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The influence of applied electric fields on the absorption coefficient and subband distances in asymmetrical

AlN/GaN coupled double quantum wells (CDQWs) has been investigated by solving Schrödinger and Poisson equations

self-consistently. It is found that the absorption coefficient of the intersubband transition (ISBT) between the ground

state and the third excited state (1odd− 2even) can be equal to zero when the electric fields are applied in asymmetrical

AlN/GaN CDQWs, which is related to applied electric fields induced symmetry recovery of these states. Meanwhile, the

energy distances between 1odd− 2even and 1even− 2even subbands have different relationships from each other with the

increase of applied electric fields due to the different polarization-induced potential drops between the left and the right

wells. The results indicate that an electrical-optical modulator operated within the opto-communication wavelength

range can be realized in spite of the strong polarization-induced electric fields in asymmetrical AlN/GaN CDQWs.
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1. Introduction

GaN-based materials have attracted significant
interest over the past few years owing to the possi-
ble applications in an ultraviolet photodetector, all-
optical switches for optical communication networks,
near-infrared photodetectors, and quantum cascade
lasers.[1−7] The intersubband transitions (ISBTs) in
AlxGa1−xN/GaN quantum wells (QWs) are shown
to be advantageous over the other III–V semicon-
ductor ones due to the large conduction band off-
set at AlxGa1−xN/GaN heterointerfaces, the large
longitudinal-optical(LO)-phonon energy, and the large
electron effective mass in GaN. These properties make
the ISBTs in AlxGa1−xN/GaN QWs have a shorter
wavelength and a shorter carrier relaxation time in
comparison with those in other III–V semiconductor
QWs,[8,9] which is beneficial to achieving ultrafast all-
optical optoelectronic devices operating in an optical
communication wavelength region.

Although the above-mentioned advantages of
AlxGa1−xN/GaN CDQWs are useful to realize
an electric-optical modulator operated within the
opto-communication wavelength range, the strong
polarization-induced electric fields lead to a poten-
tial drop between the left and the right wells, and
thus result in Stark shift between the subbands in
the two wells in spite of the same thickness and
depth chosen for the two wells in AlxGa1−xN/GaN
CDQWs.[10] It makes the two levels of the subband
pair in AlxGa1−xN/GaN CDQWs be free of reso-
nance, and thus the corresponding wavefunctions of
the subband pair are mainly located in different wells
of the CDQWs.[10] Therefore, it is not easy to ob-
tain intersubband electric-optical modulation in sym-
metric AlxGa1−xN/GaN CDQWs. Nevou et al [7] and
Cen et al [11] recently gave two schemes to modulate
the ISBTs in AlN/GaN CDQWs. In these papers,
the applied electric field is so big that the leak cur-
rent of the modulator is big. In this letter, another
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modulation scheme of the ISBTs is given. The advan-
tage of this scheme is that a smaller applied electric
field is wanted to switch the modulator in spite of the
strong polarization-induced electric fields in asymmet-
rical AlN/GaN CDQWs.

2. Theoretical calculation

The absorption coefficient of the ISBTs in the
conduction band of AlN/GaN CDQWs can be ex-
pressed as a function of ω by the following formula[12]

α(ω) =
ω

L

√
µ0

ε0εr

∑
m>n

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

,

(1)
where µ0 is the permeability in a vacuum, ε0 is the
dielectric constant in a vacuum, εr is the relative di-
electric constant, L is the total quantum well width,
~ is the reduced Planck constant, τ is the dephasing
time, and Mmn is the dipole matrix. τ is assumed to
be 20 fs in the calculation.[9]

Mmn is given by

Mmn =
∫ L/2

−L/2

ψ∗m(z)ezψn(z)dz, (2)

where e is the electronic charge, Ni is the total elec-
trons resided in the ith subband level, Ei and ψi

(i = m,n) are the energy level and the wavefunction
of the ith subband, respectively. They are obtained
by solving the Schrödinger and the Poisson equations
self-consistently,
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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) the applied voltage, ∆Ec is the conduction band
offset, φH(z) is the Hartree potential due to the elec-
trostatic interaction, Vxc(z) is the exchange correla-
tion potential,[13] a∗H = 4πε0εr~2/m∗(z)e2,[10] δ(z) is
the Delta function, ∆P is the polarization field dis-
continuity at the heterointerface, N+

D (z) is the ionized
donor density, n2D(z) is the two dimensional (2D) elec-
tron density in all subbands, n3D(z) is the three di-
mensional (3D) electron density, and n(z) is the sum
of n2D(z) and n3D(z).

Under the equilibrium condition, n2D(z), n3D(z)
and Ni are given by the formulas as follows,
respectively.[10]
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∑
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=
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× ln
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n3D(z) = Nc(z)F1/2

(
EF − Ei

kT

)
, (7)

Ni =
∫

n2D i(z)dz, (8)

where k is the Boltzmann constant, T the absolute
temperature, EF the Fermi level, Nc(z) the 3D den-
sity of states and F1/2 the Fermi-Dirac integral. In the
calculation, the initial potential profile is assumed to
be a rectangular potential profile. In order to ensure
constringency of solving the Schrödinger and Poisson
equations self-consistently, the potential profile of the
next iteration is recalculated from a linear combina-
tion of new and old values of the potential profiles.
The detailed self-consistent procedure can be found
elsewhere.[14]

3. Results and discussion

In the calculation, the band gaps are chosen to be
3.4 eV for GaN and 6.2 eV for AlN, respectively.[10]

The minimum of the conduction band profile of
AlN/GaN CDQWs is defined as the zero reference en-
ergy. Under the assumption of the periodic poten-
tial model, the charge neutrality condition is adopted,
which means that the sum of the charges in a periodic
AlN/GaN CDQWs is zero. The structure of AlN/GaN
CDQWs used in the calculation is 10 nm AlN/1.5 nm
GaN/ 1 nm AlN/ 2.8 nm GaN. The total polarization
field discontinuities (∆P ) are assumed as follows:[11]
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∆P1 = 0.0168C/m2, ∆P2 = −0.0147C/m2, ∆P3 =
−∆P2. The doping concentration in the left barrier is
assumed to be 5× 1018cm−3. Dot L1 is the reference
energy, which is defined as zero. Electric fields are
applied between dot A and dot B.

Figure 1 shows the schematic conduction band
profile of asymmetrical AlN/GaN CDQWs and the
moduli square of the wavefunctions under zero-applied
electric fields. As shown in Fig.1, the polarization field
induced potential drops lead to the asymmetry of the
conduction band profile, and thus result in Stark shifts
between the odd order and the even order subbands in
the CDQWs. Due to the polarization-induced Stark
shift, there is no resonance between the same subband
levels in the two wells. This leads to the decrease of the
tunneling probability of the electrons in the left and
the right wells between each other. The wavefunctions
of 1odd and 2even subbands are mainly located in the
left well, and those of 1even, 2odd and 3odd subbands
are mainly located in the right one.

Fig.1. Schematic conduction band profile of AlN/GaN

CDQWs and the moduli square of the wavefunctions un-

der zero-applied electric fields.

Figure 2 shows the absorption coefficient of 1odd−
2even ISBT as a function of applied electric fields in
AlN/GaN CDQWs. It is found that the absorption
coefficient of 1odd − 2even ISBT is equal to zero when
the applied electric field is equal to 280 kV/cm. The
scheme in this letter gives a feasible approach to re-
alize a modulator in spite of the strong polarization
induced electric fields in AlN/GaN CDQWs. The
zero-absorption coefficient of 1odd − 2even ISBT is not
attributed to a reduced overlap of the final and ini-
tial states of the transition (Quantum Confined Stark
Effect),[15] because it is equal to zero even if the over-
lap of the final and initial states of 1odd − 2even ISBT
is reduced to zero by the applied electric field. This
phenomenon can be explained as follows: AlN/GaN
CDQWs can be considered as two isolated wells, de-
fined as wells a and b, coupled by the central bar-

rier. The wavefunctions of this system can be ex-
panded in terms of the wavefunctions of the first two
bound states |ϕj〉 (j = 1, 2) of the two isolated wells.
The dipole matrix element of 1odd − 2even ISBT in
AlN/GaN CDQWs can be written as the sum of the
contribution from the two wells a and b,

〈1odd|z|2even〉 = 〈1odd|ϕa
1〉〈2even|ϕa

2〉za
12

+ 〈1odd|ϕb
1〉〈2even|ϕb

2〉zb
12, (9)

where za
12

and zb
12

are the dipole matrix elements of
the isolated wells. As |1odd〉 is the ground state of
the coupled system, 〈1odd|ϕa

1〉 and 〈1odd|ϕb
1〉 have the

same sign. However, since the third excited state
|2even〉 crosses zero three and is constructed from the
asymmetric wavefunctions |ϕa

2〉 and |ϕb
2〉, 〈2even|ϕa

2〉
and 〈2even|ϕb

2〉 have opposite signs. Therefore, corre-
sponding to 1odd − 2even ISBT in AlN/GaN CDQWs,
the two terms of (9) have opposite signs. When a
large electric field is applied, the 1odd and 2even wave-
functions are mainly localized in the same well. As a
result, only one term of (9) plays the dominant role
and a large value of 〈1odd|z|2even〉 is obtained. On the
contrary, when some intermediate value of the elec-
tric field is applied, two terms of (9) play the role,
which have opposite contributions to the transition.
Then, a null is expected for the dipole matrix element
〈1odd|z|2even〉.

Fig.2. The absorption coefficient of 1odd − 2even ISBT

as a function of the applied electric fields in AlN/GaN

CDQWs.

Figure 3 shows (a) the different potential drops in
the left and the right wells as a function of applied elec-
tric fields and (b) the energy distances of 1odd − 2even

and 1even − 2even subbands as a function of applied
electric fields, respectively. As shown in Fig.3(a), the
potential drop in the left well (curve L2 − L1) is al-
ways smaller than that in the right one (curve R2−R1)
when applied electric fields increase.

It results in the subband energy levels in the left
well having smaller shifts than those in the right one
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with the increase of applied electric fields. As shown in
Fig.3(b), the energy distance between the 1odd−2even

subband decreases, while the energy distance between
the 1even − 2even subband increases, with the increase
of applied electric fields. Such a phenomenon can be
attributed to the different polarization-induced po-
tential drops in the left and the right wells. When
the applied electric field is zero, the 1odd and 2even

wavefunctions are mainly located in the left well,

Fig.3. (a) Potential drops in the left and the right wells

as a function of applied electric fields, and (b) the energy

distances between 1odd-2even and 1even-2even subbands as

a function of applied electric fields in AlN/GaN CDQWs.

while the 1even wavefunctions are mainly located in
the right one. The energy distance between the
1odd − 2even subbands decreases, while that between
the 1even − 2even ones increases, with the increase of
applied electric fields. However, when the applied
electric field is large enough to change the 1odd and
1even wavefunctions between the left and right wells,
the energy level shifts of the 1odd and 2even subbands
are larger than the 1even subband with the increase of
applied electric fields. The subband energy distance
between the 1even − 2even subbands decreases, while
that between the 1odd− 2even ones increases, with the
increase of applied electric fields.

4. Conclusions

The influence of applied electric fields on the ab-
sorption coefficient and subband distances in asym-
metrical AlN/GaN CDQWs has been investigated
by solving Schrödinger and Poisson equations self-
consistently. It is found that the absorption coefficient
of the 1odd−2even ISBT can be equal to zero when the
electric fields are applied in asymmetrical AlN/GaN
CDQWs, which is related to applied electric fields
induced symmetry recovery of these states. Mean-
while, the energy distances between 1odd − 2even and
1even−2even subbands have different relationships from
each other with the increase of applied electric fields
due to the different polarization-induced potential
drops between the left and the right wells. The results
indicate that an electrical-optical modulator operated
within the opto-communication wavelength range can
be realized in spite of the strong polarization-induced
electric fields in asymmetrical AlN/GaN CDQWs.

References

[1] Lei S Y, Shen B and Zhang G Y 2008 Acta Phys. Sin. 57

2386 (in Chinese)

[2] He Z, Kang Y, Tang Y W, Li X and Fang J X 2006 Chin.

Phys. 15 1325

[3] Liu Z, Wang X L, Wang J X, Hu G X, Guo L C and Li J

M 2007 Chin. Phys. 16 1467

[4] Zhou J J, Jiang R L, Sha J, Liu J, Shen B, Zhang R and

Zheng Y D 2003 Chin. Phys. 12 785

[5] Kandaswamy P K, Guillot F, Bellet-Amalric E, Monroy E,

Nevou L, Tchernycheva M, Michon A, Julien F H, Bau-

mann E, Giorgetta F R, Hofstetter D, Remmele T, Al-

brecht M, Birner S and Dang L S 2008 J. Appl. Phys.

104 093501

[6] Nicolay S, Feltin E, Carlin J F, Grandjean N, Nevou L,

Julien F H, Schmidbauer M, Remmele T and Albrecht M

2007 Appl. Phys. Lett. 91 061927

[7] Nevou L, Tchernycheva M, Julien F H, Guillot F and Mon-

roy E 2007 Appl. Phys. Lett. 90 121106

[8] Suzuki N and Iizuka N 1997 Jpn. J. Appl. Phys. Part 2

36 L1006

[9] Tchernycheva M, Nevou L, Doyennette L, Julien F H,

Warde E, Guillot F, Monroy E, Bellet-Amalric E, Rem-

mele T and Albrecht M 2006 Phys. Rev. B 73 125347

[10] Lei S Y, Shen B, Cao L, Xu F J, Yang Z J, Xu K and

Zhang G Y 2006 J. Appl. Phys. 99 074501

[11] Cen L B, Shen B, Qin Z X and Zhang G Y 2008 J. Appl.

Phys. 104 063114

[12] Ahn D and Chuang S L 1987 J. Quantum Electron. 23

2196

[13] Brey L, Dempsey J, Johnson N F and Halperin B I 1990

Phys. Rev. B 42 1240

[14] Ali A E and Klaus S 1993 J. Appl. Phys. 74 3273

[15] Takeuchi T, Wetzel C, Yamaguchi S, Sakai H, Amano H

and Akasaki I 1998 Appl. Phys. Lett. 73 1691


