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We present a theoretical study of electron mobility in heavily Sid-doped GaAs in the presence of applied
hydrostatic pressure. At low temperature the electron-ionized impurity scattering is the most important scat-
tering mechanism. The presence ofDX centers in Si-doped GaAs results in spatial correlations of the charged
impurities, which increase the electron mobility through the structure factor of the charged-impurity distribu-
tion and/or a decrease in the density of the charged dopants. A Monte Carlo approach has been developed to
simulate this distribution in two dimensions for thed1/DX0 andd1/DX2 models. In the mobility calculation,
both intrasubband and intersubband scatterings are considered with the electron-electron screening within the
random-phase approximation. A detailed comparison between experiment and theory shows that theory ex-
cluding the correlation effects underestimates the electron mobility systematically. In cooperation with other
mechanisms, e.g., self-compensation of Si dopants, in thed layer, bothDX-center models can explain the
experimental results well. This indicates that in order to effectively study the electronic properties ofDX
centers via the electron mobility ind-doped structures, the samples must have a relatively low doping con-
centration in order to prevent self-compensation.@S0163-1829~97!08616-5#
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I. INTRODUCTION

In recent years there has been considerable interes
electron transport properties ofd-doped semiconductors be
cause of their potential applications in high-speed electro
and optoelectronic devices, as well as the fundamental s
of the interaction between the electrons and the charged
purities in the limit of strong coupling and the transpo
properties of systems with several populated subbands.1

By now it is well established2 that many donors in III-V
semiconductors have to be described by the coexistence
shallow donor state and a deep donor state. Several cal
tions of electron mobilities, excludingDX centers and as
550163-1829/97/55~19!/13093~7!/$10.00
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suming the measured free-electron concentration equal to
doping density, have been performed ford-doped GaAs
structures, and reasonable agreement was obtained with
experimental findings.3,4 However, the quantum mobilities
measured by Skuraset al.5 in d-doped GaAs structures with
a very high doping density (1.131013 cm22) in the pres-
ence of an external hydrostatic pressure up to 20 kbar ca
be explained by the existing theory described in Refs. 3
4 due to population ofDX centers. For bulk-doped semicon
ductors, the influence ofDX centers on electron mobility ha
been investigated both experimentally and theoretically
the presence of a hydrostatic pressure,6–8 which shows that
DX centers should be negatively charged. However,
13 093 © 1997 The American Physical Society



o
th
at
on

in
le
ro
e
ve
o

in
d
-

th

o
of
e
b
t
a
o-
th

of
ng
th

wi
pu
f

at
.
th
nd
ex
n
-
se
a
n

um

o
in
i

uc
m
tu
on

by
a

-

e
l
d

the
total

As.
-
,

d

at

-

to

d

e
e

13 094 55J. M. SHIet al.
analysis is valid for the sample having only the effects
DX centers, i.e., the free-electron density is very close to
doping density in the absence of any external hydrost
pressure; and ford-doped structures the charge distributi
has been studied by both Monte Carlo simulations9 and a
short-range correlation model.10 The experiments have
shown that the energy difference between theDX level and
the conduction-band minimum is decreased with increas
hydrostatic pressure. This results in a transfer of free e
trons to theDX state. As a consequence, the free-elect
density will decrease and the electron mobility will b
changed. In this paper we will generalize the abo
mentioned work to investigate theoretically the effects
DX centers on the electron mobility ind-doped structures.

In the present literature, there are two models describ
spatial correlations in the charge distribution of the mixe
valence system which exists when theDX states are popu
lated: thed1/DX0 model11 (d11e→DX0), in which the
impurities are either positively charged or neutral; and
d1/DX2 model2 (d112e→DX2), in which the impurities
are either positively or negatively charged. Since it is still n
fully clear which model is applicable, we will discuss both
them in this study of the low-temperature mobility of th
electrons. In the actual mobility calculation, both intrasu
band and intersubband scatterings are considered with
electron-electron screening within the random-phase
proximation ~RPA!, and the spatial correlations are intr
duced by the structure factor of the charge distribution in
d layer at T5120 K since the~Si! DX centers in GaAs
freeze out at this temperature.12

In the following we will describe the experimental data
Skuraset al.,5 who used a sample with a doping slab havi
a thickness of 20 Å. This sample allows us to expect that
two-dimensional~2D! DX model is a good approximation.10

A detailed comparison between experiment and theory
show the importance of correlation effects of charged im
rities clearly, but good agreement can been obtained only
the lowest subband in thed1/DX2 model. We think that the
theoretical results for the higher subbands are overestim
because self-compensation occurs in the Si-doped layer13,14

A simple estimation has been performed, which shows
inclusion of both self-compensation of the impurities a
spatial correlations of charged impurities can explain the
perimental data within bothDX-center models. Therefore, i
order to investigate the influence ofDX centers on the trans
port properties ofd-doped GaAs effectively one has to u
samples with relatively low doping density, so that mech
nisms such as clustering and self-compensation can be
glected.

This paper is organized as follows. In Sec. II the quant
mobility calculation of the electrons in ad-doped structure is
described, which shows clearly the importance of spatial c
relations of charged impurities. The charge distribution
two dimensions is simulated by a Monte Carlo approach
Sec. III, where the pair-correlation functions and the str
ture factors are given in the effective scales. A detailed co
parison of the theoretical results with the measured quan
mobilities is performed in Sec. VI. Our discussions and c
clusions are presented in Sec. V.
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II. MOBILITY CALCULATIONS

The structure under consideration, which was used
Skuraset al.,5 is a ~Si! slab-doped GaAs structure having
2D doping concentrationND51.131013 cm22 and a finite
layer widthWD520 Å. The electronic structure of this sys
tem can be determined by a self-consistent calculation,15,10

which produces the energyEI , the wave functionc I(z), and
the 2D electron densityNI of the I th subband as well as th
Fermi energy EF and the total confinement potentia
UEFF(z). In this calculation, influences of the backgroun
acceptors described by the 2D densityNA and the thickness
of the depletion layerWA (NA /WA5531014 cm23), band
nonparabolicity, and the exchange-correlation energy of
electrons have been taken into account. Therefore, the
electron energy is given byEI1\2ki

2/2m* , with kW i the elec-
tron wave vector in thex-y plane that is parallel to thed
layer, andm*5m0(11aP)/(12b\2kF

2/2m0) the electron
effective mass at the Fermi level, withm0 /me50.067 the
effective mass at the bottom of the conduction band of Ga
Two coefficients,a57.431023 kbar21 the pressure depen
dence andb51.07 eV21 the band nonparabolicity factor
are taken from Ref. 16.

With inclusion of the correlation effects of all the charge
impurities described by the structure factors(q

i
) in two di-

mensions, the quantum relaxation time,4,8 which is directly
related to the quantum mobility for the electrons located
the I th subbandm I

Q5et I
Q/m* , can be expressed by

1

t I
Q 5

m*

p\3(
I 8

E
0

p

du s~q
i
!uuI ,I 8~qi

!u2, ~1!

where uuI ,I 8(qi
)u2 is the square of the transition matrix ele

ment between stateuI ,kW
i
& and stateuI 8,kW

i
8& due to the

screened Coulomb potential expressed by

uuI ,I 8~qi
!u25

4p2e4Nc.i.

q
i
2WD

E
2WD/2

WD/2

dZi uGI ,I 8~qi
,Zi !u2, ~2!

whereNc.i. is the 2D density ofcharged impuritiesin the
d-doped layer, which equalsNd11NA for the d1/DX0

model andND1NA for thed
1/DX2 model. In Eq.~2!,

GI ,I 8~qi
,Zi !5

1

e0
(
J,J8

e
~ I ,I 8!,~J,J8!

21
~qW

i
!

3E
2`

`

dzcJ~z!cJ8~z!e2q
i
uz2Zi u, ~3!

with qW
i
5kW

i
82kW

i
the change in electron momentum due

charged-impurity scattering, andu the angle betweenkW
i
8 and

kW
i
; and e0 the dielectric constant of GaAs an

e (I ,I 8),(J,J8)
21 (qW

i
) is the element of the inverse matrix of th

dielectric function which will be calculated within th
RPA.17
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In the absence of the spatial correlations of the char
impurities, the value of the structure factors(q

i
) is equal to

1. This describes a random distribution of the charges wh
is the same as that of the dopants. A theory for the mob
calculation in this case has been developed in Ref. 4
which it was assumed that the density of the scatterer
equal to that of the free electrons (Nc.i..Ne). This corre-
sponds to thed1/DX0 model excluding the correlations. A
similar numerical calculation of the mobility has been p
formed, the results of which are shown in Fig. 1 by t
dashed curves for the pressure dependence of the qua
mobility of the electrons in the different subbands as co
pared to the experimental results~solid symbols! of Skuras
et al.5 It is clear that the existing theory seriously underes
mates the electron mobility in such a structure, and eve
not able to describe the measured data qualitatively. Furt
more, the calculated results obtained from the uncorrela
d1/DX2 model (Nc.i..ND , solid curves! cannot provide
any improvement. As a consequence, one may expect
the structure factors(q

i
), i.e., the correlation effects of th

charged impurities, should be responsible for the increas
the electron mobility under study.

It is well known that theDX state will be more occupied
with increasing doping concentration and/or the applicat
of hydrostatic pressure. In thed1/DX2 model the charged
impurity densityNc.i. remains constant, while it decreases
the d1/DX0 model with increasing pressure. This implie
that thed1/DX0 model has an effect on the electron mobili
through a decrease of the scatterer density, and
d1/DX2 model does not. However, the structure fac

FIG. 1. The subband quantum mobility as a function of hyd
static pressure ford-doped GaAs having a doping concentrati
ND51.131013 cm22, ad-layer widthWD520 Å, and an accepto
concentrationNA50.531012 cm22. The symbols are experimenta
data in Ref. 5, and the curves theoretical results excluding the
fects ofDX centers.
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s(q
i
) in Eq. ~1! reflects the influence of the spatial correl

tions in the charge distribution in thed layer, and diminishes
the output of the integrals for bothDX models. Therefore,
these correlation effects in thed-doped layer will lead to an
increase in the electron mobility, as was shown in Refs
and 8 for the bulk-doped structures.

III. MONTE CARLO SIMULATIONS
OF CORRELATION EFFECTS

At certain conditions, part of the free electrons will b
trapped byDX centers. This results in the coexistence of tw
kinds (d1 andDX0 or d1 andDX2) of donor states, and
reduces the total Coulomb energy of the system. If the te
perature is higher than the freeze-out temperature,12 all
DX-state electrons can move out of the donor centers. A
result, all impurities are positively charged in a random d
tribution. The structure factor, which influences the lo
temperature (T50 K! electron mobility, is determined a
T5120 K for Si-doped GaAs. In present work we use
Yukawa potential to describe the interaction between a
two (i and j ) impurities,

Ui , j~r i , j !5
eiej

e0r i , j
expS 2

r i , j
l D , ~4!

whereei denotes the charge of thei th center,r i , j the dis-
tance between thei and j donors, andl the electron screen
ing length given by the semiclassical, three-dimensio
Thomas-Fermi screening theory which has been proven t
a good approximation for the typicald-doped structures.18,10

The interaction depends weakly on the actual value ofl for
d-doped GaAs, which was determined to bel550 Åfor two
dimensions.18 This value has also been used in the pres
calculation.

The structure factors(q
i
) results from the Fourier trans

formation of the pair-correlation functions which are diffe
ent for two DX models. In the 2Dd1/DX0 model, it is
expressed by

s~q
i
!5122pN1E

0

`

@12g11~r!#J0~qi
r!r dr, ~5!

where N15Ne1NA and the pair-correlation function
g11(r) describes the probability of finding a positive
charged impurity at a distancer from a position at which
there is already a given ionized donor; in the 2Dd1/DX2

model, it is given by

s~q
i
!512

2p

ND
E
0

`

@4~Ne1NA!22g11~r!N1
2 2g22~r!N2

2

12g12~r!N1N2#J0~qi
r!r dr, ~6!

where the three functionsg11(r), g22(r), and g12(r)
describe correlations between positive-positive, negat
negative, and positive-negative pairs, respectively, a
N65(ND6Ne6NA)/2 are the densities of the6 charges.

-

f-
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A Monte Carlo calculation was developed in Ref. 9
simulate the charge distribution ind-doped structures. Now
we will extend this work to calculate the structure factor
order to obtain modifications of the mobility due to the co
relation effects. The simulations use square geometry w
periodic boundary conditions, in which the length of t
square is 4 in units of length, and the total number of imp
rities is 1000. This choice allows us to use the followi
conventional measurements:l 0 (Å)5250/nD

1/2 as the unit of

FIG. 2. Pair-correlation function in thed1/DX0 model obtained
from Monte Carlo simulations atT5120 K for N1 /ND50.2, 0.4,
0.6, and 0.8.
th

-

length where nD (cm22)5ND/10
13; and R0 (meV)

51162/l 0 as the unit of energy, so that the pair-correlati
functions and the structure factors can been given in a
versally functional form which depends on only the ratio
Ne /ND . In general, the total free-electron densityNe should
be obtained by a solution of the equilibrium equation of t
reservoirs ofDX centers and the free electrons. Howev
this work is very computer time consuming. In order to d
scribe the measured electron mobility, one can take the
perimental data ofNe as input into the simulations, which
displays the correlation effects in the structures.

Figure 2 shows the pair-correlation functiong(r) ob-
tained from the Monte Carlo simulations for thed1/DX0

model at temperatureT5120 K for the four different ratios
of Ne /ND50.2, 0.4, 0.6, and 0.8, where we assume t
NA is negligible. It is clear that the charges within the sm
separations are more correlated, that all the curves are
plike rather than steplike, and that with increasing the va
of Ne /ND the function becomes more steplike in charact
This is consistent with the conclusion of Ref. 10. We do n
find any significant oscillations ofg(r) because the system
under study is at high temperature.9

The three pair-correlation functions@~a! g11 , ~b! g22 ,
and~c! g12# in thed1/DX2 model are plotted in Fig. 3 for
Ne /ND50.0, 0.2, 0.4, 0.6, and 0.8. In this model the co
relations are shorter ranged as compared with those in
d1/DX0 model, because the positive and negative char
always try to construct the closest pairs@see~c!# and dimin-
ish the importance of long-range correlations.

The structure factors(q
i
) for the systems discussed i

Figs. 2 and 3 is plotted in Fig. 4 within thed1/DX0 model
~a! and thed1/DX2 model ~b!. Notice the following:~1!
The values ofs(q

i
) obtained from thed1/DX0 model are

systematically higher than those from thed1/DX2 model
because of the stronger correlations in the latter model.~2!
At q

i
50 thed1/DX2 model gives a monotonously decrea

ing function for the structure factor with decreasin
Ne /ND , because decreasingNe implies increasing the num
ber of the pairs of the positive and negative charges, wh
result in the stronger correlations in the system. This is d
ferent from thed1/DX0 model, where the structure facto
n
FIG. 3. The same as shown i
Fig. 2 but now for three pair-
correlation functions in the
d1/DX2 model including
N1 /ND50.0: ~a! g11 , ~b! g22 ,
and ~c! g12 .
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FIG. 4. The structure factor of the charge di
tribution obtained from the Fourier transforms o
the pair-correlation functions given by Figs.
and 3.~a! is for thed1/DX0 model, and~b! for
thed1/DX2 model.
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for Ne /ND50.2 is close to that forNe /ND50.8. This is due
to the fact thatNe /ND50 and 1 for this model give no
correlation effects, since there is only one kind of impurit
at these two limits.~3! All the results are positive, and ap
proach 1 with increasing momentum.

IV. COMPARISON WITH EXPERIMENT

Using Shubnikov–de Haas and persistent photoconduc
ity measurements, Skuraset al.5 obtained the hydrostatic
pressure dependence of the free-electron densities and
electron quantum mobilities in the individual subbands
d-doped GaAs structures withND51.131013 cm22 and
WD520, 50, and 100 Å, respectively. The present work w
be confined to the sample havingWD520 Å, since our cor-
relation models are described in two dimensions.

Starting from a solution of the equilibrium equation of th
reservoirs ofDX centers and the free electrons,10 we calcu-
s

v-

the
f

l

lated the electronic structure of the sample which was u
by Skuraset al. with inclusion of spatial correlation effect
of charged impurities in thed1/DX2 andd1/DX0 models,
where the pair-correlation functions were described by a s
function in a short-range interaction model. Good agreem
is found between theory and experiment for the electron d
sity of each subband within both of theDX models when all
dopant atoms can act asDX centers, in which two of the
parameters of theDX level were fitted: one is
dEDX /dP529 meV/kbar for both models, and the oth
EDX5290 meV atP50 for DX2 andEDX5210 meV for
DX0. However, all of these values are in the region of
ported values.7,14 Therefore, further investigation is neede
to test whichDX model is better to describe the experimen
findings.

In Fig. 5 we show a comparison of the same measu
mobilities ~solid symbols! as those in Fig. 1 with the theo
retical analysis within the two differentDX models including
the correlation effects@~a! d1/DX2 and ~b! d1/DX0#,
m

ts
FIG. 5. Comparison of the measured quantu
mobility in Ref. 5~solid symbols! with the calcu-
lated results including the correlation effec
within the step-function approximation~curves!
and by the Monte Carlo simulations~open sym-
bols! in the d1/DX2 ~a! andd1/DX0 ~b! mod-
els.
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FIG. 6. Comparison of the measured quantu
mobility in Ref. 5~solid symbols! with the calcu-
lated results including only the correlation effec
by the Monte Carlo simulations~open symbols!,
and with the results estimated from theDX center
and self-compensation mechanisms~triangles
connected with dashed curves! in the d1/DX2

~a! andd1/DX0 ~b! models.
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through Monte Carlo simulations~open symbols! as well as
in the step-function approximation7,19 ~curves!. In the Monte
Carlo calculation the experimental data
Ne57.2, 6.02, 5.45, 4.36, 3.87, and 1.94 in units
1012 cm22 have been used which were obtained at the p
sure P50.0, 6.3, 9.0, 13.2, 15.3, and 19.0 in units
kbar, respectively.5 The mobility calculation is performed a
zero temperature due to the experimental condition, but
structure factor is fixed atT5120 T, at which theDX cen-
ters are frozen out. It is clearly shown that the correlat
effects of the charged impurities enhance the electron mo
ity greatly. Note the following:~1! Thed1/DX0 model gives
larger corrections to the electron mobility than t
d1/DX2 model. This is due to the fact that thed1/DX0

model influences the mobility not only by the structure fac
but also by a decrease of the density of charged impurit
~2! The d1/DX0 model overestimates systematically t
quantum mobility, while thed1/DX2 model, including cor-
relation effects in the step-function approximation, improv
the results at low pressureP,10 kbar, especially atP50 as
compared to the theory excluding these effects~see Fig. 1!.
However it still underestimates the quantum mobility, a
fails to describe the experimental findings in the hig
pressure region.~3! Monte Carlo simulations within the
d1/DX2 model give a good agreement for the electron m
bility in the lowest subband for the whole pressure ran
and for excited subbands they show a qualitative behav
but the absolute values are twice as large as the meas
data. A possible explanation for the latter discrepancy is
ferred to Sec. V.

V. DISCUSSIONS AND CONCLUSIONS

We performed a theoretical study of the electron quant
mobility in the individual subbands of ad-doped GaAs struc-
ture, where the intrasubband and intersubband scattering
considered within the electron-electron screening in
RPA. In order to improve upon previous calculations,
Monte Carlo approach was developed to simulate
f
s-

e

n
il-

r
s.

s

-

-
,
r,
red
e-

are
e

e

charged-impurity distribution and to obtain the structure fa
tor of this distribution which influences the electronic sc
tering directly. The importance of spatial correlations
charged impurities, which enhance the electron mobi
greatly, has been shown. However, good agreement has
achieved between our calculation and experimentonly for
the lowest subband when thed1/DX2 model is used. This
cannot provide definite proof to confirm which model is be
ter to describe the electronic properties ofDX centers in the
present structure.

In order to explain the limiting electron density in GaA
with high Si-doping concentrations, several possib
mechanisms13,14 have been proposed, such as se
compensation of Si atoms, which should also influence
electron mobility. Including this mechanism into the prese
theory one can calculate the electron mobility through a
ting of the density of self-compensation Si atoms (NS.C.),
which are supposed to be in a random distribution in thed
layer. The maximum value ofNS.C.must be smaller than the
difference between the doping concentration and the t
free-electron density at ambient pressure. For the sample
der investigation this means that one h
0,NS.C.,3.831012 cm22. If we neglect the influence o
self-compensation on the distribution of all other charg
impurities in which the spatial correlations occur, the to
electron mobility due to different mechanisms~e.g.,DX cen-
ters and self-compensation atoms! can be approximated by

1

m tot
5

1

mDX
1

1

mS.C.
. ~7!

Figure 6 shows the calculated mobility including se
compensation given by the triangles connected by the das
curves as compared with the experimental data~solid sym-
bols! and the results from the previous calculation shown
Fig. 5 ~open symbols!. A considerable improvement is ob
tained for both models by use of the different values
NS.C.: 1.531012 cm22 for the d1/DX2 model and
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3.031012 cm22 for thed1/DX0 model. It is clearly shown
that bothDX models can give almost the same results, wh
are in reasonable agreement with the experiment excep
the lowest subband at high pressures.

The present analysis proves that it is impossible to de
mine clearly the electronic properties ofDX centers in
samples with such a high doping concentration,5,14since self-
compensation cannot be ruled out. In order to clarify t
problem effectively we propose to investigate our recen
proposedd-doped quantum barrier structures,10,19 which
need lower doping concentrations to populate theDX state;
N
.

o-
all
i

ut

c

rs
h
for

r-

s
y

thus the effects of other mechanisms~self-compensation,
clustering and so on! may be expected to be negligible.
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