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Abstract

Formation of shock waves in two-dimensional electron channels by electrical signals is
studied using analytical and numerical models based on hydrodynamic electron trans-
port equations coupled with two-dimensional Poisson equation.

1 Introduction

Plasma waves in two-dimensional electron gas (2DEG) channels can be used in differ-
ent heterostructure electron devices operating in the terahertz range of frequencies [1].
Theoretical and experimental studies of the plasma effect in the 2DEG channels, in par-
ticular, in the 2DEG channels with highly conducting gates, have been reported in many
publications.

Figure 1: Schematic view of the structure with 2DEG gated channel under considera-
tion. The side contacts correspond to x = ±L/2. The coordinates of the 2DEG channel
and the gate electrodes correspond to z = 0 and z = Wg, respectively, where Wg is the
thickness of the gate layer.
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In this paper, we present the results of analytical and numerical investigation of strongly
nonlinear phenomena in the 2DEG channel with the gate split into several section as
shown in Fig. 1. It is assumed that apart from a dc voltage, V0, a transient voltage Vg(t)
is applied to the central gate, so that the spatio-temporal distribution of the gate potential
is given by Vg(t) = V0 +VgΘ(|x|− lg/2) ·Θ(t) ·exp(−t/t0). Here Θ(x) is a smoothened
unity-step function, lg is the length of the gate section, and t0 is the characteristic time
determined by the controlling electric circuit (the RC-time).

2 Model

Our model is based on a set of the hydrodynamic equations coupled with two-dimensional
Poisson equation for the self-consistent electric potential:
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Here, u = u(t,x) and Σ= Σ(t,x) are the electron hydrodynamic velocity along and sheet
density in the 2DEG channel, ϕ = ϕ(t,x,z) is the electric potential, Σd is the donor
sheet concentration in the 2DEG channel, ν is the frequency of the electron scattering
on impurities and phonons, K is the coefficient of viscosity associated with the electron-
electron scattering processes, e = |e| and m are the electron charge and effective mass,
respectively, æ is the dielectric constant, and δ (z) is the Dirac delta function.
The transient phenomena in the 2DEG system under consideration were analyzed both
analytically and numerically. The Galerkin spectral method [2] was used in numerical
calculations. Using the developed model, we demonstrated the formation and transfor-
mation of strongly nonlinear plasma waves and calculated the output transient electrical
currents through different gate sections.

3 Results

Examples of the simulation results for uniformly doped 2DEG channels are shown in
Figs. 2 and 3. The initial spatial distributions of the sectioned gate provide rather sharp
initial distributions of the electron density (see, the curves corresponding to τ = t ν = 0.
As shown, at sufficiently large transient signal amplitude Vg, the formation of nonlinear
waves propagating along the channel is possible followed by the formation of the shock
waves. The latter occurs in the structures with relatively thin gate layers, in which the
dispersion relation for the plasma waves is close to linear. The pattern of the electron
density evolution is substantially different in the case of relatively large wg (see the
electron density distributions in Fig. 3 for wg = 1 ). The latter case corresponds to
“deep water” situation.
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Figure 2: Spatial distributions of electron density in the structures with different
normalized gate length Lg = Lgν/s � Lν/s = 10 and normalized gate layer thick-
nesses wg = Wgν/s = 10−3 and 10−2 at different moments τ = t ν , where s is the
phase velocity of linear plasma waves in gated channel (at normalized circuit char-
acteristic time τ0 = t0 ν = 10−2, relative electron viscosity k = Kν/s2 = 2×10−3, and
vg = eVg/ms2 = 2). This case is analogous to the propagation of surface waves in a
“shallow water” channel.

Figure 3: The same as in Fig. 2 but for wg = 10−1 and wg = 1.

Figure 4 demonstrates the evolution of the normalized sheet charge (Σ−Σd)/ < Σd >

in the 2DEG channel with a nonuniform donor distribution exshibiting a maximum in
the channel center. Here < Σd > is the average donor density. One can see that the
wave fronts in the channel central part (where the donor density is large) are relatively
smooth, but when the approaches the side areas with small donor density, the fronts
become rather sharp. The formation of the secondary fronts is also seen. This situation
is akin to the formation of the waves on the surface of the ocean with a decreasing
depth near the cost (smaller donor density corresponds to smaller depth of water). The
simulated phenomena resemble those associated with the tsunami effect in the ocean.
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Figure 4: Evolution of spatial distribution of sheet charge in 2DEG channel with
nonuniform donor distribution (effect of tsunami).

Due to the formation of the shock waves, the gate currents can be much faster than
the input voltage signals. The propagating shock waves might induce rapidly varying
charges in the gate sections. This can be used for generating of terahertz signals by
relatively slow (with moderate values of t0) electric signals.
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