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Using a combined two-dimensional-three-dimensional (2D-3D) ensembleMonte Carlo (EMC)model, the performance of a planar
nanochannel device is studied at the terahertz (THz) region. The device is based on a GaN/AlGaN heterostructure in which
a two-dimensional electron gas (2DEG) forms at the interface. Simulation results reveal that, at low working frequencies, the
performance of the device is almost frequency independent. However, when the working frequency is higher than 0.5 THz, obvious
enhancements in the device performance have been observed. The enhancements are characterized by two resonant peaks at
frequencies of about 4 THz and 8THz. Also, the frequency-dependent performance exhibits nonmonotonicity. Further studies
show that the performance enhancements can be attributed to the excitations of 2D plasma waves in the device, with the emergence
of the above resonant peaks corresponding to the formation of standing plasma waves. Moreover, simulation results show that the
device performance increases monotonically with signal amplitude, when the device is unbiased. However, when a DC bias is
applied, the performance remains almost unchanged for large signals but is significantly enhanced for small signals. Therefore, the
device performance shows a strong nonmonotonic dependence on signal amplitude, and its minimal value occurs when the signal
amplitude is only about√2 times the DC bias.

1. Introduction

In the past few decades, continuous miniaturization of
semiconductor devices has led to high-speed operations and
large-scale integration of electronics. A single silicon chip
can now contain more than a billion transistors and operate
at frequencies higher than 1GHz. The operation frequency
can be further increased by utilizing a planar architecture.
In planar devices, electrodes are connected to the sides of
the active semiconductor layer, rather than being placed on
its top and bottom surface, as in conventional multilayered
vertical-structured devices. As a result, very low parasitic
capacitances are obtainable, leading to very high operating
speeds. Planar nanodevices based on 2DEGs in semiconduc-
tor heterostructures have been demonstrated to operate at
tens ofGHz ormore [1–3]. In particular, self-switching diodes
(SSDs) have been shown to possess zero threshold voltages
and be able to work as high-frequency detectors. At room

temperature, they can operate at frequencies up to 1.5 THz [4]
at room temperature and up to 2.5 THz [5] at a temperature
of 150K.

Apart from improving the operational frequency of the
devices, planar architecture can also lead to some additional
mechanisms. It has been shown that when the thickness
of the conducting layer is lower than 10 nm, 2D plasmonic
noise is dominant, resulting in a geometric dependence of
noise characteristics [6]. Moreover, it has been proved that
in a submicron field-effect transistor (FET) with asymmetric
boundary conditions, 2D plasma waves can be excited simply
by a DC current [7]. This discovery has prompted intensive
investigations of nanometer FETs as THz sources and detec-
tors, resulting in substantial progress in this field [8–13].

The physics of plasma wave based collective electron
transport is vastly different from conventional individual
(uncorrelated) electron transport. However, the studies so
far have been mostly limited to plasma waves occurring
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in submicron FET structures. In this study, based on a
combined 2D-3D EMC model [14], we will focus on the role
of 2D plasma waves in improving the THz performance of
a two-terminal nanometer device. The paper is structured
as follows. In Section 2, the structure of the device is first
introduced and then the combined 2D-3D EMC model is
concisely described. In Section 3, the frequency-dependent
performance of the device is studied under various condi-
tions, and the plasma related features are analysed in detail.
In Section 4, the conclusions of this work are presented.

2. Device Structure and Numerical Model

Figures 1(a) and 1(b) schematically show the top view and
cross section of a nanochannel device.The device is based on
a GaN/AlGaN heterostructure, in which a 2DEG is formed
at the GaN/AlGaN interface with a carrier concentration of
8.0×1012 cm−2 [15].The two insulating trenches (rectangular
grey areas in Figure 1(a)) are created by etching through the
2DEG layer. Therefore, electrons have to pass through the
narrow channel between the two trenches in order to conduct
current from the left electron reservoir to the right one. It is
evident that while the device performance at low frequencies
might be trivial, at the THz region, it would be quite complex
because additional phenomena, such as plasma waves, would
be dominant.

In this work, we employed a combined 2D-3D EMC
model based on a semiclassical 2D EMC method self-
consistently coupled with 3D Poisson equations. This com-
bined model is developed from our entirely 2Dmodel, which
has been successfully applied in earlier studies [16, 17]. It is
noteworthy that a fully 3D EMC model has been developed
to study three-terminal T-branch junctions (TBJs) with a
top gate terminal [18, 19]. Despite minimizing the need for
parameter fitting and including the effect of electron transfers
from the channel to other layers, the 3D model leads to
almost the same results as those obtained from an entirely
2Dmodel for GaAs-based devices [20].There are two reasons
for the above agreement between an entirely 2D model and a
3D model. The first is that the operating properties of TBJs
are mainly determined by the 2DEG layer, which can be
well described by an entirely 2D model. The other is that
an artificially introduced side gate in the 2DEG layer can
serve the function of TBJs’ top gate. If the top gate cannot be
modelled as a side gate, at least a combined 2D-3D model is
needed.

As in an entirely 2D model, all the electrons in the com-
bined model are assumed to be confined within the 2DEG
layer. This means that the effect of electron transfers from
the channel to other layers is ignored. As such, the 2D EMC
method is sufficient to describe the microscopic behaviour
of electrons in devices. However, the main advantage of the
combined model lies in upgrading the 2D Poisson solver in
the entirely 2D model to a 3D Poisson solver. This would
enable the proper inclusion of electric-field couplings beyond
the 2DEG layer, which can lead to the appearance of 2D
plasma waves. In order to sufficiently include the 3D electric-
field couplings, Poisson equations should be solved in a
domain beyond the device’s realistic structure. As shown

in Figure 1(b), the GaN substrate and a region (air) above
the device surface, both of height 1 𝜇m, were included in
the simulations. Insulating trenches were assumed to have
vertical sidewalls. Moreover, the depth of all the insulting
trenches was assumed to be 1030 nm. This uniform-depth
treatment can avoid the trench-depth effect [14]. Dielectric
constants used in the simulations for Air, AlGaN, and GaN
were 1, 8.5, and 8.9, respectively. For convenience, the effect of
surface states at the semiconductor-air interface was included
by a simple constant charge model with negative charge
density, 𝑁

𝑆
= −0.8 × 1012 cm−2 [21]. Of course, the use of

an advanced surface chargemodel, such as the self-consistent
charge model, would result in more accurate results, but it is
time consuming, and the results have no qualitative difference
[22]. Geometric parameters used in the simulations can be
found in Figure 1(a). All simulations were performed at room
temperature with the left terminal grounded. The Poisson
equations were solved in 5 nm×5 nmmeshes with a time step
of 1 fs.More information about themodel can be found in our
recent work [14, 23].

3. Simulation Results and Analysis

Figure 2 shows the frequency-dependent performance of
the device shown in Figure 1. In the simulations, the right
terminal was biased with different DC voltages of 𝑉DC =
2.0V (red curve), 1.5 V (green curve), 1.0 V (navy blue curve),
0.5 V (pink curve), and 0.0V (powder-blue curve). Then, a
sinusoidal signal with an amplitude of 𝑉AC = 0.5V was also
applied, and the AC current 𝐼AC through the nanochannel
was recorded. For ease of comparison, all the data were
normalized to those obtained at the lowest simulated fre-
quency, that is, 0.1 THz. We find that the performance of
the device biased with a voltage of 1.0 V remains unchanged
at low frequency, while showing obvious enhancement (i.e.,
the normalized amplitude of 𝐼AC is larger than 1) when the
frequency is higher than 0.5 THz. The normalized amplitude
increases with frequency and reaches its first maximal value
at a frequency of about 4 THz. Subsequently, it dramatically
reduces to a minimum at a frequency of about 6.7 THz and
then increases again to reach the second maximal value at
a frequency of about 8 THz. Similar trends are observed for
devices with higher DC bias (i.e., 𝑉DC = 1.5V and 2.0V).
Moreover, results show that the enhancement is higher when
a higher DC bias is applied. For example, the performance
of the device at a DC bias of 2.0 V can be enhanced to
more than 2.5 times that at low frequencies (see the red
curve in Figure 2). This happens at a frequency of about
4 THz, at which a maximum power of about 10 𝜇W can
be reached. However, for the device with smaller DC bias
(i.e., 𝑉DC = 0.5V and 0.0V), no enhancement is observed,
and the normalized amplitude monotonically reduces with
frequency, as shown by the pink and powder-blue curves in
Figure 2.

In order to identify the origin of the above performance
enhancements, efforts are devoted to compare nonenhanced
results obtained at a low frequency of 0.1 THz with the
enhanced ones obtained at a high frequency of 4.0 THz. Dur-
ing simulations, the time-dependent 2D-current-distribution
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Figure 1: Schematic top view (a) and side view (b) of the simulated nanochannel device (not to scale). The grey areas and the white area
in the top view represent insulating trenches and the 2DEG, respectively. A GaN/AlGaN interface is only 30 nm below the device surface,
at which a sheet of 2DEG forms. In the simulations, all the insulating trenches are assumed to have vertical sidewalls and pass through the
whole GaN/AlGaN heterostructure.
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Figure 2: Frequency-dependent output-signal amplitude of the
nanochannel device shown in Figure 1 when different DC voltages
are applied (during all simulations, the input-signal amplitude was
set to 0.5 V).

𝐼(𝑡, 𝑋, 𝑌) in the entire device (including the channel and the
two reservoirs) was recorded. Then, the recorded currents
were summed along the 𝑌 direction to obtain a time-
dependent 1D-current-distribution 𝐼(𝑡, 𝑋) in the𝑋 direction.
Here, 𝑡 is the time, the 𝑋 direction is parallel to the channel,
and the 𝑌 direction is perpendicular to the channel, as
shown in Figure 1. Results obtained at 0.1 THz and at 4.0 THz
are shown in Figures 3(a) and 3(b), respectively. We find
from Figure 3(a) that the low-frequency current distribu-
tion along the 𝑋 direction is uniform during the entire
working period (i.e., the period of the applied signal) and
synchronously changes with the applied signal. In contrast,
the high-frequency results are quite nonuniform, because
standing waves have formed in both reservoirs, as shown in

Figure 3(b). The emergence of standing waves in the device
strongly suggests a possibility of plasma-wave excitations.The
dispersion relations for 2D plasma waves are given by [6]

𝑓 =
1

2𝜋
√
𝑒2𝑛2D𝑘

2𝑚
0
𝑚𝜀
0
𝜀eff
, (1)

where 𝑓 and 𝑘 are the frequency and wave vector, respec-
tively; 𝑒 is the electron charge; 𝑛2D = 8 × 1012 cm−2 is the
2D carrier concentration;𝑚

0
and𝑚 are the free and effective

electron masses; 𝜀
0
is the vacuum dielectric permittivity; and

𝜀eff is the effective dielectric constant, which is defined as [24]
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In our case, 𝜀
1
= 8.5 is the dielectric constant of AlGaN,

𝜀
2
= 8.9 is the dielectric constant of GaN, and 𝑑 = 30 nm

is the thickness of the AlGaN layer. The standing wave
conditions in the reservoirs are given by

𝑘 =
𝜋 (2𝑛 − 1)

2𝐿
, (3)

where 𝑛 = 1, 2, 3 . . . and 𝐿 = 200 nm is the length
of reservoirs. Substituting (2) and (3) into (1) and using
the parameters provided above, one can observe that the
frequency of standing waves is 4.5 THz, 7.1 THz, and 8.5 THz
for 𝑛 = 1, 2, and 3, respectively. Since damping effects (e.g.,
phonon scatterings) are not included in (1), analytic results
obtained from (1)–(3) are expected to be higher than those
obtained from the simulation. By making a comparison, one
can find that each analytically obtained frequency is only a
little higher than the frequency at special points A, B, and
C shown in Figure 2. This confirms that the enhancement
of device performance in the THz region is because of the
excitations of 2D plasma waves. Moreover, the formation
of standing plasma waves in the reservoirs is attributed to
the performance peaks (special points A and C) shown in
Figure 2. However, according to the analytic results, a peak,
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Figure 3: Time-dependent current distributions along the𝑋 direction (defined in Figure 1(a)) for the device operating at the frequencies of
0.1 THz (a) and 4.0 THz (b).

rather than a valley, should emerge at point B. To ascertain the
reason for this anomaly, (1) was utilized to calculate the phase
delay occurring in the plasma waves as they passed through
the nanochannel. Considering that the electron density in the
nanochannel is reduced by the surface states to about 75%
of that in the reservoirs, a phase delay of 𝜋 can be obtained.
Because of this 𝜋-phase delay, the standing waves in the two
reservoirs have opposite effects on the device performance.
As a result, the resonant peak at point B disappears. From this
calculation, we also find that the power-delay product for the
device is frequency dependent.

It is well known that the length of electron reservoirs
has negligible influence on the performance of traditional
devices. However, as we have shown above, this is not true for
nanodevices operating at the THz region, especially when the
electron reservoir is low dimensional. Fortunately, the length
of electron reservoirs can nowbe precisely defined bymodern
methods used in nanotechnology [25].

To further understand the influence of plasma waves on
the device performance, signals with the same frequency
of 4.0 THz but with different amplitudes were applied on
the device under different DC biases. Simulation results
are shown in Figure 4. We find that when the device is
unbiased, the device performance shows a nearly linear
increase with the amplitude of the applied signals. When
DC bias is applied, the device performance for small signals
is significantly enhanced, but that for large signals is nearly
constant. The performance reduces with the amplitude of
the applied signals and then reaches a minimal value before
increasing in a manner similar to the unbiased case. The
performance enhancement induced by the DC bias implies
that plasma waves are easier to be excited on a DC flow.
Furthermore, we can find from Figure 4 that the applied
signal’s amplitudes (DC biases) at the minimal performance
points are about 0.4V (0.3 V), 0.7 V (0.5 V), 1.1 V (0.8 V), and
1.4 V (1.0 V). It is interesting to see that, at these minimal
points, the amplitude of each applied signal is only about√2
times the corresponding DC bias. Because the amplitude of
a sinusoidal signal is also √2 times its time-averaged value
over every semiperiod, one can expect that the time-averaged
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Figure 4: Current response of the nanochannel versus the ampli-
tude of applied signal with a frequency of 4.0 THz, under different
DC voltages of 1.0 V (red curve), 0.8 V (green curve), 0.5 V (navy
blue curve), 0.3 V (pink curve), and 0.0V (powder-blue curve).

electric-field should be zero in the device at the negative
semiperiod of applied signals.Thismeans that the effect of the
DC bias is cancelled when the amplitude of the applied signal
is larger than √2 times the DC bias; therefore, the device
functions as one without any DC bias.

4. Conclusion

In this paper, we have employed a combined 2D-3D EMC
model to analyse the THz performances of a GaN-based
planar nanochannel device under different conditions. We
observed that the performance of the device at frequencies
higher than 0.5 THz is strongly enhanced by 2D plasma
waves.The resonances of the 2Dplasmawaveswith the device
structure result in two performance peaks at frequencies of
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about 4 THz and 8THz, respectively. This resonant feature
may be applied for frequency selection in RF circuits or
THz systems. Moreover, the application of a DC bias allows
for small signals to excite 2D plasma waves easier, resulting
in a significant enhancement of the device performance.
However, when the applied-signal amplitude is larger than
√2 times the DC bias, the device operates as one without any
DC bias.
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