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LETTER TO THE EDITOR

Looking for the maximum low-temperature conductivity in
selectively doped AlxGa1−xAs–GaAs–AlxGa1−xAs double
heterojunctions

C D Simserides and G P Triberis
University of Athens, Department of Physics, Section of Solid State Physics, Panepistimiopolis,
157 84 Zografos, Athens, Greece

Received 28 May 1996

Abstract. We use self-consistent numerical calculations to study the sheet electron
concentration and the mobility as functions of the doping concentration, the spacer thickness,
the well width and the Al mole fraction of a selectively doped AlxGa1−xAs/GaAs/AlxGa1−xAs
double heterojunction, using no arbitrary,a priori, assumptions, at low temperatures.For the first
time we take into account two kinds of donor (shallow and deep) that coexist in the Si-doped
AlxGa1−xAs. We study all the significant scattering mechanisms. The model, based exclusively
upon the knowledge of the material and structural parameters involved, allows us to obtain the
maximum conductivity for any specific structure. Our results are in a very good agreement with
experiment.

From the early ’80s the electron mobility (µ) of selectively doped AlxGa1−xAs–GaAs
heterostructures has been extensively studied both experimentally and theoretically. In
the theoretical studies it is usually assumed that there exists a specific sheet electron
concentration (n) or a specific number of subbands in the well or envelope functions of a
certain form or a quantum well of a specific shape, etc. These simplifying hypotheses have
been commonly used in one way or another [1–19]. The mobility is expressed as a ‘function’
of n but this procedure is limited by the arbitrary way of changingn. Characteristically,
even whenn is kept constant, it has been shown by experimentally [20] that the change in
the shape of the envelope function (by varying the gate voltage) will changeµ by up to
56%. Thus, the use of the above simplifying hypotheses can lead to erroneous conclusions.
This imposes the necessity for the use of a model for the calculation of the electronic states
that does not depend on such hypotheses.

A model that depends only on the material and structural parameters was first introduced
by Hurkx and van Haeringen [21], for the case of selectively doped single heterojunctions.
This model was generalized by Simserides and Triberis [22] for selectively doped double
heterojunctions. There, we demonstrated self-consistently and numerically that the variation
of the well width results in a dramatic change of the form of the envelope functions [22], due
to the transition from a perfect ‘square well’ to a system of two independent heterojunctions.
We also studied the effect of the variation of the doping concentrations and the width of
the spacers on the electronic states. A similar model [23] was used in the study of the
effect of delta doping in double heterojunctions. These models are presented atT = 0 K
and they use the depletion approximation. Similar models have been successfully used to
study the electronic structure of AlxGa1−xAs–GaAs–AlxGa1−xAs quantum wells subjected
to magnetic fields [24–26]. We have also shown [27] that, in order to study properly the

0953-8984/96/300421+06$19.50c© 1996 IOP Publishing Ltd L421



L422 Letter to the Editor

effect of temperature on the electronic states, one has to abandon the depletion approximation
and to take into account the two kinds of donor (shallow and deep) which coexist in the
Si-doped AlxGa1−xAs and are ionized by different mechanisms. Because of the fact that
our models depend exclusively upon the knowledge of the parameters of the materials
which constitute the heterostructure, we are able to studyµ and n as functions of the
doping concentrations, the spacer thicknesses, the well width and the Al mole fraction,
using no arbitrary,a priori, assumptions. Even though many mobility calculations have
been presented for the AlxGa1−xAs–GaAs heterostructures, such an approach seems to be
lacking in the literature.

It is the purpose of the present letter to show that even for material parameter values
for which there is only one subband in the well there exist differentn dependences ofµ.
For this case we are looking for the maximum conductivity, at low temperatures. The value
of the maximum conductivity is of great importance when using these structures as FETs.
All the significant scattering mechanisms are taken into account. Our results are compared
with experimental data [17].

We use the normalized envelope functions given by

ϕi(r) = (1/
√

S)ζi(z) exp
[
i
(
kxx + kyy

)]
(1)

where S is the area of the interface (xy-plane). ζ1(z) is the z-axis envelope function.
E = E1 + h̄2k2/2m∗, whereE1 is the bottom of the subband, andk = (kx, ky) is the
two-dimensional wavevector. The GaAs effective mass ism∗ = 0.067me, whereme is the
electron mass. ¯h is the reduced Planck constant.

The electron mobility reads

µ = (
e/m∗)〈φ(E)〉 (2)

where (−e) is the electron charge.

〈φ(E)〉 =
∫

φ(E)E
∂f0(E)

∂E
dE

/ ∫
E

∂f0(E)

∂E
dE. (3)

The conductivity is given by

σ = µen. (4)

In the low-temperature range, we consider only the elastic scattering mechanisms.
For interface roughness (IR)

1
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[
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2
]
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exp

(
−q232

4

)]
q=2k sin(θ/2)

]
. (5)

Here, 1 is the roughness height and3 is the roughness lateral size.m∗
GaAlAs is the

Al xGa1−xAs effective mass. The values we use for the AlxGa1−xAs effective masses are
taken from [28] by interpolation.U0 is the conduction band offset.zB denotes the position
of the interface. Following Price and Stern [29] we take into account the fact that in the
case of AlxGa1−xAs–GaAs heterostructures, and especially when the Al mole fraction,x, is
small, one has to assume a finite barrier at the interface.ε(q) is the RPA dielectric function.

For scattering due to deformation potential (DF)

1

φ(E)
= D2kBT m∗

2πh̄3CL

∫ +∞
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(6)
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whereD = 7 eV is the deformation potential constant andCL = 1.397× 1011 N m−2 is
the longitudinal elastic constant.kB is the Boltzmann constant.

For piezoelectric scattering (PZ)

1

φ(E)
= m∗

(2π)2h̄3

e2kBT P 2

2εε0

∫ 2π

0
dθ (1 − cosθ)

[
1

ε(q)2
µ(q)

]
q=2k sin(θ/2)

(7)

where

µ(q) =
∫

dqz

1

q2 + q2
z

∣∣I11
(
qz

)∣∣2
I11

(
qz

) =
∫

ζ1(z)ζ1(z) exp
(−iqzz

)
dqz.

P = 0.052 is the piezoelectric constant,ε = 13.18 is the GaAs dielectric constant andε0

is the vacuum dielectric constant.
For ionized impurities (II) we have

1

φ(E)
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2πh̄3

∫
dzi N

+
d

(
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) ∫ 2π

0
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(
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(8)

whereN+
d (zi) is the ionized donor concentration at the positionzi .

f
(
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) =
(
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2ε0ε

)2( 1

qε(q)

)2∣∣FI

(
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)∣∣2
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(
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dz ζ1(z)
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For alloy scattering (AL)

1

φ(E)
=

[
�0x(1 − x)[δV ]2 m∗

h̄3

] ∫
L

(
ζ1(z)

)4
dz. (9)

Here 4�0 = α3, whereα is the lattice constant.δV = 1 eV is the alloy potential.L denotes
that the integral is performed only in the alloy.

Finally, we use Matthiessen’s rule to estimate approximately the total mobility.
Figure 1 summarizes our results. In figure 1(a)–(d) the structures consist of an Si-doped

Al 0.27Ga0.73As layer of doping concentrationNd , an undoped Al0.27Ga0.73As spacer of width
Ds , an undoped GaAs well of width 2L, an undoped Al0.27Ga0.73As spacer of widthDs

and an Si-doped Al0.27Ga0.73As layer of doping concentrationNd . We use1 = 0.283 nm,
3 = 50 nm for the normal interface (IR(n)) and1 = 0.283 nm,3 = 10 nm for the inverted
interface (IR(i)).

In figure 1(a) we presentn, the mobilities due to the various scattering mechanisms and
the total mobility, varying the width of the spacers. HereNd = 2× 1018 cm−3, 2L = 8 nm
andT = 25 K.

In figure 1(b) we presentn, the mobilities due to the various scattering mechanisms
and the total mobility, varying the doping concentrations of the Si-doped layers. Here
Ds = 10 nm, 2L = 8 nm andT = 25 K.

In figure 1(c) we presentn, the mobilities due to the various scattering mechanisms and
the total mobility, varying the well width. HereDs = 10 nm, Nd = 1 × 1018 cm−3 and
T = 25K.

Figure 1(d) shows the different forms of then dependence ofµ. We observe that the
variations ofDs (dashed line) leads to almost the same dependence as the variation ofNd

(full line). This results from the fact that the shape of the envelope function depends only
slightly on Nd or Ds for a given well width, 2L [22]. In contrast, when we vary 2L we
observe a drastic change in the shape of the envelope function [22]. Thus, even for material
parameter values for which we have only one subband in the well, we have a totally different
form of n dependence ofµ. We notice that variation of 2L in the range of 4–10 nm leads to
almost ten times larger mobility ((0.039–0.30)×106 cm2 V−1 s−1). We also notice that the
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Figure 1. (a) The sheet electron concentration (n), the mobilities due to the various scattering
mechanisms and the total mobility, varying the width of the spacers.Nd = 1 × 1018 cm−3,
2L = 8 nm,T = 25 K, x = 0.27. (b)n, the mobilities due to the various scattering mechanisms
and the total mobility, varying the doping concentrations of the Si-doped layers.Ds = 10 nm,
2L = 8 nm,T = 25 K, x = 0.27. (c)n, the mobilities due to the various scattering mechanisms
and the total mobility, varying the well width.Ds = 10 nm,Nd = 1 × 1018 cm−3, T = 25 K,
x = 0.27. (d) Summarizing (a)–(c): the different forms of then dependence ofµ. The variation
of Ds (dashed line) leads to almost the same dependence as the variation ofNd (full line).
The variation of 2L results in a totally different behaviour. (e)〈8(E)〉−1 as a function of 2L
according to Bockelmann’s experiment forx = 0.35 (dots) and our theoretical results (full line).

variation of 2L results in a significant variation of the conductivity. In this specific example
σ is increased almost 11-fold, increasing 2L. SpecificallyσA = 0.071× 10−1C V−1 s−1,
σB = 0.517× 10−1 C V−1 s−1 and σc = 0.762× 10−1 C V−1 s−1. In contrast, variation
of Nd or Ds results in a much weaker effect. In this specific example by variation of
Nd or Ds the conductivity can be increased approximately 2.5-fold. SpecificallyσD =
0.208×10−1 C V−1 s−1, σB = 0.517×10−1 C V−1 s−1 andσE = 0.230×10−1 C V−1 s−1.
In this way we are able to obtain the maximum conductivity for the specific structure.

In figure 1(e) we compare our results (full line) with the experiment of Bockelmann
et al [17] (points). In this experiment the structure is a superlattice of GaAs wells
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Figure 1. Continued.

separated by Al0.35Ga0.65As barriers of typically 50 nm thickness. The central parts
(10 nm) of the barriers are Si doped. The experimental conditions (variation of the
doping concentrations and illumination) are such that the sheet electron concentration is kept
constant at 0.65×1012 cm−2/quantum well. Note that here the shape of the envelope function
remains unchanged because it depends basically on the well width, 2L [22], while N+

d (zi)

varies. We use1 = 0.283 nm,3 = 50 nm for the normal interface and1 = 0.566 nm,
3 = 10 nm for the inverted interface.

Using the arguments presented above the material and structural parameters which
give maximum conductivity can be determined before the preparation of the actual
heterostructure. This enables us to choose the most suitable combination ofNd , Ds and 2L
to obtain the desired sheet concentration, mobility and conductivity.
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