4. The simulations were

2 and

repeated for a range of values of the gated electron density between 7.5 x 10 cm™
3x 10" em™2. To emphasise plasmon resonances (and provide a link to the measurement
technique, see section 3), figure 3 shows, as a colour map, the absolute value of the
derivative of the transmission coefficient to port 4 with respect to the gated electron
density, calculated as |AS4i(ng)/Ang|. A number of resonances can be seen whose

frequencies depend on the electron density. At the resonant peaks corresponding to the
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respect to gated electron density (colour map) for the rectangular device. Analytically

calculated resonant frequencies (white lines).
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Figure 4. Absolute values of the F, field component simulated for the rectangular
device at resonant peaks shown by white circles in figure 3.

(shown by white circles in figure 3), figure 4 shows colour maps

of the absolute value of the E, field component at the side of the channel that faces the
gate, allowing the pattern of plasmons generated underneath the gate to be visualised.
The main aspects of the resonant behaviour can be explained using a basic model

as follows.

The well-known dispersion relation for gated plasmons has the following
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form (ignoring collisions)

2
. € nopq .

—j———— =1+ jcot(qd 2

o j cot(qd) (2)

where ¢ is the transverse plasmon wavenumber, and £4 is the relative permittivity of

the dielectric surrounding the channel. The transverse, ¢, and the longitudinal, k,

wavenumbers obey the wave dispersion relation in the dielectric, which has the form
2

PR =y (3)
where c is the free-space light velocity. Assuming that plasmons totally reflect at all four
edges of the gated section of the channel, the longitudinal wavenumber will be quantised
as

2 2

k=m j\l/[—g + % (4)
where M and N are integers. The white lines in figure 3 show the position of resonances
calculated from (4) with M = 1...9 and N = 0. These are the resonances that are
predicted by the one-dimensional model that ignores the finite width of the channel,
and they agree well with all but one simulated resonances. The simulated resonance not
predicted by (4) lies between the fourth and the fifth analytical resonances. It has a low
amplitude and is likely to be a higher-order mode with N > 0. The field distributions
for the lowest two resonances, shown in figures 4(a) and (b), further justify the use of
the one-dimensional model, as they show little variation along the channel width. The
field distribution for the third resonance (M = 3), figure 4(c), is still dominated by the
N = 0 resonance but also shows evidence of resonances with N > 0 being excited. For
M = 3, the analytically calculated resonant frequencies are 145 GHz for N = 0, 148
GHz for N = 1, and 150 GHz for N = 2. Because these values are close to each other,
higher-order resonances (N > 0) may be excited simultaneously with the fundamental
resonance (N = 0). However, the individual resonances with different values of N are
not distinguishable in figure 3 owing to loss. Variation in the z-direction remains the
prominent feature of the field distributions in figures 4(d)—(g), and each shows excitation
of a resonance with increasing values of N. At the same time, these distributions show
additional variation in the y-direction. All field amplitudes in figure 4 decrease from left
to right. The structure is excited from the left coplanar waveguide, and signals decay in
the lossy channel as they propagate to the right. Figures 4(d)—(g) also show increased
field amplitudes along the top and bottom edges, suggesting excitation of edge plasmons
[47, 48, 41] in addition to the bulk ones described by (2) and (4).

2.2. Device with trapezoidal channel

The trapezoidal channel (figure 1(b)), had a short base length of 5.1 pum, with all other
parameters the same as in the rectangular geometry. The colour map in figure 5 shows
the values of simulated derivative of transmission with respect to the gated density.
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Figure 5. Simulated absolute value of the derivative of a transmission coefficient with
respect to gated electron density (colour map) for the trapezoidal device.

There are four dominant resonances below 150 GHz. Above 150 GHz, there is a single
broad area with high values of the derivative (which appears to be a combination of
resonances), and several weaker resonances. Figure 6 shows field distributions simulated
at the nine resonant peaks shown by white circles in figure 5. The resonances show
pronounced variation of the amplitude both along and across the channel. As with the
rectangular geometry, edge excitation is also present, especially at higher frequencies.
Comparing the simulation results for the rectangular and the trapezoidal devices,
we can see that the trapezoidal device has a denser spectrum at the lower end of the
simulated frequency range, with the associated advantage of observing more resonant
modes in band-limited experiments. On the other hand, the rectangular device is
expected to show higher amplitude signals (in the derivative of transmission coefficient
with electron density) at the upper end of the spectrum. The trapezoidal device also has
a more complex field distributions than the rectangular device, with additional strong
variation of the fields along the channel width, as well as stronger edge excitations.

3. Experiment

We fabricated and measured the performance of two devices with the geometries shown
in figures 1(a) and (b). Figures 1(c) and (d) show their micrographs. Fabrication and
measurements followed the procedure detailed elsewhere [31, 32, 33]. The rectangular
device comprised an 18.8-um-long rectangular mesa. Three plasmonic cavities were
defined by the two ungated cavities (~4 pm long), either side of one 10.8-um-long
gated cavity as shown in figure 1(c). The trapezoidal device comprised an 18.8-um-
long trapezoidal mesa. Three plasmonic cavities were defined by two ungated cavities
(~4 pm long), either side of one 10.8-pum-long gated cavity as shown in figure 1(d).

In order to measure the frequency response of the fabricated devices, THz signals
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Figure 6. Absolute values of the E. field component simulated for the trapezoidal
device at resonant peaks shown by white circles in figure 5.

were generated by laser pulse excitation of one of the photoconductive switches, which
was biased at 10 V dc and injected into a coplanar waveguide. The THz pulse
transmitted through the channel was then detected at a switch on the other side. A
gate-modulation technique was used to enhance the signal-to-noise ratio and to eliminate
the background signal. An ac voltage of 100 mV RMS at 87 Hz was superimposed onto
the gate bias allowing lock-in detection of the current pulses propagating through the
gated mesa.

Figure 7(a) shows, as a colour map, the spectrum of the measured gate-modulation
signals for the rectangular device at different gate voltages. Figure 7(c) shows the
measured spectra for the trapezoidal device. The white dashed lines in both figures
follow the resonant peaks; these were determined visually.

Since we performed simulations for varying electron density rather than gate
voltage, a relationship between the two has to be known to enable direct comparisons.

y-axis (um)
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Figure 7. Measured (a) and simulated (b) gate-modulation signals for the rectangular
device, and measured (¢) and simulated (d) signals for the trapezoidal device. The
dashed white lines show positions of the measured resonances.

However, a relationship between the gate voltage and the electron density could not be
directly measured since the Shubnikov-De Haas oscillation signal from the gated region
of the devices was weak, owing to the reduced overall size of the gated area compared
to devices used in our previous work [31, 32, 33]. We have therefore taken a value of
the density Shubnikov-De Haas oscillations observed in the ungated region, and then
used the second experimental resonance of the trapezoidal device to fit a relationship for
n(Vy). The resulting empirical relationship was n = 10" x (—0.06418V,! —0.14201V;? —
0.16056V;” + 0.5462V; + 7.5), where V; is in Volts and n is in m~2.

In addition, we approximated the frequency content of the excitation pulses by
assuming that the excitation amplitude decays exponentially with frequency f, as
exp(—7.5f x 107'%) [49]. Figure 7(b) shows the simulated resonances for the rectangular
device, and figure 7(d) shows the resonances for the trapezoidal device. These resonances
are the same as in figures 3 and 5, but with the vertical axis converted into gate voltage
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and accounting for the decay of the excitation power with frequency. To aid comparison
between the experiment and simulations, the same white dashed lines as in figures 7(a)
and (c) are reproduced in figures 7(b) and (d).

For the rectangular device, compared to our previous experiments [33], we were able
to observe more resonances, owing to shortened ungated portions of the channel that
leads to smaller propagation loss. Seven resonances were observed, (see figure 7(a)),
although those at higher frequencies are weak (owing to the decay of the excitation
signal). Eight resonances are predicted by the simulations. For the first three resonances,
the experimental frequencies are higher than the simulated ones, though these differences
are of the order of the experimental frequency resolution. The fourth resonance is
observed in a frequency region where simulations show two theoretical resonances.
At larger negative voltages, the frequency of the measured resonance agrees with the
frequency of the fourth simulated resonance, but it follows the fifth simulated resonance
for smaller negative voltages. Likewise, the frequency of fifth measured resonance
shifts from the sixth to the seventh simulated resonance as the gate voltage becomes
less negative. Possibly, high experimental loss precludes observation of the separate
simulated modes. The sixth experimental resonance, on the other hand, is blue-
shifted relative to the closest (eighth) simulated one. There is no simulated resonance
corresponding to the seventh experimental one, since its frequency lies outside the
simulated range. The simulations reproduce qualitatively the main features of the
strength of the measured signal. Both in the simulations and the measurements, the
signals are highest at low voltages and low frequencies. The lowest frequencies have
the strongest excitation signal. At the lowest voltages, on the other hand, the voltage
swing due to gate modulation produces the largest change of the electron density, and
therefore the largest variation of the transmission coefficient (which is the quantity we
both measured and simulated).

For the trapezoidal device, nine resonances are observed experimentally
(figure 7(c)). The positions of the measured and simulated resonances largely agree
well with each other, and for every measured resonance a corresponding theoretical
one can be identified. However, the simulations predict two closely spaced resonances
between 200 and 250 GHz, whereas the measurements show a single resonance. It is
probably because of the lower low frequency resolution in the experiment.

Comparison of the measured spectra of the rectangular and trapezoidal devices
confirms the main aspects of the theoretical predictions. The trapezoidal device has a
richer spectrum; in the experiment, we identified nine resonances between 30 and 400
GHz, whereas the rectangular device had seven. Below 150 GHz, the trapezoidal device
showed four resonances against three in the rectangular device. However, the measured
signals for the rectangular device are relatively stronger, across a wider range of gate
voltages, for the upper end of the frequency range than they are for the trapezoidal
device. Although field distributions were not directly measured, the simulated field
patterns (see figures 4 and 6) offer a possible explanation. The strong variation of fields
along the channel width in the trapezoidal device suggest that the plasmon velocity
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along the channel is lower than in the rectangular device, leading to higher propagation
loss.

4. Conclusions

The simulated resonances in the device with both channel and gate of a rectangular
shape largely conformed to the predictions of a simple one-dimensional theory. The
frequencies of the simulated resonances agreed well with those predicted from the
plasmon dispersion relation, and the field distributions were dominated by variation
along the channel length. However, transverse variation of the fields and excitation close
to the channel edges became more apparent for the higher-frequency resonances, and
point to simultaneous excitation of multiple resonant modes. The simulated resonant
frequencies agreed well with the measurements.

The simulated field distributions for the trapezoidal device showed variation along
both dimensions of the channel for all resonances, precluding the one-dimensional
analysis to which the other device is amenable. However, both the simulated and
measured spectra were richer than for the rectangular device, which suggests that
the trapezoidal device is a more attractive choice for observing resonant behaviour in
bandwidth-limited experiments.

An alternative to the trapezoidal device is one comprising a channel, a gate, and
ohmic contacts of cylindrical shape. This geometry can be expected to exhibit properties
similar to our trapezoidal device but, owing to its cylindrical symmetry, would permit
an analytical treatment. Other alternative designs could implement relatively abrupt
changes in the channel width, in contrast to the gradual variation in the trapezoidal
device. It has already been predicted [13] that such devices could exhibit instabilities
in the THz range.

Our results show that modifying the channel geometry provides a viable new route
to engineer plasmon spectrum in devices that comprise two-dimensional materials, which
will be useful for the design of novel plasmon-based devices in the terahertz range.
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