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High electric field transport in In (54Gag 4/AS 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 Iy 54Ga& 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.

The optical and the transport properties of two-contribution of LO-phonon scattering is insignificZnEur-
dimensional (2D) electron gas in Ins{Ga 4+As have at- thermore, the effect of remote impurity scattering is not in-
tracted much attention in recent years, including their applicluded here as it can be reduced substantially by introducing
cations in modern devicdsGalvanomagnetic transport in @ thick spacer layét.The electrons lose energy through
(In,GaAs quantum well§QW's) under Ohmic electric fields deformation-potential acoustic scattering for electron tem-
was investigated earlier by Ghosh and ChattopadRygyt ~ Peratures less than 40%The contribution of the piezoelec-
studies for a high heating electric field and a crossed lowfiC Scattering is an order of magnitude loveand hence not
nonquantizing magnetic field are scarce in the literature, pafncluded in the calculations here.

ticularly for (In,Ga)As QW's. In this paper, we calculate the In thg rectangu!ar Cartesian_ coordi_nate system, we take
galvanomagnetic transport coefficients viz. Hall mobility, the z axis perpendicular to the interfacial planes so that the

Hall-to-drift mobility ratio, and magnetoresistance coeffi- carriers are free to move parallel to thgplane. The classi-

cient of 2D hot electrons in a square QW (@h,GaAs for cal magnetic fieldB and the heating electric field are as-

. o X . sumed to act along the and thex axis, respectively. The
nonquantizing magnetic fields for lattice temperatures in theFeduction of the effect of ionized impurities and improved

range of 4-15 K in the framework of the heated Ferm"D'raccarrier confinement establish a strong electron-electron inter-

distribution function. Low Ifa.ttic.e temperatures are prefe”edaction in the channel. An electron temperature is, therefore,
because the electron mobility is enhanced due to the reduggiapished in a 2D electron gas system, as revealed in pho-
tion of phonon scattering and the suppression of ionized iMgo|uminescence experimeritsthe carrier distribution func-
purity scattering caused by modulation dopilso, at low  tion is thus given by
temperatures, noise and energy spread of electrons involved
in the trqnsport are redqced substa_ntiélﬁ]he effects of f(k)="fo(E)+ (ehF/m*)(— df o/ IE)[ ke£(E) — wgky&(E)],
changes in the channel width, the lattice temperature, and the 1)
electric and magnetic fields on the galvanomagnetic transport
coefficients are studied here. where fo(E) is the Fermi-Dirac distribution function at an

A square QW ofIn,GaAs with infinite barrier height and  electron temperaturg, . e aan* are the electronic charge
of width L, is considered. The carriers are assumed to ocand effective mass, respectively,is the Planck’s constant
cupy the lowest subband only. Over the range of lattice temdivided by 2r, wg (=eB/m*) is the cyclotron angular fre-
peratures, the channel width, and the 2D carrier concentréiuency,ky andk, are thex andy components of the 2D
tion considered here, the separation between the first excitetfave vectork for the electron energf, and ¢, and &, are
state and the ground quantum state is found to be at lealiie perturbation functions. As streaming of the distribution
four times the average carrier energy at the highest heatingnction is not important and the scattering processes are not
electric field, thus justifying the foregoing assumptions. ~ Mainly in the forward direction, the two-term Legendre poly-

Screened carrier scattering via deformation-potentianomial expansion of is used here.
acoustic, background impurities, and alloy disorder are con- 1he heating electric fielé and the electron temperature
sidered as they are the major scattering mechanisms at lohe are related through the energy balance equation:
temperatures.The energy loss at higher electron tempera-
tures is dominated by longitudinal-optitO) phonon< the
treatment of which must include several complexities that
are not yet fully resolved.However, the heating electric
fields and lattice temperatures considered here are such that For inelastic screened deformation-potential acoustic scat-
the electron temperature is always below 30 K so that theering, (9f/dt), iS Obtained from the square of the relevant

J E((?f/(?t)ﬂemdk“"[ E((?f/(?t)coudkzo (2)
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FIG. 1. Variation of Hall mobility {+;) and magnetoresistance ELECTRIC FIELD (V/m)
(Ry) with the channel width I(,) for a nonquantizing magnetic
field of 0.001 T for a lattice temperature 4 K, 2D carrier concentra-
tion (n,p) of 6xX 10" m~2 and impurity concentrationng,;) of 6
X10°t m™3 (1),(1): E=250 V/Im; (2),(2'): E=500 V/m;
3),(3"): E=750 V/m.

FIG. 2. Plots of Hall mobility f+,;) and Hall-to-drift mobility
ratio (ry) vs electric field for a typical channel width of 10 nm at a
lattice temperaturefol K with the parameters of Fig. 1. The con-
tributions of various scattering mechanisms acting separately are
shown.(1): B=0.001T;(2: B=0.005T;(3): B=0.01T.
matrix element for the 2D systéfhfollowing the procedure

similar to that used for the bulk materidl. Thus f,(E Here A=e/(%i2mn,p) and u,,(0) is the value ofw,, for B
+hog) is expanded in a Taylor series and the terms with_

powers high".‘-‘r than 2 are neglected, the a_lcoustic—phonon en- Iiigure 1 depicts the variation of Hall mobilityu(;) and
ergy fiwq being much less than the carrier enefgyThe o qnetoresistance coeffcier®,{) with the channel width

integrations are carried out numerically over the in-plane an L) for a nonquantizing magnetic field of 0.001 T at electric

the perpendicular components of the 3D phonon wave VeCtGie|4s of 250, 500, and 750 V/m for a lattice temperature of 4
Q retaining only the highest-order termsnm* u, /%, where K. Typical values of 6 10*m~2 for 2D carrier concentra-

u; is the longitudinal acoustic velocity. tion (n,p) and 6x 10°*m~2 for impurity concentrationfy,;
The perturbation functions, determined from the Boltz—are l(JszeDd) here in the calculatior?sH gecreases ank m|br|1)
m

mann transport equation, are given by creases with,. This nature of variation is linked with the

_ 2 2 fact that asL, increases, the phonon scattering becomes
&(B)=7(B)/[1+wpm(B)], @ Wweaket? and the impurity scattering gets strong@n,, is
lower andR,, is higher at higher electric fields. Whery is
£/(E)=(E)&,(E). @ m 1S 9 d o

increased from 8 to 12 nmyy decreases by 25% at 250
V/m, 30% at 500 V/m, and 35% at 750 V/m. But the increase
of Ry, is more than an order of magnitude in all the cases
considered here.

Figure 2 shows the calculated electric field dependence of

Here, 7(E) is the momentum relaxation time given by

7 HE)= 700 (BE) + mimp(E) + 751 (E), (5)
wheret,{E), Timp(E), and7,(E) are, respectively, the mo-
mentum relaxation times for acoustic, ionized impurity, and
alloy scattering. The detailed expressions feg{E),
Timp(E), and 7,(E) are, respectively, found in Refs. 12, 13,
and 14. The Hall mobility &), the magnetoresistance co-

s
[=]
1

=

>
efficient (R,,), and the Hall-to-drift mobility ratio () are ? . §
expressed by = 3ok "t £
3 %)
MH™ (/‘LXX(O)|IU'Xy|)/B(ILLXX+ :U“xy)a (6) g 1 413° &
2 20k ¢ E
Rin= (B uxxity //-ny_ 1), (7) £ J165 é
Z
rH:MH/ILLXX(O)’ (8) 10 | | L 167
5 10 15
where
LATTICE TEMPERATURE(K)
szAf E&(E)(—afglJE)dE, (9) FIG. 3. Plots of Hall mobility +,;) and magnetoresistancB,{)
vs lattice temperature for a typical electrical field of 500 V/m and
channel width of 10 nm. The other parameters are the same as in
Fig. 1. (1),(1): B=0.001 T; (2),(2'): B=0.005 T; (3),(3"):
,u,Xy:AwBJ’ E&,(E)(—dfo/JE)dE. (10) Bgm(g_( ) @.2) ®.3)
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v electric field due to the combined scattering mechanisms, but
1.02 ! it is not larger than 1.04. Hence, the replacement of the Hall
—= mobility by the drift mobility will not introduce great errors.

3 The Hall ratio also decreases with the increase of the mag-
netic field.

The variations ofuy andR,, with the lattice temperature
1.005 ) for a typical electric field of 500 V/m and channel width of
8 10 12 10 nm with the parameter values of Fig. 1 are shown in Fig.

CHANNEL WIDTH [nm] 3. uy decreases aanm increases with the riS(_a_of lattice

temperature T,). R,, is found to be very sensitive to the
changes irB. But the Hall mobility .y is quite insensitive to
a change inB. We find that asB is reduced from 0.01 to
0.001 T,uy changes by 2% to 3% only. As the lattice tem-
perature increases, the phonon scattering gets stronger due to
the increase of the phonon occupation number, thereby de-
creasinguy -
Hall mobility (xy) and the Hall-to-drift mobility ratio ) The variation of the Hall ratio with the channel width for
for a typical channel width of 10 nm at a lattice temperaturedifferent lattice temperatures is depicted in Fig. 4. The other
of 4 K. The other parameters are the same as in Fig. 1. Thparameters are the same as in Fig. 1. From Fig. 4 it is evident
contributions of the various scattering mechanisms actinghat the Hall ratio remains almost constant with the variation
separately are depicted in the figure. The mobilities limitedof channel width ;). The Hall ratio is very close to unity at
by deformation-potential acoustic and alloy disorder scatterlow lattice temperatures as a result of the strong degeneracy
ings are found to decrease with increasing electric field duef the carrier distribution function.
to the enhancement of electron temperature. The ionized In conclusion, the magnetoresistance is found to be more
impurity-limited mobility, however, increases with the in- sensitive thamny or ry to the changes in the lattice tempera-
crease of the electric field due to its Coulombic nature. Theure, the channel width, and the magnetic and the electric
overall mobility (solid curve is dominated by the ionized fields. Thus the experimental measurementsRgf would
impurity scattering, which is the major mechanism in deter-shed more light on the scattering rates controlling the carrier
mining the Hall mobility. The Hall ratio increases with the kinetics in(In,GaAs QW's.

1.01

HALL RATIO

FIG. 4. Plots of Hall-to-drift mobility ratio ) vs channel
width (L,) for a typical electric field of 500 V/m and magnetic field
of 0.001 T. The other parameters are the same as in Fi@l)1.
T.=4K; (2: T,=10K; (3): T, =15K.
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