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Abstract. In this paper, we report the theoretical predictions of a high-index GaAs substrate ((111)A
and (311)A) on the subband structure and thereafter on the 2D electron density of Si δ-doped
Al0.33Ga0.67As/In0.15Ga0.85As/GaAs pseudomorphic high electron mobility transistor (pHEMT) with an
additional InxGa1−xAs (x > 0.15) thin layer embedded in the channel. We have seen that the electronic
structures and the electron density are quite sensitive to the additional InxGa1−xAs (x > 0.15) layer
thickness, indium composition and to their position in the channel. An optimal position of the additional
InxGa1−xAs layer was found to be corresponding to the maximum of the first eigen envelope function for
the different growth directions. We report that the optimised electron density is obtained in the structure
grown on (111)A GaAs substrate. In this case the electron transfer is significantly higher than those grown
on (311)A and (001) GaAs substrates respectively.

PACS. 73.20.At Surface states, band structure, electron density of states –
73.40.Kp III-V semiconductor-to-semiconductor contacts, p-n junctions, and heterojunctions

1 Introduction

The pseudomorphically strained InGaAs layer has been
demonstrated to be an excellent channel layer for
the modulation-doped AlGaAs/InGaAs/GaAs pseudo-
morphic high electron mobility transistors (pHEMTs).
Such a pHEMT structure has led to considerable improve-
ment in device performance [1–4] due to the increased
conduction band discontinuity, which allows high electron
densities to be achieved, even when low Al content barri-
ers are used to minimize the presence of DX centers. Such
a structure grown on substrates with orientation different
from (001) has been gaining attention because of the pres-
ence of a built-in electric field, generated via piezoelectric
effects, the ability to grow (III−V) heterostructures on
(N11) substrates provides a further degree of freedom for
electro-optical devices [5,6]. Electrons are confined at the
heterojunction not only by their electrostatic attraction to
ionized impurities in the large gap AlGaAs layer, but also
by the presence of an InGaAs quantum well. Increasing
the In composition facilitates higher performance in these
pHEMTs. However, it has been difficult to increase the In
composition past 0.3 because In segregation limits the crit-
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ical layer thickness, making it thinner than the calculated
one [7]. To overcome such problem, in this work we added
an InxGa1−xAs (x > 0.15) thin layer embedded in the
channel of Al0.33Ga0.67As/In0.15Ga0.85As/GaAs pHEMT.
The aim of this work is to predict the charge transfer
in this type of structure for three different growth di-
rections, such as (001), (111) and (311). A few struc-
tures have been grown previously on (111)B oriented sub-
strates because they provide the largest built-in electric
field. The (111)A oriented substrates provide the same
built-in electric field but crystal growth is by far more
difficult [8]. The electric field in strained quantum wells
(SQWs) grown on gallium terminated (A) substrates has
the opposite direction of the electric field in SQWs grown
on arsenic terminated (B) substrates [9]. Similar behavior
has been reported on (311)A/B oriented substrates [6].
The above properties have been used in this work to pre-
dict more charge transfer in pHEMT devices. We have
chosen the (111)A and (311)A GaAs substrates because
the charge transfer in pHEMT structures is reduced when
the layers are grown on GaAs (111)B substrates as pre-
viously reported [10]. We have studied theoretically the
influence of an additional InxGa1−xAs (x > 0.15) layer
in the In0.15Ga0.85As channel layer on the electron den-
sity by solving the Schrödinger and Poisson equations
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self-consistently. The numerical procedure adopted in this
work is the finite differential. In addition, the total poten-
tial includes a local exchange-correlation potential term,
and we have taken into account the strain effects in our
calculations.

2 Theoretical considerations

The structure under investigation consists of epitaxial lay-
ers grown from the bottom to the top as: an undoped
GaAs buffer layer, a 10 nm undoped In0.15Ga0.85As chan-
nel, a 10 nm undoped Al0.33Ga0.67As spacer layer, a 2 ×
1012 cm−2 Si δ-doping layer, an undoped Al0.33Ga0.67As
barrier, and an undoped GaAs cap layer for three differ-
ent GaAs substrate orientations, such as (001), (111)A
and (311)A. An additional InxGa1−xAs (x > 0.15)
thin layer was added to the structure (embedded in
the channel). The electronic structure of the Si δ-doped
AlGaAs/InGaAs/GaAs heterostructure has been investi-
gated by using a self-consistent calculation in the effective
mass approximation. The problem to be solved is reduced
to a series of one-body equations. We have considered, on
the other hand, the system at low temperature and no ex-
ternal electric field is applied on the structure under inves-
tigation. We have calculated the confining potential, the
electron density, the subband energies, the eigen envelope
wave functions and the Fermi energy level self-consistently
by solving simultaneously the Schrödinger and Poisson
equations.

The Schrödinger equation is:[
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Ψi (z) = Ei Ψi (z) .

Here, z is the growth direction, m�(z) being the electron
effective mass at the bottom of the Γ conduction band.
Ei and Ψi are the quantized energy levels and their cor-
responding electronic wave function, respectively. The po-
tential V (z) is the total energy split for different contri-
butions into:

V (z) = Vb(z) + VH(z) + VXC(z) + Vpz(z)

where Vb(z) is the conduction band edge potential without
doping, VXC(z) the exchange-correlation potential which
is induced by the many-body effects and whose expression
is taken from [11]:
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Vpz(z) is the piezoelectric potential and can be written as:

Vpz(z) = eFz

where F is the magnitude of the piezoelectric field in the
strained InGaAs layer, VH(z) is the effective Hartree po-
tential, obtained by solving the Poisson equation:
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Here, εr(z) is the relative local dielectric constant of the
different layers, Na(z) is the residual acceptor concentra-
tion, Nd(z) is the total density of ionised dopants (we
have taken a Dirac distribution form) and n(z) is the lo-
cal density of confined electrons. The latter is related to
wave functions Ψi(z) by the following relation:

n (z) =
∑

i

ni |Ψi (z) |2 .

At low temperature ni can be written as:

ni =
m∗

π �
2 (EF − Ei )

where ni is the carrier population in the ith subband
and EF is the Fermi level. At low temperature, EF is
pinned at the DX center energy [12]. For more details of
theoretical considerations, see our previous work [13]. In
evaluating the total potential energy, we have taken into
account the strain effects [13].

We have adopted the same theoretical method (finite
differential method) in our previous work [14]. In ad-
dition, it is important to indicate that in our previous
works [14,15] we have tested the validity of our calculation
for different types of heterostructures such as the conven-
tional and pseudomorphic ones and we have obtained a
good agreement with the experimental results.

3 Results and discussion

As a system, we consider an n-type δ-doped
Al0.33Ga0.67As/In0.15Ga0.85As/GaAs with and with-
out an additional InxGa1−xAs (x > 0.15) thin layer
embedded in the channel. We have calculated for these
heterostructures the conduction band edge, the energy
levels and wave functions of the confined electronic
states for three different growth directions, such as (001),
(111)A and (311)A. Figures 1a–c show the conduction
band structure for δ-doped AlGaAs/InGaAs/GaAs with-
out the additional InxGa1−xAs (x > 0.15) layer for (001),
(111)A and (311)A growth directions respectively. For
(001) growth direction there is no piezoelectric field. The
potential is deeper to the left, near the doped AlGaAs
barrier and the first wave function is displaced towards
the left. The situation is completely different for the
(111)A growth direction where the piezoelectric field
gives a potential, which is much deeper to the right,
near the GaAs undoped barrier. The electrons are now
concentrated to the right half of the InGaAs channel
layer. While for (311)A growth direction, we note a weak
piezoelectric field. The total potential is slightly deeper
to the left, near the AlGaAs barrier and the electrons
are concentrated in the middle of the InGaAs quantum
well. In Table 1, we show the electron density obtained
in Al0.33Ga0.67As/In0.15Ga0.85As/GaAs heterostructure
(without an additional InxGa1−xAs thin layer) and the
positions of the first envelope wavefunctions maximum
relatives to the left interface for the (001), (111)A and
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Fig. 1. (a) The self-consistent calculation of the conduction
band structure, the levels energy, and the corresponding wave-
functions for δ-doped Al0.33Ga0.67As/In0.15Ga0.85As/GaAs
pseudomorphic structure grown on (001) GaAs oriented sub-
strate. With donor concentration N2D

d = 2× 1012 cm−2, chan-
nel thickness = 10 nm, and spacer = 10 nm at low temper-
ature. (b) The self-consistent calculation of the conduction
band structure, the levels energy, and the corresponding wave-
functions for δ-doped Al0.33Ga0.67As/In0.15Ga0.85As/GaAs
pseudomorphic structure grown on (111)A GaAs oriented
substrate. With donor concentration N2D

d = 2 × 1012 cm−2,
channel thickness = 10 nm, and spacer = 10 nm at low tem-
perature. (c) The self-consistent calculation of the conduction
band structure, the levels energy, and the corresponding wave-
functions for δ-doped Al0.33Ga0.67As/In0.15Ga0.85As/GaAs
pseudomorphic structure grown on (311)A GaAs oriented sub-
strate. With donor concentration N2D

d = 2× 1012 cm−2, chan-
nel thickness = 10 nm, and spacer = 10 nm at low temperature.

Fig. 2. Variation of the electron density at low temperature as
a function of the position of the additional In0.3Ga0.7As thin
layer embedded in the channel in relation to the left interface
with LInGaAs = 1.2 nm.

Table 1. Electron density in δ-doped Al0.33Ga0.67As/
In0.15Ga0.85As/GaAs pseudomorphic structure without an ad-
ditional InGaAs thin layer and the positions of the first en-
velope wavefunctions maximum per head of the left interface
for (001), (111)A, and (311)A growth directions, with channel
thickness = 10 nm.

GaAs substrate (001) (311)A (111)A

orientation

Electron density 1.06 1.13 1.39

(1012 cm−2)

Position of the first

wavefunction 3.3 4.5 6.7

maximum (nm)

(311)A growth directions, with a channel thickness equal
to 10 nm. Then, increasing the indium composition
in the channel facilitates higher performance in these
pHEMTs. However, increase the In composition has been
greatly difficult, especially when the channel thickness
is large, because In segregation limits the critical layer
thickness [16,17]. To overcome such problem, we use an
additional InxGa1−xAs (x > 0.15) thin layer embedded
in the channel of Al0.33Ga0.67As/In0.15Ga0.85As/GaAs
pHEMT. Figure 2 shows the results of the calculation of
the electron density, at low temperature, as a function of
the additional In0.3Ga0.7As layer position in the channel
in relation to the AlGaAs/InGaAs interface for three dif-
ferent growth directions. The thickness of the embedded
In0.3Ga0.7As layer was fixed at 1.2 nm. We have observed
that the optimal positions of the additional In0.3Ga0.7As
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layer for maximum electron density are found to be
3.1 nm, 4.3 nm and 6.5 nm for (001), (311)A, and (111)A
growth directions respectively. These values correspond
exactly to the position of the first eigen envelope function
maximum for the different growth directions. In this
context, we report in Figures 3a–c the conduction band
structure for the δ-doped AlGaAs/InGaAs/GaAs with
the additional In0.3Ga0.7As layer (1.2 nm) embedded at
the position of the first eigen envelope function maximum
for the (001), (111)A and (311)A growth directions
respectively. We note that the electron subbands and
their corresponding wave functions are sensitive to the
additional In0.3Ga0.7As layer in the channel. However,
in our investigation of the electron density there are two
important parameters: the indium concentration and the
thickness of the added InxGa1−xAs (x > 0.15) layer.
Figure 4 shows the results of the calculation of the elec-
tron density, at low temperature, as a function of indium
concentration for three different growth directions. The
thickness of the embedded InGaAs layer was fixed at
1.2 nm. We have observed that the calculated electron
density in the structure grown on (111)A GaAs substrate
is significantly higher than those grown on (311)A and
(001) GaAs substrates respectively. Moreover, this en-
hancement is for several different indium concentrations.
Later, we explain this electron density evolution by
the increased conduction band discontinuity and conse-
quently a good electron confinement has been achieved.
In addition, this improvement is due to the incorporation
of a piezoelectric field within the pseudomorphically
strained active layer in the structures grown on (111)A
and (311)A GaAs substrates. We also note a significant
increase of 24% in the electron density (between with
and without the additional InxGa1−xAs layer embedded
in the channel), when the growth direction is (111)A
and the indium concentration is equal to 0.5. A similar
behaviour is seen in Figure 5, in which the additional
InGaAs layer thickness is varied for a fixed indium mole
fraction of 0.3 and their position is at the position of
the first wave function maximum. The enhancement
of the electron density was explained by the widening
of the channel layer formed by the InGaAs. Therefore,
the difference between subband energies and Fermi level
increases. It can be seen that, the piezoelectric effects
are the largest for the larger embedded InGaAs layer
thickness. We note a significant increase of 38% in the
electron density (between with and without the additional
In0.3Ga0.7As layer embedded in the channel), when the
added layer thickness is equal to 4.5 nm. We have limited
our comparison only to (111)A direction, as the electron
density in (111)A direction is higher than in (311)A and
(001) directions for different indium concentration and
additional InGaAs layer thickness.

4 Conclusion

In conclusion, we have calculated the electronic subband
structure of Si δ-doped AlGaAs/InGaAs/GaAs pHEMT
for three different growth directions, (001), (111)A, and

(a)

(b)

(c)

Fig. 3. (a) The self-consistent calculation of the conduction
band structure, the levels energy, and the corresponding wave-
functions for δ-doped Al0.33Ga0.67As/In0.15Ga0.85As/GaAs
pseudomorphic structure, with an additional In0.3Ga0.7As
thin layer (1.2 nm) embedded in the channel, grown on
(001) GaAs oriented substrate. With donor concentration
N2D

d = 2 × 1012 cm−2, channel thickness = 10 nm,
and spacer = 10 nm at low temperature. (b) The self-
consistent calculation of the conduction band structure,
the levels energy, and the corresponding wavefunctions for
δ-doped Al0.33Ga0.67As/In0.15Ga0.85As/GaAs pseudomorphic
structure, with an additional In0.3Ga0.7As thin layer (1.2 nm)
embedded in the channel, grown on (111)A GaAs oriented sub-
strate. With donor concentration N2D

d = 2× 1012 cm−2, chan-
nel thickness = 10 nm, and spacer = 10 nm at low tempera-
ture. (c) The self-consistent calculation of the conduction band
structure, the levels energy, and the corresponding wavefunc-
tions for δ-doped Al0.33Ga0.67As/In0.15Ga0.85As/GaAs pseu-
domorphic structure, with an additional In0.3Ga0.7As thin
layer (1.2 nm) embedded in the channel, grown on (311)A
GaAs oriented substrate. With donor concentration N2D

d =
2×1012 cm−2, channel thickness = 10 nm, and spacer = 10 nm
at low temperature.
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Fig. 4. Electron density at low temperature as a function
of the indium concentration in the additional InGaAs thin
layer (1.2 nm) embedded in the channel.

Fig. 5. Influence of the added InGaAs layer thickness on the
electron density, at low temperature, with xIn = 0.3.

(311)A containing an additional InxGa1−xAs (x > 0.15)
thin layer embedded in the channel. The effects of the
varied InGaAs thickness, In composition and position in
relation to the left channel interface of the added layer
on the electron density were studied theoretically. It was
found that the embedded InGaAs layer could increase the
electron density. It is worth noting that, to have a large
electron density we must use a (111)A substrate and intro-
duce the additional InxGa1−xAs (x > 0.15) layer exactly
at the position of the first wave function maximum in the
In0.15Ga0.85As channel. Also, with the optimal structure,
we have obtained an improvement of the electron density
compared to that of the structure without any additional
layer.
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