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Longitudinal diffusivity in n-type Hg0.8Cd0.2Te in the extreme quantum limit:
Effect of alloy scattering
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A theoretical model is proposed to study the effect of alloy scattering on the hot electron longitudinal
diffusivity in n-type Hg0.8Cd0.2Te in the extreme quantum limit, at a temperature of 4.2 K, assuming that the
electron-electron interaction is strong enough to maintain a displaced Maxwellian distribution. It is seen that
diffusivity increases with increase in electric field for all the scattering mechanisms, viz., ionized impurity
scattering, alloy disorder, and polar-optic-phonon scatterings. Unlike in low-field transport where alloy disor-
der scattering is the most dominant mechanism, here polar-optic-phonon scattering is the most effective one.
The effects of band hyperbolicity and free-carrier screening have also been examined. It is seen that when band
hyparabolicity and quantum screening are included in the model, the theoretical value of the longitudinal
diffusivity decreases.@S0163-1829~98!03023-9#
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I. INTRODUCTION

The knowledge of diffusion constant for high field is im
portant for understanding the device performance and op
tion. However, the Einstein relation for diffusion cannot
applied under the hot-electron condition because when h
electric field is applied the diffusion current causes a fir
order perturbation in the electron temperature and this in
produces an additional variation in the current that is prop
tional to the concentration gradient. The behavior of elect
diffusion in the presence of high field, therefore, is ve
much different from that at low fields. With the discovery
the quantum Hall effect, the studies on diffusive electr
transport in low and high electric fields in the extreme qu
tum limit condition has emerged as an interesting field
research. Studies on diffusive transport show that it is rela
to the Fermi energy and to various other physical parame
However, we have not come across any report on the s
on the high-field diffusion constant in the extreme quant
limit magnetic fields.

In this article, a general mathematical model is propo
to calculate the hot-electron longitudinal diffusivity for no
degenerate electron statistics. This formulation has been
plied to the case of Hg0.8Cd0.2Te to examine the effect o
alloy scattering on the hot electron diffusivity and then co
pare it with other scattering mechanisms and for vario
band structures.

II. THEORETICAL FORMULATION

The concentration gradient in a semiconductor may
produced from either inhomogeneity of the material or
external injection of charge carriers. When there is a va
tion in concentration, the carriers at any position experie
570163-1829/98/57~24!/15345~4!/$15.00
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a force proportional to the concentration gradient at t
point. The drift velocity, resulting from this force, can b
written as

Vd52DS dn

dzDn21, ~1!

whereD is diffusivity.
Let us consider the case of a semiconductor where

carrier concentration varies in thez direction and, say, the
external electric field is also applied in the same directi
The Boltzmann transport equation for diffusion can then
written as1

S \

m*
D kzS d f

dzD1S e

\ D ES d f

dkz
D1S d f

dt D5S d f

dt D
coll

, ~2!

wherem* is the effective mass,kz is thez component of the
electron wave vector,\ is Planck’s constant divided by 2p,
e is the electronic charge,E is the electric field, andf is the
distribution function given by2

f ~z,kz ,t !5 f 0~z,E,t !1kzf 1~z,E,t !. ~3!

Equation~2! can also be applied when a magnetic field
present. Let us assume that the magnetic field is also app
along thez direction. The expression for energy in the pre
ence of a quantizing magnetic field is then

E5
\2 kz

2

2m* a0

1~n11/2!\vc2
Ega0

2
, ~4!

where a0 measures the nonparabolicity and it approac
unity in the wide band-gap limit. The expression fora0 can
be written as
15 345 © 1998 The American Physical Society
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a05F11
2\vc

Eg
S 12ugu

m*

2m0
D G1/2

, ~5!

whereEg is the band gap,vc5eB/m* , ugu is the Lande´ g
factor, andm* andm0 are the band-edge effective and fre
electron masses respectively.

Recent studies on scattering mechanisms by Krishnam
thy and Sher3 and by Chen and Sher4 gradually manifested
on the idea of considering the hyperbolic band structure
minimize the deviation between the theory and experim
stimulate us to take the hyperbolic band energy expressio

E5~gk21c2!1/22c ~6!

with k25(n1 1
2 )(2eB/\)1kz

2 and the corresponding re
duced mass is obtained from 1/m* 5(1/\2k)(dE/dkz). The
termsg andc are adjusted to fit the calculated band struct
in the energy range of interest.

Using Eqs.~3! and ~4! in Eq. ~2! we get

f 152S \

m*
D t~E!Fd f 0

dz
1eE

d f 0

dE G , ~7!

wheret(E) is the relaxation time obtained from the corr
sponding scattering mechanism.

The current density is

J5E eVzdn, ~8!

5E
2`

` e

pm* a0

~ f 01kzf 1!kzdkz

5
2e

pm* a0
E

0

`

kz
2f 1dkz . ~9!

Making use of Eq.~4! and expression forf 1 from Eq. ~7!
in Eq. ~9! we get,

J52
81/2m* a0e

p2 S \

m*
D E

0

`

t~E!E1/2Fd f 0

dz
1eE

d f 0

dE GdE.

~10!

The perturbation on the distribution function would be sm
if a small concentration gradient is taken. Hence

f 05 f 0
0~n,E!11/n

dn

dz
f 0

1~n,E!, ~11!

where f 0
0 is the heated Fermi-Dirac distribution function.

Using Eq.~11! in Eq. ~10! we can write

J52
81/2a0e

pm* 1/2E0

`

t~E!E1/2Fd f 0

dz
1eES d f 0

0

dE
11/n

dn

dz

d f 0
1

dE D GdE

5
81/2a0e2E
pm* 1/2 E0

`

t~E!E1/2
d f 0

0

dE
dE
r-

o
t
as

e

l

2
81/2a0e

pm* 1/2E0

`

t~E!E1/2F d f 0

dEF

dEF

dn
1

eE
n

d f 0
1

dE GdES dn

dzD .

~12!

Comparing the above equation with

J5n0emE2eDL

dn

dz
, ~13!

we get

m52
81/2a0e

pm* 1/2n0
E

0

`

t~E!E1/2
d f 0

0

dE
dE, ~14!

DL5
81/2a0

pm* 1/2E0

`

t~E!E1/2
d f 0

dEF

dEF

dn
dE

1
81/2a0eE
pm* 1/2n0

E
0

`

t~E!E1/2
d f 0

1

dE
dE. ~15!

Then the expression for longitudinal diffusivity comes out

DL5
n0m

e

dEF

dn
1

81/2a0eE
pm*

1/2
a0
E

0

`

t~E!E1/2
d f 0

1

dE
dE. ~16!

The term (dEF /dn) in Eq. ~16! can be replaced bykBT/n
for hyperbolic band structure and the integration can be
placed by

1

kTE0

`

t~E!E1/2exp~2E!dE ~17!

for nondegenerate semiconductors.
When an electric field is applied parallel to the appli

magnetic field, the electrons gain energy from the elec
field and the temperature of the electron system increa
The difference between the electron temperature and the
tice temperature becomes large, causing the electrons to
more phonons than they absorb at higher electric fields
balance is needed to achieve a steady state where the e
input into the electronic system at a given field and the
ergy loss from the carriers are equal.

We first calculate the average energy loss rate per elec
through emission and absorption of acoustic and polar-o
phonons, the details of which have been deduc
elsewhere.5,6 The acoustic-phonon scattering via deformati
potential as well as via piezoelectric coupling has been
glected because it contributes little, to the energy-lo
mechanism. In calculating the energy-loss rate for acous
phonon scattering via the deformation potential, the phon
occupation number is assumed to be independent of ele
field and is given by Bose-Einstein statistics. The effect
phonon disturbance on the drift velocity due to lattice he
ing has been neglected because of the large wave-ve
acoustic phonon in the extreme quantum limit.2

The electric field is given by the relation

E5S P

em D 1/2

, ~18!
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whereP is the energy-loss rate andm is the mobility and its
value is calculated from the momentum relaxation times
carriers.7

When a large electric field is applied, the velocity of t
electrons becomes higher than the thermal velocity co
sponding to the lattice temperature. The electron energ
transferred to the lattice through the carrier scattering mec
nisms. In the presence of a quantizing magnetic fie
electron-electron interaction in a bulk material is strong
than that without a magnetic field due to quantum confi
ment effect and also due to the weakness of ionized impu
scattering in high magnetic fields. It can be assumed that
electron-electron interaction is strong enough to maintai
displaced Maxwellian distribution of carriers. The physic
condition required for the distribution to be a displac
Maxwellian8 implies that the sample should have a critic
electron concentration of about 1015 cm23. The drift veloc-
ity of carriers in the high-electric-field region is assumed
be proportional to the applied electric field with the electr
mobility as the constant of proportionality. This assumpti
is justified in the high-electric-field condition, where th
electron temperature model is considered. In the extre
quantum limit, the electron temperature model is used
electron gas because strong electron-electron interac
caused by the magnetic confinement as observed in the
dimensional electron system9 prevails in this case. The hig
electric field affects the mobility through the relaxation tim
t or the effective massm* ~for nonparabolic band semicon
ductors!, both being functions of electron temperature.1

So far as the intervalley scattering mediated by alloy d
order is concerned this can be neglected in the present c
The mobility in the lower valley (m l) is much larger than
that in the higher valleys (mh). Assumingm l@mh , the drift
velocity can be approximated by10

Vd5
m lE

11Rexp@2DE/~kBTe!#
, ~19!

FIG. 1. Variation of the hot electron longitudinal diffusivity i
n-type Hg0.8Cd0.2Te in the extreme quantum limit at 4.2 K for
magnetic field of 4 T for different scattering mechanisms~curvea
for ionized impurity, curveb for alloy, curve c for polar optic
phonon, and curved for all scattering! at a magnetic field of 4 T.
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whereR is the ratio of the densities of states in the upper
the lower valleys, respectively, andDE is the energy differ-
ences between the minima of these two valleys.Vd is very
small in our case and so can be neglected.

III. RESULTS AND DISCUSSION

The longitudinal diffusivity has been calculated inn-
Hg0.8Cd0.2Te using the material parameters taken from Re
1 and 11 at 4.2 K. The integration part of the right-hand s
of Eq. ~16! has been worked out numerically. The values
relaxation timest(E) have been calculated using the expre
sions given in Ref. 7 at a magnetic field of 4 T. The long
tudinal diffusivity has been calculated using the acous
phonon scattering, ionized impurity, alloy disorder, a
polar-optic-phonon scatterings.

The theoretically calculated values of longitudinal diff
sivity are plotted against the electric field in Fig. 1 for di

FIG. 2. Electric-field dependence of the hot-electron longitu
nal diffusivity in n-Hg0.8Cd0.2Te in the extreme quantum limit at 4.
K and magnetic field 4 T due to different band structures.

FIG. 3. Variation of the hot-electron longitudinal diffusivity in
n-Hg0.8Cd0.2Te in the extreme quantum limit at a magnetic field
4 T at 4.2 K for a different screening.
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ferent scattering mechanisms at a magnetic field of 4 T con-
sidering the hyperbolic nature of the conduction band. I
seen from the figure that, in general, diffusivity increas
with the electric field except in the case of ionized impur
scattering when the increase is very sharp. Since ionized
purity scattering is coulombic in nature, its efficiency d
creases with increase in electric field and gives rise to su
behavior. Here, polar-optic-phonon scattering is the m
dominant scattering mechanism, in contrast to the low-fi
condition where alloy scattering is the most effective one

The longitudinal diffusivity is plotted against the electr
field in Fig. 2 for different band structures at a temperature
4.2 K. It is seen that diffusivity attains a higher value for t
case of hyperbolic band, whereas inclusion of band nonp
bolicity decreases the diffusivity. The band nonparabolic
increases the scattering rate and also increases the e
dependent effective mass of conduction electrons
thereby decreases the diffusivity as also observed in exp
mental case.9

The screening of the carriers also affect the diffusivity
shown in Fig. 3 where the electric-field dependence of
diffusivity is shown. It is seen from this figure that the di
fusivity, when the quantum nature of the free-carrier scre
t
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ing is considered, is less than that when classical screenin
considered. In the extreme quantum limit, the electrons
cupy only the lowest Landau level since the magnetic field
assumed to be very strong, i.e.,\ vc@kBT. However, the
application of a magnetic field, however strong it may b
cannot provide the energy necessary to redistribute
shielding charges. It is the quantum nature of the fr
electron gas that gives rise to the effect due to magnetic fi
This is due to the noncommutation of the free-carrier Ham
tonian associated with the potential of the scattering cent
According to the low-field measurement of the heat capa
of n-Hg0.8Cd0.2Te by Nimtz and Gebhardt,12 the electrons in
the system behave as a nondegenerate electron gas i
magnetic quantum limit where only one degree of freed
of translational motion is left. The screening parameter, th
is modified due to the one-dimensional density of sta
caused by magnetic quantization. The effect of quantiza
is to reduce the inverse quantum screening length comp
to the ~inverse! Debye screening length. The inclusion
magnetic-field-dependent screening in the scattering ma
increases the scattering rate and hence decreases the
sivity.
,
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