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Quantum Kinetic Transport under High Electric Fields
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Quantum kinetic transport under high electric fields is investigated with emphasis on the
intracollisional field effect (ICFE) in low-dimensional structures. It is shown that the ICFE in
GaAs one-dimensional quantum wires is already significant under moderate electric field
strengths (> a few hundreds V/cm). This is a marked contrast to the cases in bulk, where the
ICFE is expected to be significant under extremely strong electric fields (> MV/cm). Employ-
ing the Monte Carlo method including the ICFE, the electron drift velocity in quantum wires
is shown to be much smaller than that expected from earlier investigations.
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INTRODUCTION

The fast development of semiconductor devices has
brought about renewed interest in high-field carrier
transport in semiconductors. Among others, the
breakdown of the semiclassical Boltzmann transport
equation under high electric fields, on which most

conventional analyses of carrier transport in semicon-
ductor devices are based, has been widely pre-
dicted.J1] However, the predicted electric field
strengths under which the semiclassical treatment of
carrier transport is-supposed to break down vary from
several tens kV/cm to MV/cm. Therefore, our under-
standing of quantum carrier transport under high elec-
tric fields is still immature. In the present paper, we
investigate the quantum effects in electron transport
from a rather different point of view; we apply the
quantum kinetic transport equation (the Barker-Ferry
equation [2]) to low-dimensional structures so that the

quantum effects are, in some cases, more pronounced
than in the three-dimensional (3-D) bulk cases and
their physical meanings become more transparent.

We consider ideal 1-D GaAs quantum wires and
investigate the intracollisional field effect (ICFE) on
electron transport via the Monte Carlo method.[3] To
the best of our knowledge, this is the first time the
ICFE on high-temperature electron transport in low-
dimensional structures has been taken into account.

Since the ICFE is mainly ascribed to the energy
change of an electron by the electric field during the
collision duration with phonons,[2] it is expected that
the ICFE could be most significant when the electron
motion is restricted to the dimension parallel or anti-
parallel to the electric field. As we shall show, this is
indeed the case in 1-D quantum wire structures; the
ICFE becomes significant even under moderate elec-
tric field strengths and greatly affects transport char-
acteristics such as the drift velocity.
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QUANTUM KINETIC TRANSPORT EQUATION

Our starting point is the quantum kinetic transport
equation (the Barker-Ferry equation) for the one-par-
ticle distribution function of electrons fk, which is
derived from the quantum Liouville equation for the
reduced electron density matrix.[4] Under a constant
electric field F with the non-degenerate condition, the
Barker-Ferry equation for electrons is given by

fk(t) eF. )fk(t)
)t )

2Re f0 dxlMq 12 (gq-f-+)q,,_- (1)
q)XA-q 1:)

-e-<*-"q-*+nm)A (t x) },
with kF k- eFx. Here, ek is the electron energy with
wave-vector k, q the phonon wave-vector, Mq the
matrix element for the electron-phonon interaction,

COq the longitudinal optical (LO) phonon energy, and

Nq the phonon occupation number given by the Bose-
Einstein statistics, rl (-1) for phonon emission
(absorption). Note that we use the units of h
throughout the paper.

Notice that Eq. (1) is very similar in form to the
semiclassical Boltzmann transport equation except
for the collision integral [the right-hand side of Eq.
(1)]; i.e., the time retardation of the collision dynam-
ics with phonons is taken into account. Because of
this time retardation, a numerical evaluation of Eq.
(1) is still a formidable task. Since the electron energy
distribution usually spreads over the wide energy
ranges under high electric fields, the time retardation
of the electron distribution function in the collision
integral may be safely ignored. As a result, the colli-
sion integral Ic in Eq. (1) is rewritten as

t 2Eq,__ Uq 2 (Nq + 1/2 + )
{S(rl,ke)A-q(t) S(-rl,ke)A(t)}, (2)

where the spectral density S(TI, kF) is given by

S(rl,k) de-rcos[(e+n- ee- rlm)].

(3

Here, Fk is the total phonon scattering rate and should
be determined self-consistently with Eq. (1). Recall
that Eq. (1) is derived under the Born approxima-
tion,[4] in which only the lowest-order correction for
the electron-phonon interaction is included. There-
fore, we put damping factor Fk in the collision inte-

gral and extend the upper limit of the time integral to

infinity because the time correlation would be

destroyed by a consecutive collision with phonons.
When the electron lifetime is infinite (Fk 0) and the
electric field is suppressed (F- 0), Eq. (3) correctly
reduces to the energy-conserving delta function and
Eq. (1) with Eq. (2) becomes identical to the Boltz-
mann transport equation. Fortunately, Eq. (3) can be

analytically solved for a fixed Fk and plotted with
solid lines under F 500 V/crn in Fig. 1. The electric
field is assumed to be directed to the negative direc-
tion. Notice that the direction to which the spectral
density is skewed is dependent on the direction of the
electron motion; when the electron propagates against
the electric field [Fig. (a)], the spectral density shifts
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FIGURE Electron spectral density as a function of energy detun-
ing for the electrons propagating to the (a) positive and (b) negative
directions under F 500 V/cm (solid lines). The dashed lines rep-
resent the approximated spectral densities employed in the present
Monte Carlo simulations
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to the positive direction, and vice versa. This will be
explained in the next section along with the phonon
scattering rates for quantum wires.

It is clear from Fig. that the ICFE essentially con-
sists of two different effects: (1) the energy-conserv-
ing delta function is broadened and (2) the energy
detuning (zero-point) is shifted. Both effects are
directly related to the strength and the direction of the
electric field, and the magnitude of both the broaden-
ing and the shift, AF, is approximately given by

A- "2: (4)

where m* is the electron effective mass. We would
like to stress that AF is dependent of the direction of
the phonon wave-vector, or equivalently, of the elec-
tron motion. Since the electron motion is strictly con-
fined along the electric field in 1-D quantum wires,
AF is always finite and, thus, the ICFE is always
effective. On the other hand, the ICFE is not always
significant in 3-D bulk because electrons can move in
any direction.

QUANTUM TRANSPORT IN 1-D QUANTUM
WIRES

The quantum kinetic equation described in the previous
section can be easily applied to ideal 1-D quantum
wires in GaAs. For simplicity, we assume that the rec-
tangular quantum wire with the size 30 nm is formed
by an. infinitely deep potential well and only the low-
est subband is occupied. In addition, only the Fr6hlich
optical phonon scattering in bulk mode is considered.
Since the emphasis of the present analyses is on how
the dynamical quantum effects affect electron trans-

port in 1-D quantum wires, the details of the scatter-

ing modes related to the low-dimensional structure

itself essentially do not change the present results.
Figure 2 shows the Fr6hlich scattering rates (solid

and dashed lines) obtained from the spectral density
Eq. (3) under two different field strengths; F 100
and 500 V/cm. As well known from earlier studies on
the collisional broadening (CB),[6] the divergence of
the scattering rate, indicated by dotted lines in Fig. 2,
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FIGURE 2 Energy dependence of the Fr6hlich optical phonon’
scattering rates at room temperature under F- (a) 100 V/cm and
(b) 500 V/cm. The solid and dashed lines represent the scattering
rates for the electrons propagating to the positive and negative
directions, respectively. The dotted lines show the scattering rates
evaluated by the Fermi golden rule

is associated with the 1-D density of states and
removed by the energy broadening in the spectral
density. Notice that the divergence is mainly due to

the phonon emission processes so that the divergence
occurs at the LO phonon energy (-- 36 meV). The
major feature associated with the ICFE is, however,
that the scattering rates become asymmetric with

respect to the direction of the electron motion. This is

closely related to the shift of the energy detuning in
the spectral density, as already seen in Fig. 1, and can
be explained as follows. When an electron moves
against the electric field, it gains energy from the
electric field during the collision duration with pho-
nons. Therefore, it can emit an LO phonon even if the
electron energy is smaller than the threshold energy
for phonon emission. In other words, the phonon
energy is effectively reduced when the electron
moves against the electric field, and the scattering rate
shifts to the lower energy-side. On the other hand, an
electron loses its energy when it moves along the
electric field and, thus, the phonon energy is effec-
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tively increased. As a result, the scattering rate shifts
to the higher energy-side.

The transport characteristics could be determined
from the quantum kinetic equation described in the
previous section. Since the quantum kinetic equation
is almost identical to the Boltzmann transport equa-
tion, conventional Monte Carlo methods can be
applied to numerically solve it by substituting a

proper spectral density in the collision integral instead
of the energy-conserving delta function.[5] Unfortu-
nately, the spectral density shown in Fig. is not pos-
itive definite. Therefore, we approximate it by a
Gaussian form with the width and shift given by Eq.
(4). The approximated spectral densities employed in
the Monte Carlo simulations are plotted by dashed
lines in Fig. 1.

Figure 3 shows the electric field dependence of the
electron drift velocity at room temperature obtained
from the Monte Carlo simulations (dashed line). For
comparison, the drift velocity evaluated by the con-
ventional Boltzmann transport equation is also shown
(solid line). The dotted line represents the result when
only the CB is included. For the CB, we assume a
constant energy-broadening (Fk 2.5 meV), as done
by Leburton and his group.[6] We would like to stress

that the drift velocity is greatly reduced when the
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FIGURE 3 Electric field dependence of drift velocity in the ideal
I-D quantum wire. The solid line represents the drift velocity with
no quantum correction, whereas the dotted and dashed lines show
the respective drift velocities when CB and ICFE are taken into
,account

ICFE is included and the reduction becomes greater
as the electric field increases. Notice that the CB also
reduces the drift velocity, but to a much smaller
extent. This implies that the reduction of the drift
velocity due to the ICFE is mainly ascribed to the

asymmetric phonon scattering rates. Namely, more
electrons occupy the states with positive wave,-vector

because the electric field is directed to the negative
direction and, hence, the scattering rate shifted to the
lower energy-side (represented by solid lines in Fig.
2) is, as a whole, more conducive to electron transport
than that shifted to the higher energy-side (repre-
sented by dashed lines in Fig. 2). Furthermore, the
large peak in the phonon scattering rate indicates the
electron transport characteristics is dominantly con-
trolled by electrons with energy below the phonon-
emission threshold energy unless the electric field is

extremely strong. Therefore, a slight change in the
phonon scattering rates greatly affects the drift veloc-
ity and, thus, the ICFE is already significant under
moderate electric fields, which is in marked contrast
to bulk cases.

CONCLUSIONS

High-temperature quantum kinetic transport under
high electric fields has been investigated with empha-
sis on the intracollisional field effect (ICFE) in low-
dimensional structures. We have shown that the ICFE
in GaAs one-dimensional quantum wires is already
significant under moderate electric field strengths (> a
few hundreds V/cm) because of the strong restriction
on the electron motion imposed by the low-dimen-
sional structures. Employing the Monte Carlo method
including the ICFE, it has been shown that the elec-
tron drift velocity in quantum wires could be much
smaller than that expected from earlier investigations.
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