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Numerical Demonstration of THz Traveling Wave
Amplifications in 2-D Electron Gas (2DEG) Under
Scattering-Free and Low-Charge Density Regime
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Abstract—1In this letter, we investigate the terahertz field
fluctuations and dynamic interactions with electrons in a 2-D
electron gas (2DEG) under the influence of slow wave struc-
ture in a substrate-based device. Low-charge density and the
scattering-free regime are considered to maintain practical simu-
lation times. The dynamics of this interaction are simulated using
a co-planar waveguide (CPW)-connected interdigitated metal
grating structure to provide electromagnetic (EM) excitation and
phase velocity comparable to electron drift in the 2DEG channel.
This letter demonstrates that interdigitated slow wave structure
provides a media for synchronous interaction between electron
gas and EM waves leading to amplification of charge density
and velocity oscillations in a 2DEG. The method used for this
numerical work is a full-wave-global numerical model that uses
finite-difference time domain (FDTD)-based particle in cell solver
of electron transport in 2DEG, with self-consistent EM field
solution. Under the considered regime and device, the current
oscillations show an increase in amplitude which illustrates the
effect of synchronous interaction between the 2DEG.

Index Terms— 2-D electron gas (2DEG), amplifier, high elec-
tron mobility transistors (HEMTs), terahertz, traveling wave
gain.

I. INTRODUCTION

RAVELING wave gain occurs due to synchronous inter-

actions between electrons traveling at a finite velocity
and electromagnetic (EM) wave subject to a slow wave
effect [1], [2]. Specifically, under the condition of electron
drift velocity (vy) being approximately equal to the phase
velocity (v,,) of the surrounding EM wave, (v, = v,), gain
in the wave’s amplitude is anticipated. Sub-mm-wave and
terahertz monolithic microwave amplifiers have the potential to
replicate this phenomenon within substrates compatible with
monolithic microwave integrated circuits (MMICs) [3], [4].
In this configuration of amplifier device, a slow wave structure
based on interdigitated fingers is shown to be useful [5], [6],
while 2-D electron gas (2DEG) implementation based on high
electron mobility transistors (HEMTSs) [7] or 2-D materials [8]
has been suggested.
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Numerical modeling is critical for device’s physical under-
standing and predicting its performance. For this purpose,
full-wave-global models [9] need to be adopted with the condi-
tion that electron transport is modeled using a particle-based
approach such as ensemble Monte Carlo (EMC). Therefore,
numerical modeling poses a computational challenge, espe-
cially because the bulk carrier or velocity approximations
(such as by using a hydrodynamic model) often used to reduce
modeling computation time are not accurate here [10]. While
using particle solution, grid sizes are sub-one-thousandth of
the wavelength near 2DEG, and the simultaneous solution
of Maxwell’s equation is a computational challenge. The use
of commercial particle-in-cell (PIC) solvers can be considered;
however, the use of 3-D models, high charge densities, and
time-domain limitations of Courant-Friedrichs—Lewy (CFL)
condition [11], such solvers remain slow for our applications.

In this letter, we present the numerical modeling results,
where 2DEG of a high HEMT or other 2-D materials interact
with an interdigitated slow wave structure [see Fig. 1(a)].
Due to the computational cost of this multiscale simulation,
we limit the carrier density to ng, = 10 cm~2 for a reasonable
simulation time (&5-7 days). Smaller charge density is chosen
to allow mesh sizes that are solvable for this problem, and
negligible scattering could be a reasonable approximation for
some 2DEG systems such as low-temperature graphene. Under
this regime, gain in the ac current oscillations is observed in
the 2DEG at 300 GHz. The device model, simulation method,
and results are discussed in this letter.

II. SIMULATED STRUCTURE AND EXCITATION MODEL

A. Device Model

The device under investigation is shown in Fig. 1(a) and (b).
The configuration of the device consists of a substrate upon
a heterogeneous or substrate stack (such as GaAs/AlGaAs,
GaN/AlGaN, or h-BN for graphene). The goal of the sim-
ulation is to model EM interactions between the slow wave
structure and the underlying 2DEG electrons; therefore, the
simulations should be instructive for different material sys-
tems. An Au-interdigitated electrode connected to signal and
ground lines on either side of a co-planar waveguide (CPW)
line is used as a slow wave structure. The structure acts as a
floating metallic gate positioned at a vertical barrier distance
of dpur = 10 nm from the 2DEG. Drain and source terminals
are connected with the 2DEG but are isolated from the slow
wave structure.

The grating periodicity plays an important role in synchro-
nizing the antimodal fields in the grating region with the
electron drift velocity. The excitation frequency was chosen
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Fig. 1. (a) Device configuration for feeding and implementing the slow wave
in the vicinity of a 2DEG structure. (b) Cross section of the configuration.
(c) Equations involved in the solution of electron transport and EM fields.
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Fig. 2. Passive tests of the device showing (a) 3-D model used, (b) E-field
observed near the interdigitations, (c) Sj; and S2; for p = 170 nm, and
(d) effect of gap variation.

to be at a lower terahertz band of 300 GHz. The general rule
of design based on the Pierce theory of synchronous operation
should satisfy v; = f x 2p. Therefore, for f = 300 GHz,
and vy = 10° m/s, grating periodicity p ~ 166 nm is chosen
for this simulation.

B. Excitation in the Device Model

The dc biasing of the device is considered by assuming an
initial drift velocity of carriers (electrons) at v; = 10° m/s
in the 2DEG channel by applying sufficient bias at the drain
(D) and source (S) terminals of the device. This choice of
drift velocity is consistent with the achievable drift velocity in
the channel in most material systems. For RF excitation, the
model requires feeding of RF signal at 300 GHz through CPW
lines. A multiphysics modeling of the entire 3-D structure
which includes CPW lines and device stack is computationally
expensive; therefore, a reduced 2-D cross-sectional model
focused on the grating region was used. Although in the 3-D
model, the excitation is provided through CPW lines (Fig. 2),
this excitation translates to a field profile used in Fig. 3(b).
Therefore, this field profile can be mimicked by using lumped
sources introduced in the 2-D model applied between the metal
gratings, such that a reversed polarity between the neighboring
gaps is exhibited. This choice of electric field is confirmed by
observing the fields in the cross section of the interdigitated
metal grating through a finite-element method-based single
physics solver [Fig. 2(b)].
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Fig. 3. (a) Simulation domain of the 2-D cross section of the device. (b) Field
excitation in the grating region. The total E-field |(E§ + E%)l/ 2| are plotted
here.

III. FINITE-DIFFERENCE TIME DOMAIN (FDTD)-EMC
GLOBAL MODEL AND ASSUMPTIONS FOR ANALYSIS

A. Full-Wave Passive Device Modeling

To understand the passive performance of interdigitated
CPW structure, passive (cold) full-wave simulations were
conducted at 300 GHz (with p = 170 nm and a selection of
gap). In Fig. 2(a) and (b), we show electric field distribution
observed in a reduced length version of slow wave structure in
vertical (xy plane). As shown in Fig. 2(c), Si; between —30
and —20 dB and S,; close to 0 dB is found around 300 GHz
for a full-length device. CPW gap which has significance for
the area of the device was varied to investigate its impact and
is plotted in Fig. 2(d). These simulations serve to validate the
performance of the slow wave structure and its field profile
though cold test simulations.

B. FDTD-EMC Modeling of Traveling Wave Phenomenology

Using the excitation method identified Section II-B, a TE,
solution of EM waves can be pursued to model the device’s
cross section located in the xy plane. Fig. 3(a) shows the not-
to-scale model, where the numerical solution of Maxwell’s
equations is pursued

-

-~ 90D -
Vx H= = + J. (Ampere’s law) D

- dB
VXxE= a7 (Faraday’s law) 2)

where variables E , 5, H , and B carry their usual meaning
related to electric and magnetic fields, while J, is the ac
component of the electric current due to electron’s motion
in the channel. A PIC solver is used to model the motion
of electrons in a single dimension through the following
equations:
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where individual particle’s position (x;) and velocity (v;) are
calculated at each time step under the influence of the electric
field’s x-component E, along the channel. Here, g, is the
charge on one electron and m, is the effective mass of the
electron in the 2DEG. By using the velocity of all the particles
in a cell, aggregate velocity times the number of electrons per

unit length is calculated as sheet density (jg,), which can then

be used to calculate the current density J: = xJ, in the channel

_ qe ] sh
1DEG

where f,pgg is the thickness of the 2DEG channel. The current
obtained here can be fed back into Ampere’s law (1) at the
end of each time iteration to evaluate the EM fields in the
next time iteration. By repeating this iteration Tiow1/AtppTD
times, the simulation is thus completed by reaching a point
of nontransient or stable oscillation. Here, Tiy is the total
simulation time, and Atfpprp is the FDTD time step.

Je

“4)

C. Multiscale Meshing and Allowable Maximum Time Step

To maintain the stability of a time-domain simulation,
the maximum value of time-step (Afpprp) should be chosen
within the Courant limit for maximum time step [11]. For
multiphysics electronic-EM simulation, this limit is subjected
to much finer mesh size, i.e., Ax and Ay ~ A/10000. This
small grid size is associated with the stability of the ensemble
MC simulation which could become unstable if the mesh
size is not comparable or a fraction of the Debye length of
the electron gas. In such a case the feedback loop between
the electron transport and EM solver could become unstable
leading to simulation divergence.

To minimize the simulation time for the proposed device,
we use adaptive mesh in the regions of the device. As shown
in Fig. 3(a), an adaptive mesh is chosen in the cross
section, which reduces the total number of grid points in the
simulation.

Considering the limited computational resources, we study
the device’s current gain phenomenology in the regime of low
sheet carrier density ng, = 103 cm™2. At such low levels
of ng,, the Debye length is approximately 370 nm (Ap =
(K Te,€,/n3pg?)"/?) which allows the choice of mesh size for
x- and y-directions to be Ax = Ay = 10 nm. For this calcu-
lation, we have chosen ¢, = 9.5 for the GaN/AlGaN HEMT
environment. Another simplification made in this modeling
is lack of scattering in the channel, which in practice could
limit the possible amplification in the channel. Nonetheless,
under these simplified assumptions, the simulation is aimed
at shedding light into critical functional questions of this
device concept, such as the possibility of gain under given
barrier dimensions, the effectiveness of the interdigitated fin-
gers as slow wave structure, and possible limits of gain of ac
amplitude.

IV. SIMULATION RESULTS

The phenomenology of traveling wave for a device of
channel length L = 5 um, where the simulation was initialized
with electrons drifting with velocity vy = 10° m/s. To excite
the traveling wave, RF amplitude of E, = 10* V/m was
used between the gratings. We have chosen ¢, = 9.5 for
GaN/AlGaN HEMT environment for 2DEG to model oscil-
lations. As noted before f = 300 GHz, periodicity p =
170 nm is chosen. Under these conditions, the time step for the
simulation was Afppp = 1.18 x 107! s and to complete the
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Fig. 4. (a) Carrier velocity distribution of electrons along the channel.
(b) Calculated carrier density. (c) Current density J, along the channel.

total simulation time Ty, = 28 ps using a MATLAB code,
2.3M iteration were run which concluded in approximately
5 days.

A. Modulation of Velocity, Electron Sheet Density,
and Current

To measure the interaction between the EM wave and
electrons in channel, we plot the scatter plot of the particles
in the 2DEG, as shown in Fig. 4(a), sheet carrier density
ng, along the length in Fig. 4(b) and ac current J, along
the length of the channel Fig. 4(c). In Fig. 4(a), we note
that velocity modulation of the particles is observed with a
periodicity of 2p, which is consistent with the excitation.
Moreover, the amplitude of the modulations increases along
the length of the channel between x = 0 and x = 3 pum. This
section of the 2DEG shows an amplification in the velocity
modulations under a positive feedback of the EM fields, which
is synchronous with the particle velocity. In other words, the
particles cross through a distance of one periodicity in a time
period producing a constructive addition of amplitude and
amplification. However this effect saturates at x = 3 pum, and
we observe uniform oscillations in the region x > 5 pum. This
is due to a nonlinear effect caused by an over modulation of
the electron velocity. We note that the amplitude of velocity
oscillations is approximately 30% of v,, which is typical of
based slow wave devices.

Due to the modulation of the velocity of electrons, we also
note accumulation of carriers at the two edges of grating in
each period [see Fig. 4(b)]. This is due to the acceleration and
deceleration of electrons in periodic regions of the channel,
causing grouping of electrons and progressive amplification
along the length of the 2DEG.

B. Discussion and Interpretation of Amplification

In Fig. 4(c), we plot the current density which is represen-
tative of the product of quantities in Fig. 4(a) and (b). A case
with zero traveling wave gain (due to no bias or v; = 0) is also
plotted which represents the reference case for comparison
of amplification. In this case, due to no applied dc drift in
electrons, the positive feedback and amplification effect is not
possible. A comparison between the peak-to-peak currents in
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the two scenarios shows an amplification of 10.5 times in the
current density for x > 3 um.

The model simulation shows that an interdigitated structure
which creates an alternating polarity grating field in the
vicinity of the 2DEG can interact with 2DEG to cause spatial
velocity modulations of the electron gas. This effect, indeed,
is capable of creating an amplifying modulation of electron
velocity, leading to density fluctuation that amplifies over the
traveling distance. The simulation also shows the saturation
of amplification of the oscillations, which is indicative of
replication of traveling wave amplification in micrometer-long
device. An analogy of this effect is already established in
traveling wave vacuum tubes.

V. CONCLUSION

In this letter, we have numerically demonstrated the trav-
eling wave phenomenology in micrometer-long devices using
global full-wave models. The use of PIC algorithm for 2DEG
modeling and simultaneous solution of Maxwell’s equations
in the vicinity are helpful in establishing the rigor of this
numerical simulation. The use of lower carrier density in
a full-wave global numerical model allows minimum mesh
sizes to be around 10 nm, which allows the simulation to
be feasible in a large simulation grid consisting of many
micrometer-long channels. In essence, the simulation confirms
the amplification of velocity modulations originating from a
synchronous interaction with EM fields in the interdigitated
metal structure. Current results also demonstrate the efficacy
of the interdigitated grating which can act as a slow wave
structure to reduce the phase velocity of an EM traveling wave
to create reduced synchronous wave behavior in micrometer-
long devices.
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