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Abgract : The influence of polarizationinduced electric fields on the electron distribution and the optical proper-
ties of intersubband transitions (ISBT) in AlxGai- xN/ GaN coupled double quantum wells (DQWSs) is investigated
by self-consistent calculation. It is found that the polarization-induced potential drop leads to an asymmetric po-
tential profile of AlxGai- xN/ GaN DQWs even though the two wells have the same width and depth. The polariza-
tion effects result in a very large Stark shift between the odd and even order subbands,thus shortening the wave-
length of the ISBT between the first odd order and the second even order (loiw~2een) Subbands. Meanwhile,the
electron distribution becomes asymmetric due to the polarization effects, and the absorption coefficient of the
Loda=2even 1SB T decreases with increasing polarization field discontinuity.
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1 Introduction

Recently ,intersubband transitions (ISBT) in
nitride-based quantum wells (QWs) have attracted
much attention because of their potential applica
tionsin optoelectronic devices, such as waveguide
switches, infrared photodetectors, and quantum
cascade lasers™* *. A large conduction band discon
tinuity on the order of 2eV for the AIN/ GaN het-
erointerface ,makes nitride-based QWs good candi-
dates for devices operating in the near infrared
range!* , especially at wavelengths of 1 3 and
1 5% m. A very short relaxation time, due to ul-
traf ast carrier relaxation dynamics associated with
the interaction between the electrons and L O-
phonons™®  makes the optical switches good can-
didates for Tb/s optical time-division multiple-

xing'" .
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In (0001)-oriented wurtzite nitride-based
QWs,there exist very large polarization-induced
electric fields that originate from piezoelectric
and spontaneous polarization'®® . In symmetric
AlxGai- xN/ GaN DQWs,in which the two wells
have the same width and depth,the polarization-
induced electric fields result in a potential drop
between the two wells, resulting in a Stark shift
between the subbandsin the two wells. Theref ore,
the shorter wavelength of the ISBT in the DQWs
is expected due to the polarization effects,which
is beneficial for the realization of devices operat-
ing within the optical communication wavelength
range. In this study,we have systematically stud-
ied the influence of the polarization-induced elec-
tric fields on the electron distribution,the wave-
length,and the absorption coefficient of the ISBT
in AlxGai- N/ GaN DQWs. For greater accuracy ,
the exchange correlation potential is considered in

* Project supported by the Special Funds for the National High Technology Research & Development Program of China ( No.
2002A A305304) ,the National Natural Science Foundation of China(Nos. 60325413,60136020,and 60444007) ,the State Key De-

velopment Program for Basic Research of China(No. G20000683) ,and the Research Fund for the Doctoral Program of Higher

Education (No. 20020284023)

T Corresponding author. Email :bshen @oku. edu. cn

Received 28 September 2005, revised manuscript received 14 November 2005

¢ 2006 Chinese Institute of Electronics



404

27

the calculation.

2 Theoretical calculation

The linear optical absorption coefficient of the
ISST within the conduction band of
Al Ga:- x<N/ GaN DQWs can be given by

S M g e e )
wherelo is the permeability in vacuum o the die-
lectric constant in vacuum £ the relative dielectric
constant, w the total quantum well width, h the
reduced Plank constant,T the dephasing time,
which is assumed to be 0. 14ps in our calculation,
and Mm is the dipole matrix element, which is
given by

w/ 2
SUn (D d W (2)dz (2)
where e is the electronic charge, Ni the total
number of electronsin the ith subband level ,and
Ei andW; (i = m, n) are the energy level and the
wave function of the ith subband, respectively.
They are obtained by solving the Schrodinger and
the Poisson equations self-consistently,
Boodl 1 dy
"2 Ydd m (2 adZLIJ'(Z) *
(V(2) + eu(2) + Ve (2))Wi(2) = ENi(2)
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where z is the space coordinate in the growth di-
rection, m " (z) the position-dependent effective
mass'*!' , V (z) the bare well potential ,which de-
pends on the Al composition at the position z,
#,(z) the Hartree term due to the electrostatic
interaction,which is determined by the Poisson e-
quation, Vi (z) the exchange correlation poten-
tia"  as =4E & H/ m e, Ng (2) theionized do-
nor density, nzo (z) the two dimensional (2D) elec-
tron density in all subbands, nso (z) the three dimen-
sional (3D) electron density,and n(z) is the sum of
no (z) and nsp (z). Under the equilibrium condi-
tion, nzo (2) , neo (2) ,and N are given by

'ep (Z) = ano_i (Z)

= 3T |2|n[1+eXP[ﬁ;E]]

m#H kT
(6)
o (2) = N(2) Fl/z[ﬁk_—Eﬂ 7
Ni =f nao.i(2)dz (8)

where kisthe Boltzmann constant, T the absolute
temperature, & the Fermi level, N (z) the 3D
density of states,and Fy2 the Fermi-Dirac inte-
gral.

In the calculation,the conduction band of fset
is assumed to be 70 % of the total band offset!™.
The total polarization field discontinuity @ P) at
the AlxGa:- xN/ GaN interface isincluded as afit-
ting parameter™  and the relation between A P
and the polarization-induced electric fields within
the barrier and the well can be expressed as

_(Ah_w_w_ch.)_hhéu_dLm
2I+€IAP+€IP(9)

F = -
* €E0€Ewlow + Zo€colw +E € w lev)
_ el Pop - Epp I Py (10)
€o€Ewlow + Zo€wwlw +E € w lev)
Fo = Ewlon + Zoplw)A Py +€ 4 I Py (11)

T E0EEwlm + Eov€ewlw FELE W len)
where Fu isthe electric field in the bulk barriers,
Fw the electric field in the wells, Fo the electric
field in the centric AlxGai- xN barrier £ the die-
lectric constant of the bulk barrier £w the dielec-
tric constant of the well £ the dielectric constant
of the centric AlxGai- x N barrier, le ( = 10nm)
the thickness of the bulk barrier, lw ( =2nm) the
thickness of the well, | the thickness of the cen-
tric AlxGai- xN barrier A Pw the polarization field
discontinuity at the interface between the well
and the bulk barrier,and A P the polarization
field discontinuity at the interface between the
centric AlxGai- xN barrier and the well.

3 Resultsand discussion

The Al Ga:- xN/ GaN DQW structure used in
the calculation is 10nm Alo.s Ga.zsN/ 2 Onm
GaN/1.0nm  Alo70 Gaon.soN/ 2 Onm  GaN/ 10nm
Alo.7s Gao.2s N. Figure 1 presents a schematic con-
duction band profile of the Alo.7s Gao.2s N/ GaN
DQWs and the moduli squared of the wave func-
tions.A Pw andA Pe are chosen to be 1. 08 x 10°°
and 1 00 x 10" ° C/cm?, respectively. The doping
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concentration in the AlxGai- x N barriers is as
sumed to be 5 0 x 10®cm . Dot A is the refer-
ence energy ,which is defined as 0. We find that
AlxGai- xN/ GaN DQWSs have an asymmetric con-
duction band profile although the width of the
two wells and the conduction band offset at each
interface are the same, and that the envelope
wave functions of the odd and even order sub-
bands are mainly located in the left and the right

wells,respectively.
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Fig.1 Conduction band profile of AlxGai- xN/ GaN
DQWs and the moduli squared of the wave functions

Polarization-induced electric fields in the
wells and the barriers lead to a potential drop by

the amount of ZeFiIi, where e is the electron

charge, F the polarization-induced electric field, |
the thickness of the well layer or the barrier lay-
er ,and the subscript i =bb,w, and cb. As shown
in Fig. 1,besides making the conduction band pro-
file of AlxGai- x N/ GaN DQWSs asymmetric, the
polarization-induced potential drop also results in
Stark shifts between the odd and even order sub-
bands in Al«Gai- xN/ GaN DQWSs. Because of the
polarization-induced Stark shifts there is no reso-
nance between corresponding subband levels in
the two wells,leading to a decrease in the tunnel-
ling of the envelope wave functions between the
left and right wells. Theref ore,the wave functions
of the odd and even order subbands are mainly lo-
cated in the left and the right wells,respectively.
The electron densities distributed in the two wells
for variousA P between 0 and 1 44 x 10" ° C/ cm’ are
shown in Fg. 2. When A P is nomzero, the electron
densities distributed in the two wells are asymmetric.
With increasingA P the electron density in the left well
increases,while that in the right well decreases. The po-
sition of the electron distribution peak shifts to the left-

hand-side in both wells.

Hectron density decreases exponentialy with in-
creasing energy separation between the subband and the
Fermi level (i.e. E - E). Therefore,the eectrons in
the DQWs reside mainly in the first subband levels,and
there are more electrons in the low subband level than
in the laen subband level. With increasingA P the ener-
gy separation between the leen subband and the Fermi
level increases,while the energy separation between the
Loas subband and the Fermi level decreases. This leads to
the asymmetric electron distribution in the Alx Gau- xN/
GaN DQWs. The eectron density in the left wel in-
creases, while that in the right well decreases. Ahn
et a.demonstrated that in an electric field the wave
functions in the well were pushed to one side of the
guantum well, and the ground wave function was
pushed to the side with a lower potential. Thus,the po-
sition of the electron distribution peak shifts to the left-
hand-side in both wells.

Figure 3 shows the absorption coefficients as
functions of wavelength whenA Py, is equal to O
and 7. 2 x 10" " C/ cm’ , respectively ,for Al«Gai- x-
N/ GaN DQWs. Inset are the conduction band pro-
file and the wave functions of the electronsin the
DQWs for zeropolarization field discontinuity.
WhenA Py, is 0,there are two absorption peaks,
and the absorption peaks of the transition be-
tween the first odd and the second even (Lo~ 2even
transition) and the leen-20aa transition are domi-
nant. When A Py, is not zero,there are four ab-
sorption peaks of the ISBT between the first and
second subbands.
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Fig.2 Electron distribution in the two wells for vari-
ous polarization field discontinuitiesA P between 0 and
1 44x10°°Clcm?

From Eq. (2) ,if Ym (2) and P, (z) are simi-
larly symmetrical , the dipole matrix element e-
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quals 0. Therefore, the ISBT between the m-th
and nth subband levels is forbidden. If Ym ( 2)
andy . (z) have opposite symmetry or they are a-
symmetrical ,the ISBT between the m-th and the
n-th subband levels is allowed. As shown in the
inset of Fig.2,whenl Py equals 0,the wave func-
tions of the odd order subbands can be approxi-
mated as the even functions,while those of the e-
ven order subbands can be approximated as the
odd functions. Therefore, the low20d and the
leven-2even transitions are forbidden, while the
Loda=2even @and the leen=20aa transitions are allowed,
and thus there are only two absorption peaks of
the ISBT.Asshownin Fig.1,whenA Py is not ze-
ro,all the moduli squared of the wave functions
are asymmetrical due to the polarization-induced
Stark shifts. Theref ore,all the transitions between
the first and second subbands are allowed, and
thus there are four absorption peaks of the ISBT.

Figure 4 shows the influence of A Py on the
wavelength and the absorption coefficient of the IS
BT. The wavelength of the losw~Zeven ISBT decreases
with increasingA Pow ,while that of the leen=20 ISBT
increases with increasingA P . The absorption coeffi-
cients of the low~2even and the leen~2000 transitions de-
crease with increasing A Py, while those of the
Loda=2000 @Nd the leven~Zeven transitions increase with in-
creasingA Pw,. WhenA Py, is larger than 5 x 10" 7 C/
cm’ ,the absorption coefficient of the leen-2een transi-
tion decreases with increasingA Pu.

— AP,=0
- - AP,=7.2x107C/em?

Absérption coefficient/10°cm’’!
=

<

' 1

1.6 1.8 2.0 2.2 24 2.6
Wavelength of ISBT/um

Fig.3 Absorption coefficient of the ISBT between
the first and second subbands as a function of the
wavelength for zero and nomrzero polarization field
discontinuities in AlxGai- xN/ GaN DQWs Inset:the
conduction band profile and the wave functions of the
DQW for zero-polarization field discontinuity.

As we know ,the electron densities are pro-

portional to the moduli squared of the wave func-
tions. Assuming that the electrons in each subband
level arelocated at the peak position of the corre-
sponding wave function,the Stark shifts between
the odd order and the even order subband levels
can be approximated as the potential drop be-
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Fig.4 Wavelength (a) and absorption coefficient (b)
of the ISBT in AlxGaz- xN/ GaN DQWs as functions of
the polarization field discontinuity A Py

tween the left and the right wells. Therefore,the
wavelength of the losa-2even I1SBT decreases with
increasingA Puw , while that of the leen~200 ISBT
increases with increasing A Pyw,. On the other
hand,the wave functions of the first odd order
(lows) and the 2.4a subband levels shift to the left
well with increasing Puw ,while the leen and the
2een Wave functions shift to the right well with in-
creasingA Pw. The overlaps of wave functions of
the odd order and the even order subbands de-
crease with increasing A P, while those of two
odd order subbands,as well as two even order sub-
bands increase with increasing A Py,. Therefore,
the absorption coefficients of the lowa~2een and the
leven-200a 1SB Ts decrease with increasing A P,
while those of the loda~20aa and the leven=2even 1SB TS
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increase with increasingA Pw. When A Py, is lar-
ger than 5x 10 ' C/ cm® ,the absorption coefficient
of the leen-2even ISBT decreases with increasing
A Py, because the electrons at the leen Subband de-
crease significantly with increasing A Py accord-
ing to the Fermi-Dirac distribution.

4 Conclusion

The influence of the polarization-induced elec-
tric fields on the electron distribution and the opti-
cal propertiesof IBT in AlxGa:- «N/ GaN DQWs
has been investigated by solving the Schrodinger
and the Poisson equations self-consistently. It is
found that the polarizatiorrinduced potential drop
leads to an asymmetric potential profile of
Al Ga:- «N/ GaN DQWs even though the two wells
have the same width and depth. The polarization
effects result in a very large Stark shift between
the odd and even order subbands,thus shortening
the wavelength of the low2een 1SBT. Meanwhile,
the dectron distribution becomes asymmetric due to
the polarization &fects ,and the absorption coefident of
the lodw~2een IBT decreases with increasng polarizer
tion fidd di scontinuity.
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