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High electric field transport in In 0.53Ga0.47As quantum wells under nonquantizing magnetic fields
at low temperatures
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Hall mobility, magnetoresistance coefficient, and Hall-to-drift mobility ratio of two-dimensional hot elec-
trons in In0.53Ga0.47As square quantum wells are calculated for classical magnetic fields for lattice temperatures
in the range 4–15 K considering the degeneracy of the distribution function and incorporating screened
deformation-potential acoustic, ionized impurity, and alloy disorder scattering. The variations of the galvano-
magnetic coefficients with the channel width, the lattice temperature, and the electric and magnetic fields are
studied. The magnetoresistance is found to change more remarkably than the Hall mobility or the Hall ratio
with changes in the lattice temperature, the channel width, and the electric and magnetic fields.
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The optical and the transport properties of tw
dimensional ~2D! electron gas in In0.53Ga0.47As have at-
tracted much attention in recent years, including their ap
cations in modern devices.1 Galvanomagnetic transport i
~In,Ga!As quantum wells~QW’s! under Ohmic electric fields
was investigated earlier by Ghosh and Chattopadhyay.2 But
studies for a high heating electric field and a crossed
nonquantizing magnetic field are scarce in the literature, p
ticularly for ~In,Ga!As QW’s. In this paper, we calculate th
galvanomagnetic transport coefficients viz. Hall mobili
Hall-to-drift mobility ratio, and magnetoresistance coef
cient of 2D hot electrons in a square QW of~In,Ga!As for
nonquantizing magnetic fields for lattice temperatures in
range of 4–15 K in the framework of the heated Fermi-Dir
distribution function. Low lattice temperatures are preferr
because the electron mobility is enhanced due to the re
tion of phonon scattering and the suppression of ionized
purity scattering caused by modulation doping.3 Also, at low
temperatures, noise and energy spread of electrons invo
in the transport are reduced substantially.4 The effects of
changes in the channel width, the lattice temperature, and
electric and magnetic fields on the galvanomagnetic trans
coefficients are studied here.

A square QW of~In,Ga!As with infinite barrier height and
of width Lz is considered. The carriers are assumed to
cupy the lowest subband only. Over the range of lattice te
peratures, the channel width, and the 2D carrier concen
tion considered here, the separation between the first exc
state and the ground quantum state is found to be at l
four times the average carrier energy at the highest hea
electric field, thus justifying the foregoing assumptions.

Screened carrier scattering via deformation-poten
acoustic, background impurities, and alloy disorder are c
sidered as they are the major scattering mechanisms at
temperatures.5 The energy loss at higher electron tempe
tures is dominated by longitudinal-optic~LO! phonons,6 the
treatment of which must include several complexities t
are not yet fully resolved.7 However, the heating electri
fields and lattice temperatures considered here are such
the electron temperature is always below 30 K so that
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contribution of LO-phonon scattering is insignificant.6 Fur-
thermore, the effect of remote impurity scattering is not
cluded here as it can be reduced substantially by introduc
a thick spacer layer.8 The electrons lose energy throug
deformation-potential acoustic scattering for electron te
peratures less than 40 K.6 The contribution of the piezoelec
tric scattering is an order of magnitude lower,6 and hence not
included in the calculations here.

In the rectangular Cartesian coordinate system, we t
the z axis perpendicular to the interfacial planes so that
carriers are free to move parallel to thexy plane. The classi-
cal magnetic fieldB and the heating electric fieldF are as-
sumed to act along thez and thex axis, respectively. The
reduction of the effect of ionized impurities and improve
carrier confinement establish a strong electron-electron in
action in the channel. An electron temperature is, therefo
established in a 2D electron gas system, as revealed in
toluminescence experiments.9 The carrier distribution func-
tion is thus given by

f ~k!5 f 0~E!1~e\F/m* !~2] f 0 /]E!@kxj~E!2vBkyj~E!#,
~1!

where f 0(E) is the Fermi-Dirac distribution function at a
electron temperatureTe . e andm* are the electronic charg
and effective mass, respectively,\ is the Planck’s constan
divided by 2p, vB (5eB/m* ) is the cyclotron angular fre-
quency,kx and ky are thex and y components of the 2D
wave vectork for the electron energyE, andjx and jy are
the perturbation functions. As streaming of the distributi
function is not important and the scattering processes are
mainly in the forward direction, the two-term Legendre pol
nomial expansion off is used here.

The heating electric fieldF and the electron temperatur
Te are related through the energy balance equation:

E E~] f /]t !fielddk1E E~] f /]t !colldk50. ~2!

For inelastic screened deformation-potential acoustic s
tering, (] f /]t)coll is obtained from the square of the releva
15 331 ©2000 The American Physical Society
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matrix element for the 2D system10 following the procedure
similar to that used for the bulk material.11 Thus f 0(E
1\vq) is expanded in a Taylor series and the terms w
powers higher than 2 are neglected, the acoustic-phonon
ergy \vq being much less than the carrier energyE. The
integrations are carried out numerically over the in-plane
the perpendicular components of the 3D phonon wave ve
Q retaining only the highest-order terms inm* ul /\, where
ul is the longitudinal acoustic velocity.

The perturbation functions, determined from the Bol
mann transport equation, are given by

jx~E!5t~E!/@11vB
2t2~E!#, ~3!

jy~E!5t~E!jx~E!. ~4!

Here,t(E) is the momentum relaxation time given by

t21~E!5tac
21~E!1t imp

21~E!1tal
21~E!, ~5!

wheretac(E), t imp(E), andtal(E) are, respectively, the mo
mentum relaxation times for acoustic, ionized impurity, a
alloy scattering. The detailed expressions fortac(E),
t imp(E), andtal(E) are, respectively, found in Refs. 12, 1
and 14. The Hall mobility (mH), the magnetoresistance co
efficient (Rm), and the Hall-to-drift mobility ratio (r H) are
expressed by

mH5~mxx~0!umxyu!/B~mxx
2 1mxy

2 !, ~6!

Rm5~BmxxmH /mxy21!, ~7!

r H5mH /mxx~0!, ~8!

where

mxx5AE Ejx~E!~2] f 0 /]E!dE, ~9!

mxy5AvBE Ejy~E!~2] f 0 /]E!dE. ~10!

FIG. 1. Variation of Hall mobility (mH) and magnetoresistanc
(Rm) with the channel width (Lz) for a nonquantizing magnetic
field of 0.001 T for a lattice temperature 4 K, 2D carrier concent
tion (n2D) of 631015 m22 and impurity concentration (nbi) of 6
31021 m23. ~1!,~18!: E5250 V/m; ~2!,~28!: E5500 V/m;
~3!,~38!: E5750 V/m.
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HereA5e/(\2pn2D) andmxx(0) is the value ofmxx for B
50.

Figure 1 depicts the variation of Hall mobility (mH) and
magnetoresistance coeffcient (Rm) with the channel width
(Lz) for a nonquantizing magnetic field of 0.001 T at elect
fields of 250, 500, and 750 V/m for a lattice temperature o
K. Typical values of 631015m22 for 2D carrier concentra-
tion (n2D) and 631021m23 for impurity concentration (nbi)
are used here in the calculations.mH decreases andRm in-
creases withLz . This nature of variation is linked with the
fact that asLz increases, the phonon scattering becom
weaker12 and the impurity scattering gets stronger.13 mH is
lower andRm is higher at higher electric fields. WhenLz is
increased from 8 to 12 nm,mH decreases by 25% at 25
V/m, 30% at 500 V/m, and 35% at 750 V/m. But the increa
of Rm is more than an order of magnitude in all the cas
considered here.

Figure 2 shows the calculated electric field dependenc

- FIG. 2. Plots of Hall mobility (mH) and Hall-to-drift mobility
ratio (r H) vs electric field for a typical channel width of 10 nm at
lattice temperature of 4 K with the parameters of Fig. 1. The con
tributions of various scattering mechanisms acting separately
shown.~1!: B50.001 T; ~2!: B50.005 T; ~3!: B50.01 T.

FIG. 3. Plots of Hall mobility (mH) and magnetoresistance (Rm)
vs lattice temperature for a typical electrical field of 500 V/m a
channel width of 10 nm. The other parameters are the same a
Fig. 1. ~1!,~18!: B50.001 T; ~2!,~28!: B50.005 T; ~3!,~38!:
B50.01 T.



r
T
tin
te
te
du
ize
-
h

er
e

but
all

.
ag-

f
ig.

e
e

-
ue to
de-

r
her
ent

ion
t
racy

ore
a-
tric

rier

ld

PRB 62 15 333BRIEF REPORTS
Hall mobility (mH) and the Hall-to-drift mobility ratio (r H)
for a typical channel width of 10 nm at a lattice temperatu
of 4 K. The other parameters are the same as in Fig. 1.
contributions of the various scattering mechanisms ac
separately are depicted in the figure. The mobilities limi
by deformation-potential acoustic and alloy disorder scat
ings are found to decrease with increasing electric field
to the enhancement of electron temperature. The ion
impurity-limited mobility, however, increases with the in
crease of the electric field due to its Coulombic nature. T
overall mobility ~solid curve! is dominated by the ionized
impurity scattering, which is the major mechanism in det
mining the Hall mobility. The Hall ratio increases with th

FIG. 4. Plots of Hall-to-drift mobility ratio (r H) vs channel
width (Lz) for a typical electric field of 500 V/m and magnetic fie
of 0.001 T. The other parameters are the same as in Fig. 1.~1!:
TL54 K; ~2!: TL510 K; ~3!: TL515 K.
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electric field due to the combined scattering mechanisms,
it is not larger than 1.04. Hence, the replacement of the H
mobility by the drift mobility will not introduce great errors
The Hall ratio also decreases with the increase of the m
netic field.

The variations ofmH andRm with the lattice temperature
for a typical electric field of 500 V/m and channel width o
10 nm with the parameter values of Fig. 1 are shown in F
3. mH decreases andRm increases with the rise of lattic
temperature (TL). Rm is found to be very sensitive to th
changes inB. But the Hall mobilitymH is quite insensitive to
a change inB. We find that asB is reduced from 0.01 to
0.001 T,mH changes by 2% to 3% only. As the lattice tem
perature increases, the phonon scattering gets stronger d
the increase of the phonon occupation number, thereby
creasingmH .

The variation of the Hall ratio with the channel width fo
different lattice temperatures is depicted in Fig. 4. The ot
parameters are the same as in Fig. 1. From Fig. 4 it is evid
that the Hall ratio remains almost constant with the variat
of channel width (Lz). The Hall ratio is very close to unity a
low lattice temperatures as a result of the strong degene
of the carrier distribution function.

In conclusion, the magnetoresistance is found to be m
sensitive thanmH or r H to the changes in the lattice temper
ture, the channel width, and the magnetic and the elec
fields. Thus the experimental measurements ofRm would
shed more light on the scattering rates controlling the car
kinetics in ~In,Ga!As QW’s.
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