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Effect of band nonparabolicity on mobility in a é-doped semiconductor
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We calculate the low-temperature mobility of a two-dimensiaf2®) electron gas in5-doped GaAs by
solving coupled Boltzmann equations in the relaxation-time approximation using one-, two-, or three-subband
models depending on the population of the subbands. We assume that the mobility is limited by ionized
impurity scattering, including intersubband contribution. Our results suggest that the nonparabolicity of the
conduction band plays the important role: it reduces the calculated 2D electron-gas mobility by about 20%,
which leads to a better agreement with experimental {&@163-18209)17035-9

I. INTRODUCTION be (see, for example, Refs. 4 angl 5

— 4 2
During the last several yearsi-doped semiconductors H=a, Vi apVotV. @)
have received considerable attention due to their fundamenFhe corrections due to conduction-band nonparabolicity are
tal and technological aspedisee the reviews in Ref)1in  represented by the;V* term only, i.e., the band warping is
our earlier papers® we calculated low-temperature, two- heglected,

dimensional electron-gdDEG) mobility in 5-doped GaAs 2401 1\2 52
assuming that the electrons are scattered from ionized donors al:—<— - —) . ap=m—, 2
which are localized in a single atomic layesr are spread 4Eg\m  mo 2m

out at uniform density over some distarictn the second and V=V(z) is the confinement potential that includes
case the broadening of the doping profile resulted in the reelectron-electron interaction. The eigenfunctions and eigen-
duction of the mobility, however, the calculated mobilities values of Eq.(1) can be sought in the forms
were still about several dozen percent higher than the mea- 1
sured ones. N Ty

In the present paper we examine the influence of Y1) = 27reXp(|kp)h”k(Z)’ ®
conduction-band nonparabolicity on 2DEG mobility in a
o-doped semiconductor. We are concerned witSi-doped
GaAs with nonvanishing background acceptor density. We
limit ourselves to the low-temperature case, assuming that
the electrons are scattered by the ionized impurities only. To
determine the mobility we solve coupled Boltzmann equa-
tions in the relaxation-time approximation using one-, two-,
or three-subband models depending on the subband popula-
tion.

Energy

II. SUBBAND STRUCTURE FOR
A 6DOPED SEMICONDUCTOR

We consider a weaklp-type GaAs with a highly doped
n™ layer of finite thickness with all donor@.g., Si atomps

=Y .

ionized. We assume that the positive charge is uniformly ° :
distributed in a thin layer { dg<z=<d;). This configuration FIG. 1. Schematic behavior of the potentlz) experienced by
is illustrated schematically in Fig. 1. electrons in as-doped semiconductor with a nonvanishing acceptor

For simplicity, the effective-mass Hamiltonian is taken to density and a finite (&,) width of the donor distribution.
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Eﬂk: E(n!k)+a2k2_alk4! (4)

Where;;:(x,y) and E=(kx ,ky). Both h,, and E(n,k) sat-
isfy one-dimensional Schdinger equation
(94 2 (92
— aly + 2alkzﬁ — azﬁ +V(Z) hnk(z)

=E(n,k)h,(2). 5

To find V(2), we employ the Thomas-Fermi approxima-
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FIG. 2. Subband separatidh —E¢ in 6-doped GaAs with a

tion which is already accurate to better than a few percent aackground acceptor concentratiog=5x 10*° cm™® vs areal do-
compared with the more realistic but at the same time mor&or concentratiomN . The width i, of the square-shaped donor

laborious self-consistent meth8dClassical expression for

distribution is ® A . The solid and dashed lines are for nonpara-

tion (see, for example, Ref. 7, Chap. 1 Sechére takes the
form

Er=aokZ(r)+ akg(r)+V(r). (6)

Now the Poisson equation readthe energy is measured
from the Fermi leveEg)

dZV_ 4 e?/2m)\3%2 Vig)192
02" Bme z) [TV
e? e?
+47—np(2)—47—nNu(2),
€0 €0

(7)

where np and n, are the ionized donor and acceptor 3D

Note that both formula$10) and (11) reduce to a familiar
form when nonparabolicity is neglected, i.e;,=0.

The influence of nonparabolicity on subband structure is
illustrated in Fig. 2. It turns out that the subband bottoms are
shifted by the nonparabolicity to higher energies. At the
same time the nonparabolicity leads to a lowering of 2DEG
concentrations); in individual subbands for>0, as shown
in Fig. 3. In contrast to it, the electron concentratignin the
lowest subband is higher than that calculated within the para-
bolic approximation. This agrees with the results of Zrenner,
Koch, and Plood,who used a more realistic formula for the
conduction-band dispersion.

density, respectively. The first term on the right-hand side is

the electron charge density obtained in the Thomas-Fermi

approximation. The expression 3V/2Eé is the first-order
correction due to the nonparabolicity, anEé=Eg(1
—m/mg) 2.

To calculateE(n,k) we apply the perturbation theory to
Eq. (5), treating — ay0% 9z*+ 2a,k?9%/ 92> as a perturba-
tion. Solutions to the unperturbed probleB?(n,k)=E,
— a,k?+ a;k* andh?, were obtained numerically. Finally,

Enk:[EO(nyk)+El(nvk)+ o ']+a’2k2—a1k4

=B+ ay(n)k?— a;k?,

8

where E,=E%—a,[dZ*h% 52?2 ay(N)=a,
—2ayfdZoh% 5z,
Now the transport mass,=#%2k(dE,/dk) ! depends

on both energ\e and the subband index

and

ﬁZ 4a,1 - —-1/2
— _ (E—
The density of states functidD(E) reads
m,(E) ~
D(E)=2 ——7 0(E-Ey), (10
n v

and, what follows, the concentration of 2DEG in tkth
subband af=0 K is

as(s)

_ 4(1’1
Ns(Ep)= dma, 1-11- (s

. 1/2
(EF—ES>} ] (11)

IIl. MOBILITY LIMITED BY IONIZED
IMPURITY SCATTERING

The system we deal with i$ Si-doped GaAs, with a
nonvanishing acceptor background densify. We restrict
ourselves to th& =0 case, and calculate the mobility limited
by the scattering from ionized donors which are uniformly
distributed within 21,. The scattering from acceptors can be
ignored.

Both the transport and Hall mobilities can be calculated in
the usual way:'° It turns out that the nonparabolic band
formulas can be obtained from the parabolic band ones by
the replacement ofm by m,(Eg) [Eq. (9)] and ng(Eg)
=m(Eg—EJ)/7h? by ny(Eg) given by Eq.(11). The low-
temperature transport mobility and the Hall mobilitywy
are given by

~ w &
n
o

n; (10"%cm2)

-

Np (10"%cm™2)

FIG. 3. 2DEG concentrations; in the individual subbands vs
areal donor concentratiddp in 5-doped GaAs for the same case as
in Fig. 2.



7770

Np (10'2cm™%)

FIG. 4. Calculated transport mobilities of the 2DEGédoped
GaAs for the same case as in Fig. 2.

Z ni(Ep) wi(Eg) Ei ni(Ep) u?(Eg)

m= v M= :
; n;(Eg) 2 n;(Eg) 1j(Ep)
(12)
where
-(E)=ﬂ {(E) (13
Mi mi(E) T

is the mobility in theith subband. Relaxation times satisfy
coupled linear equations

Po(E)To(E)—= > Pon(E) 7 (E)=1, (14)

n'#n

whereP,(E) andP, (E) are E>E,)

Np dg 27 )
Po(E)=grsmi(E) [ dz| TdgiVar, (0.2)
— Yo

nD dO
X (].‘_ C()S(b) + ii;;;%j§ n;é;n |11n/( EE) A,d()d V4
2 ) -
x| aolVey, (@' 21P0E-E,), a9
4500
4000
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FIG. 5. Calculated Hall mobilities of the 2DEG iA-doped
GaAs for the same case as in Fig. 2.
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FIG. 6. Calculated subband mobilitiegg in 5-doped GaAs for
the same case as in Fig. 2.

n ny (E)]*2
Pon(E)= 55 my(E) n”(E)}
n
dg 2
% [* dz| TaglVay, (@' 207050, (19
—dg 0 nn
Here  q=k[2(1—cos¢)]*? and q' = (k>+k'?

—2kk'cos¢)?, wherek?=27n,(E) and k'2=2mn,, (E).

Matrix elements of the effective potenti&l; experienced
by electrons are related to the matrix elements of the impu-
rity potential Vi, (here ionized donojsby

Vet (A,2)=2 €y 1 /(DVimg, (4.2),  (17)
I’
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FIG. 7. Calculated transport mobilities of the 2DEGdirdoped
GaAs vs the width 8, of the square-shaped donor distribution for
a nonparabolic band. Areal donor concentratidhs: curve a, 6
X 10 cm™?; curve b, 3.7x10% cm™2; curve ¢, 3x 102 cm™?;
curve d, 2.3x10% cm™2; curve e, 1.7X10% cm2; curvef, 1.3
X 10'2 cm~2. The background acceptor concentration nig=5
X 10% cm™3.
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with ! being an inverse dielectric matrix. In our notation IV. CONCLUSIONS
Vin(d,2) are the 2D Fourier transfornis|= (d,dy) ], Our results suggest that one would have to take band non-
parabolicity into account to achieve better agreement be-
Vo (0.2)= | d2oV.(p.2)exn —idp 18 tween theory and experiment. The mobilities calcu.lated ac-
n(6:2) J PV (p,2)€XH(~i0p) (18) cording to Eqs(12)—(19) are now close to the experimental

values, and we believe they are accurate within about 20%
- ] i (calculated mobilities are higher than the measured Jones
V(p,2) in three dimensions: Note that the significant scatter among the measured mobili-
ties (see, for example, Ref. 1, Chap. 17, and references
Vo (p,2)= J dz’h*(z2)V(p,z—2")hy(2)). (19) therein, which can be attributed to uncertainties in the speci-
fication of sample parameters, makes any detailed compari-
: . _ _ _son of the results rather difficult.

In_ num_encal calculations, we use Fhe dielectric matrix |, our previous papémwe discussed the possibility to ob-
obtained in the random-phase approximati®tef. 10; see gerye discontinuities in the low-temperature 2DEG mobility
also Ref. 2 for details In our calculations nonparabolic cor- j, 54 s-doped semiconductor &= E, . Here we would like
rections to the screening are ignored. to point out only that the nonparabolicity effect does not

Low-temperature mobilities limited by the Coulomb scat- change the conclusion of that discussion. 2DEG mobility ex-
tering are calculated numerically from formulés2)—(19)  hibits drops as a function of the width of the doping profile
and plotted as functions of areal donor concentrafyy  (see Fig. 7. The thickness of the doping profile in a given
=2dgnp in Figs. 4 (transport mobility, 5 (Hall mobility), ~ sample can be changed with the help of annedfntfAs in
and 6 (subband mobilitiesfor the doping layer width &, the previous caséFig. 5 in Ref. 3, the drops mentioned
=50 A (realistic 5 doping in contrast to genuiné doping  above are about four times larger than the error in most pre-
whend,—0). These results are compared with those for thecise experiments. Note, however, that the discontinuities in
parabolic band. Figure 7 shows how the transport mobilitie§he 2DEG mobility can be smeared out due to the level
depend on doping layer thickness. broadening, which should be taken into account in more re-

We checked numerically than(E) dependence accounts alistic calculations.
for most of the change in the electron mobility due to the
nonparabolicity of the conduction band. Nonparabolic cor-
rections tong(E) as well as to the subband structure can be This work was partially supported by the Consejo de De-
ignored in the first step when determinipg The error of  sarollo Cientiico Humanstico y Technolgico de la Univer-
such an approximation does not exceed several percent. sidad de Los Andes, Miga, Venezuela.

of the matrix elements with respect o of the potential
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