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The low-temperature electron mobility ind-doped GaAs is calculated by using the Boltzmann equation and
the relaxation-time approximation. It is assumed that the electrons are scattered from ionized donors, which are
spread uniformly throughout some distance. For donor-ion spreading of 50 to 100 Å the calculated mobilities,
although still higher than experimental ones, are for some electron concentrations even 50% lower than those
calculated assuming genuined doping. The possibility for the observation of such discontinuities which appear
in the mobility when the Fermi level passes through the subband bottoms is discussed.
@S0163-1829~96!00532-2#

Recently we have calculated the low-temperature two-
dimensional electron-gas~2DEG! mobility in d-doped GaAs
assuming that the electrons are scattered from ionized donors
localized in a single atomic layer.1 Our theoretical results
were about two times higher than the mobilities deduced
from experiments. Temperature-dependent mobilities calcu-
lated in Ref. 2 were also higher than the measured ones. Also
the theoretical mobilities presented in Ref. 3 for low electron
concentrations ind-doped GaAs exceed the experimental
data.

In our case one of the reasons for the discrepancy men-
tioned above is the enormously high electron mobility in the
first excited subband. This is due to the fact that the wave
function of the electrons in the first excited subband has a
node at the doping plane. Thus, the potential associated with
ionized donors experienced by these electrons is weak. Of-
ten, in reality the doping profile differs from the intendedd
function and is characterized by some smearing of
dopants.4–8 It is evident that a less sharp doping profile will
result in a reduction of the mobility of the electrons men-
tioned above due to nonvanishing overlap of their wave
functions with the ionized-donor distribution.

We now calculate the low-temperature 2DEG mobility in
d-Si-doped and in addition weaklyp-type GaAs, solving the
Boltzmann equation in the relaxation-time approximation us-
ing one-, two-, and three-subband models depending on the
population of the subbands. In contrast to our previous cal-
culations, where genuined doping was considered, we as-
sume now that the electrons are scattered from ionized do-
nors which are spread at uniform density over some distance.

Finally, we discuss the possibility for the observation of
discontinuities which are exhibited by the mobility each time
the Fermi level coincides with the bottom of a subband. So
far, these discontinuities have been studied theoretically as
well as experimentally in the case of 2D electron systems in

Si/SiO2 and AlxGa12xAs/GaAs heterojunctions9–12 and in
multiple-quantum-well structures.13,14

The system we deal with is weaklyp-type GaAs with a
highly dopedn1 layer of finite thickness, with all Si donors
being ionized. We model our system assuming a uniform
distribution of a positive charge in a thin layer
(2d0<z<d0).

To find the subband structure of ad-doped semiconductor
we use the envelope-function method as well as the single-
particle approximation. To avoid a self-consistency problem
when determining the confining potentialV(z) we use the
Thomas-Fermi~TF! approximation~see Ref. 1 for details!.
The three-dimensional donor density takes the form
nD(z)5nDq(d02uzu), whereq is the Heaviside step func-
tion. Similarly, the density of ionized acceptors is
nA(z)5nAq(d2uzu), whered is determined by the condi-
tion that forz5d, V(z) approaches its bulk valueEc , i.e.,
the bottom of the conduction band at largez. The potential
V(z) is shown schematically in Fig. 1.

The electronic states of 2DEG are described by the fol-
lowing envelope functions and the corresponding eigenval-
ues@r5(x,y), k5(kx ,ky)#:

fnk~r !5
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wherehn andEn are solutions of the one-dimensional Schro¨-
dinger equation written in the effective-mass approximation
with V5V(z). Note thatEnk represents thenth subband
whose bottom isEn . To determinehn(z) andEn , we use a
variational procedure taking the solutions for the square-well
problem as trial functions@Eqs.~7!–~11! in Ref. 1#.

We restrict ourselves to theT50 case and calculate the
mobility limited by Coulomb scattering. The ionized Si do-
nors are spread out uniformly over a distance 2d0, whereas
charged acceptors are distributed over a distance 2d ~see Fig.
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1!. We have checked that for typicalND52d0nD and nA
values, say 1012 cm22 ~and higher! and 531015 cm23, re-
spectively, one can ignore the scattering from the acceptors
and take into account the scattering from the donors only.

The low-temperature transport mobilitym and the Hall
mobility mH are given by

m5
( inim i~EF!

( jnj
, mH5

( inim i
2~EF!

( jnjm j~EF!
, ~2!

wherem i is the mobility in thei th subband, andni is the
concentration of electrons in this subband. The mobility is
related to the relaxation time in thei th subband by

m i~E!5
ueu
m

t i~E!. ~3!

The relaxation timest i satisfy coupled linear equations9,15

Pn~E!tn~E!2 (
n85” n
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wherePn(E) andPnn8(E) are (E>En)
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The arguments of the Fourier transforms of the
effective potential are q5A2k(12cosf)1/2 and
q85(k222kk8cosf1k82)1/2, where k5@2m(E2En)/
\2] 1/2 andk85@2m(E2En8)/\

2#1/2.
Proceeding along the same lines as in Ref. 1~see Eqs.

~13! and ~14! therein! we assume a linear relationship be-
tween the matrix elements of the impurity potential and the
effective potential experienced by electrons. However,
Vnn8(r) and their 2D Fourier transformsVnn8(q) therein
should be replaced here by

Vnn8~r,z!5E dz8hn* ~z8!V~r,z82z!hn8~z8! ~7!

and appropriate Fourier transforms with respect to ther vari-
able, i.e.,Vnn8(q,z).

In our numerical calculations we use the dielectric matrix
obtained in the random phase approximation~RPA! ~Ref. 9;
see also Ref. 1 for details!.

Low-temperature mobilities limited by the Coulomb scat-
tering are calculated numerically from formulas~3!–~7! and
plotted as functions of areal donor concentrationND in Fig. 2
~transport mobility!, Fig. 3 ~Hall mobility!, and Fig. 4~sub-
band mobilities! for the dopingn1-layer thickness equal to
0, 50, and 100 Å.

The dependence of transport mobilities on doping
n1-layer thickness is graphically shown in Fig. 5.

The areal electron concentrationn2DEG is less thanND by
about 731011 cm22 for the considered values ofND and
d0.

FIG. 1. Schematic sketch of the potentialV(z) experienced by
electrons in ad-doped semiconductor with nonvanishing back-
ground acceptor density and a finite (2d0) width of donor distribu-
tion.

FIG. 2. Calculated transport mobilities of the 2DEG in
d-doped GaAs with background acceptor concentration
nA5531015 cm23 as a function of the areal donor concentration
ND . The width 2d0 of the square-shaped donor distribution is 0
~curve 1!, 50 Å ~curve 2!, and 100 Å~curve 3!.
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The significant scatter among the measured
mobilities2,7,8,16–21can be attributed to uncertainties in speci-
fication of sample parameters. For this reason any compari-
son with theoretical calculations should be considered to be
qualitative rather than quantitative. The results of our previ-
ous calculations1 of the 2DEG mobility in a trulyd-doped
semiconductor exceeded the experimental data by a factor of
2. Our present theoretical calculations indicate that introduc-
ing broadening into thed-like doping profiles ~real
d-doping semiconductor! would reduce both the transport
and the Hall mobilities for some electron concentration by up
to 30% and 50%, respectively, when the donor smearing is
about 50 to 100 Å. Note that smearing by 50 Å cannot be
detected reliably in experiments.4,7

By introducing broadening into the doping profiles we are
able to explain, at least for higher 2DEG concentrations, the
experimentally observed inequalitym2.m1. For genuined
doping we have1 m1.m2 ~see also the discussion in Ref. 7!.
One of the ways to broaden the doping profile is annealing.
Recently, it was observed that after annealing the mobility in
the lowest subband increases by a small amount but the mo-
bilities in the higher subbands decrease strongly.8,21 The re-
sults of our calculations are in accord with these observa-
tions: m0 andm1 behave like that with increasing doping-
layer thickness.

Due to structure in the density of states, the low-

FIG. 3. Calculated Hall mobilities of the 2DEG ind-doped
GaAs for the same cases as in Fig. 2.

FIG. 4. Calculated subband mobilitiesm i in d-doped GaAs for
the same cases as in Fig. 2.

FIG. 5. Calculated transport mobilities of the 2DEG in
d-doped GaAs as a function of the width 2d0 of the square-shaped
donor distribution. Areal donor concentrationsND : curve a,
631012 cm22; curveb, 3.731012 cm22; curvec, 331012 cm22;
curved, 2.331012 cm22; curvee, 1.731012 cm22; and curvef ,
1.331012 cm22. The background acceptor concentration is
nA5531015 cm23.
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temperature 2DEG mobility exhibits discontinuities as a
function of electron concentration each time the Fermi level
coincides with the bottom of a subband. Theoretically ob-
tained mobility discontinuities are shown in Figs. 2–5. To
the best of our knowledge, so far there has been no experi-
mental evidence for these anomalies inm in d-doped semi-
conductors.

We believe that the drops in the mobility are detectable
experimentally. This could be achieved by employing an-
nealing, which gives rise to broadening of the doping profile
and what follows modifies the position of the Fermi level.
Let ND

D andND
0 be the areal doping concentrations at which

the Fermi level coincides with the bottom of a given sub-
band, in the cases of realistic and genuined doping, respec-

tively (D denotes here the donor spread!. The 2DEG mobil-
ity in a sample with ND

D,ND,ND
0 will experience a

discontinuity in an otherwise smooth dependence on doping-
layer thickness in an interval@0,D#. Such a discontinuity
will not be present forND other than that mentioned above
~see Fig. 5!. Note that the calculated jumps in mobilities
~Fig. 5! are much larger~by a factor of 4! than the error in
most experiments.8,20
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