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Magnetotransport properties of a pseudomorphic GaAs/Gao. sino. 2As/Gao. 75AlQ. 25As heterostruc-
ture are investigated in pulsed magnetic fields up to 50 T and at temperatures of T =1.4 and 4.2 K.
The structure studied. consists of a Si 6 layer parallel to a Gao. sino. 2As quantum well (QW). The
dark electron density of the structure is ne = 1.67 x 10 m . By illumination the density can be
increased up to a factor of 4; this way the second subband in the Gao. sino. qAs QW can become
populated as well as the Si b layer. The presence of electrons in the 8 layer results in drastic changes
in the transport data, especially at magnetic fields beyond 30 T. The phenomena observed are inter-
preted as (i) magnetic freeze-out of carriers in the h layer when a low density of electrons is present
in the b layer, and (ii) quantization of the electron motion in the two-dimensional electron gases in
both the Gas. sino. qAs QW and the Si h layer in the case of high densities. These conclusions are
corroborated by the numerical results of our theoretical model. We obtain satisfactory agreement
between model and experiment.

I. INTRODUCTION

Since the discovery of the two-dimensional electron
gas (2DEG) at the interface of a GaAs/Gaq Al As
heterojunction, the physical properties of 2DEG's in
III-V semiconductors have been intensively investigated.
One of the basic requirements for fast electronic de-
vices based on such semiconductor 2DEG's is a high
conductivity. In modulation-doped GaAs/Gaq Al As
heterostructures grown by molecular-beam epitaxy,
electron mobilities as high as 1000 m2/V s can be
achieved at temperatures below 4 K. However, the
two-dimensional (2D) electron densities in these high-
mobility systems are usually not much larger than a few
times 10 m . 4 At high temperatures the mobility in
2D GaAs based systems is strongly limited by optical
phonon scattering. s Therefore, high electron densities
are needed in order to achieve high room-temperature

conductivities. Much greater densities of 2D electrons
then in GaAs/Gaq Al As structures can be accommo-
dated in GaAs/Gaq In As/Gaq „Al„As systems. This
is due to the large conduction-band o8'set, which re-
sults in larger con6nement energies for the 2D electrons.
When the Ga~ In As layer is thin enough the lattice
mismatch between Gaq ~In~As and Ga~ „Al„As is ac-
commodated by the Ga~ In As layer without introduc-
ing mis6t dislocations, ' resulting in a pseudomorphic
structure.

The electron concentrations in GaAs/Gay In As/
Gaq ~A1„As structures can be further increased by mak-
ing use of a b-function-like doping pro6le ' instead
of a uniformly Si-doped Gaz „Al„As layer. This also
results in an enhanced mobility ' as compared to
modulation-doped structures with uniformly doped lay-
ers. In this way, electron densities higher than 1.5 x
10 m and low-temperature mobilities of p —3—
4 m2/V s can be achieved. The high densities and mo-
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bilities and the resulting high-room temperature con-
ductivities in these systems make them attractive for
use in high-performance high-electron-mobility transis-
tors (HEMT's).

The presence of deep impurity levels known as DX
centers in Si-doped Gaq Al As with x & 0.20 is re-
sponsible for the persistent photoconductivity in this
material. The ionization of the DX centers after il-
lumination can lead to a parallel conducting channel in
modulation-doped heterostructures as carriers do not re-
combine with the ionized DX centers. Since the carri-
ers in the parallel layer have a low mobility compared
to the 2D electrons in the quantum well (QW) or at the
heterojunction interface, parallel conduction is usually
regarded as an undesirable effect that degrades the per-
formance of a HEMT. ' Most studies of parallel con-
duction are therefore mainly concerned with the question
of how to avoid it or how to extract mobilities and den-
sities of the different conducting channels. ' In this pa-
per we will show that conduction in a b layer parallel to
a Gap sino 2As QW can give rise to interesting efFects in
high magnetic fields, which are due to the interplay be-
tween the 2D carriers in the b layer and the Gao SIno 2As
QW, and the 2D character of the carriers in the Si b layer
in the Ga~ Al As. The 2D character of electrons in a
Si b layer in GaAs was demonstrated by Zrenner et al.
In high magnetic fields a metal-insulator transition due
to magnetic &eeze-out was observed in b-doped GaAs
systems.

We report transport measurements in pulsed magnetic
fields up to 50 T on a GaAs/Gap sino 2As/Gap 75Alp 2sAs
structure with a Si-doped b layer in the Gao 75A10 25As
layer. The initial data, together with a brief qualitative
description, were presented in two prev&ous works.
In this paper we want to give a description of the data
together with a full theoretical modeling over the whole
experimental field range.

In the system studied, the density of conduction elec-
trons can be increased by illuminating the sample with
red light. At the lowest electron densities the quantized
Hall effect (QHE) is observed, with one subband occupied
in the Gap sInp 2As QW. As the density is increased the
second subband becomes populated. Further increases
of the electron density result in parallel conduction in
the b layer, which leads to drastic changes in the trans-
port coeKcients p~~ and p~» especially at fields above
30 T. These are attributed to magnetic &eeze-out in the
b layer. With the b layer parallel to a conducting 2DEG
in the Gap sino 2As QW, it is possible to study magnetic
&eeze-out without the problems of a diverging resistance
in the h layer. At the highest electron concentrations the
QHE is observed in both the Gap sino qAs QW and the
Si b layer.

The experimental arrangements are described in Sec.
II. In Sec. III a brief discussion of the transport data
is presented using solutions of the coupled Poisson and
Schrodinger equations, which gives a qualitative picture
of the difFerent subbands in the Gap sino 2As QW and
in the Si b layer. The results of the two-carrier analysis
of the low-field transport data (Sec. IV) are used to
model the conductivity tensor for high magnetic fields

(Sec. V). The theoretical description of the high-field
data combines some existing theoretical models, resulting
in an accurate description of the measured p~~ and p „
data for the whole field range up to 50 T.

II- EXPERIMENTAL DETAILS
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FIG. 1. Structure of the studied pseudomorphic
GaAs/Gap. pinp. 2As/Gap. 75Alp. z&As system. At 5 nm from
the Gap. elnp. qAs QW a Si b layer is grown.

The transport experiments described in this paper
were performed on a modulation-doped pseudomor-
phic GaAs/ Gap sino 2As/Gap ysAlp 2sAs heterostructure
grown by molecular-beam epitaxy. The structure of the
sample is shown in Fig. 1. It consists of a 13-nm-thick
Gao 8Ino 2 As layer grown on a GaAs substrate with
a GaAs buffer, followed by a 5-nm-wide Gao 75Al025As
spacer layer, a Si b-layer with a Si concentration of
5 x 10is m 2, a 30-nm-thick Si-doped (5 x 10 m )
Gao 75Alp 25As layer, and an n+-GaAs cap layer of ap-
proximately 5 nm. The samples were mesa etched into
55-pm-wide Hall bars. Two samples &om two wafers
with a nominally identical structure were studied (only
the thickness of the n+-GaAs cap layer was slightly dif-
ferent); the results from the two samples were almost
identical and so only the results of one will be discussed
in this paper.

Through the persistent photoconductivity effect in the
Gao 75A1025As layer, the electron density in the sam-
ple studied can be increased by illumination with a
red light-emitting diode. The electron density is n
1.67 x 10is m 2 and the mobility is p, = 3.2 m2/V s when
the sample is cooled to 4.2 K in the dark. After suKcient
illumination the total electron density can be increased
by a factor of almost 4. The structure of the conduction
band of the sample under different illumination condi-
tions is shown in Fig. 2 and is further discussed in Sec.
III.

The experiments were done in a liquid helium bath
cryostat at temperatures of T=1.4 and 4.2 K in two dif-
ferent pulsed magnetic field facilities. O' In both instal-
lations the magnetic field is generated by discharging a
capacitor bank into a reinforced solenoid immersed in liq-
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uid nitrogen; maximum fields between 45 and 50 T can
be achieved in both systems. The pulse shape is half a
period of a damped sine wave, which reaches its peak af-
ter 4—8 ms; the total pulse duration can be varied in the
range 15—40 ms.

Both the Hall eKect p „and the longitudinal magne-
toresistance p were measured using dc currents in the
range 1—10 pA. Due to its high carrier density, the high-
field magnetoresistance of the sample is relatively low
(= 30 kO in fields up to 50 T) compared to high-mobility
GaAs/Gai Al As heterojunctions, which have mostly
a low carrier density. Therefore the distortions seen in
transport measurements on. a 2DEG in transient mag-

GaAs Gap 75AI p 25AS

netic fields described in Ref. 36 are negligible for the
data taken during the down sweep of the pulse. The
down sweep is generally a few milliseconds longer than
the up sweep, so that the signal to noise ratio of the
data taken during the down sweep is usually slightly bet-
ter. Although there is usually good agreement between
the data &om the up and the down sweep, for clarity
only data taken during the down sweep are shown in
the following sections. The voltages measured on the
sample are amplified by a PARC/EGQG differential am-
plifier Model 113 or 5113 and recorded by a fast digital
transient recorder. The data are then transferred to a
personal computer. The magnetic field is determined by
measuring the induced voltage in a pickup coil with an
accurately known area, mounted in the vicinity of the
sample. More details about transport measurements in
pulsed magnetic fields can be found in Ref. 37.

Gao S~~p 2A
III. BAND STRUCTURE

Si

GaAs

Ec

E

(b)

E,
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FIG. 2. Structure of the conduction band (Ec) under dif-
ferent illumination conditions. In the unilluminated sample
(a), just one subband Ex in the Gas. sino. qAs well is occupied.
When the structure is illuminated, the second subband E'q in
the Gao. sino. sAs well becoxnes populated (b). Further illu-
mination brings the lowest level E& in the 8 layer below the
Fermi level E» and E2 depopulates (c). When the density is
satured, both subbands in the Gap. slnp. sAs QW and Eg in
the 6 layer are occupied (d).

In order to get a qualitative picture of how the different
subbands in the Gao 8Ino 2As and in the b layer behave
when the carrier density is increased by illumination, we
calculated the subband structure by solving the coupled
Poisson-Schrodinger equations self- consistently. ' The
persistent photoconductivity effect can be mimicked in
these calculations by reducing the ionization energy of
the Si donors. A smaller ionization energy results in
a higher density of ionized donors and consequently a
higher electron density in the conduction band. Since
the shape and the population of the conduction band in-
Huences the magnetic-field dependence of the transport
coefficients p~~ and p~» this section also summarizes our
basic conclusions about the transport data.

An overview of the changes in the conduction band
with illumination is shown in Fig. 2. Figure 2(a) shows
the band structure in the unilluminated sample: only
the lowest subband Ei is occupied. Under these circum-
stances we observe the quantized Hall effect due to the
2DEG in this subband.

A small dose of illumination results in the occupation
of the second subband E2 of the Gao SIno 2As quantum
well [Fig. 2(b)]. As we will see in Sec. IV, this clearly
shows up in the low-field p data as a beat of two &e-
quencies in the Shubnikov —de Haas (SdH) oscillations.
As the Fermi level E~ still lies below the lowest states in
the b layer, no carriers are found in this layer.

A further increase in carrier density results in the oc-
cupation of the Si impurity layer when the lowest state
in the h layer Eg falls below the Fermi energy [Fig. 2(c)];
at this point no obvious sign of the second subband E2 in
the Gao 8Ino ~As remains in the transport data. The rea-
son for this is that Eg falls below E2 and so this subband
is consequently depopulated. As will be shown in Sec. V,
at low densities in the 8 layer (( 1 x 10 s xn ) and suf-
ficiently high magnetic fields () 20 T), a metal-insulator
transition occurs in the b layer.

The band structure at saturated or nearly saturated
densities is illustrated in Fig. 2(d). Two subbands are
again occupied in the Gao SIno 2As quantum well. Due
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to the small number of carriers in the second subband as
compared to these in the first subband and in the h' layer,
the contribution of the second subband to the conductiv-
ity is small and in fact does not show up in the transport
data. The electron density in the b layer is then suK-
ciently large such that we can treat these electrons as a
second 2DEG. The transport data then show a superpo-
sition of the @HE from both the Gas sIno 2As quantum
well and the Si b layer.

sity of the 2D subband is determined by measuring the
period.

This model is valid for low and intermediate Gelds such
that cu~wq & 1. For larger magnetic fields localization
of the electrons away &om the center of the Landau
level starts to play an important role, so that the
above model is no longer valid.

B. Experimental results

IV. SMALL MAGNETIC FIELDS

A. Theory

In the low-magnetic-Geld. range the SdH oscillations in
the resistivity p of a single subband. can be described. by
the model of Isihara and Smrcka, which was improved
by Coleridge et al. by the introduction of two distinct
relaxation times. Since at low Gelds the cyclotron or-
bit of an electron has a large spatial extent this model
takes into account multiple scattering. The calculation of
the conductivity is based on a constant density of states
(DOS) go ——m'/mh, (m' is the efFective mass and h is
Planck's constant over 2vr) with a sinusoidal oscillating
part superimposed. The oscillating part of the DOS re-
Qects the onset of Landau quantization and leads to the
SdH oscillations in the magnetoconductivity.

The conductivity tensor given by Coleridge et al. can
be inverted to give the resistivities p~~ and p». For small
magnetic fields the resistivity p~~ can be written as

X (27rEp. )
p = po 1 —4e ' ' . cos

isinhX ( her, )
In this expression po is the zero-Geld resistivity, u
eB/m' is the cyclotron frequency, E~ = 7rh n, /m' is
the Ferxni energy, X = 2m'2k~T/Ru„and k~ is Boltz-
mann's constant. Both the transport scattering time
7i ——m'/poe n, and the single-particle scattering time
7q are present in. this expression. In modulation. -doped
2D systems these can differ by more than an order of
magnitude. The zero-field resistivity po is deter-
mined by the classical or transport scattering time vq,

while the single-particle relaxation time or quantum-
mechanical scattering time 7q is present in the oscillatory
part of the DOS. The transport scattering rate 1/qi con-
tains no contribution &om forward scattering and small-
angle scattering receives a very small weight, as these
scattering events have a very limited effect on the elec-
tron drift velocity. In the single-particle scattering rate
1/rq, however, every scattering event is equally impor-
tant.

The single-particle scattering time wq can be deter-
mined from the decay of the amplitude of the SdH os-
cillations with decreasing magnetic field. The tempera-
ture dependence of the oscillations is given. by the factor
X/ sinh X in Eq. (1). Since u contains the effective mass
m*, measuring the amplitude of the oscillations as a func-
tion of temperature allows the determination of m*. The
cosine factor in Eq. (1) shows that the SdH oscillations
are periodic in inverse magnetic Geld. The carrier den-

Densities, transport mobilities, and transport scatter-
ing times can be obtained &om the low-field B -+ 0 limit
of the transport coeKcients p~~ and p~„. We measured
the Hall density n~ &om the slope of the Hall resistance
at low magnetic Gelds

The Hall mobility p~ is then defined by
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FIG. 3. Low-field data for p (full line) and p „(dotted
line) for four different Hall densities: n~ = 1.67 (a), 1.75 (b),
1.97 (c), and 2.21 x 10 m (d). The dashed line represents
the classical Hall resistance for a single carrier system with
density n~.
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p (B = 0) = pp = I/n~p~e.

2.4
. (~)

I gl

For a single-carrier system the Hall density is equal to
the total density and the Hall mobility is given by @~ ——

crt/m'. When more then one type of carrier is present
p~ represents a weighed average mobility (see Sec. IV C).

The 4.2 K resistivities p and p & in fields up to 5
T are shown in Fig. 3 for four different densities. Af-
ter cooling in the dark, n~ ——1.67 x 10 m and p~
shows a single series of SdH oscillations on a constant
background [Fig. 3(a)]. The Hall effect p „ is a straight
line on which plateaus start to develop above 2.5 T. This
behavior of p and p & indicates that there is only one
type of carrier involved in the conduction process at this
density. ' 4'

At a Hall density of nH ——1.75 x 10 m, a beat in
the SdH oscillations is seen in p [Fig. 3(b)], indicating
the population of the second subband. The occupation
of the second subband results in a new scattering chan-
nel, giving rise to intersubband scattering. This causes
an intermodulation of the two subbands producing the
beat. The Fourier transform of the data versus in-
verse magnetic field yields two peaks, one at a &equency
fq ——36.4 T corresponding to a density in the lowest sub-
band n, , = 2efq/6 = 1.76 x 10 m (h is Planck's con-
stant) and one peak at the difference frequency fq —f2 =
33.6 T. This implies a density in the second subband

of n„= 2ef2/h = 0.14 x 10~a m 2. The Fermi level
at the onset of the population of the second subband
(E~ = 7rh n~/m' = 72 meV) is very close to the dis-
tance between the bottom of the two subbands measured
by photoluminescence: E2 —Ez ——75 meV. This is ev-
idence that the observed beat in the SdH oscillations is
not the result of inhomogeneities in the sample. Our p
data do not show any sign of a superposition of SdH os-
cillations with two &equencies as quite often observed in
systems with two occupied subbands. ' ' The beat
we see in the SdH oscillations is only observed over a very
narrow range of densities [nIr = (1.75+0.01) x 10 m 2].
As the density is increased further by illumination, any
obvious signs of the second subband disappear and the
SdH oscillations are observed on a rising background,
which becomes stronger with increasing density [Figs.
3(c) and 3(d)]. At the same time, in the Hall efFect,
p „ is seen to deviate &om the classical straight line. As
will be discussed below, this is evidence for a second type
of carrier with a much lower mobility.

The density n, of the lowest subband in the
Gao SIno 2As quantum well, obtained &om the period of
the SdH oscillations, is shown versus the Hall density nH
[see Eq. (2)] in Fig. 4(a). Below n~ = 1.8x 10~s m the
small difference between the data points and the dashed
n, = n~ line is the result of experimental error rather
than a consequence of the very small number of carriers
in the second subband around nII —1.75 x 10 6 m
For densities nH & 1.85 x 10 m however, a large
difference between the data points and the line is ap-
parent. This shows that carriers in the Gao 8Ino 2As
QW no longer account for the total density beyond
nH ——1.85 x 10' m . At the same value for n~ the
transport lifetime rt ——p~m'/e, shown in Fig. 4(b),
starts to decrease with increasing Hall density.
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C. Multisubband occupation and parallel conduction

The resistivity of a multisubband 2DEG or a 2DEG
with a parallel conduction layer in the presence of a mag-
netic fjLeld B is usually described by the sheet resistivity
tensor p;, where the subscript i labels the conducting
layer. If the conduction in layer i with electron density
n; is due to a process characterized by a single relaxation
time 7q, then the Lorentz force leads to

Po, B/ *'
)~

~

P, Py, I''
B/ne pp; ) —( —p~yt pa~i ) '

0.5
1.6

I I I I

18 20 22 24

nH(10 m )
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FIG. 4. (a) Electron density n, in the lowest subband in
the GaAs/Gap. sinp. gAs/Gap. ysAlp. 2sAs QW (Cl) versus the
Hall density n~. The dashed line represents the n, = n~
line. (b) The transport lifetime rt (~) and the quantum
life-time r~ in the first subband in the Gap. plnp. 2As QW (o)
versus the Hall density n~.

n e rt, ; 1 ( 1
m,' 1 + cu2rt2,

(D, —A;l
( A, D;

(5)

(6)

where pp, ; ——m,'/n;e rt; and m,' is the efFective mass
of the carriers in layer i. The total current in the case
of a parallel connected multilayer system is the sum of
the currents in the different layers. Thus the total sheet
conductivity is the sum of the sheet conductivities of the
separate layers. If the conductivity of layer i is given
by
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with w, = eB/m, ', then the total conductivity of a sys-
tem with two layers, labeled a and b, is

((D.+Db) —(A +A.b) l-+
l (A A, ) (D D, ) I

~

After inverting the above equations we obtain for the
resistivity

0
(

x+

0.5

0.4
=- 1.2

— 0.8
(

x
— 0.4 ~

D +Dg
(D + Db)'+ (A ~ Ab)2

(8)
0.1

0.0
0

Magnetic field (T)

0.0
5

A +Ay
(D + Db)2+ (A + Ab)2'

These equations can be simply written in terms of the
densities n, ng and the mobilities p, pg of the two
layers. The expressions are simplified in the case of low
magnetic fields (such that p B,IjbB «1) so that

FIG. 5. Fit of the two-carrier model to the low-field
p and p „data at 4.2 K. The Hall density is
n~ ——2.07 x 10' m . The dashed line represents the fit
with parameters n„= 1.95 x 10 m, pi ——2.8 m /V s,
n, s = 1.5 x 10 m, and ps ——0.06 m /Vs.

1 1 1 1
pe~ =

e np~ + ngpb e nHpH

B n~p + nb@~ B 1
p~y =—

e (n~p~ + nbpb) e nH

Equations (10) and (ll) relate the Hall density n~ and
the Hall mobility p~ to the densities n and ng and the
mobilities p and pg.

We have fitted Eqs. (8) and (9) to the low-field mea-
surements of p~~ and p~ in order to obtain values for the
electron density and mobility in the Si b layer (n„= nb
and ps ——pb) and the mobility pi ——p, in the first
subband in the GaAs/Gap sIilp 2As/Gap rsAlp 2sAs QW.
Since the number of carriers in the second subband n,
is small and the transport mobility p, 2 of these carriers
is usually a few times smaller than the mobility of the
electrons in the first subband, we ignored the second
subband in our fit (in the resistivity calculations in Sec.
V the second subband is included, but it is found that
it has a negligibly small efFect on the resistivity values).
We used the density in the first subband n„=n, deter-
mined &om the &equency of the SdH oscillations, as an
input parameter. A typical fit is shown in Fig. 5. The
agreement between the classical picture and the back-

ground of both p~~ and p~„ is very good. The resulting
parameters are shown in Table I. The values obtained for
the density n, and the mobility p3 indicate that the Si b
layer has a very high electron density and has a mobility
that is 50 times smaller than the mobility in the Brst
subband. Both the high density and the low mobility are
typical for parallel conduction in an impurity layer such
as the Si 8 layer in our case. From the values in Table I,
it is easily verified that the mobilities and densities obey
the relation nHpH = ne, py + nesp3, as implied by Eq.
(1o).

D. Scattering times

From the temperature dependence of the amplitude of
the SdH oscillations (see Sec. IVA) we determined the
efFective mass to be m' = (0.058 6 0.005)mp at the dark
value of the density (mp is the rest mass of the Bee elec-
tron). This is lower than the experimental values for the
effective mass for GaAs/Gai In As/Gai „Al„As sys-
tems found in the literature, which show a wide spread:
&om m' = 0.063mp (Ref. 57) to m' = 0.072mp (Ref.
58) for GaAs/ Gap sqlnp isAs/Gap rAlp sAs and &om
m' = 0.067mp (Ref. 58) to m' = 0.071mp (Ref. 59)
for GaAs/Gap s2Inp isAs/Gap rAlp sAs. The difFerence

TABLE I. Densities and mobilities obtained from the low-field transport data (n~, p~, and n„)
and from the fit to the two-band model (y, i, n,~, and y3).

AQ
(10' m )

1.67
1.87
1.97
2.07
2.21
2.53

pa
(m'/V s)

3.24
3.25
3.02
2.65
2.50
1.98

~SdH —~ey
(10"m-')

1.66
1.84
1.88
1.95
2.01
2.22

Pl
(m /Vs)

3.31
3.32
3.22
2.81
2.74
2.17

(1018 m
—2)

0.7
0.8
1.5
2.4
3.9

P3
(m /Vs)

0.02
0.08
0.06
0.06
0.07
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might in part be due to the higher In content in our
structures.

When m* is known, the single-particle scattering time
can be determined &om the decay of the SdH oscillations
with decreasing magnetic field by making a so-called Din-
gle plot of ln(ApsinhX/2poA) versus inverse magnetic
field, with Ap the measured amplitude of the oscillations.
The slope of the resulting plot is then inversely propor-
tional to the single-particle scattering time rq.

The results of the Dingle analysis are shown in Fig.
4(b). We see that with increasing carrier density the
single-particle scattering time increases. By contrast,
the transport scattering time, also shown in Fig. 4(b),
decreases with increasing carrier density. This appar-
ent contradictory behavior can be understood as follows.
The single-particle scattering rate counts every scatter-
ing event. However, the transport scattering time in
high-density GaAs/Gai In As/Gai „Al„As structures
is mainly determined by large-angle scattering events
such as cluster scattering due to the nonuniform distribu-
tion of In in the Gai In As (Ref. 8) and intersubband
scattering). 4 The latter becomes more important when
the density increases so that the Fermi level lies in or very
close to the second subband. Also cluster scattering in-
creases with increasing density. In contrast, small-angle
scattering such as remote ionized impurity scattering due
to the ionized Si donors in the b layer is more efFectively
screened when the carrier density is large, and the remote
ionized impurity scattering is also screened by additional
carriers in the second subband and the b layer. The ef-
fect of a reduction in the small-angle scattering, which
dominates the single-particLe scattering time, outweighs
the concurrent increase in the large-angle scattering rate.
Consequently, the single-particle scattering time in the
first subband increases with density while the transport
lifetime decreases.

We do not see any clear efFect of the depopulation of
the second subband on the Hall mobility or the quan-
tum lifetime in the first subband as has been observed
in GaAs/Gai Al As heterojunctions with two occupied
subbands. This is likely to be due to the relatively
low mobilities in the GaAs/Gap sino 2As/Gas 7sAlo 2sAs
heterojunction compared to those in GaAs/Gai Al As
structures.

nH=1. 9x10 m

12
L

0
0 10 20 30 40 50

Magnetic field (T)

12.5 kA. The rising background in p at fields below 30
T is due to parallel conduction in the Si b layer, which
&eezes out at 1.4 K and fields B & 30 T. For the higher
temperature T = 4.2 K, there is still some parallel con-
duction and the high-field minimum in p is at about
200 0/CI.

B. Theory

At high magnetic fields the conductivities of a 2D sys-
tem are given by

OJ'(E))i
vr25 g OE

FIG. 6. High-field data for p and p „at 1.4 K (full
line) and at 4.2 K (dashed line) at a Hall density of
nH ——1.9 x 10 m

V. LARGE MAGNETIC FIELDS

A. Introduction

PAR
X N

IN, s
[~'i'I .D, .(E)]' (12a)

At suKciently high magnetic fields, p can become
vanishingly small and p~„shows plateaus in finite ranges
of the magnetic field when Ey lies between two sepa-
rated Landau levels. This feature of electrical transport
in high magnetic fields in 2D systems is called the quan-
tized Hall efFect and has been observed in a wide
range of semiconductor heterostructures.

Typical high-Beld transport data are shown in Fig. 6
for a Hall density of nH ——1.9 x 10' m: above 37 T p~~
becomes very small for the lower temperature T=1.4 K
and there is a corresponding quantized plateau in p~„at

a z ———) J dEf(Z)Dr, (E).
N, s

(12b)

Here f(E) is the Fermi-Dirac distribution function,
Dr (E) is the density of states for electrons in Landau
level N with spin 8, I'N, is the width of the Landau level,
and I'~ /I'~, is a dimensionless factor that depends on
the type of scattering. The chemical potential p is de-
termined through the condition of conservation of total
concentration of electrons
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n, = ) J def(Z)Dp (E).
N, s

The sum in the above equations runs over the single-
particle states whose energies are given by

I
I

I
I

= 4.0 meV
= 2.0 meV

''D
N, s

E~, = (N+ 2)her, + e2g'y, ~B, (14)

where 8 = +1,g* is the effective spin-splitting factor, and
p~ is the Bohr magneton. The spin-splitting factor for
bulk GaAs is 0.44, but it has been reported that in a
high magnetic field g* starts to oscillate due to exchange
enhancement, reaching values as high as 2.5. ' For all
the calculations we have used a constant value for g*=2.0
for the whole range of magnetic fields. This value is larger
than the g factor at zero field, but it is near the measured
values for this magnetic field range.

The ratio I'N /I t(r, depends on the type of scattering.
For short-range scattering Ando et al. found

pxx
N

I'N,.
Ando and Uemura calculated this ratio numerically for
the case of a semielliptic DOS. They found that for long-
range scattering the ratio (I'iver /I' N, ) is smaller than
(N + 1/2) and the difference from the short-range scat-
tering result increases with the Landau level index N.

In order to compare our high-magnetic-field data with
theory, a Gaussian form for the total DOS has been used

(E) — e
—(&—&~,.}'/2r~, .

2+i /27rl'iver,

where l = gh/eB is the magnetic length and I/2ml2 is
the available number of states in each Landau level. In
the limit of short-range scatterers Ando et al. found for
the level broadening I'N,

7i fA Pq

where p~ = ex~/m* is the quantum mobility.
In the center of the Landau levels the electron states

are extended while those in the tail are localized and
consequently do not contribute to the dissipative part
of the conduction. In the phenomenological model of
Englert the tails of the DOS that do not contribute to
conduction are taken into account by using a Gaussian
DOS Dg~ (E) of extended states with a width A~, (
I'~, (see Fig. 7). Substituting this DOS in Eqs. (12b)
and (12a) results in

D
N, s

10
I

20 30

Energy (rneV)

FIG. 7. Gaussian total density of states Dr~ (E) with
width I' N, , and the density of extended states D&~ .(E) with
width A~, , ( I'~, , used to calculate the resitivities in the
quantized Hall regime.

o —= —) I'~
~

N+ —
~e2 4 ' ( 2pN, s

dE
8f (E)}'i

OE

EF
n. =) n., =) ) dEDi .(E),

i N, e

In this last equation we introduced the factor I'
N

(I'~ /I'~, )2/(N + 1/2), which equals 1 in the case of
short-range scatterers. In the evaluation of the Fermi
level all the electrons contribute and consequently the
total DOS Dz~ (E) is used.

The approximation of short-range scatterers is clearly
not satisfied in the modulation doped heterostructures
of the present study. Prom Ando et al.3 it is obvi-
ous that for long-range scattering the peak transverse
conductivity decreases rapidly with increasing scattering
range. Therefore, in our calculations we used the ratio
I'N as a fitting parameter in order to give information
about the range of the scattering centers relevant for the
present samples.

With changing magnetic field the population of the
different Landau levels within one 2D layer changes and
it is possible that the electrons tunnel Rom the QW to
the b layer and vice versa. This results in a Fermi energy
that depends on the magnetic field. At T = 0 Eq. (13)
becomes

CTxy Q2

and

) dEf (E) e
—(E 8& ~} /2Az, —

A
N N, a

)S

(isa)

where the index i indicates the conducting layer. For low
temperatures (T ( 10 K) we expect the Fermi energy to
be very close to the T = 0 value. For the B = 0 case and
for low temperatures we can calculate the Fermi energy
for a perfect 2DEG &om the number of electrons using
the relation
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m'
n, = (E —Ey), (20)

where E is the bottom of the subband.
When the magnetic field becomes suKciently large it

will afI'ect the equilibrium population of the &ee electrons
in the b layer. A magnetic field shrinks the electron wave
function, leading to an increase of the binding energy of
the donor impurities and eventually into the &eeze-out
of the electrons in the impurity bound states. ' For
a structure with a single type of carrier, the onset of
the &eeze-out regime corresponds to the magnetic field
at which p „starts to increase abruptly with increasing
B. In our calculations we have obtained the threshold
field Bqh, &om the experimental p~„data. For magnetic
fields beyond this threshold Geld we can approximate the
number of electrons by 2'~3

Fitting parameters
I', (meV)
A; (meV)

Fig. 8
Index 1

o.sv a
0.2~a

0.65

Fig. 9
Index 1

o.

saba

0.24~a
0.8

Physical parameters
I'g (meV)
y, ; (m /Vs)

,. (m'/Vs)
n, , (xlo m )

2.46~a
3.31
0.31
1.63

2.46~a
3.32
0.31
1.8

TABLE II. Parameters for the two lowest electron
concentrations [n~ = 1.69 x 10 m (Fig. 8) and
n~ = 1.84 x 10 m (Fig. 9)] when only the lowest sub-
band in the Gap. sins, 2As QW (index 1) is occupied.

~ ~
—eg/IcgT (21)

e~ = b(B —Btb, ) (22)

where b is a constant that is taken as a fitting parameter.
This reduction of the number of electrons results in a
decrease of the Fermi energy and consequently leads to a
lowering of the Landau level occupation and an increase
1n p~y.

C. Comparison with experiment

The QHEin the Ga'o sInssAs QW

In Fig. 8 we show the measured resistivities (full
curves) p~ and p z of the unilluminated structure with
an electron concentration of n, H ——1.69 x 10 m at

where no is the density below the &eeze-out threshold
and e~ is the electron binding energy which depends on
the magnetic Geld through

T=1.4 and. 4.2 K. At this density only the lowest subband
in the GaAs/Gap sIIlp 2As/Gap rsAlp 2sAs quantuin well
is occupied and n~ equals the total electron density in
the structure. There is no parallel conduction in the b

layer and the system shows the @HE. At 1.4 K the p „
plateau at a Landau level Glling factor v = 2 extends
over a Geld range of 10 T and corresponds to a p = 0
minimum of the same width. Deep minima in p are
also seen at Glling factors v = 4 and v = 6.

Figure 8 also shows the theoretical calculations for high
fields using the Englert model described above (dotted
curves). The parameters used for the calculations are
shown in Table II. The agreement between the theoret-
ical calculations and the experimental data for p and
p „ is fairly good. Notice (see Table II) that we took
I'~, = 0.65 ( I, which indicates that there is a signifi-
cant contribution from sxnall-angle scattering. This is in
agreement with Fig. 4, which shows that the transport re-
laxation time is alxnost an order of magnitude larger than
the quantum lifetime, a characteristic feature of small-
angle scattering. This also agrees with the fact that the

1.4 K 4.2 K

Q 1

—(b)
0
15

FIG. 8. p and p „at (a)
and (b) . 1.4 K and (c) and
(d) 42.K at a Hall density of
n~ ——1.69 x 10 m . The
full lines represent the experi-
mental data and the dotted line
shows the theoretical results.

0
0 10 20 30 40 0 10 20

MAGNETIC FIELD (T)

30 40
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FIG. 9. p~~ and p~s at (a)

(d) 4.2 K at a Hall density of
y.84 ~ ypi6
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mental data and th de otted line
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data can again be attributed to the magnetic freeze-out
of the electrons in the b layer. In the calculation we
used b = O. l meV/T / . We used as threshold field
Btg, ——36 T. The binding energy is of the order of 0.1
meV at B = 37 T, at which point it equals the thermal
energy k~T for T = 1.4 K. The electron single-particle
relaxation times di6'er by almost two orders of magnitude
for the ground subband of the QW as compared to the
ground subband of the b layer. Therefore the field where
the Isihara-Smrcka model breaks down is much higher
for the 8 layer than for the QW. To take this into ac-
count in our calculations we divided the high-magnetic-
field range (B ) 5 T) into two different regimes: for
magnetic fields B ( 27 T the Englert model is used for
the ground subband of the QW where w, w~ ) 1, while
the Isihara-Smrcka model is applied to the ground sub-
band of the b layer. At fields B ) 27 T we applied the
Englert model for both layers. The agreement between
theory and experiment for both p and p „is fairly good
for fields lower than 25 T and for fields larger than 35 T.
There are discrepancies in the area between 25 and 35 T,
which are probably due to the simple approach that we
used for the magnetic &eeze-out model and the transition
between diR'erent theoretical models. We have also not
taken into account changes in the shape of the potential
well and in the transport and quantum mobilities, which
are a consequence of the fast descent of the number of the
electrons in the b layer due to the magnetic freeze-out.

8. The qHX in ttvo layers

Figures 11(a) and 11(b) show p and p „at 1.4 K for a
Hall density of nH ——2.05 x 10 m . The corresponding
Fermi level E~ and. the carrier densities n i in the dif-
ferent subbands i are given in Figs. 11(c) and ll(d). In
this calculation we used m* = 0.067mp and. 0.058mp for
the electron effective masses in GaAs and Gap SInp 2As,
respectively. The B = 0 values of the Fermi energy for

TABLE III. Fitting parameters for the theoretical calcula-
tions in Fig. 10 (nH = 1.95 x 10' m ). The indices 1 and
3 refer to the first subband in the Gas. sins. 2As QW and. the
lowest subband in the Si b layer, respectively.

Fitting parameters
r, (mev)
A; (meV)
I'm, *

Index 1

1.2~B
0.8~B
0.75

Index 3

3.50~B
2.3~B

0.9

Physical parameters
1'g (meV)
p, (m'/Vs)
~.; (m'/Vs)
n. , (x10" m ')

2.27~a
2.82
0.38
1.89

7.3~B
0.05
0.048
0.9

each subband are calculated &om Eq. (20). The param-
eters we used in the calculations and the Landau-level
broadeiiing in case of b scattering [Eq. (17)j are shown in
Table IV. In our calculations we have extended the two-
carrier model discussed in Sec. IV C to the case of three
conducting layers and we have used. a constant I'N
0.75 for the QW for all the Landau levels. For the h layer
we have used I'~ ——0.95 for all I andau levels. This
reQects the fact that in the b layer the scattering is pre-
dominantly due to the large concentration of background
impurities (Si donors) resulting in large-angle scattering
very similar to b-function scattering.

At B = 0 there are two subbands occupied in the QW
and one in the h' layer. As can be seen &om Fig. 11(b),
the second subband in the Gap sIIlp 2As QW has a very
low carrier concentration compared to the other two lay-
ers; therefore it contributes very little to the conductiv-
ities. We used the following parameters for the second
subband in our calculations: n, = 0.05 x 10 m
I'2 ——1.60~B meV, A2 ——1.25~B meV, p2 ——0.3 m /V s,
and p~, = O. l m2/Vs. These values are only accurate to
within a factor of 3. This low accuracy in the determina-
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FIG. 11. (a) p» and (b) p»
at 1 4 K at a Hall density of
n~ = 205 x 10~ m; com-
parison between experiment (full
line) and theory (dashed line, the
low 6eld region where the Isi-
hara-Smrcka model is used for
both the 2DEG's; dotted line, the
regime where the 2DEG in the
QW is described by the Englert
model and the 2DEG in the b layer
is described by the Isihara-Smrcka
model; dot-dashed line, the regime
where both 2DEG's are described
by the Engiert model). (c) shows
the Landau levels and the Fermi
energy K~ and (d) shows the
electron densities in the different
layers (full line and dotted line,
6rst ahd second subband in the
QW, respectively, dashed line, the
2DEG in the b layer.



MAGNETOTRANSPORT IN A PSEUDOMORPHIC. . . 12 229

TABLE IV. Fitting and physical parameters for the theo-
retical calculations in Fig. 11 (n~ = 2.05 x 10 m ). The
indices 1 and 3 refer to the 6rst subband in the Gao.8In0.2As
QW and the lowest subband in the Si 8 layer, respectively.

Fitting parameters
I', (meV)
A, (meV)

Index 1

1.4 y B
0.95 ~B

0. 75

Index 3

3.5~a
2.25' B

0.95

Physical parameters
I'g (meV)
p,; (m /Vs)
p~, (m. /Vs)
n, (x10' m. )

2.2~B
3.00
0.4
1.85

7 90JB.
0.05
0.04
1.65

VI. CONCLUSION

The magnetoresistance p and the Hall resistance p „
in a GaAs/Gap glnp 2As/Gap 7sAlp 2sAs heterostructure

tion of these parameters is due to the fact that because
of the low electron density n, there is practically no
contribution of this layer to the resistivities p» and p».

An oscillatory electron density in the difFerent elec-
tron layers is observed. This is due to the pinning of
the Fermi energy in the b layer combined with electron
fiow between the two layers. At 37 T the lowest subband
in the QW and the lowest subband in the b layer have
nearly equal densities. Due to the high electron density
in the b layer magnetic freeze-out no longer occurs in the
experimentally accessible magnetic-field range. However,
the magnetic 6eld is strong enough to introduce Landau
quantization effects in the low-mobility 2DEG in the h'

layer. As a result we have two parallel 2DEGs, each
showing the QHE at a Landau level filling factor of 2 at
B 37 T, which results in a total filling factor v = 4.
Consequently, a deep minimum in p and a quantized
Hall plateau at p „=h/4e = 6.5 kO are observed.

As is apparent &om Fig. 11, satisfactory agreement
between theory and experiment has been obtained. The
agreement is best at low magnetic fields where the
Isihara-Smrcka model is used. For B ) 35 T there is
a slight disagreement between theory and experiment in
the p» results. This is probably due to the fact; that
p „ is still quantized despite that p g 0. This makes
it diKcult to achieve perfect agreement for both p and
p» within our simple theoretical framework.

with a Si b layer parallel to the Gap glnp 2As QW were
measured in magnetic 6elds up to 50 T. We provide a
coherent description of the transport phenomena using
two subbands in the Gap gInp 2As QW and one subband
in the Si b layer.

Comparing the low-field data with the semiclassical
two-band model, we showed that in the illuminated struc-
ture the b layer has a high concentration of carriers with
a low mobility. Changing the electron density through il-
lumination has a strong, but opposite efFect on the trans-
port scattering time and the quantum scattering time.

For a theoretical description of p~~ and p~„ for t;he
complete experimental magnetic 6eld range, we used the
Isihara-Smrcka model to fit the SdH oscillations in the
low-field regime where u w~ ( 1. The loni field r-ange
extends up to 30 T for the Si h layer while for the QW
this range does not extend beyond 5 T. For the high-field
regimes we employed the Englert model, which is basi-
cally a phenomenological picture for the quantum Hall
efFect. For low carrier densities in the b layer we had to
include magnetic &eeze-out to account for the loss of car-
riers at high 6elds in this layer. We combined these difer-
ent models using the two-band model to obtain values for
p and p &. Using only the level broadening, the binding
energy and the &eeze-out threshold field as fitting param-
eters we obtained satisfactory agreement between the ex-
perimental data and theory. For fields B & 37 —40 T the
agreement is less satisfactory, which is probably due to
the fact that we assumd a level broadening independent
of the Landau level index.

Since the second subband in the Gap gIng 2As QW has
a very small amount of carriers as compared to the 6rst
subband, this contribution to conduction is hard to de-
tect in transport experiments. The remaining discrepan-
cies between theory and experiment can also be partly
due to a lack of precise information about the second
subband and the subband structure in the Si h layer.
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