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Monte Carlo calculations of transport parameters
of one-dimensional hot electrons in quantum-well wires
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Monte Carlo calculations of hot-electron drift velocity, average energy, and diffusion coeScient
are reported for the one-dimensional electron gas in a GaAs quantum-well wire of square cross sec-
tion with side length L. Electron scattering by acoustic and longitudinal polar optic phonons is in-

cluded. The transport parameters are found to rise more rapidly with electric Geld for L =160 A
4

than for L =40 A, particularly at a lower ambient temperature. Einstein s relationship is shown to
0

underestimate the hot-electron diffusivity for L = 160 A.

The search for high-electron-mobility submicrometer
devices in recent years has caused considerable interest in

the fabrication and properties of ultrathin wire and relat-
ed semiconductor structures. ' ' In such structures,
quantization occurs in two transverse directions so that a
one-dimensional electron gas (1D EG}, free to move in

the longitudinal direction, is formed. The 1D EG is

characterized by a high-electron mobility resulting from
the spatial separation of the electrons from their parent
donor atoms due to modulation doping and from the re-

duced number of final states in a scattering event which

consists of either forward or backward scattering in a sin-

gle subband. ' As an aid to the work related to the de-

vices using quantum-well wire structures, understanding
of the hot-electron kinetics of the 1D EG is essential. '

In this paper, we report a Monte Carlo study of the
electric field dependencies of the drift velocity, the aver-

age energy, and the difFusivity of the 1D EG in a GaAs
quantum-well wire of square cross section. Results are
presented for difrerent transverse dimensions of the wire
structures for different lattice temperatures. The hot-
electron diffusivity, calculated from Einstein s relation-
ship with an effective temperature, is found to be much
lower than the exact value for a wire of wider cross sec-
tion.

In the present investigation the conduction band is as-
sumed to be parabolic with subband energies given by the
solution of the wave equation for a square-well potential.
Scattering of the quantized electrons by intrinsic process-
es, e.g., deformation-potential acoustic- and long-
itudinal-polar-optical phonons is considered. Phonon
modes are taken to be bulklike and the scattering rates
are calculated numerically. The phonon spectrum is like-
ly to be altered and to lead to a reduced electron-phonon
interaction in heterostructures. ' ' Similar eHects are
also expected in one-dimensional systems although the
problem has not yet received attention. %bile calcula-
tions of transport parameters including the modi6ed pho-
non spectra are needed, the weakening of the electron-
phonon interaction would be moderated by remote in-
teraction with phonons in the adjacent material owing to
the long-range character of the polar interaction. Thus

the assumption of bulklike phonons is not likely to lead
to any serious error. In fact, most recent investigations
of electronic transport in heterostructures have used
bulk-mode phonons.

In this initial work, the effects of electron-electron
scattering, screening, and degeneracy of the carrier distri-
bution are neglected. It is a formidable task to include
these effects explicitly into a Monte Carlo study of elec-
tronic trans ort. ' While for linear electron densities
below 7 X 10 cm ' the effects are sufficiently small to be
ignored, for higher electron densities our results would
help in evaluating the importance of these effects when
methods to include them exactly are devised.

The Monte Carlo simulation technique in which the
trajectories of charge carriers moving in the applied fields
and interacting with the crystal lattice are followed on a
time basis has been recently reviewed by Jacoboni and
Reggiani. ' Random numbers are generated to determine
the time of free flight between scattering events and the
type of scattering terminating the free flight. In our case,
the carriers are scattered inelastically by polar-optical
phonons and elastically by acoustic phonons. The ab-
sorption and the emission of phonons in inelastic scatter-
ing events are treated separately. For a 1D EG addition-
al random numbers are not required to determine the
final state after scattering due to the reduced dimen-
sionality of the system. The method of calculating the
transport parameters in the simulation technique follows
that described in Ref. 19.

The material parameters of GaAs used in the computa-
tions are listed in Table I. Among these parameters,
there is some controversy over the choice of the acoustic
deformation potential. While the commonly accepted
value of this potential is 7 eV, recent studies of the
two-dimensional electron gas in GaAs have yielded for
the acoustic deformation potential a value of about 11
eV, which we use in the present calculations.

As the high-electron-mobility devices are operated typ-
ically at low temperatures, calculations are done here for
ambient temperatures (T}of 30, 77, and 120 K. The cal-
culated electric 6eld dependencies of the drift velocity,
average energy (relative to the bottom of the lowest sub-
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TABLE I. GaAs material parameters.

Effective-mass ratio (m /mo)
Longitudinal elastic constant
LO-phonon energy
Optic dielectric constant
Static dielectric constant
Acoustic deformation potential

0.067
147X10" Nm '
0.0361 eV
10.9
12.8
11 eV

E
~ 10
C9
IX
LLj
2.'

band), and difFusion coefficient are displayed in Figs. 1, 2,
and 3, respectively for L =40 and 160 k, where L
represents a side of the square cross section of the
quantum-~elI vnre. The transport parameters are found
to depend on the value of L which enters into the calcula-
tion through the electron wave function. This wave func-
tion affects the matrix element for the interaction of the
one-dimensional electrons with the three-dimensional
phonon field. Although a strictly one-dimensional elec-
tron gas is achieved in narrower wires, the transverse
phonon field has a chance to oscillate over the
confinement length L as the latter increases. As a result,
the electron-phonon interaction in a single subband be-
comes weaker in a wire of wider cross section. 'e The in-

teraction is also weaker at lower ambient temperatures as
the phonon occupation number gets smaller. Conse-
quently, the drift velocity and the average energy of the
hot electrons are larger for the higher value of L and for
lour ambient temperatures. Previously it was shown
that the polar-optical scattering tends to establish a sa-
turatory behavior of the drift velocity at low tempera
tures. ' The additional inclusion of acoustic scattering in
the present calculations is found to destroy this behavior.

For the sake of comparison, we have included in Fig. 1

the results of the Monte Carlo calculations for bulk GaAs
at 77 K. It is found that although the drift velocities for
L =40 A are smaller, those for L =160 A are larger than
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FIG. 2. Variation of the average energy (measured from the
bottom of the lowest subband) with electric field. Curves (a)-(f)
have the same significance as in Fig. 1.

those in the bulk due to the reduced scattering rate for
L, =160k

The average energies of hot electrons shown in Fig. 2
are less than 15 meV. For L =40 A there is only one
subband within the well, while for L =160A, the separa-
tion between the lowest subband and the next-higher sub-
band is 60 meV. As this separation is much larger than
the calculated average energies, the occupation of the
next-higher subband is negligible for the fields considered
here. Also, the calculated energies are much less than the
barrier height of 250 meV between GaAs and Ga-A1-As.
The electrons thus remain within the quantum-well wire
and do not escape into the neighboring bulk material.

The strong electron-phonon interaction for L =40 A at
120 K makes the diffusion coefficient nearly field indepen-
dent up to the field of about 3 kVcm ' as revealed by
curve (c) of Fig. 3. The diffusion coefficient, however,
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FIG. 1. Variation of drift velocity with electric field. (a)
L =40 A, T=30 K; (1) L =40 A, T=77; (c) L =40 A, T = 120
K; (d) I.= 160 A, T =30 K; (e) I = 160 A, T=77 K; (f) I.= 160
A, T=120 K. The dashed curve is for bulk GaAs at 77 K.
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FIG. 3. Variation of the dNusion coelicient with electric
Seld. Curves (a)-(f) have the same signi6cance as in Fig. 1.
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rises with electric field when I. is increased, and the tem-
perature is decreased due to the weakening of the
electron-phonon lnteract1on under such condltlons.

The values of the hot-electron dilusivity, calculated
from Einstein s relationship, DE ——pkz T, /e, are shown in
Table II for an electric field of 1 kV/cm. Here p is the
mobility, e is the electronic charge, ktt is the Boltzmann
constant, and T, is the effective electron temperature de-
rived from the mean random energy E using the relation-
ship E=—,'kttT, : the factor —,

' accounts for the one
translational degree of freedom of the 10 EG. The
values of Dz for L =160 A are found to be significantly
smaller than the exact values of the diff'usion coefficient
D, plotted in Fig. 3 and also given in Table II for an easy
comparison. The difFerence in the values of DE and D is,
however, not so great for L =40 A, where strong
electron-phonon interactions prevent rapid heating of the
carriers.

In conclusion, our Monte Carlo calculations show that

30
77

120

63
41
21

234
205
197

50
40
25

550
392
348

the drift velocity and the di6'usion coeScient are larger
and more strongly field dependent for a quantum-mell
wire width I. =160 A than that with I. =40 A, particu-
larly at lower ambient temperatures. Thus the higher
value of L is desirable for high-speed devices from mobili-
ty considerations, but its performance would be degraded
by the higher value of the diffusivity. Einstein s relation-
ship is found to be generally invalid for the hot electrons
in quantum-well wires.

TABLE II. Comparison of the exact values of the di8'usivity

with those obtained from Einstein's relationship.

Ambient DE (cm s ') D(cm s ')
temperature (K) L =40 A L =160 A L =40 A L =160 A
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