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Excitonic effects can lead to decreased intersubband oscillator strength
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We study intersubband transitions of an electron in a quantum well, in the presence of a hole. When the
energy of one subband of the electron approaches the top of the well, the electron-hole attraction strongly
influences the electronic state. We show that these excitonic effects lead to a reduction in oscillator strength for
an intersubband transition of given energy. This finding should be considered in the design of quantum well
devices, such as recent devices that produce midinfrared radiation from near-infrared laser structures.
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In recent years, there has been extensive and susta
interest in intersubband transitions in quantum we
~QW’s!.1 These transitions are important both because
their role in fundamental research on semiconductors2–5 and
because of their potential technological importance in
vices such as quantum well infrared photodetectors6 and
quantum cascade lasers.7 In this work, the intersubband os
cillator strength plays an essential role in determining Q
behavior. In particular, a large intersubband oscilla
strength is often favorable for these devices. This gives
to an interesting theoretical question: one would like to kn
how to optimize a QW structure so that it possesses an
tersubband transition of desired energy and maximum os
lator strength. The obvious approach is to increase the
width and depth, keeping the intersubband transition ene
constant, to make the oscillator strength near unity~see Fig.
1!. Unfortunately, this scheme is impractical since, in ge
eral, the well depth cannot be tuned at will; aside from
materials issues, devices often require the final state to
close in energy to the top of the well so that carriers c
enter or exit.

Alternatively, one might imagine taking advantage of e
citonic effects to enhance oscillator strength, and here
investigate this possibility. Consider, for instance, recent
vices that produce midinfrared~MIR! radiation from near-
infrared ~NIR! QW lasers.8,9 In these devices, an electro
emits MIR radiation by making an intersubband transiti
between two QW conduction-band states. The electron t
vacates the final QW conduction-band state by makin
stimulated interband transition that destroys a hole in
QW valence band and produces NIR radiation. Since
initial intersubband transition proceeds in the presence of
hole, excitonic effects can influence the intersubband os
lator strength. This is not surprising, and we expect excito
effects to be pronounced in many materials of contempo
interest such as in III–V semiconductors such as GaN
II–VI semiconductors such as ZnSe.10 What is surprising is
the sign of the result. We show that the excitonic transit
can exhibit reducedoscillator strength in comparison to
transition of the same energy with no excitonic effects. T
is certainly not obvious or intuitive; in fact, the opposi
situation can occur when wells get sufficiently deep
excitonic effects can then lead to slightlyincreased, rather
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than decreased, intersubband oscillator strength. By mo
ing these effects, we develop here a physical understan
that is germane to quantum dot~QD! lasers involving inter-
subband transitions in relatively flat QD’s,11,12 interband Ra-
man scattering,13 some contemporary studies of semicondu
tor QW physics,4,5 and, as mentioned above, MIR emissio
from NIR QW lasers.8,9

The calculation begins with the familiar model Ham
tonian for an exciton14 in a QW,

H52
\2

2me*
¹e

22
\2

2mh*
¹h

22
e2

kurWe2rWhu
1V~ze!1V~zh!.

~1!

Here,me* andmh* are the electron and hole effective mass

rWe and rWh are the three-dimensional position vectors of t
electron and hole, andV(z) is a potential well of depthVo
stretching from2a to a in the z direction. The electron and
hole are assumed to occupy a single parabolic band e
which is not realistic but should not influence our conc
sions qualitatively.

To find the eigenstates ofH, we separate out thez depen-
dence of the Coulomb interaction,15 writing H5Ho1dH
where,

Ho52
\2

2me*
¹e

22
\2

2mh*
¹h

22
e2

kA~xe2xh!21~ye2yh!2

1V~ze!1V~zh!, ~2!

and

dH52
e2

kurWe2rWhu
1

e2

kA~xe2xh!21~ye2yh!2
. ~3!

In order to treat excitons in QW’s as two-dimension
objects,14 one neglectsdH. This should be reasonable pro
vided the hole and the electron are sufficiently well bound
the QW. Then, the separability ofHo permits us to write its
eigenstates uN,M ,KW ,ne ,nh& as CN,M ,KW ,ne ,nh

(rWe ,rWh)

5xN,M ,KW (xe ,ye ,xh ,yh)fne
(ze)fnh

(zh) in which the motion
parallel to the QW plane is decoupled from the motion p
pendicular to it. The energy of the stateuN,M ,KW ,ne ,nh& is
termed EN,M ,KW ,ne ,nh

. The x are two-dimensional exciton
©2002 The American Physical Society13-1
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eigenfunctions14 and the f are eigenstates of a one
dimensional square potential well.16 In experimental QW’s,
the square potential-well depthVo often lies between (p/2)2

and (p)2 in units of\2/2me* a2, so that there are exactly tw
bound electronic statesfne

(ze) with ne50,1. The energies

of these two states areE0 andE1 in units of \2/2me* a2.
Electronic transitions between eigenstates ofHo are gov-

erned by the oscillator strength

f 52
u^N8,M 8,KW 8,ne8 ,nh8ueW•pW uN,M ,KW ,ne ,nh&u2

me* ~EN8,M8,KW 8,n
e8 ,n

h8
2EN,M ,KW ,ne ,nh

!
. ~4!

Here,eW is the polarization vector of light causing the tran
tion ~we neglect the momentum of this light! and pW is the
momentum of the electron. We focus on the experiment
relevant case of electronic intersubband transitions for wh
ne851 andne50,nh85nh50. In this case, the dipole matri
element appearing inf becomes

^N,M ,KW ,1,0uezpzuN,M ,KW ,0,0&dN8,N ,dM8,M ,dKW 8,KW

52ez

2AE0E1

E12E0

1

A111/~Vo2E0!1/2

3
1

A111/~Vo2E1!1/2

\

i

1

a
dN8,N ,dM8,M ,dKW 8,KW

~5!

since only thez component of the momentum can conne
the initial and final states. Note the restrictive selection ru
that require that the excitonic state remain unchanged in
transition and imply that the oscillator strength of an int
subband transition is independent of excitonic state. In F
1, we plot the oscillator strength of an intersubband tran
tion for the caseH5Ho as a function of transition energy.

FIG. 1. Plot of intersubband oscillator strength as a function
transition energy in the two-dimensional exciton approximat
(H5Ho). Well depth, excited-state energyE1, and ground-state
energyE0 are also shown. Vertical distance between well depth
E1 gives binding energy of excited state. Energies are measure
units of \2/2me* a2. The constant factorez has been set to unity.
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To see how excitonic effects influence this picture, w
calculate the effect ofdH ~3! on the oscillator strength. The
form of dH ~3! is cumbersome for calculation, so we a
proximate it as

dH[2
e2

kurWe2rWhu
1

e2

kA~xe2xh!21~ye2yh!2

5
e2

k E d2k

~2p!2
exp$ ikW•@~xe2xh!x̂1~ye2yh!ŷ#%

3
2p

k
~12e2kuze2zhu!

'
e2

k E d2k

~2p!
exp$ ikW•@~xe2xh!x̂1~ye2yh!ŷ#%uze2zhu

5
e2

k
uze2zhu~2p!d (2)@~xe2xh!x̂1~ye2yh!ŷ#. ~6!

We have taken the smalluze2zhu limit of the Fourier
transform ofdH, which is appropriate when the QW width i
much less than the exciton radius.

In our case of interestnh50, we find

^N,M ,KW ,1,0udHuN,M ,KW ,ne8,0&

'
e2

k
~2p!uxN,M ,KW ~0!u2E dzef1~ze!* fn

e8
~ze!@ze

2/2a

1a/22a/p22a cos~pze /a!/p2#

'
e2

k
~2p!uxN,M ,KW ~0!u2E dzef1~ze!* fn

e8
~ze!

3H ~ze
2/2a1a/2! uzeu,a

a, uzeu>aJ , ~7!

where we make the abbreviationuxN,M ,KW (0)u2 for the density
uxN,M ,KW (xe ,ye ;xh ,yh)u2 when the electron and hole sit o
top of one another.„This density satisfiesuxN,M ,KW (0)u2

5dM ,0 /@paB
2(N11/2)3# where aB5k\2(1/me* 11/mh* )/e2

[k\2/m* e2 is the exciton Bohr radius14
…. Numerical

studies17 confirm that the physically plausible approxim
tions ~6! and ~7! lead to qualitatively correct results. In ad
dition to being reasonably accurate and analytically con
nient, the approximation~7! gives a clear physical picture. I
shows that the Coulomb attraction described bydH supple-
ments the QW confining potential experienced by the el
tron. As shown schematically in Fig. 2, the net potential e

f

d
in

FIG. 2. Schematic of the effective potential experienced by
electron. The electron-hole interaction supplements the QW c
finement and introduces parabolic curvature into the potential.
size of the change is dependent upon the electron-hole ove
uxN,M ,KW (0)u2, and it vanishes in our model if this overlap vanishe
3-2
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perienced by the electron roughly changes from a squ
well to a well with a parabolic bottom whose curvature d
pends upon the excitonic state.

To compute the influence ofdH on the intersubband os
tia
ge
th
ls
Th
g

23531
re
-
cillator strength, we employ first-order perturbation theo
The matrix elements~7! imply the following shift in the
transition energy that appears in the denominator off @Eq.
~4!#:
^N,M ,KW ,1,0udHuN,M ,KW ,1,0&2^N,M ,KW ,0,0udHuN,M ,KW ,0,0&

'
e2

kaB

a

aB
aB

2~2p!uxN,M ,KW ~0!u2S 2/311/AVo2E121/4E111/2Vo2AVo2E1/4E1Vo

111/AVo2E1

2
2/311/AVo2E021/4E011/2Vo2AVo2E0/4E0Vo

111/AVo2E0
D . ~8!
of

x-

e of
d
e

e-
b-
en-
The shift in energy is positive since the parabolic poten
in Fig. 2 affects the excited state, which explores the ed
of the well, more than the ground state. To compute
effect ofdH on the intersubband oscillator strength, we a
need to evaluate its effect on the dipole matrix elements.
first-order shifts in the wave functions add the followin
terms to the dipole matrix element:

^N,M ,KW ,1,0udH

3(
uN8,M 8,KW 8,ne8 ,nh8&^N8,M 8,KW 8,ne8 ,nh8u

EN,M ,KW ,1,02EN8,M8,KW 8,n
e8 ,n

h8

3pzuN,M ,KW ,0,0& ~9!

and

^N,M ,KW ,1,0upz

3(
uN8,M 8,KW 8,ne8 ,nh8&^N8,M 8,KW 8,ne8 ,nh8u

EN,M ,KW ,0,02EN8,M8,KW 8,n
e8 ,n

h8

3dHuN,M ,KW ,0,0&. ~10!
l
s

e
o
e

Note that the operatorspx andpy still make no contribution
to our intersubband transition since the matrix elements
dH vanish between states withne50 andne51. The sums
~9! and ~10! should proceed overN8,M 8,KW 8,ne8 , and nh8 ,
with the term that would lead to a zero denominator e
cluded from each sum. Because the operatorpz cannot
change the state of the excitonic wave function or the stat
the hole in thez direction, though, the sums actually nee
only proceed overne8 . We, therefore, need to compute th
sum

(
ne8Þne

fn
e8
~ze!fn

e8
* ~ze8!

Ene
2En

e8

5 lim
E→Ene

G~ze ,ze8 ,E!2fne
~ze!E dzfne

* ~z!G~z,ze8 ,E!,

~11!
which we have related to the Green’s function of a on
dimensional finite well. This Green’s function can be o
tained using the usual methods of one-dimensional differ
tial equations.

The result for Eq.~9! is found to equal
RF AE0

E12E0

1

A111/~Vo2E0!1/2

1

A111/~Vo2E1!1/2G
3F2

cos~AE12AE0!

~AE12AE0!2
1

cos~AE11AE0!

~AE11AE0!2
1

sin~AE12AE0!

~AE12AE0!3
2

sin~AE11AE0!

~AE11AE0!3
2

sin~2AE1!

111/AVo2E1
S 1

4E1
2

3

16E1
2D

2
3 cos~2AE1!

~2AE1!3~111/AVo2E1!
1

1

111/AVo2E1
S 2

1

3
2

1

4E1
1

1

2Vo
2

AVo2E1

4E1Vo
D S 2AVo2E0AE1

Vo~AVo2E11AVo2E0!

1
sin~AE12AE0!

~AE12AE0!
2

sin~AE11AE0!

~AE11AE0!
2

1

2AE1

1
AE1

2~Vo2E1!~AVo2E111!
D G , ~12!

where
3-3
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R[F\

i

1

a

2me* a2

\2

e2

kaB

a

aB
aB

2~2p!uxN,M ,KW ~0!u2G
is a dimensionless measure of the importance of excitonic corrections. The result for Eq.~10! is

^N,M ,KW ,1,0upz(
uN,M ,KW ,ne8,0&^N,M ,KW ,ne8,0u

EN,M ,KW ,1,02EN,M ,KW ,n
e8,0

dHuN,M ,KW ,0,0

52RF AE1

E12E0

1

A111/~Vo2E0!1/2

1

A111/~Vo2E1!1/2G
3F2

cos~AE12AE0!

~AE12AE0!2
2

cos~AE11AE0!

~AE11AE0!2
1

sin~AE12AE0!

~AE12AE0!3
1

sin~AE11AE0!

~AE11AE0!3
2

3 cos~2AE0!

~2AE0!2~111/AVo2E0!

2
sin~2AE0!

111/AVo2E0
S 1

4E0
2

3

16E0
2D 1

1

111/AVo2E0
S 2

1

3
2

1

4E0
1

1

2Vo
2

AVo2E0

4E0Vo
D

3S 2
2AVo2E1AE0

Vo~AVo2E11AVo2E0!
1

sin~AE12AE0!

~AE12AE0!
1

sin~AE11AE0!

~AE11AE0!
1

1

2AE1

2
AE0

2~Vo2E0!~AVo2E011!
D G .

~13!
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These shifts in the dipole matrix elements, together with
energy shift~8! enable us to compute the excitonic correcti
to the oscillator strength~4!. The fractional change in the
oscillator strengthd f / f is plotted in Fig. 3 as a function o
transition energy. Several curves are shown, with vari
values of the parameterR defined above. In terms of th
hydrogen atom radiusao and the electron massme , we find
R54(me* m* 2/k3me

3)(a/ao)3@dM ,0 /(N11/2)#3. For a 40-Å-
wide GaAs QW (a520 Å), for instance,R50.2, while R
50.7 for a 20-Å-wide ZnSe QW andR51.1 for a 20 Å wide
GaN well.

The cause of the negative shift shown in Fig. 3 is
follows. If we fix the well depth, we find that the suppleme
tal confinement of the electron by its interaction with t
hole ~Fig. 2! produces~i! an increase in the intersubban
transition energy and~ii ! an increase in the intersubband o
cillator strength. However, effect~i! is relatively large and
effect ~ii ! is relatively small. To understand Fig. 3, we com
pare this to an intersubband transition of the same energy
with no hole present. Such a transition would have to oc
in a QW with a largerVo , to compensate for excitonic effec
~i!. But, as is evident from Fig. 1, a QW with a largerVo
would have a significantly larger oscillator strength, surpa
ing the small excitonic effect~ii !. Thus, for a given energy
transition, one gets a higher oscillator strength for a w
without excitonic corrections than for a well with exciton
corrections. Essentially, adding an excitonic effective pot
tial to a shallow square well does a good job of increas
transition energy but a bad job of enhancing oscilla
strength. To enhance intersubband oscillator strength
shallow well, it is better to increase the well depth. The eff
is particularly pronounced when the transition energy
small, and one is dealing with a shallow well whose fi
23531
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excited state is approaching the well top.~The situation can
change for deep wells, where adding an excitonic effect
potential can do a slightly better job of enhancing oscilla
strength than simply increasing the well depth further.!

In summary, intersubband transition oscillator strength
fixed energy can actually decrease as a result of the elec
hole interaction. This result is interesting in its own righ
and it needs to be considered in QW’s designs for fundam
tal and applied science.

The work in Israel was supported by the Israel Scien
Foundation founded by the Israel Academy of Sciences.

FIG. 3. Plot of fractional change in intersubband oscilla
strength d f / f as a function of intersubband transition energ
The energy is measured in units of\2/2me* a2. Curves are given
for several values of the dimensionless quantityR[(2me* a2/
\2)(e2/kaB)(a/aB)aB

2(2p)uxN,M ,KW (0)u2. The perturbative ap-
proach of this paper is most reliable when the well is deep eno
to prevent the exciton from ‘‘dangling.’’
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