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A generalization of the classical Monte Carlo (MC) device simulation technique is proposed to si-
multaneously deal with quantum-mechanical phase-coherence effects and scattering interactions in
tunneling devices. The proposed method restricts the quantum treatment of transport to the regions
of the device where the potential profile significantly changes in distances of the order of the de
Broglie wavelength of the carriers (the quantum window). Bohm trajectories associated to time-
dependent Gaussian wavepackets are used to simulate the electron transport in the quantum win-
dow. Outside this window, the classical ensemble simulation technique is used. Classical and quan-
tum trajectories are smoothly matched at the boundaries of the quantum window according to a
criterium of total energy conservation. A simple one-dimensional simulator for resonant tunneling
diodes is presented to demonstrate the feasibility of our proposal.

For a reliable simulation of devices which are based on quantum-mechanical (QM) phe-
nomena such as tunneling, the simultaneous consideration of phase coherence effects and
of scattering interactions is required. One approach to deal with this problem consists in
solving the Liouville equation to obtain the Wigner distribution function [1 to 3]. An-
other approach pursues the generalization of the semiclassical Monte Carlo (MC) device
simulation technique through the use of QM trajectories. This is the path followed by
Salvino and Buot [4], who used an ad-hoc model of quantum trajectories for double-
barrier resonant tunneling diodes (RTD) which was based on the phase tunneling time.
In this work we propose a quantum MC procedure based on Bohm trajectories, which
provides a consistent description of the QM dynamics [5 to 8]. As a proof, we have
developed a one-dimensional simulator and we have applied it successfully to describe
the behavior of an RTD.

Among the various causal formulations of quantum mechanics, the most widely
known is the one due to Bohm [5]. Within the Bohm's interpretation, all the particles of
a quantum pure-state ensemble follow different and well-defined causal trajectories un-
der the combined influence of the classical potential, V(x, t), and a new term called the
quantum potential, Q(x, t), which is directly related to the wavefunction. The most im-
portant property of this approach is that the measurable results of standard quantum
mechanics (those which would be directly obtained from the wavefunction) are perfectly
reproduced by averaging the Bohm trajectories with adequate relative weights.
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The procedure that we use for the calculation of the Bohm trajectories has been pub-
lished elsewhere [7,8]. Since stationary scattering eigenstates are not adequate for a dy-
namical description of transport, time-dependent wavefunctions are required. In Fig. 1
we show some representative trajectories in the particular case of a Gaussian wavepack-
et impinging upon a AlGaAs/GaAs double barrier structure. In particular, since Bohm
trajectories cannot cross each other, those which are transmitted through the barrier
come from the leading front of the wavepacket. Those from the rear are reflected, many
of them without ever reaching the barrier. Oscillations between the barriers are also
observed [7]. Since Bohm trajectories are causal, they naturally lead to magnitudes, such
as tunneling times [6,8], which are not well defined within the standard framework of
the quantum theory. Although these non-standard magnitudes can be regarded with
diffidence, we must emphasize that the charge and current densities associated to the
time-dependent wavefunction are perfectly reproduced by the Bohm trajectories. In this
regard, our proposal is a simulation tool which obtains standard QM results using a
methodology based on Bohm trajectories

Our simulator defines a QM window (QW) which includes the double-barrier of the
RTD, and restricts the QM treatment to this window. Outside the QW, where the
potential changes smoothly in the scale of the de Broglie wavelength of the carriers, the
classical MC technique is used to simulate the electron transport. This allows to consid-
er large integration boxes without excessive computational burden (this is the most im-
portant limitation found in the Wigner distribution approach). When an electron
reaches the boundary of the QW, a Gaussian wavepacket is associated to it and a Bohm
trajectory is randomly selected according to the appropriate distribution, given by the
QM probability presence. The choice of the wavepackets requires the selection of values
for two magnitudes, the central wavevector, and the spatial width. The former is se-
lected using a coupling criterium based on the conservation of the total electron energy
(the fact that part of the energy resides in the quantum potential is taken into account).
On the other hand, the width of the wavepacket is chosen to be larger than 25 nm
because the wavepacket transmission probability is almost width-independent above this
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Fig. 1. Bohm trajectories associated to an
initial Gaussian wavepacket with a central
energy of 0.16 eV and a spatial dispersion
of 10 nm, impinging upon a double barrier
structure with 2 nm barriers of 0.3 eV and
a 18 nm well. The barriers and the initial
Gaussian wavepacket are indicated by
dashed lines



threshold and coincides (with negligible error) with that of the scattering eigenstate
associated to the central wavevector.

In Fig. 2 and 3, we show the simulation results obtained for a typical RTD, which
consists of an AlGaAs/GaAs/AlGaAs 3/5/3 nm double barrier structure at 77 K with
an ionized impurity density of 1.5 � 1017 cm±±3. The self-consistent potential does not
show spurious effects at the boundaries of the QW and current continuity is preserved
in the whole device (Fig. 2). The obtained I-V characteristic shows the main features
found in actual devices (inset of Fig. 2). A quantitative comparison with experiments in
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Fig. 2. Simulated electron concentration (solid line) and potential profile (dashed line) of the RTD
at resonant bias (V = 0.39 V). The horizontal solid line above the electron density represents the
current density (in arb. units) which has been computed as the local product of the average charge
density per average velocity. The inset represents the simulated I±V curve

Fig. 3. Phase space distribution function along the whole device just before resonance (V = 0.35 V).
Notice the tunneling ridge (indicated by an arrow), which is originated in the QW by resonant
Bohm trajectories and progressively thermalized in the collector by scattering mechanism



important figures such as the peak-to-valley ratio is still premature because scattering in
the QW has not been considered in this first version of the program. In this regard, we
must stress that previous tools did not consider scattering either [4], and that they used
ad-hoc models for the QM dynamics. As shown in Fig. 3, the MC simulator provides a
positively defined phase-space distribution. The obtained results qualitatively resemble
those obtained within the Wigner function approach [9], showing QM oscillations of the
electron concentration in the pre-barrier region, accumulation of charge in the quantum
well at the resonance bias (Fig. 2), and a tunneling ridge (also at resonance, Fig. 3)
which progressively vanishes due to thermalization of carriers in the collector. Although
the information contained in the phase-space distribution might be certainly useful to
improve our understanding and design of QM devices, we must not forget that, in the
QW, this distribution corresponds to hidden variables [6,10]. In this sense, we can com-
pletely trust all measurable results (charge densities, self-consistent potential profiles,
current densities), but we must treat with caution all nonconventional results which
arise from the causal structure of the Bohm's interpretation, and which do not have a
counterpart within standard quantum mechanics (tunneling times, distribution of parti-
cle velocities, etc.).

In general, we can conclude that the obtained results demonstrate the feasibility of
using Bohm trajectories to extend the classical MC technique to tunneling devices, and
show once again the strengths of the MC particle technique in device simulation. Im-
mediate future developments will include the consideration of scattering between Bohm
trajectories in the QW, and the analysis of Bohm trajectories associated to one-side
bound states in the emitter accumulation layer.
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