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Quantum transport in d-doped quantum wells
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~Received 11 September 1996!

The multisubband electron-transport properties are studied for GaAs/AlxGa12xAs quantum wells in which
a thin doping layer is located in the center. The subband transport mobility and quantum mobility are obtained
as a function of the width of the quantum well and doping concentration. The effects of the screening and the
intersubband interaction are investigated through the control of the number of the occupied subbands by
adjusting the width of the quantum well and are shown to be relevant in the multisubband transport of the
present system. The subband quantum mobility is enhanced significantly due to the occupation of the next
higher subband. We found that the dependence of the transport and the quantum mobility of each subband on
the well width and doping concentration exhibits nonmonotonic behavior with the appearance of a local
maximum.@S0163-1829~97!02207-8#
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In recent years there has been increasing interest in
study of the electron transport properties of the quasi-tw
dimensional electron gas ~Q2DEG! in d-doped
semiconductors.1–7Thed-doped systems are in general cha
acterized by a rather high electron density, which ma
them different from the other 2D systems. Typically, seve
subbands are occupied in ad-doped system and effects re
sulting from the occupation of several subbands can be s
ied. In previous works, we studied the electron transp
properties in single7 and double8 d layers. The screening o
the electron gas on the ionized impurity scattering poten
was studied within the random-phase approximation~RPA!.
We found that, the intersubband coupling of the electron
is essential in the screening effect to understand the m
subband transport properties.7,9 Our calculation also showe
that, by increasing the width of the doping layer, the mobil
of the lowest subband increases as illustrated by Masseli10

for the case of a doped quantum well~QW!. However, the
mobility of higher subbands exhibits a quite different beha
ior. New information on the electron transport properties
sociated with thed-layer system can be obtained when it
subjected to additional confinement as in a QW. Due to s
an extra confinement, the intersubband interaction is gre
enhanced.

In this paper, we report a study on the electron subb
mobility in d-doped QW systems. The effects of the width
the QW and the doping concentration on the subband tr
port and quantum mobilities are investigated. We will sh
many-body effects in the Q2DEG electron gas, wh
screens the ionized-impurity potential in this multisubba
system. The advantage of studying thed-doped QW system
is that, by varying the width of the QW, one can easily co
trol the number of populated subbands that make a di
contribution to the intersubband interaction. On the ot
hand, since the overlap between the wave functions of
electrons and the ionized impurities is related to the stren
of the impurity scattering, we also can study the influence
the overlap on the electron subband mobilities. The pres
work addresses the effects of the intersubband interactio
the mobilities of the electrons in different subbands and
influence of the extra confinement due to the QW.

We consider a GaAs/AlxGa12xAs QW structure with a
thin doping layer located in its center. The offset of the co
550163-1829/97/55~11!/6708~4!/$10.00
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duction band is taken asVb50.63(1.155x10.37x2) eV.11

The impurities are distributed uniformly in the doping lay
with areal concentrationND and thicknessWD510 Å.

The electronic structure of the system is determined
employing the self-consistent calculation within the loc
density approximation.7 Figure 1 shows the subband ener
En as a function of width of the QWWQW in the Si
d-doped GaAs/Al0.3Ga0.7As structure with ND5531012

cm22 and the background acceptor concentration was ta
as 1014 cm23. It is seen that the width of the QW alters th
number of populated subbands. For smallWQW, only the
lowest subband is populated. With increasingWQW the dis-
tance between the two levels decreases and more subb
are populated. The subbandsn52 and 3 begin to be occu
pied atWQW576 and 215 Å, respectively. It is also interes
ing to notice that the Fermi energy of the highest occup
subband increases with increasing the width of the quan
well, but those of the lower subbands decrease.

The electron transport mobility and the quantum mobil
are studied within the linear response theory.7,12–15 In the
calculation, only the scattering of the ionized donors in t
doping layer is considered because it is the most impor

FIG. 1. The subband energy as a function of width of the Q
for a Si d-doped GaAs/Al0.3Ga0.7As QW structure with a doping
layer ofND5531012/cm2 andWD510 Å located in the center.
6708 © 1997 The American Physical Society
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55 6709BRIEF REPORTS
scattering mechanism at low temperature. The screenin
the 2D electron gas on the impurity scattering is taken i
account through the dielectric function within the RPA. A
discussed in Ref. 7 for thed-doped system, the empty sub
bands influence the electron mobility through the screen
effects. In the present calculation, we included all the oc
pied subbands and two empty subbands above the F
energyEF in the dielectric response function.

The subband transport mobilitiesmn
t , which are obtained

by solving the Boltzmann equation, are depicted as a fu
tion of WQW in Fig. 2~a!. It is seen that, with increasin
WQW, the transport mobility of the lowest subbandm1

t in-
creases untilWQW5100 Å ~the onset of occupation of th
second subband occurs atWQW576 Å! and then it decrease
slowly. At the onset of occupation of the third subband,m1

t

has an abrupt decrease due to the onset of the intersub
scattering channel between the two subbands. The mobil
of the second and third subbands have a similar behavio
a function ofWQW. They are strongly influenced by th
confinement of the QW.m2

t increases fast with increasin
WQW until it reaches a maximum aroundWQW5300 Å and
then decreases~the onset of occupation of the third subba
is atWQW5215 Å!. We also observe in Fig. 2 thatm3

t in-
creases with the increase ofWQW for the well widths consid-
ered. The experimental results of the subband transport
bility of a Si d-doped GaAs/Al0.33Ga0.67As QW, obtained by
Harris, Murray, and Foxon,5 are indicated by the solid circle
and squares for the first (n51) and the second (n52) sub-
bands, respectively. The thickness of the doped-impu
layer in the sample was less than 15 Å, and the measurem
was done at 4.2 K. The subband transport mobilities w
obtained from the so-called multiband Hall effect by fittin
the results within the one- or two-subband models. F
WQW5300 Å, three subbands are populated. The experim
tal data were inferred from the two-subband model by

FIG. 2. The subband~a! transport mobility and~b! quantum
mobility as a function of the width of the Sid-doped
GaAs/Al0.3Ga0.7As QW for ND5531012/cm2. The experimental
results~Ref. 5! are indicated by the solid circles, squares, and
angles corresponding ton51, 2, and 3, respectively.
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suming that the second and the third subbands have the s
transport mobility. By comparing our results with the expe
mental ones, it is seen that the calculated mobility is in qu
tative agreement with the measurement results. Quan
tively, however, the calculated mobility for the lowe
subband is about two times larger than the experimenta
sults. On the other hand, the calculation shows that the
ond and the third subbands have quite different transp
mobilities atWQW5300 Å. The data deduced from the me
surements are almost in the middle of the calculated mob
ties of the two subbands.

We note in Fig. 2~b! that the subband quantum mobilitie
mn
q , which are determined from the quantum lifetime or t

single particle relaxation time, have distinct behavior
compared with the corresponding transport ones through
following observations:~i! the quantum mobility is smalle
by a factor of 4–5 for then51 and 2 subbands, and about
factor of 2 for then53 subband;~ii ! at the onset of the
occupation of a higher subband, quantum mobility of t
lower subband shows a pronounced fast increase; and~iii !
m3
q.m2

q whenWQW.330 Å but, for the transport mobility
m3
t ,m2

t as long as then54 subband is unoccupied.m2
q and

m3
q exhibit similar behavior, andm2

q has a maximum at
WQW5270 Å. At the onset of the occupation of a high
subband, the quantum mobility of the lower subband show
rapid increase, which can be attributed to the screening ef
related to the intersubband coupling. Such an effect is p
nounced for scatterings with long wavelengths, i.e.,
small-angle scattering. However, for the transport mobili
the scattering at small angles almost does not contribut
the process, but it is mainly determined by scattering
larger angles. By comparing the calculated quantum mob
with the results from the Shubnikov–de Ha
measurements,5 we see that our calculation shows simil
results as compared to the experimental ones. The exp
ments indicate thatm3

q is slightly larger thanm2
q at

WQW5300 Å. Our calculation shows thatm2
q andm3

q may be
very different depending on the width of the QW, but th
are close to each other aroundWQW5330 Å. Quantitatively,
the quantum mobility from our calculation is smaller than t
experimental result.

An overall description of the results, shown in Fig. 2,
our calculations indicates that, by increasing the well wid
both the transport and the quantum mobilities of the high
occupied subband are enhanced. We also observe tha
transport mobility increases faster than the quantum mo
ity. This is a consequence of the fact that the increase of
well width leads to an increase of the Fermi energy of
highest occupied subband as shown in Fig. 1, or in ot
words, the kinetic energy of the conduction electrons on
Fermi surface becomes larger. This results in a decreas
the scattering rate, especially, for large-angle scatterings
addition, by increasingWQW, the overlap between the wav
functions of the electron and the impurities decreases, le
ing to a reduction of the impurity scattering. On the contra
the Fermi energy of the lower subbands decreases with
creasing the well width. Moreover, the intersubband scat
ing is enhanced and the mobilities of the lower subba
decrease with increasing the well width.

-
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The quantitative discrepancies between the theoretical
the experimental results could be attributed to several
tors. It is well known that, in heavily doped semiconducto
such as present system, the strong overlap among the im
rities leads to a reduction of the band gap. Furthermore,
random distribution of the impurities results in disorder
the system. Gold, Ghazali, and Serre16 showed that a band
tail induced by the disorder appears in the density of state
d-doped GaAs. We found that in Sid-doped GaAs, the cor
relation between the screened Coulomb scattering pote
should be pronounced for the doping concentration lar
than (223)31012 cm22.17 However, impurity correlations
and disorder effects on the electron transport propertie
heavily doped systems are still not well understood. Ot
possible mechanisms, such as localized levels ofDX centers
and the nonmetastable levels3,5 above the conduction-ban
edge, could influence the electronic structure and lead
Fermi-level pinning ind-doped semiconductors. Other sca
tering mechanisms at low temperature are the interf
roughness of the heterojunctions, ionized acceptors, ne
impurities, and localized states induced by heavy dop
They can modify the electron transport properties. In o
previous work, however, we showed that our calculations
the quantum mobility in single and doubled layers are in
quite good agreement with the experimental results.4,7–9The
experimental results of quantum mobilities ind-doped
QW’s, taken from Ref. 5 and compared with our resu
were obtained from the half-width of the Fourier peaks of
Shubnikov–de Haas oscillations. However in Refs. 4 and
the quantum mobility was measured by using a Fourier
tering technique together with the so-called Dingle pl
Generally, the latter method yields smaller relative error
the measured quantum mobilities.

FIG. 3. The transport mobilities of the electrons in~a! the lowest
subbands (n51), ~b! the second subband (n52), and~c! the third
subband (n53) as a function of the impurity concentration in th
Si d-doped GaAs/Al0.3Ga0.7As QW’s of different widths. The solid,
dashed, dotted, dash-dotted, and the thin-dashed curves indica
results for the QW’s of widthsWQW5100, 200, 300, 400 Å, and
`, respectively.
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Figure 3 shows the dependence of the subband trans
mobility on the impurity concentration ind-doped QW’s
with widthWQW5 100, 200, 300, and 400 Å. For compar
son, the transport mobility in a singled layer, i.e.,
WQW5`, is depicted by thin curves. We observe thatm1

t

increases with increasing the doping concentration w
only the lowest subband is populated as can be seen fo
QW’s with widths of 100 and 200 Å. After the onset of th
population of the second subband atND53.431012 cm22

for the 100-Å QW andND51.331012 cm22 for the 200-Å
QW, m1

t increases up to a maximum and then it become
decreasing function. The increase ofm1

t just after the onset
of the occupation of the second subband is obviously du
the screening effect coming from the coupling of the tw
subbands. Notice that, because the wave functions of the
subband have different parities, the intersubband scatte
between them is very small~it vanishes when the thicknes
of the doping layer is zero!. Similarly, at the onset of the
population of the third subband, which occurs atND5 5.7,
3.1, 2.2, and 1.531012 cm22 for the QW’s with
WQW5200, 300, 400 Å, and infinity, respectively, the m
bility m2

t increases quickly until it reaches a maximum
ND5 7.0, 3.8, 2.6, and 1.8531012 cm22, and then it de-
creases with increasingND . We found that, with increasing
ND , m1

t decreases slowly as long as two or more subba
are populated. At the onset of the occupation of then53
subband,m1

t shows an abrupt decrease. This discontinuo
decrease is a consequence of the intersubband scattering
also see that such a jump becomes larger when the
width decreases. It indicates that the intersubband scatte
strength is enhanced in narrower QW, in which the over
of the wave function is larger. The abrupt decrease ofm2

t at
ND57.831012 cm22 for WQW5400 Å andND55.031012

cm22 for WQW5` is due to the onset of occupation of th
n54 subband. We also notice that this mobility drop is qu
large. In Fig. 3~c!, we see thatm3

t has a similar behavior a
m2
t shown in Fig. 3~b!.

the

FIG. 4. The same as Fig. 3 but now for the subband quan
mobility.
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In Fig. 4, the subband quantum mobility is depicted a
function of the doping concentration for several QW’s. T
main differences of the quantum mobilitymn

q from the trans-
port mobility are~i! m1

q decreases with increasingND even if
only the lowest subband is populated;~ii ! a local maximum
of m2

q appears before the onset of occupation of then53
subband;~iii ! at the onset of the occupation of a higher su
band, the quantum mobility of the lower subband show
rapid increase. These different characteristics of the subb
quantum mobility originate from the nature of the quantu
mobility, which is dominated by the short-range scatteri
while the screening of the Q2DEG is more efficient on t
long-range scattering events. The abrupt increase of the
band quantum mobility at the onset of occupation of a hig
subband reflects the screening effect on the scattering
duced by a new populated subband, as discussed be
which is stronger than the intersubband scattering introdu
by itself in the present system. The appearance of the l
maximum in the subband quantum mobility as well as tha
the transport mobility is also a consequence of the bala
between the scattering and the screening effects.

In conclusion, we found that, except for the behavior
the subband mobilities around the onset of the occupatio
a subband, there are two important factors that influence
electron transport when we increase the impurity concen
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tion. One is that the electron density is increased and, c
sequently, the subband Fermi energy and the kinetic ene
of the conduction electrons are increased, which leads to
enhancement of the mobility. The other is the scattering c
ters of the ionized donors increase, which leads to a decr
on the mobility. Since the increase of the Fermi ener
mainly leads to a reduction of the large-angle scattering, w
increasing the doping concentration, the transport mobi
increases faster than the corresponding quantum mob
Our results show that the screening effects of the Q2D
and the intersubband scattering are of equal importanc
the multisubband transport properties. We found that
transport and the quantum mobilities of each subband exh
nonmonotonic behavior with a local maximum for the d
pendence on both the well width and doping concentrati
We also want to mention that the barrier height of the Q
does not influence significantly the subband mobility. T
background acceptor concentration in the present system
fects the subband mobility slightly as long asWQW is not too
large.
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