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The influence of the width of a lattice-matched Al0.82In0.18N/GaN single quantum well (SQW) on the absorption

coefficients and wavelength of the intersubband transition (ISBT) has been investigated by solving the Schrödinger and

Poisson equations self-consistently. The wavelength of 1–2 ISBT increases with L, the thickness of the single quantum

well, ranging from 2.88 µm to 3.59 µm. The absorption coefficients of 1–2 ISBT increase with L at first and then

decrease with L, with a maximum when L is equal to 2.6 nm. The wavelength of 1–3 ISBT decreases with L at first and

then increases with L, with a minimum when L is equal to 4 nm, ranging from approximately 2.03 µm to near 2.11 µm.

The absorption coefficients of 1–3 ISBT decrease with L. The results indicate that mid-infrared can be realized by the

Al0.82In0.18N/GaN SQW. In addition, the wavelength and absorption coefficients of ISBT can be adjusted by changing

the width of the SQW.
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1. Introduction

Extensive research has been focused on the in-
tersubband transition (ISBT) in semiconductor quan-
tum wells in recent years owing to their possible ap-
plication in ultrafast optoelectronic devices, such as
all-optical switches for optical communication net-
works, mid-infrared photodetectors and quantum cas-
cade lasers.[1−7] The conduction band offset (CBO)
between GaN and Al-containing alloys can exceed
1 eV, thus the intersubband energy is located in
the near-infrared range.[8,9] For example, intersub-
band absorption at wavelengths as short as 1.08 µm
from AlN/GaN quantum wells grown by molecular-
beam epitaxy has been reported.[10] However, research
progress has been hampered by difficulties related to
the structural quality of the materials. Most of the
intersubband studies reported in the literature em-
ploy high Al-content AlGaN or AlN alloys. There ex-
ists a large lattice mismatch between AlN or AlGaN
and GaN, which results in the formation of cracks
and/or dislocations. To overcome this problem, the

straightforward solution would be to find materials
with roughly the same lattice parameters. Fortu-
nately, Al1−xInxN alloy with indium content close
to 18% is lattice-matched to GaN and the CBO of
this system may be high enough for designing het-
erostructures with ISBT in the mid-infrared range.[11]

In this article, we investigate the intersubband absorp-
tion in a lattice-matched AlInN/GaN single quantum
well (SQW) theoretically. The large CBO and lack of a
piezoelectric effect in the lattice-matched AlInN/GaN
system make it an ideal alternative to traditional Al-
GaN/GaN or AlN/GaN systems.

We try to investigate the absorption coefficients
and wavelength of the ISBT of the Al0.82In0.18N/GaN
SQW. One method is to apply an external electric
field normal to the quantum well layer and the other
is to vary the width of the SQW. In this study, the
influence of the width of the quantum well on the ab-
sorption coefficients and the wavelength of the ISBT
in a single Al0.82In0.18N/GaN well has been studied
by solving the Schrödinger and Poisson equations self-
consistently.

∗Project supported by the National High Technology Research and Development Program of China (Grant No. 2007AA03Z403),

the National Natural Science Foundation of China (Grant Nos. 61076013 and 60776042), and the National Basic Research Program

of China (Grant No. 2006CB921607).
†Corresponding author. E-mail: huxd@pku.edu.cn

c© 2011 Chinese Physical Society and IOP Publishing Ltd
http://www.iop.org/journals/cpb http://cpb.iphy.ac.cn

094207-1



Chin. Phys. B Vol. 20, No. 9 (2011) 094207

2. Theoretical calculation

The optical absorption coefficients of the ISBT in
Al0.82In0.18N/GaN SQW can be expressed as a func-
tion of ω by the following formula:[12]

α(ω) =
ω

Lt

√
µ0

ε0εr

∑
m>n

|Mmn|2 [Nn − Nm](~/τ)
[Em − En − ~ω]2 + (~/τ)2

,

(1)
where µ0 is the permeability in vacuum, ε0 is the
dielectric constant in vacuum, εr is the relative di-
electric constant, Lt is the total quantum well width,
~ is the reduced Planck constant, Ni is the total
amount of electrons residing in the ith subband level,
Ei (i = m,n) is the energy level of the ith subband, τ

is the dephasing time and Mmn is the dipole matrix;
τ is assumed to be 0.14 ps in the calculation.[13] Mmn

is given by

Mmn =
∫ Lt/2

−Lt/2

ψ∗
m(z)ezψn(z)dz, (2)

where e is the electronic charge, ψi (i = m,n) is the
wave function of the ith subband. They are obtained
by solving the Schrödinger and Poisson equations self-
consistently as [14]
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where z is the space coordinate along the growth direc-
tion, m∗(z) is the position-dependent effective mass,
V (z) is the applied voltage, ∆Ec is the conduction
band offset, φH(z) is the Hartree potential due to
the electrostatic interaction, Vxc(z) is the exchange
correlation potential,[15] a∗

H = 4πε0εr~2/m∗(z)e2,[16]

N+
D (z) is the ionized donor density and n2D(z) is the

two-dimensional (2D) electron density in all subbands.
Under the equilibrium condition, n2D(z) and Ni are
given by the formulas as follows:[16]

n2D(z)

=
∑

i

n2D i(z)

=
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m∗
i kT

π~2
|ψi(z)|2 ln

[
1 + exp

(
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)]
,(6)

Ni =
∫

n2D i(z)dz, (7)

where k is the Boltzmann constant, T is the absolute
temperature, m∗

i is the effective mass of electrons re-
siding in the ith subband level (for simplicity, the same
effective mass is used in the well) and Ef is the Fermi
level. In the calculation, the initial potential profile is
assumed to be a rectangular potential profile. In or-
der to ensure constringency of solving the Schrödinger
and Poisson equations self-consistently, the potential
profile of the next iteration is recalculated from a lin-
ear combination of new and old values of the potential
profiles.

Especially, we include the depolarization effect
and exciton-like effect in the intersubband transition
energy (∆Eij).[17] The shifted intersubband transition
energy (∆E′

ij) can be given by[18]

∆E′
ij = ∆Eij

√
1+α−β, (8)

α =
8πe2(Ni − Nj)

εr∆Eij

×
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i (z)
∂Vxc(n(z))

∂n(z)
,

(10)

where the quantities α and β are called the depolar-
ization and the exciton shift, respectively; ψi is the
wave function of the ith subband.

3. Results and discussion

In the calculation, the band gap is chosen to be
4.4 eV for Al0.82In0.18N[19] and 3.4 eV for GaN.[16]

The minimum of the conduction band profile of
Al0.82In0.18N/GaN SQW is defined as the zero refer-
ence energy. Under the assumption of the periodic
potential model, the charge neutrality condition is
adopted, which means that the sum of the charges
in a periodic Al0.82In0.18N/GaN SQW is zero. The
structure of Al0.82In0.18N/GaN SQW used in the cal-
culation is 6 nm Al0.82In0.18N /L nm GaN, where L
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is a variable. Figure 1 presents the schematic conduc-
tion band profile of the Al0.82In0.18N/GaN SQW and
the moduli square of the wave function. The total
polarization field discontinuities (∆P ) are assumed to
be ∆P1 = 0.037 C/m2, ∆P2 = −0.037 C/m2. The
doping concentration in the Al0.82In0.18N barrier is
assumed to be 5 × 1018 cm−3. Dot A is the reference
energy, which is defined as zero. There is no piezo-
electric field in the Al0.82In0.18N/GaN system because
of the lattice match of Al0.82In0.18N and GaN. How-
ever, a large spontaneous polarization field exists in
the Al0.82In0.18N/GaN system. As is shown in Fig. 1,
the polarization-field-induced potential drops lead to
the asymmetry of the conduction band profile.

Fig. 1. Schematic conduction band profile of the

Al0.82In0.18N/GaN SQW and the moduli square of the

wave functions.

Figure 2(a) shows the wavelength of the 1–2 ISBT
as a function of the thickness of the SQW L. As shown
in Fig. 2(a), the wavelength of the 1–2 ISBT increases
with L, due to the fact that with increasing L, the
energy distance between subbands 1 and 2 decreases.
The wavelength ranges from 2.88 µm to 3.59 µm,
which is useful for mid-infrared communication sys-
tems. Figure 2(b) shows the moduli square of the
dipole matrix of 1–2 ISBT as a function of the thick-
ness of the SQW. It is clear that with the increase of
the thickness of SQW, the moduli square of the dipole
matrix of 1–2 ISBT increases with L at first and then
reaches a relatively steady value. Figure 2(c) shows
the total electrons residing in the subband 1 level as
a function of the thickness of SQW. By increasing
L, the total electrons residing in the subband 1 level
decreases quickly. Figure 2(d) presents the absorption
coefficients of 1–2 ISBT as a function of the thickness
of the SQW. When L is smaller than 2.6 nm, the
absorption coefficients of 1–2 ISBT increase and reach
the climax when L is equal to 2.6 nm. However, when
L is larger than 2.6 nm, the absorption coefficients of
1–2 ISBT decrease with L. This phenomenon can be
explained as follows: from formula (1), we know that
the absorption coefficients of the ISBT are mainly
determined by three factors, the energy distance be-
tween the initial subband and the final subband,

Fig. 2. (a) The wavelength of the ISBT between subbands 1 and 2, (b) the moduli square of dipole matrix of 1–2 ISBT, (c) the

total electrons residing in the subband 1 level, and (d) the absorption coefficients of 1–2 ISBT as functions of the thickness of SQW.
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the moduli square of dipole matrix and the total elec-
trons residing in the initial and final subband. These
three factors together influence the absorption coeffi-
cients of the ISBT. When L is smaller than 2.6 nm,
the energy distance between subbands 1 and 2 de-
creases with L, while the moduli square of dipole ma-
trix increases with L and the total electrons residing
in subband 1 decrease with L. Moreover, the elec-
tron density in subband 2 is so insignificant that it is
negligible. Therefore, the difference between N1 and
N2 is mainly determined by N1. It is believed that
the increase of the moduli square of the dipole matrix
and the decrease of the energy distance outdo the de-
crease of total electrons residing in subband 1 when
L is smaller than 2.6 nm, which results in the fact
that the absorption coefficients increase with L. How-
ever, with increasing L, the total electrons residing
in subband 1 decrease so quickly that it becomes the
dominant factor, which results in the absorption coef-
ficients in subbands 1–2 decreasing with increasing L.
It indicates that the thickness of SQW is an impor-
tant factor in the design of Al0.82In0.18N/GaN SQW
optoelectronic devices because it can impact the total
electrons residing in subband 1, which has a significant
influence on the absorption coefficients of ISBT.

Figure 3(a) plots the wavelength of the ISBT be-
tween subbands 1 and 3 as a function of the thickness
of the SQW. As is shown in Fig. 3(a), the wavelength
of the ISBT between subbands 1 and 3 decreases with
L when L is smaller than 4 nm, while it increases with
L when L is larger than 4 nm. The wavelength ranges
from approximately 2.03 µm to nearly 2.11 µm, with
a minimum when the thickness of the SQW is equal to
4 nm. This phenomenon can be explained as follows:
with increasing L, the energy levels of both subband
1 and subband 3 decrease. However, the energy level
of subband 3 decreases more slowly than that of sub-
band 1 before L exceeds 4 nm. Therefore, the energy
distance between subbands 1 and 3 will increase with
L, which means that the wavelength of ISBT between
subbands 1 and 3 decreases with L. The energy level
of subband 3 decreases more quickly than that of sub-
band 1 when L is larger than 4 nm, thus the energy
distance between subbands 1 and 3 decreases with L,
and the wavelength of ISBT between subbands 1 and 3
increases with L. Figure 3(b) shows the moduli square
of the dipole matrix of 1–3 ISBT as a function of the
thickness of the SQW. It is clear that with the in-
crease of the thickness of SQW, the moduli square of
dipole matrix of 1–3 ISBT decreases with L. Figure

3(c) shows the absorption coefficients of 1–3 ISBT as a
function of the thickness of SQW. It is found that the
absorption coefficients of 1–3 ISBT decrease with L.
This can be explained as follows: the total electrons
residing in subband 1 decrease with L (see Fig. 2(c)).
The moduli square of the dipole matrix of 1–3 ISBT
decreases with L. Though the energy distance be-
tween subbands 1 and 3 increases with L when L is
larger than 4 nm, it is not the dominant factor deter-
mining the absorption coefficients. From formula (1),
it is clear that the absorption coefficients of 1–3 ISBT
will decrease with L.

Fig. 3. (a) The wavelength of the ISBT between subbands

1 and 3, (b) the moduli square of the dipole matrix of 1-3

ISBT, and (c) the absorption coefficients of 1–3 ISBT as

functions of the thickness of the SQW.

Figure 4 shows the absorption coefficients of the
ISBTs of 1–2 and 1–3 as functions of the wavelength
of the ISBTs, when L is 2.2 nm, which gives a pro-
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file of the absorption coefficients of different wave-
lengths. The solid line represents the absorption co-
efficients as functions of the wavelength of the ISBTs
with the exchange correlation potential Vxc taken into
account, which is already considered in the above cal-
culation. The dotted line represents the absorption
coefficients as functions of the wavelength of the IS-
BTs without the exchange correlation potential Vxc

taken into account. It is clear that there is a blue shift
in the absorption spectrum with Vxc taken into ac-
count. We can conclude that the exchange correlation
potential must be taken into account in the calcula-
tion. This can be explained as follows: A one-electron
Schrödinger equation is used in the calculation. How-
ever, the real semiconductor is a many-electron sys-
tem, in which the Pauli exclusion principle should
be considered. Moreover, the electron density in the
semiconductor is much smaller than that in the metal,
resulting in that the shielding effect cannot shield the
Coulomb interaction of the electrons and so the elec-
trons will correlate with each other. Therefore, the
Coulomb interaction of electrons must be considered.
The interaction caused by the Pauli exclusion princi-
ple will result in exchange potential, and the influence
of some electrons on the charge distribution in the
whole system will result in correlation potential.[20]

For the compensation of the one-electron approxima-
tion, we add the exchange correlation potential Vxc to
the potential term of the Schrödinger equation.

Fig. 4. The absorption coefficient of the ISBT of 1–2 and

1–3 as a function of the wavelength of the ISBT, when L

is 2.2 nm.

4. Conclusions

In conclusion, the influence of width of a lattice-
matched Al0.82In0.18N/GaN SQW on the absorption
coefficients and wavelength of the ISBT has been in-
vestigated by solving the Schrödinger and Poisson

equations self-consistently. The wavelength of 1–2
ISBT increases with L, ranging from 2.88 µm to
3.59 µm. The absorption coefficients of 1–2 ISBT in-
crease with L at first and then decrease with L, with
a maximum when L is equal to 2.6 nm. This is be-
cause the increase of the moduli square of the dipole
matrix and the decrease of the energy distance are
the dominant factors when L is smaller than 2.6 nm.
However, the total amount of electrons residing in sub-
band 1 decreases so quickly that it becomes the dom-
inant factor after L exceeds 2.6 nm, which results in
a decrease of the absorption coefficients of subbands
1 and 2 with L. The wavelength of 1–3 ISBT de-
creases with L at first and then increases with L, with
a minimum when L is equal to 4 nm, ranging from
approximately 2.03 µm to near 2.11 µm. The absorp-
tion coefficients of 1–3 ISBT decrease with L. The
explanations for this phenomenon are as follows: even
though the energy distance between subbands 1 and 3
increases with L when L is larger than 4 nm, it is not
the dominant factor determining the absorption coef-
ficients. Both the moduli square of the dipole matrix
of 1–3 ISBT and the total amount of electrons resid-
ing in subband 1 decrease with L, which results in
the fact that the absorption coefficients decrease with
L. The results indicate that mid-infrared can be real-
ized by the Al0.82In0.18N/GaN SQW. In addition, the
wavelength and absorption coefficients of ISBT can be
adjusted by changing the width of the SQW.
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