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The ohmic mobility ,+r and the warm electron coefficient p of the electrons moving
one-dimensionally in a quantum well wire (QWW) of In,-,s3Gaa.,&s are investigated for lattice
temperatures in the range of 4-10 K. Deformation potential acoustic, piezoelectric,
ionized-impurity, and alloy scatterings are included considering the nonequipartition of phonons. p
values are calculated by two models: one using a heated Fermi-Dirac distribution function, and the
other using a more general moment method. Momentum relaxation is found to be controlled
predominantly by alloy scattering. h is larger for a QWW of greater cross section and decreases
slowly with the-increase of the lattice temperature. In both models used here, p,is‘negative; its
magnitude falls with increasing lattice temperature and is greater for larger~cross sections of the
QWW. However, /PI is larger in the heated Fermi-Dirac distribution function model.

I. INTRODUCTION

The fabrication, physics, and application of quantum
well wires (QWW) formed between the closely spaced heterojunction interfaces of two different semiconductors have
been receiving increasing attention in recent years.lm8 In
such structures, the electron gas is quantized in two transverse directions and executes one-dimensional (1D) motion
in the longitudinal direction. Electronic transport in 1D systems is interesting because the density of states and the scattering rates are different from those of two-dimensional (2D)
structures and of the bulk.” In this article, we study a 1D
electronic transport in In,-,5,Gar,~,7AsQWW in the warmelectron region where nonohmic behavior begins to appear.
The low effective mass in (In,Ga)As offers a high mobility,
promising for devices. Also, (In,Ga)As devices can be integrated with optoelectronic components in communication
systems.
We calculate the ohmic mobility h and the warmelectron coefficient p for a degenerate electron distribution
for lattice temperatures in the range of 4-10 K which is
important for practical applications.g Carrier scatterings via
ionized impurities, acoustic phonons through deformation
potential and piezoelectric couplings, and alloy disorder are
considered. We assume a heated Fermi-Dirac distribution in
Sec. II for a basic understanding of the warm-electron behavior. In Sec. III we remove this assumption and use a more
general moment method. In Sec. IV, we study the dependence of h and /3 on the cross section of the QWW and
discuss the results in terms of the scattering processes and
the assumed models.

II. ELECTRON

TEMPERATURE

MODEL

We consider a square cross section of a QWW with side
lengths L =8 and 12 run and a typical 1D carrier concentration n ,,=9.6X107 m-r. The lowest and the next higher subbands are found to be separated by an energy one order of
magnitude greater than the average electron energy here. The
7400
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population of the higher subbands can thus be neglected, and
the electrons can be assumed to be confined to the lowest
subband.
In this section, we adopt the popular electron temperature model,” and thus take the symmetric part of the distribution function fo(E) to be a heated Fermi-Dirac function
characterized by an electron temperature T,. Here, E is the
electron energy for motion in the longitudinal direction, i.e.,
E = h2k$(2m “) where A is Planck’s constant divided by 2rr,
k, is the 1D wave vector in the longitudinal z direction, and
m* is the electron effective mass.
In a rectangular Cartesian frame, we take x and y directions along the two adjacent sides of the cross section of the
QWW and the z direction along the axis of the wire to which
an electric field &T is applied. The momentum relaxation
times r, and rpZ for deformation potential acoustic and piezoelectric scattering, respectively, and the energy loss rates
(dEldT), and (dEldT),, for these two scattering processes
are found from the square of the matrix element for the 1D
system.11~12
In the energy loss rates, the terms up to the linear
in (T, - Tl) are kept, T, being the lattice temperature, because
these are the only important terms in the warm-electron
regime.r3 The nonequipartition of the acoustic phonons is
considered in the calculations done numerically.
The momentum relaxation time rrr for background impurity scattering was derived by Lee and Vassell.2 We use
their expression here for a typical background impurity concentration of 5 X 102r rnw3. The effect of remote impurities is
small for a thick undoped spacer in modulation doped structures, and so it is not considered here. The momentum relaxation time for alloy disorder scattering ral, as given by Basu
et u&14 is used.
The electron mobility is given by
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For an applied electric field g, the-warm-electron mobility is
h

,a’

!a

PL=tio(lfP@3,

the higher order terms in J?being insignificant. We expand ,U
in a Taylor series in (T,--TI) and keep only the first order
-_
terms in (T,-TI); we obtain

d;u
P=Po+(T,-TI)

do,

Te=T,

(3)

The balance of energy relationship is
~),,(~)p~Cr.-T~),(T~),

~Po@=-(

(4)

where the function s(Tlj is obtained numerically from the
energy loss rates.‘”
From Eqs. (21,(3), and (4) the warm-electron coefficient
p is found to be
p--

edp

’

(5)

s(TJ dTe Tc=TI ’

being dbtained from Eq. (1).
With d,ddT,ITcq,
Although the electron temperature model is simple and
gives irisight into carrier kinetics, it is actually established
for very strong electron-electron scattering. When strong
carrier-carrier scattering does not prevail, as in the case of
1D transport, the distribution function deviates from the
heated Fermi-Dirac form.” We include this deviation in
Sec. III. We find that, although the electrdn temperature
model gives the correct nature of the variation of p with
system parameters, it predicts values too large for Ipj (shown
later in Fig. 5).
Ill. GENERAL

MODEL

In general, one can express fo(E as a power series in B
and retain only terms of order 8 2 in the warm-electron
range.” We thus write
(6)
where fL(E) is the Fermi-Dirac function at the lattice temperature TI and C is a constant determined by the requirement that the sum of f. over the available states yields the
carrier density. The Boltzmann equation gives
$$+(gE)
rn

&$)+(~i,,=o,

(7)

where (Jfo/&),,
is calculated for deformation-potential
acoustic and piezoelectric scatterings from the relevant matrix elements, as was discussed in Sec. II.
We expand 4(E) as a power series ‘in E:
+(E)=;

@r,
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I
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(8)

r=l

and determine the coefficignts a,. by the method of
m0ments.l’ In this method, Eq. (7) is multiplied by E’dE
and the result is integrated for all values of E. The coeffi-
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FIG..1. J?lotof the inverse relaxationtimes7i1, qi;,‘, T,E’,and T;’ vs the
electronenergyE. Curves a and b are for a lattice temperatureof 6 K with
L = 8 and 12 nm, respectively.Curvesa’ and b’ are for 10 K with L =8 and
12 nm, respectively.

cient a, is found by solvingp number of equations obtained
by varying r from 1 through p. The mobility is calculated
from Eq. (1) and p from Eq. (2). Convergent values are
found with p between 9 and 12.

IV. CALCULATED

RESULTS

AND CONCLUSIONS

The material parameters of (In,Ga)As given in Ref. 14
are used in the calculations. Figure 1 shows the plot of the
inverse relaxation times for the different scattering mechanisms versus the electron energy E. The inverse relaxation
times decrease with increasing E because the density of
states in the QWW varies as E-‘12. With a rise in the lattice
temperature, the phonon occupation number increases, leading to an enhancement of deformation-potential acoustic and
piezoelectric scattering rates. As the cross sectional area of
the QWW increases, the phonon and the alloy disorder scattering rates decrease, but the impurity scattering rate increases slightly. The alloy scattering is found to dominate the
momentum telaxation.
The dependence of h on the lattice temperature is displayed in Fig. 2. The mobility is found to decrease slightly
with increasing temperature. With a rise in temperature, the
electrons move to the high energy states. The fall of the
density of states at high energies overrides the increase of the
momentum relaxation time at such energies, causing the mo:
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FIG. 2 Variation of the ohmic mobility & with lattice temperature.Curves
a and b are for L=8 and 12 nm, respectively.

bility to decrease with an increase in temperature. The mobility increases with an increase of L because the alloy scattering rate controlling the mobility falls.
Figure 3 shows the variation of (d,u/dT,),, with lattice
temperature. (dp/dT,),,
is negative, alloy scattering being
important. As the temperature increases, I(d,u/dT,),, decreases since the density of states varies as E -l12. For a
higher L, (dp/dT,),,
is more negative as the alloy scattering
is then weaker. As the temperature increases, the phonon
occupation number increases, leading to an increase of the
energy loss rate. So, the function s(T,) increases with temperature, as is seen in Fig. 4. Deformation-potential acoustic
scattering controls the energy loss rate, with piezoelectric
scattering contributing 2 orders of magnitude less. As L increases, s(T,) is reduced, with phonon scattering being
.
weaker.
The warm-electron coefficient /3 is negative- here since
(dpdT&,
is negative. Figure 5 shows that IpI decreases
with an increase in the lattice temperature. The rise of s(T,j
coupled with the fall of I(dp/dT,j,,l
with temperature ac-
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FIG, 5. Variation of the warm-electroncoefficient with lattice temperature.
Curves a and b have the same meaning as in Fig. 2. The solid curves give
the values in the electron temperaturemodel and the dashed curves give
those in the general model.
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counts for this behavior of /?. For a greater cross sectional
area of the QWW, /J is more negative since s(TJ is lower
and 1GWdTeh,I is higher for greater L. The sign of p is
different from that for a GaAs QWW where alloy scattering
is absent.12
Figure 5 also shows that, when the assumption of electron temperature is removed, the general behavior of p with
regard to the lattice temperature and the width of the QWW
remains the same. The dependence of ,6 on the system parameters is thus correctly understood in terms of the heated
Fermi-Dirac distribution. However, the values of (PI obtained in the general model are smaller than those obtained
in the electron temperature model. The warm-electron coefficient is, thus, sensitive to the form of the distribution function.
The warm-electron condition prevails for fields much
less than I/ fi. At an ambient temperature of 8 K, the effect
is thus observed for fields of about 500 V m-r. Experimental
data on warm electron transport in a QWW have not yet
appeared, though /3 has been measured for a 2D electron gas
in GaAs/(Al,Ga)As heterojunction.17 Similar measurements
in a (In,Ga)As QWW are required for a comparison with the
calculations reported here.
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