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a b s t r a c t

Considering the strong built-in electric field (BEF) induced by the spontaneous and piezoelectric

polarizations and the intrasubband relaxation, we investigate the linear and nonlinear intersubband

optical absorptions in InxGa1�xN/AlyGa1�yN strained single quantum wells (QWs) by means of the

density matrix formalism. Our numerical results show that the strong BEF is on the order of MV/cm,

which can be modulated effectively by the In composition in the QW. This electric field greatly increases

the electron energy difference between the ground and the first excited states. The electron wave

functions are also significantly localized in the QW due to the BEF. The intersubband optical absorption

peak sensitively depends on the compositions of In in the well layer and Al in the barrier layers. The

intersubband absorption coefficient can be remarkably modified by the electron concentration and the

incident optical intensity. The group-III nitride semiconductor QWs are suitable candidate for infrared

photodetectors and near-infrared laser amplifiers.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

During the last couple of years, group-III nitride semiconduc-
tors have attracted much attention as materials for high-bright-
ness light emitting diodes and laser diodes [1,2]. Such devices
operate on the basis of the band to band (interband) transitions.
However, due to the large conduction band offset, the III-nitride
semiconductors low-dimensional heterostructures can also be
designed to have transitions between the conduction subbands
(intersubbands) with energy spacing in the near-infrared region
[3,4]. Recently, the intersubband optical transition in III-nitride
semiconductor quantum heterostructures has attracted much
attention [5,6]. The ternary compound semiconductor hetero-
structures, such as InGaN/GaN, InGaN/AlGaN and GaN/AlGaN
quantum wells (QWs), are all good candidates for some important
optoelectronic devices, such as infrared photodetectors and
waveguide switches working in the near-infrared range.
Hence the intersubband optical transition in low-dimensional
semiconductor heterostructures has always been a hot topic
from both experiments [7–9] and theories [10,11] in recent
years. In the present paper, we pay much attention to
InGaN/AlGaN QWs.
ll rights reserved.

: +86 10 62751615.
The group-III nitride semiconductors have large piezoelectric
constants along the [0 0 0 1] direction [12]. Considering the strain
of the wurtzite InGaN/AlGaN double heterostructure due to large
lattice mismatch, the spontaneous and piezoelectric polarizations
of the structure [13] can give rise to large polarization sheet
charges on the interfaces or surfaces of the system, which, in turn,
create a definite internal built-in electric field (BEF) inside the
heterostructure. The intensity of the BEF can be estimated on the
order of MV/cm [14] (see Fig. 1). A large dipole strength due to the
BEF has been calculated [15]. It suggests that the intersubband
optical transitions in the InGaN QWs have very large optical
nonlinearity. These linear and nonlinear size-quantized intersub-
band optical transitions are interesting both for the fundamental
investigation and for device applications, such as near-infrared
laser amplifiers, photodetectors and high-speed electrooptical
modulators [3,4,7]. To the best of our knowledge, there is little
investigation for the linear and nonlinear intersubband optical
absorptions in the important III-nitride QWs due to the strong BEF
effect.

The paper is organized as follows. In Section 2, the BEF due to
the piezoelectric and spontaneous polarizations in the InGaN/
AlGaN strained QWs is calculated. In Section 3, the electron
states confined in InGaN/AlGaN strained QWs are solved. In
Section 4, the theoretical framework of the linear and nonlinear
intersubband optical absorptions in the InGaN/AlGaN QWs
is outlined. Numerical results for the intersubband optical
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Fig. 1. Magnitude of the built-in electric field in the InGaN layer along the c axis as

a function of the In composition for strained InxGa1�xN=Al0:2Ga0:8N QW with the

well width LInGaN
¼ 2 nm.
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absorptions are given and discussed in Section 5. Finally,
we summarize the main conclusions obtained in this paper in
Section 6.
Fig. 2. Schematic diagrams of wave functions for an electron confined in a strained

InxGa1�xN/AlyGa1�yN QW with the two heterointerfaces located at z ¼ �5 and

5 nm, respectively. Here the strong built-in electric field is included in (a) and

ignored in (b).
2. BEF in strained group III nitride QWs

It has been known that both InxGa1�xN and AlyGa1�yN are
wurtzite crystal structure, in which the chemical bonds between
the neighboring atoms are not equivalent. This directly leads to a
strong spontaneous polarization along the [0 0 0 1] direction [16].
The wurtzite crystal structure has also been found to have three
independent nonvanishing component (e31; e33; e15) of the piezo-
electric tensor [16]. Therefore, the total zero-field macroscopic
polarization P

!
tot includes both the spontaneous polarization P

!
SP

in the equilibrium lattice and the strain-induced or piezoelectric
polarization P

!
PE.

For simplicity, we consider an InxGa1�xN/AlyGa1�yN strained
single QW with a thin InxGa1�xN layer sandwiched between
two thick AlyGa1�yN layers grown along the [0 0 0 1] direction (c-
axis) of the bulk materials denoted as the z direction. Following
Takeuchi et al. [17], we ignore the complicated strains of the thick
AlGaN layers due to the lattice and thermal mismatch of AlGaN
and substrate (sapphire or SiC). The lattice constant a of the InGaN
layer is reduced and c increased because of biaxial compressive
stress. The total zero-field macroscopic polarization in the thick
AlGaN layer is given by

P
!AlGaN

tot ¼ P
!AlGaN

SP ¼ PAlGaN
SP ẑ (1)

The total zero-field macroscopic polarization in the thin InGaN
strained layer can be expressed as

P
!InGaN

tot ¼ P
!InGaN

SP þ P
!InGaN

PE

¼ PInGaN
SP ẑþ ½e31ðexx þ eyyÞ þ e33ezz�ẑ (2)

Here exx, eyy, and ezz are the strain elements of the InGaN strained
layer.

Considering the continuity of the electric displacement vector
at the heterointerfaces of semiconductor QWs, we have

eAlGaN
e e0FAlGaN

� eInGaN
e e0FInGaN

¼ PInGaN
SP þ PInGaN

PE � PAlGaN
SP (3)
where Fn (n ¼ InxGa1�xN or AlyGa1�yN) denotes the BEF of layer n
and is caused by polarization of the QW structure, and ene is the
electronic dielectric constant of the material n.

Based on Eq. (3) and the boundary condition that the potential
energies on the far left and right of the QW structure are the same,
we can obtain

FInGaN
¼ �

PInGaN
SP þ PInGaN

PE � PAlGaN
SP

eInGaN
e e0

�����
�����

FAlGaN
! 0 (4)

In general, the direction of the BEF in the InGaN layer depends on
the orientation of the piezoelectric and spontaneous polarizations
and can be determined by both the polarity of the crystal and
the strain of the QW structure. For our AlyGa1�yN=InxGa1�x

N/AlyGa1�yN strained single QW, the direction of the BEF is along
the z-direction. Based on Eq. (4), we have calculated the strength
of FInGaN in the strained InxGa1�xN layer as a function of In
composition. We can find from Fig. 1 that the BEF is extremely
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strong, of the order of MV/cm. The increase of the In com-
position will enlarge the magnitude of the BEF in the InGaN
strained layer.

Moreover, we can see from Fig. 2 that the strong BEF in the
strained InxGa1�xN/AlyGa1�yN QW can induce a remarkable
change of the electron wave function spatial distribution. The
electron wave functions are pushed to the right side of the QW,
and the electrons are localized in the vicinity of the right interface
of the QW due to the BEF. Moreover, we can also find from Fig. 2
that, compared with the case of ignoring the BEF, the energy
separation between the ground and the first excited states
increases if the BEF is included. The intersubband optical
absorption peak will thus be significantly blue shifted by the
BEF (refer to Fig. 4).
3. Electron states in strained InGaN single QWs

Let us now consider an electron confined in an
InxGa1�xN/AlyGa1�yN symmetric single QW with a well width L.
Within the framework of the effective mass approximation, the
electron Hamiltonian in the z direction can be written as

Ĥ ¼ �
_2

2m�
d2

dz2
þ VðzÞ � eFz (5)

where m� and e denote the electron effective mass and the
absolute value of the electron charge, respectively. VðzÞ is the
electron confined potential in the QW,
að3Þðo; IÞ ¼ � o
ffiffiffiffiffi
m
�R

r
I

2�0nrc

� �
m�kBT

Lp_2

� �

� ln
1þ exp½ðEF � E1Þ=kBT�

1þ exp½ðEF � E2Þ=kBT�

� 	

�
jM21j

2ð_=tinÞ

½ðE2 � E1 � _oÞ2 þ ð_=tinÞ
2
�2

� 4jM21j
2 �
jM22 �M11j

2fðE2 � E1 � _oÞ2 � ð_=tinÞ
2
þ 2ðE2 � E1ÞðE2 � E1 � _oÞg

ðE2 � E1Þ
2
þ ð_=tinÞ

2

" #
(17)
VðzÞ ¼
V0; jzj4L=2

0; jzjpL=2

(
(6)

Here V0 is the potential height between InxGa1�xN and AlyGa1�yN,
which can be determined by the band-gap discontinuity DEG. F in
Eq. (5) is the absolute value of the BEF in the strained QW, which
can be calculated from Eq. (4). The electron bound state energy E

can be obtained by solving

½kRAiðtRÞ � KAi0ðtRÞ� � ½kLBiðtLÞ þ KBi0ðtLÞ�

¼ ½kLAiðtLÞ þ KAi0ðtLÞ� � ½kRBiðtRÞ � KBi0ðtRÞ� (7)

where

tL ¼ �
2m�

_2
eF

� �1=3 E

eF
�

L

2

� �
(8)

tR ¼ �
2m�

_2
eF

� �1=3 E

eF
þ

L

2

� �
(9)

kL ¼
2m�

_2
V0 þ

eFL

2
� E

� �� �1=2

(10)

kR ¼
2m�

_2
V0 �

eFL

2
� E

� �� �1=2

(11)

K ¼
2m�

_2
eF

� �1=3

(12)

The electron wave function in the z direction cðzÞ can be obtained
by means of a linear combination of the two independent Airy
functions Ai and Bi,

cðzÞ ¼

fBiðtLÞ � lAiðtLÞg � ekLðzþL=2Þ; zp� L=2

BiðtÞ � lAiðtÞ; jzjoL=2

fBiðtRÞ � lAiðtRÞg � e�kRðz�L=2Þ; zXL=2

8><
>: (13)

where

l ¼
KBi0ðtLÞ þ kLBiðtLÞ

KAi0ðtLÞ þ kLAiðtLÞ
(14)

t ¼ �
2m�

_2
eF

� �1=3

zþ
E

eF

� �
(15)

4. Linear and nonlinear intersubband optical absorptions in
strained InGaN single QWs

By means of the density matrix method [18,19], the linear and
nonlinear intersubband optical absorption coefficients in an
InxGa1�xN/AlyGa1�yN strained QW can be derived as?A3B2
tptxt=10pt?>

að1ÞðoÞ ¼ o
ffiffiffiffiffi
m
�R

r
jM21j

2 m�kBT

Lp_2

� �

� ln
1þ exp½ðEF � E1Þ=kBT�

1þ exp½ðEF � E2Þ=kBT�

� 	

�
_=tin

ðE2 � E1 � _oÞ2 þ ð_=tinÞ
2

(16)

and
where m is the permeability of the well material, �R is the real part
of the permittivity, nr is the refractive index (�R ¼ n2

r �0), c is the
speed of light in free space, E1 ðE2Þ is the initial (final) state energy,
tin is the intrasubband relaxation time, o is the angular frequency
of optical radiation, I is the optical intensity, and EF is the Fermi
energy. It is worthwhile to point out that the linear absorption
comes from the contribution of the linear susceptibility wð1Þ term
and the nonlinearity in the absorption coefficient is due to the
third-order nonlinear susceptibility wð3Þ term [20].

For an intersubband optical transition with polarization along z

direction, the dipole matrix element can be written as

Mij ¼ hije � zjji (18)

where jii and jji denote initial and final states of the optical
transition, respectively. Based on Eqs. (16) and (17), the total
intersubband optical absorption coefficient aðo; IÞ can be given by

aðo; IÞ ¼ að1ÞðoÞ þ að3Þðo; IÞ (19)

Since að3Þðo; IÞ is negative and is proportional to the intensity I,
aðo; IÞ decreases as I increases. The absorption coefficient aðo; IÞ is
reduced by one-half when I reaches a value Is called the saturation
intensity [20], so we have the following relation:

aðo; IsÞ ¼ að1ÞðoÞ=2 (20)
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or equivalently,

að3Þðo; IsÞ ¼ �að1ÞðoÞ=2 (21)
Fig. 4. Linear intersubband optical absorption coefficient a versus photon energy

in an In0:4Ga0:6N=Al0:7Ga0:3N quantum well with the well width L ¼ 6 nm. Here the

electron density is chosen as 5:0� 1018 cm�3 and T ¼ 300 K.

Fig. 5. Linear intersubband optical absorption coefficient a as a function of the

photon wavelength in InxGa1�xN=Al0:6Ga0:4N QWs with the well width L ¼ 6 nm.

Here the built-in electric field is included. The electron density is chosen as 5:0�

1018 cm�3 and T ¼ 300 K. Five different In compositions are considered: (i)
5. Numerical results and discussion

We have solved the electron states and calculated the linear
and nonlinear intersubband optical absorption coefficients for

InxGa1�xN/AlyGa1�yN strained single QWs. The physical para-

meters are chosen as follows. The electron effective mass is m� ¼

0:2m0 [21]. The real part of the permittivity is chosen to be �R ¼
10:4 [21]. The lattice constants are a ¼ 3:189ð1� xÞ þ 3:548x A for

InxGa1�xN [21], and a ¼ 3:189ð1� yÞ þ 3:112y A for AlyGa1�yN

[22]. The band-gap discontinuity is DEG ¼ f3:4ð1� yÞ þ 6:2y�

yð1� yÞg � f3:4ð1� xÞ þ 1:9x� 3:2xð1� xÞg eV [17,21,22]. The con-
duction band offset is chosen as 75% of the total band-gap

discontinuity [23]. The spontaneous polarizations are PInGaN
SP ¼

�0:029ð1� xÞ � 0:032x C=m2 for InxGa1�xN and PAlGaN
SP ¼ �0:029

ð1� yÞ � 0:081y C=m2 for AlyGa1�yN [22]. The piezoelectric con-

stants are e31 ¼ �0:2ð1� xÞ � 0:23x C=m2 and e33 ¼ 0:29ð1� xÞ þ

0:39x C=m2 [23]. The elastic constants are C13 ¼ 11:4ð1� xÞ þ 9:4x

and C33 ¼ 38:1ð1� xÞ þ 20:0x in units of 1011 dyn=cm2 [24]. The
relaxation time is tin ¼ 0:24 ps [25].

In order to understand the following results, we should note
that, in Section 2, the BEF F has been defined as an electric field
induced by the spontaneous polarization of the wurtzite structure
and the piezoelectric polarization due to the lattice mismatch
between the InxGa1�xN and AlyGa1�yN layers. Hence the F is not
obviously influenced by the electronic charge redistribution or
accumulation in the QW. Moreover, following Refs. [18,20,26], the
influence of the electronic charge accumulation in the QW on the
electron energy level distribution is minor and has been ignored
in the present calculations.

Fig. 3 shows our theoretical results of the absorption
coefficient a for three different optical intensities. Based on Eq.
(20), we can see that the saturated absorption occurs at
I ¼ 25 MW=cm2. Considering the BEF effect, we calculate the
linear absorption coefficient in Fig. 4. For comparison, the result
without the BEF effect is also given in Fig. 4. We can easily find
that the absorption peak is shifted to a higher energy due to the
BEF. The shift of the absorption peak can be explained based on
Fig. 3. Intersubband optical absorption coefficient a for an In0:3Ga0:7N=Al0:6Ga0:4N

quantum well with the well width L ¼ 6 nm for three different optical intensities:

(i) I ¼ 0, (ii) I ¼ 15 MW=cm2, and (iii) I ¼ 25 MW=cm2. Here the built-in electric

field is considered. The electron density is chosen as 5:0� 1018 cm�3 and

T ¼ 300 K.

x ¼ 0:30, (ii) x ¼ 0:35, (iii) x ¼ 0:40, (iv) x ¼ 0:45, and (v) x ¼ 0:50.
the quantum confined Stark effect induced by the BEF (refer to
Fig. 2).

In order to investigate the influence of the well depth on the
intersubband optical absorption, we calculate the linear absorp-
tion coefficient for different In (Al) fraction x (y) in the InxGa1�x

N/AlyGa1�yN strained single QWs. We can find from Figs. 5 and 6
that the peak wavelength of the intersubband optical absorptions
decreases if the In (Al) composition increases. The physical reason
can be understood as follows. If In fraction x increases, the BEF
becomes much stronger (refer to Fig. 1) and the potential well is
much deeper. The energy difference between the two confined
electron states increases. If Al composition y increases, the QW
depth becomes much deeper. Similarly, the energy difference
between the two confined electron states becomes larger. The
absorption peak will thus be moved to a higher energy. The results
of Figs. 5 and 6 are useful for designing electro-optical modulators
and photodetectors in the near-infrared region.

Fig. 7 indicates the calculated linear absorption coefficient a for
the In0:3Ga0:7N=Al0:6Ga0:4N QW with different electron concentra-
tions. We can find from Fig. 7 that the value of the absorption peak
is enhanced if the electron density increases. This can be
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Fig. 6. Linear intersubband optical absorption coefficient a as a function of the

photon wavelength in In0:3Ga0:7N=AlyGa1�yN QWs with the well width L ¼ 6 nm.

Here the built-in electric field is included. The electron density is chosen as 5:0�

1018 cm�3 and T ¼ 300 K. Five different Al compositions are considered: (i)

y ¼ 0:60, (ii) y ¼ 0:65, (iii) y ¼ 0:70, (iv) y ¼ 0:75, and (v) y ¼ 0:80.

Fig. 7. Linear intersubband optical absorption coefficient a as a function of the

photon wavelength in an In0:3Ga0:7N=Al0:6Ga0:4N QW with the well width L ¼ 6 nm

at T ¼ 300 K. Here the built-in electric field is considered. Three different electron

densities are chosen: (i) 3:0� 1018 cm�3, (ii) 7:0� 1018 cm�3, and (iii)

1:0� 1019 cm�3.

Y.-m. Chi, J.-j. Shi / Journal of Luminescence 128 (2008) 1836–18401840
completely understood based on Eqs. (5) and (16). The physical
reason is because the Fermi level increases with the electron density
increasing. The matrix element jM21j and the initial (final) state
energy E1 (E2) are invariable due to a constant BEF F (see the above
analysis). Hence the magnitude of the absorption peak should
increase if increasing the electron density, as shown in Fig. 7.
6. Conclusions

In conclusion, we have calculated the BEF in wurtzite
InxGa1�xN/AlyGa1�yN strained single QWs with a thin InxGa1�xN
strained layer sandwiched between the two thick AlyGa1�yN
layers. We find that the BEF is very strong, of the order of MV/cm.
The increase of the In composition will enhance the strength of
the BEF. Considering the strong BEF effect, we further calculate the
linear and nonlinear intersubband optical absorption coefficients
by using the density matrix method. Our results show that the
position of the absorption peak has a great blue shift due to the
strong BEF. Moreover, we find that the saturated absorption can be
obtained when I ¼ 25 MW=cm2 for an In0:3Ga0:7N=Al0:6Ga0:4N QW
with the well width L ¼ 6 nm if choosing electron density as
5:0� 1018 cm�3 and T ¼ 300 K. The increase of the compositions
of In and Al reduces the peak absorption wavelength. The
magnitude of the optical absorption coefficient increases if the
electron density increases. Based on the present results, we
hope that the important infrared photodetectors and near-
infrared laser amplifiers can be constructed based on the group-
III nitride QWs.
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[11] S. Ünlü, Ï. Karabulut, H. S-afak, Physica E 33 (2006) 319.
[12] P. Waltereit, M.D. Craven, S.P. DenBaars, J.S. Speck, J. Appl. Phys. 92 (2002)

456.
[13] F. Bernardini, V. Fiorentini, D. Vanderbilt, Phys. Rev. Lett. 79 (1997) 3958.
[14] J.J. Shi, Solid State Commun. 124 (2002) 341.
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