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Influence of d doping position on subband properties in In0.2Ga0.8AsÕGaAs heterostructures
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Subband properties of Sid-doped pseudomorphic In0.2Ga0.8As/GaAs heterostructures have been investigated
by solving the Schro¨dinger-Kohn-Sham equation and the Poission equation self-consistently, and by the
density-density dynamical response function. The shift of the same Sid-doped layer from the quantum-well
center~the origin is at 0 Å) to the barrier (310 Å) has been studied to find its effect on subband electron
densities and mobilities. The electron density of the first subband is greater than 3.631012 cm22 when a
d-doped density of 4.531012 cm22 is placed in the well. It is only 2.0631012 cm22 for the doping position
with a 85-Å spacer layer. The electron occupation of the second subband is 15.4% in the well-center-doped
structure. It is up to the maximum of 42.3% at 130 Å. The electron mobility is not changed significantly for
the first subband, but is varied noticeably for the second subband by moving the Sid doping position in the
well. The highest electron mobility is obtained at about 110 Å for the first subband, and at about 290 Å for
the second subband. The calculated results are also compared to the corresponding experimental data.
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I. INTRODUCTION

Heterostructures based on materials in the III-V and III
nitride families have been studied extensively for high sp
and optoelectronic applications.1–7 There has been a grea
interest in combining a delta doping (d doping! with a
heterostructure-based quantum well to improve the electr
transport properties of the systems.8–12 The d-doped layer
can be placed at the center of the well, which can achi
high carrier densities in the well but produces limited ele
tron mobilities because the charge carriers and impuri
share the same region of space. Thed-doped layer can also
be placed outside the well, or in the barrier region, to achi
higher mobilities owing to the fact that the mobile char
carriers are separated from the ionized impurities. Althou
different d-doping configurations, in whichd-doped layers
were placed at different positions with respect to the qu
tum well, have been tried experimentally to optimize t
position of thed-doped layer,11,13–16the relation of subband
transport properties with the shift of thed-doping position is
not clear. In this paper, we investigate, as an example,
subband electrical properties of Sid-doped pseudomorphi
In0.2Ga0.8As/GaAs heterostructures by changing the dop
position from the well center to the barrier (0 –310 Å). Bo
the subband electron densities and mobilities of the first
second subbands are studied as a function of the do
position.

II. EXPERIMENTAL AND THEORETICAL MODEL

Si d-doped In0.2Ga0.8As/GaAs heterostructures wer
grown in low-pressure~76 Torr! metalorganic vapor phas
epitaxy at 630°C. The precursors included trimethylgalliu
~TMGa!, trimethylindium~TMIn!, and 100% AsH3. The car-
rier gas was H2 and the doping precursor was 500-ppm Si4
diluted in H2. The growth rate was 2mm/h for GaAs and
1.2 mm/h for In0.2Ga0.8As. ~100!-oriented with 2° off to-
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ward the ~110! semi-insulating GaAs wafers were used
substrates. The details of Sid doping have been describe
elsewhere.17

The In0.2Ga0.8As/GaAs heterostructures studied in this p
per are of the same Sid-doped layer placed from the
In0.2Ga0.8As well center to the barrier. However the bas
In0.2Ga0.8As/GaAs heterostructures, such as the well com
sition and thickness, are kept identical. The width of t
quantum well is 100 Å. Therefore, position~A! at the well
center is 0 Å, position~B! at the well-barrier interface is
50 Å, and position~C! is 200 Å with a 150-Å GaAs space
layer. The Si d-doped electron density is taken as 4
31012 cm22 per layer.

To check our calculations, three Sid-doped
In0.2Ga0.8As/GaAs heterostructures corresponding to
above structures@~A!–~C!# were grown, respectively
Shubnikov–de Haas~SdH! measurements were made ov
the magnetic field range of 0–12 Tesla at 1.5 K. The samp
were in Hall bar geometry with alloyed Au-Ge Ohm
contacts.

In order to understand the electron properties of
present many-electron systems, one needs to solve the K
Sham Schro¨dinger equation

F2
\2

2m*

d2

dz2
1Ve f f~z!Gfa~z!5Eafa~z!, ~1!

in conjunction with the Poission equation, self-consistently18

In the above equation,z is the coordinate along the growt
direction, Ve f f(z) is the effective potential which contain
~1! the Hartree potentialvH(z), ~2! the exchange and corre
lation potentialvxc(z) of Hedin and Lundqvist,19 ~3! the
background potential profileEb(z), and~4! the potential en-
ergy due to strain effects.20 The subband charge densitie
na , wave functionsfa , energy levelsEa , and Fermi energy
EF for the interacting inhomogeneous electron gas can
©2002 The American Physical Society12-1
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well described within the framework of the effective-ma
approximation. The details of the calculation procedure h
been given elsewhere.21

The dynamical response of the inhomogeneous elec
system is described by the density-density correlation fu
tion x(qi ,v;z,z8), which can be obtained by solving
Dyson-type integral equation

x~qi ,v;z,z8!5x0~qi ,v;z,z8!2E
0

LE
0

L

dz1dz2x0

3~qi ,v;z,z1!V~qi ,z1 ,z2!x~qi ,v;z2 ,z8!,

~2!

whereL is the length of the heterostructures,x0(qi ,v;z,z8)
is the response function of the noninteracting electron s
tem, and V(qi ,z1 ,z2) is the electron-electron interactio
potential.22 The noninteracting response functio
x0(qi ,v;z,z8) is defined by

x0~qi ,v;z,z8!

5 (
a51

occ

(
a851

all

Sa,a8~qi ,v!fa~z!fa~z8!fa8~z!fa8~z8!,

~3!

where the matrixSa,a8(qi ,v) reads

Sa,a8~qi ,v!52E
0

` d2ki

~2p!2

f ~Eki ,a!2 f ~Eki1qi ,a8!

Eki1qi ,a82Eki ,a1 iG
. ~4!

In the above equation,G is the phenomenological damp
ing parameter, which is provided mainly by ionized impur
scattering at low temperatures and determined by sam
quality. Usually, the value of the damping parameter at
d-doped position is greater than that outside the doped p
tion due to high-densityd doping. In our calculations,G
54.0kBT, 2.2kBT (kB being the Boltzmann constant andT
the experimental temperature! are assumed at and outside t
Si d-doped position, respectively.f is the Fermi-Dirac distri-
bution function. The in-plane wave vectorqi has been cho-
sen to be very small,qiL.1, to explore the dynamical re
sponse of the entire nonuniform electron gas.23,24

It is important to note that thea summation in Eq.~3!
runs over the individual occupied states whereas thea8 sum-
mation includes all possible states. The dynamical pola
ability p(qi ,v) is related to the response functionx through
the equation25

p~qi ,v!5E
0

LE
0

L

dzdz8exp@2qi~z1z8!#x~qi ,v;z,z8!,

~5!

in which an exponentially decaying external driving fie
Vext;e2quuz2 ivt was assumed.

The dynamical conductivitysa of the ath subband is
given by using the dynamical polarizabilityp(v) through
the following equation:26
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sa5v Im@p~v!#. ~6!

Then the electron mobilityma of the ath subband can be
obtained by

ma5sada /ena , ~7!

where e is the electron charge, andda is the full electron
density profile width at the half-maximum of theath
subband.

III. RESULTS AND DISCUSSION

In our calculations we only consider the lowest two su
bands (a51 for the first subband anda52 for the second
subband!, due to the fact that they are occupied by most
the doping electrons. Figure 1 shows the phenomenolog
damping parametersGa of the first and second subband
The damping parametersGa are defined by the spatial ove
lap between the wave functionfa(z) and the self-consisten
potentialVe f f(z). The wave functionfa(z) shares partially
at and outside thed-doped position. Therefore,Ga comes
from two components: one is the damping at thed-doped
position and the other is that outside the position. That
whenfa(z) distributes both at and outside thed-doped po-
sition, Ga is between 4.0kBT and 2.2kBT. If Ga is taken as
4.0kBT, which means thatfa(z) is localized completely at
the d-doped position. Also, ifGa is 2.2kBT, this means that
the wave function distributes outside thed-doped position.
As shown in Fig. 1,G1 decreases from 4.0kBT to 3.3kBT and
G2 to 2.6kBT, respectively, when thed-doping position layer
is changed from the well center (0 Å) to the well-barri
interface (50 Å). This indicates that the wave functions
the first and second subbands depart little by little from
ionized Si donors. NextG1 remains at a constant value o
2.2kBT between 60 and 110 Å, where the wave function
the first subband is separated from the ionized Si don

FIG. 1. G values of the first and second subbands as a func
of Si d doping position for InGaAs/GaAs heterostructures at 1.5
The well center is at 0 and the heterointerface at 50 Å.
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Then G1 increases suddenly when the distance is o
120 Å, because the wave function of the first subband e
trons begins to overlap again with the ionized donors. T
wave function overlaps completely with the ionized impu
ties above 145 Å . Conversely,G2 increases between 60 an
110 Å, then drops to 2.2kBT at about 145 Å, due to the
change of the spatial overlapping degree of its wave func
with the doping position. The electrons of the second s
band are also separated completely in space between 14
290 Å. However,G2 increases to 4.0kBT when thed doping
position is beyond 300 Å, because thed-doping position is
far away from the quantum well and the electron of the s
ond subband cannot transfer into the well. Therefore,
wave function is localized completely at the Si donors.

The calculated electron densities of the first and sec
subbandsn1 and n2 and in the In0.2Ga0.8As quantum well
nQW are displayed in Fig. 2. It can be seen clearly that
first subband is heavily occupied by more than 80% of
doping electrons in the well-doped structures. The popula
is 3.831012 cm22 for the well-center-doped structure. The
n1 drops when thed doping is placed away from the we
center. A minimum electron density of 2.0631012 cm22 is
obtained at the position of 135 Å , i.e., with a 85-Å spac
layer. The occupation of the first subband increases slowl
the doping position is shifted further away from the w
center. The electron density of the second subbandn2 is only
15.4% of the doping concentration in the well-center dop
structure, rises to a maximum of 42.3% at 130 Å, then dr
to 19% at 290 Å. The total electron densitynQW in the well
is 4.3031012 cm22 for the well-center-doped structure, the
decreases to 4.0331012 cm22 for the well-barrier-interface
structure. In the modulation-doped structures,nQW drops
when thed-doping position moves away from the well ce
ter. The quantum well is occupied only by the first subba
when the distance is between 60 and 110 Å, by a mixture
the lowest two subbands between 120 and 145 Å , and by
second subband alone between 145 and 290 Å.

Figure 3 shows the calculated conduction band profi
and the square of the electron wave functions for the first
second subbands of structures~A!–~C!. For the well-center-
doped structure~A! and the well-barrier-interface-dope
structure~B!, the first and second subbands are mainly in

FIG. 2. The electron densities of the first and second subba
and in the In0.2Ga0.8As quantum well as a function of Sid doping
position for In0.2Ga0.8As/GaAs heterostructures at 1.5 K. The we
center is at 0 and the heterointerface at 50 Å.
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quantum well. However, for the barrier-doped system~C!,
the first subband resides in the barrier region since thd
doping itself brings a deep and wide V-shaped well ino
GaAs barrier region; the second subband principally resi
in the quantum well.

The mobilities of the lowest two subbandsm1 andm2 are
depicted in Fig. 4 as a function of thed-doping position. The
electron mobility of the first subbandm1 is not changed
much for different well-doped structures. It increases rapi
when thed doping is beyond 60 Å, because the electr
wave function of the first subband is spatially separated fr
the ionized Si donors. The wave function is completely se

ds

FIG. 3. The calculated conduction band and the square of
electron wave functions of the first subband~dashed lines! and sec-
ond subband~dotted lines! as a function position at 1.5 K for~A!
well center doping,~B! well-barrier interface doping, and~C! bar-
rier layer doping with a 150 Å spacer layer.

FIG. 4. The electron mobilities of the first and second subba
as a function of Sid doping position for In0.2Ga0.8As/GaAs het-
erostructures at 1.5 K. The well center is at 0 and the heteroin
face at 50 Å.
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TABLE I. The theoretical and experimental values of the electron densities and mobilities of the fir
second subbands for Sid-doped In0.2Ga0.8As/GaAs heterostructures for~A! well center doping,~B! well-
barrier interface doping, and~C! barrier layer doping with a 150 Å spacer layer at 1.5 K. The elect
densities are in the unit of 1012 cm22, and the mobilities in the unit of cm2 V21 s21.

n1 n2 m1 m2

Sample Theory Expt. Theory Expt. Theory Expt. Theory Expt

A 3.80 3.78 0.70 — 1102 1120 4293 —
B 3.62 3.48 0.86 0.84 1159 1260 6402 4460
C 2.40 — 1.28 1.24 1220 — 6894 6900
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da-
rated from the ionized donors between 60 and 110 Å in te
of the G1 values shown in Fig. 1, however, the impuri
scattering is reduced further, which improves the mobil
when the position of the Si donors is moved away from
well.27 m1 reaches the highest value of abo
3100 cm2 V21 s21 at about 110 Å , then decreases due to
increase inG1 . m1 remains almost constant beyond 145
and the electrons of the first subband are located in the d
V-shaped potential well formed in the Sid-doped layer. The
electron mobility of the second subbandm2 increases from 0
Å to 70 Å, then decreases to the lowest value of ab
2800 cm2 V21 s21 at 120 Å due to the fact thatG2 in-
creases. Nextm2 increases because the scattering beco
small. The highest mobility of the second subband can
obtained at a position of 290 Å. Finally,m2 drops when the
distance is over 300 Å, where the wave function of the s
ond subband is overlapped completely with the ionized
donors.

To testify to our calculations, we measured the longitu
nal resistivity (rxx) of the In0.2Ga0.8As/GaAs heterostruc
tures with 4.531012 cm22 Si d-doped layers as a functio
of magnetic field for three different doping positions me
tioned above. The fast Fourier transform analysis was
plied to estimate the subband electron densities
mobilities.28 The results are summarized in Table I. An e
cellent agreement is obtained between the theoretical
experimental data for the lowest two subband electron d
sities and mobilities of all configurations. The absence ofn1
and m1 in sample ~C! from the SdH measurement has
simple interpretation: The wave function of the first subba
has a maximum probability density with the delta-dop
layer. It can be expected to have a poorer mobility than
calculated one. Therefore, the first subband cannot be pic
up by the SdH effect. The electron densityn1 of the well-
barrier-interface structure is slightly lower than the theore
cal data, possibly due to the well-barrier-interface scatter
effect of the sample.
,

-
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IV. CONCLUSION

The influence of the Sid-doping position on the subban
electrical properties of pseudomorphic In0.2Ga0.8As/GaAs
heterostructures has been studied using self-consistent c
lation, and the dynamical polarizability by shifting the do
ing position from the well center to the barrier step by ste
Both the subband electron densities and mobilities have b
obtained from the calculations. The first subband is hea
occupied with greater than 80% of the doping electrons
the well-doped structures. The minimum electron density
2.0631012 cm22 is obtained at a position of 135 Å . Th
occupation of the second subband is only 15.4% of the d
ing density in the well-center structure; it goes up to t
maximum of 42.3% at 130 Å, then down slowly to 19%
290 Å. The quantum well is occupied only by the first su
band between 60 and 110 Å, by a mixture of the lowest t
subbands between 120 and 145 Å, and by the second
band alone before 290 Å in the modulation-doped structu
The electron mobility of the first subband is not chang
much for the different well-doped structures. It reaches
highest value at about 110 Å , and remains almost cons
beyond 145 Å. The lowest value of electron mobility of th
second subband is at 120 Å, and the highest mobility can
obtained at the position of 290 Å. Our results show that
subband electron mobilities can be completely determi
only by the damping parameters at and outside thed-doping
position. The calculated results are confirmed by the co
sponding experimental data. Similar calculations can also
applied to other group-III-V and -III-nitride semiconducto
to design and optimize device structures.
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