
第 27卷　第 3期
2006年 3月

半　导　体　学　报
C HIN ES E J OU RNAL O F S EMICOND U C TO RS

Vol. 27　No. 3
Mar. ,2006

3 Project supp orted by t he Special Funds f or t he National High Technology Research & Develop ment Progra m of China ( No.

2002AA305304) , t he National Natural Science Foundation of China ( Nos . 60325413 , 60136020 , and 60444007) , t he State Key De2

velop ment Progra m f or Basic Research of China ( No. G20000683) , a nd t he Research Fund f or t he Doctoral Progra m of Higher

Education (No. 20020284023)

­ Corresp onding aut hor . Email :bshen @p ku. edu. cn

　Received 28 September 2005 , revised ma nuscrip t received 14 Nove mber 2005 ν 2006 Chinese Institute of Elect ronics

Influence of Polarization2Induced Electric Fields on Optical Properties
of Intersubband Transitions in Al x Ga1 - x N/ Ga N

Double Quantum Wells 3

Lei Shuangying , Shen Bo­ , Xu Fujun , Yang Zhijian , Xu Ke , and Zhang Guoyi
( S tate Key L aboratory of A rti f icial Microst ructure and Mesoscopic Physics , School of Physics ,

Peking Universit y , Bei j ing　100871 , China)

Abstract : The inf luence of p ola rization2induced elect ric f ields on t he elect ron dist ribution and t he op tical p roper2
ties of inte rsubband t ransitions ( ISB T) in Al x Ga1 - x N/ GaN coupled double quantum wells (DQ Ws) is investigated

by self2consistent calculation. It is f ound t hat t he p olarization2induced p otential drop leads t o an asymmet ric p o2
tential p rof ile of Al x Ga1 - x N/ GaN DQ Ws even t hough t he two wells have t he same widt h and dep t h . The p olariza2
tion eff ects result in a very large Stark shif t between t he odd and even order subbands , t hus shortening t he wave2
lengt h of t he ISB T between t he f irst odd order and t he second even order (1odd22even ) subbands . Meanwhile , t he

elect ron dist ribution becomes asymmet ric due t o t he p olarization eff ects , and t he absorp tion coeff icient of t he

1odd22even ISB T decreases wit h increasing p olarization f ield discontinuity.
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1　Introduction

Recently ,intersubband t ransitions ( ISB T) in
nit ride2based quantum wells (Q Ws) have at t racted
much at tention because of t heir potential applica2
tions in optoelect ronic devices , such as waveguide
switches , inf rared p hotodetectors , and quant um
cascade lasers[1～3 ] . A large conduction band discon2
tinuity on t he order of 2eV for the AlN/ GaN het2
erointerface ,makes nit ride2based QWs good candi2
dates for devices operating in t he near inf rared
range[4 ] , especially at wavelengt hs of 113 and
1155μm . A very s hort relaxa tion ti me , due t o ul2
t raf ast ca r rie r relaxa tion dyna mics associated wit h

t he i nte raction betwee n t he elect rons a nd L O2
p honons [ 5 ,6 ] , ma kes t he op tical switc hes good ca n2
didates f or Tb/ s op tical ti me2division multip le2
xi ng [ 7 ] .

I n ( 0001 )2orie nted wurtzite nit ride2based

Q Ws , t he re exist ve ry la rge p ola riza tion2i nduced

elect ric f ields t ha t origi na te f rom piezoelect ric

a nd sp onta neous p ola rization [ 8 ,9 ] . I n sym met ric

Al x Ga1 - x N/ GaN D Q Ws , i n w hich t he tw o wells

have t he sa me widt h a nd dep t h , t he p ola rization2
i nduce d elect ric f ields result in a p ote ntial drop

betwee n t he tw o wells , resulti ng i n a Sta r k s hif t

betwee n t he subba nds i n t he two wells . The ref ore ,

t he shorte r wavele ngt h of t he ISB T i n t he DQ Ws

is exp ected due t o t he p ola riza tion eff ects , w hich

is be nef icial f or t he realiza tion of devices op e rat2
i ng wit hi n t he op tical com munication wavele ngt h

ra nge . I n t his st udy , we have syste matically st ud2
ie d t he i nf lue nce of t he p ola riza tion2i nduced elec2
t ric f ields on t he elect ron dist ribution , t he wave2
le ngt h , a nd t he a bsorp tion coeff icie nt of t he ISB T

i n Al x Ga1 - x2N/ GaN DQ Ws. For greate r accuracy ,

t he exc ha nge cor rela tion p ote ntial is conside re d i n
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t he calcula tion .

2　Theoretical calculation

The linear optical absorption coefficient of the
ISB T wit hin t he conduction band of
Al x Ga1 - x N/ GaN DQ Ws can be given by[10 ]

α(ω) =
ω
w
μ0

ε0ε
×

∑
m > n

| M mn | 2 ( N n - N m ) ( ∂/τ)
( E m - E n - ∂ω) 2 - ( ∂/τ) 2 (1)

whereμ0 is t he p e rmea bilit y in vacuum ,ε0 t he die2
lect ric consta nt in vacuum ,εt he rela tive dielect ric

consta nt , w t he t otal qua nt um well widt h , ∂ t he

reduce d Pla nk consta nt ,τ t he dep hasing ti me ,

w hich is assumed t o be 0114ps i n our calcula tion ,

a nd M mn is t he dip ole mat rix ele me nt , w hic h is

give n by

M mn =∫
w/ 2

- w/ 2
ψ3

m ( z) | e| zψn ( z) d z (2)

w here e is t he elect ronic cha rge , N i t he t otal

num ber of elect rons i n t he it h subba nd level , a nd

E i a ndψi ( i = m , n) a re t he e ne rgy level a nd t he

wave f unction of t he it h subba nd , resp ectively.

They a re obtai ne d by solvi ng t he SchrÊdi nge r a nd

t he Poisson equations self2consiste ntly ,

-
∂2

2
× d

d z
1

m 3 ( z)
× d

d z
ψi ( z) + 　　　　　　

( V ( z) + e<H ( z) + Vxc ( z) )ψi ( z) = E iψi ( z)

(3)

d
d z
ε0ε d

d z
<H ( z) = - e ( N+

D ( z) - n2D ( z) - n3D ( z) )

(4)

Vxc ( z) = - 01 985
e2

4πε0ε
n1/ 3 ( z) ×　　　　

1 +
01 034

a 3
B n1/ 3 ( z)

l n [ 1 + 181 376 a 3
B n1/ 3 ( z) ] (5)

w here z is t he sp ace coordi na te i n t he growt h di2
rection , m 3 ( z ) t he p osition2dep e nde nt ef f ective

mass [ 11 ] , V ( z) t he ba re well p ote ntial , w hic h de2
p e nds on t he Al comp osition at t he p osition z ,

<H ( z) t he Ha rt ree te rm due t o t he elect rosta tic

i nte raction ,w hich is dete r mined by t he Poisson e2
quation , Vxc ( z ) t he excha nge cor rela tion p ote n2
t ial [ 12 ] , a 3

B = 4πε0ε∂2 / m 3 e2 , N +
D ( z) t he ionized do2

nor density , n2D ( z) the two dimensional (2D) elec2
t ron density in all subbands , n3D ( z) the three dimen2
sional (3D) electron density , and n ( z) is the sum of

n2D ( z) and n3D ( z) . U nder the equilibrium condi2
tion , n2D ( z) , n3D ( z) ,and N i are given by

n2D ( z) = ∑
i

n2D i ( z) 　　　　　　　　　　　

= ∑
i

m 3 k T
π∂2 | ψi ( z) | 2 l n 1 + exp

Ef - E i

k T

(6)

n3D ( z) = N ( z) F1/ 2
Ef - E i

k T
(7)

N i =∫n2D i ( z) d z (8)

w here k is t he B oltz ma n n consta nt , T t he a bsolute

te mp era ture , Ef t he Fe r mi level , N ( z ) t he 3D

de nsit y of states , a nd F1/ 2 t he Fe r mi2Dirac i nte2
gral .

I n t he calculation , t he conduction ba nd of fset

is assumed t o be 70 % of t he t otal ba nd offset [ 13 ] .

The t otal p ola riza tion f ield discontinuit y (ΔP) a t

t he Al x Ga1 - x N/ GaN i nte rf ace is i ncluded as a f it2
t i ng p a ra mete r [ 14 ] , a nd t he rela tion betwee n ΔP

a nd t he p ola rization2induced elect ric f ields wit hi n

t he ba r rie r a nd t he well ca n be exp ressed as

Fbb = -
(2εcb lw +εw lcb )ΔPbb +εw lcbΔPcb

ε0 (εwεcb l bb + 2εbbεcb lw +εbbεw lcb )
(9)

Fw =
εcb l bbΔPbb -εbb lcbΔPcb

ε0 (εwεcb l bb + 2εbbεcb lw +εbbεw lcb )
(10)

Fcb =
(εw l bb + 2εbb lw )ΔPcb +εw l bbΔPbb

ε0 (εwεcb l bb + 2εbbεcb lw +εbbεw lcb )
(11)

w here Fbb is t he elect ric f ield i n t he bul k ba r rie rs ,

Fw t he elect ric f ield i n t he wells , Fcb t he elect ric

f ield in t he ce nt ric Al x Ga1 - x N ba rrie r ,εbb t he die2
lect ric consta nt of t he bul k ba r rie r ,εw t he dielec2
t ric consta nt of t he well ,εcb t he dielect ric consta nt

of t he ce nt ric Al x Ga1 - x N ba r rie r , l bb ( = 10nm )

t he t hickness of t he bul k ba r rie r , lw ( = 2n m) t he

t hic kness of t he well , lcb t he t hic kness of t he ce n2
t ric Al x Ga1 - x N ba r rie r ,ΔPbb t he p ola rization f ield

disconti nuit y a t t he inte rf ace betwee n t he well

a nd t he bul k ba r rie r , a nd ΔPcb t he p ola rization

f ield disconti nuit y a t t he inte rf ace betwee n t he

ce nt ric Al x Ga1 - x N ba r rie r a nd t he well .

3　Results and discussion

The Al x Ga1 - x N/ GaN DQW st ruct ure used in

t he calculation is 10nm Al0. 75 Ga0. 25 N/ 210nm
GaN/ 1. 0nm Al0. 70 Ga0. 30 N/ 210nm GaN/ 10nm
Al0. 75 Ga0. 25 N. Figure 1 present s a schematic con2
duction band profile of t he Al0. 75 Ga0. 25 N/ GaN
DQWs and t he moduli squared of t he wave f unc2
tions.ΔPbb a ndΔPcb a re chose n t o be 1108 ×10 - 6

a nd 1100 ×10 - 6 C/ c m2 , resp ectively. The dop i ng

404
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conce nt ration i n t he Al x Ga1 - x N ba rrie rs is as2
sumed t o be 510 ×1018 cm - 3 . D ot A is t he ref e r2
e nce e ne rgy , w hic h is def i ned as 0 . We f i nd t ha t

Al x Ga1 - x N/ GaN D Q Ws have a n asym met ric con2
duction ba nd p rof ile alt hough t he widt h of t he

two wells a nd t he conduction ba nd of fset at each

i nte rf ace a re t he sa me , a nd t hat t he e nvelop e

wave f unctions of t he odd a nd eve n orde r sub2
ba nds a re mai nly located i n t he lef t a nd t he right

wells , resp ectively .

Fig. 1 　Conduction band p rof ile of Al x Ga1 - x N/ GaN

DQ Ws and t he moduli squared of t he wave f unctions

Pola rization2induced elect ric f ields i n t he

wells a nd t he ba r rie rs lea d t o a p ote ntial drop by

t he a mount of ∑
i

e F i l i , w here e is t he elect ron

cha rge , F t he p ola riza tion2i nduced elect ric f ield , l

t he t hic kness of t he well laye r or t he ba r rie r lay2
e r ,a nd t he subscrip t i = bb , w , a nd cb. As s how n

i n Fig. 1 , besides ma ki ng t he conduction ba nd p ro2
f ile of Al x Ga1 - x N/ GaN DQ Ws asym met ric , t he

p ola riza tion2i nduced p ote ntial drop also results i n

Sta r k shif ts betwee n t he odd a nd eve n orde r sub2
ba nds i n Al x Ga1 - x N/ GaN D Q Ws. Because of t he

p ola riza tion2i nduce d Sta rk shif ts t he re is no reso2
na nce betwee n cor resp ondi ng subba nd levels i n

t he tw o wells , lea di ng t o a decrease i n t he t unnel2
li ng of t he e nvelop e wave f unctions betwee n t he

lef t a nd right wells . The ref ore , t he wave f unctions

of t he odd a nd eve n orde r subba nds a re mainly lo2
ca ted in t he lef t a nd t he right wells , resp ectively.

The electron densities distributed in the two wells

f or variousΔP between 0 and 1144 ×10 - 6 C/ cm2 are

shown in Fig. 2. WhenΔP is non2zero , the electron

densities distributed in the two wells are asymmetric.

With increasingΔP the electron density in the lef t well

increases ,while that in the right well decreases. The po2
sition of the electron distribution peak shif ts to the lef t2

hand2side in both wells.

Electron density decreases exponentially with in2
creasing energy separation between the subband and the

Fermi level (i. e. Ei - Ef ) . Therefore , the electrons in

the DQWs reside mainly in the first subband levels ,and

there are more electrons in the 1odd subband level than

in the 1even subband level. With increasingΔP the ener2
gy separation between the 1even subband and the Fermi

level increases ,while the energy separation between the

1odd subband and the Fermi level decreases. This leads to

the asymmetric electron distribution in the Al x Ga1 - x N/

GaN DQWs. The electron density in the lef t well in2
creases , while that in the right well decreases. Ahn

et al . demonstrated that in an electric field the wave

functions in the well were pushed to one side of the

quantum well , and the ground wave function was

pushed to the side with a lower potential. Thus ,the po2
sition of the electron distribution peak shif ts to the lef t2
hand2side in both wells.

Figure 3 shows t he a bsorp tion coef f icie nts as

f unctions of wavele ngt h w he nΔPbb is equal t o 0
a nd 712 ×10 - 7 C/ cm2 , resp ectively , f or Al x Ga1 - x2
N/ GaN DQ Ws. Inset a re t he conduction ba nd p ro2
f ile a nd t he wave f unctions of t he elect rons i n t he

D Q Ws f or ze ro2p ola riza tion f ield disconti nuit y.

W he nΔPbb is 0 , t he re a re tw o a bsorp tion p ea ks ,

a nd t he a bsorp tion p ea ks of t he t ra nsition be2
twee n t he f i rst odd a nd t he second eve n (1odd22even

t ra nsition) a nd t he 1even22odd t ra nsition a re domi2
na nt . W he n ΔPbb is not ze ro , t he re a re f our a b2
sorp tion p ea ks of t he ISB T betwee n t he f i rst a nd

second subba nds .

Fig. 2　Elect ron dist ribution in t he two wells f or vari2
ous p olarization f ield discontinuitiesΔP between 0 and

1144×10 - 6 C/ cm2

From Eq. (2) , if ψm ( z) a ndψn ( z) a re si mi2
la rly sym met rical , t he dip ole mat rix ele me nt e2
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quals 0 . The ref ore , t he ISB T betwee n t he m2t h

a nd n2t h subba nd levels is f orbidde n . If ψm ( z )

a ndψn ( z) have opp osite sym met ry or t hey a re a2
sym met rical , t he ISB T betwee n t he m2t h a nd t he

n2t h subba nd levels is allowed . As show n i n t he

i nset of Fig. 2 ,w he nΔPbb equals 0 , t he wave f unc2
t ions of t he odd orde r subba nds ca n be app roxi2
mated as t he eve n f unctions , w hile t hose of t he e2
ve n orde r subba nds ca n be app roxi mated as t he

odd f unctions . The ref ore , t he 1odd22odd a nd t he

1even22even t ra nsitions a re f orbidde n , w hile t he

1odd22even a nd t he 1even22odd t ra nsitions a re allowe d ,

a nd t hus t he re a re only tw o a bsorp tion p ea ks of

t he ISB T. As s how n i n Fig. 1 ,w he nΔPbb is not ze2
ro , all t he moduli squa red of t he wave f unctions

a re asym met rical due t o t he p ola riza tion2i nduced

Sta r k shif ts . The ref ore , all t he t ra nsitions betwee n

t he f i rst a nd second subba nds a re allowed , a nd

t hus t he re a re f our a bsorp tion p ea ks of t he ISB T.

Figure 4 shows the influence of ΔPbb on the

wavelength and the absorption coefficient of the IS2
B T. The wavelength of the 1odd22even ISB T decreases

with increasingΔPbb ,while that of the 1even22odd ISB T

increases with increasingΔPbb . The absorption coeffi2
cients of the 1odd22even and the 1even22odd t ransitions de2
crease with increasing ΔPbb , while those of the

1odd22odd and the 1even22even t ransitions increase with in2
creasingΔPbb . WhenΔPbb is larger than 5 ×10 - 7 C/

cm2 , t he absorp tion coefficient of the 1even22even t ransi2
tion decreases with increasingΔPbb .

Fig. 3 　Absorp tion coeff icient of t he ISB T between

t he f irst and second subbands as a f unction of t he

wavelengt h f or zero and non2zero p olarization f ield

discontinuities in Al x Ga1 - x N/ GaN DQ Ws 　Inset : t he

conduction band p rof ile and t he wave f unctions of t he

DQ W f or zero2p olarization f ield discontinuity.

As we know , t he elect ron de nsities a re p ro2

p ortional t o t he moduli squa red of t he wave f unc2
t ions . Assumi ng t ha t t he elect rons i n each subba nd

level a re locate d at t he p ea k p osition of t he cor re2
sp ondi ng wave f unction , t he Sta r k s hif ts betwee n

t he odd orde r a nd t he eve n orde r subba nd levels

ca n be app roxi mated as t he p ote ntial drop be2

Fig. 4　Wavelengt h (a) and absorp tion coeff icient (b)

of t he ISB T in Al x Ga1 - x N/ GaN DQ Ws as f unctions of

t he p olarization field discontinuityΔPbb

twee n t he lef t a nd t he right wells . The ref ore , t he

wavele ngt h of t he 1odd22even ISB T decreases wit h

i nc reasi ngΔPbb , w hile t hat of t he 1even22odd ISB T

i nc reases wit h i ncreasi ng ΔPbb . O n t he ot he r

ha nd , t he wave f unctions of t he f i rst odd orde r
(1odd ) a nd t he 2odd subba nd levels s hif t t o t he lef t

well wit h increasi ngΔPbb , w hile t he 1even a nd t he

2even wave f unctions s hif t t o t he right well wit h in2
c reasi ngΔPbb . The overlaps of wave f unctions of

t he odd orde r a nd t he eve n orde r subba nds de2
crease wit h i ncreasing ΔPbb , w hile t hose of two

odd orde r subba nds , as well as tw o eve n orde r sub2
ba nds i ncrease wit h i nc reasi ng ΔPbb . The ref ore ,

t he a bsorp tion coef f icie nts of t he 1odd22even a nd t he

1even22odd ISB Ts dec rease wit h i ncreasing ΔPbb ,

w hile t hose of t he 1odd22odd a nd t he 1even22even ISB Ts
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i nc rease wit h i ncreasi ngΔPbb . W he nΔPbb is la r2
ge r t ha n 5×10 - 7 C/ c m2 , t he a bsorp tion coef f icie nt

of t he 1even22even ISB T decreases wit h increasi ng
ΔPbb because t he elect rons at t he 1even subba nd de2
crease signif ica ntly wit h increasi ngΔPbb accord2
i ng t o t he Fe rmi2Dirac dist ribution .

4　Conclusion

The influence of t he polarization2induced elec2
t ric fields on t he elect ron dist ribution and t he opti2
cal p roperties of ISB T in Al x Ga1 - x N/ GaN DQ Ws
has been investigated by solving the SchrÊdinger
and t he Poisson equations self2consistently. It is
found that t he polarization2induced potential drop
leads to an asymmet ric potential p rofile of
Al x Ga1 - x N/ GaN DQWs even though t he two wells
have t he same widt h and dept h. The polarization
effect s result in a very large Stark shif t between
t he odd and even order subbands , t hus shortening
t he wavelength of t he 1odd22even ISB T. Meanwhile ,
the electron distribution becomes asymmetric due to
the polarization effects ,and the absorption coefficient of
the 1odd22even ISB T decreases with increasing polariza2
tion field discontinuity.
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极化电场对 Al x Ga1 - x N/ Ga N双量子阱中子带间跃迁
的光学性质的影响 3

雷双英　沈　波­　许福军　杨志坚　徐　柯　张国义

(北京大学物理系 人工微结构和介观物理国家重点实验室 , 北京　100871)

摘要 : 用自洽计算的方法研究了极化电场对 Al x Ga1 - x N/ GaN双量子阱中子带间跃迁的光学性质和电子分布的影
响.发现极化场会导致电压降的出现 ,从而使得结构对称的 Al x Ga1 - x N/ GaN双量子阱具有不对称的导带和价带.

极化效应还会使奇数序和偶数序的子带之间发生很大的 Stark平移 ,从而使第一奇数序和第二偶数序子带之间的
跃迁波长变短 ,这将有利于实现工作在通信窗口的光电子器件.同时 ,由于导带分布的不对称性 ,电子分布也不对
称 ,从而会影响吸收系数.

关键词 : Al x Ga1 - x N/ GaN双量子阱 ; 子带间跃迁 ; 极化场不连续
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