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We study the effects of excitons and their optical excitation or radiative decay in the photoinduced conduc-
tion intersubband transitions of undoped quantum wells. We show that the excitonic effects, in general, can
strongly influence these transitions by making their dipole moments strongly dependent on the hole subband
dispersions and quantum well strain. This allows spinor mixing of a hole subband to significantly suppress a
photoinduced intersubband transition when this subband is strongly nonparabolic and/or is about to crossover
another subband. Compared to those happening in the absence of any interband transition, however, we show
that when the photoinduced intersubband transitions are accompanied with the optical excitation or radiative
decay of excitons(excitonic interband transitions) their electric dipole moments can suffer an additional
suppression. We attribute this effect to the influence of the correlation between the electron and hole positions
in the photoinduced intersubband transitions and the way it depends on the excitonic interband transitions. In
all cases, however, our results suggest that ignoring the effects of excitons in the conduction intersubband
transitions of undoped quantum wells, i.e., considering only electron wave functions, could lead to an unreal-
istic overestimation of their dipole moments.
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I. INTRODUCTION

Intersubband transitions(IST) between quantized levels
of low-dimensional quantum structures are useful tools for
study of fundamental properties of semiconductors and de-
velopment of optical devices. In quantum well(QW) struc-
tures these transitions were used to design modulators,1

photodetectors,2 and lasers,3 and to investigate various as-
pects of physics of semiconductors.4,5 Recently these transi-
tions were also used to study quantized states of quantum
dots6 and quantum wires.7 Many of these studies have been
reported for undoped QW structures where infrared(IR) la-
ser beams near resonant with the transitions between the con-
fined states of the conduction band were employed to inves-
tigate their energies, relaxation times, etc. Since these
transitions occur in the presence of laser fields responsible
for the interband excitation of electrons, they are usually
called photoinduced intersubband transitions(PI IST).

Due to the fact that the PI ISTs occur in the presence of
the photo-excited holes generated simultaneously by the in-
terband laser fields, they can be distinctively different from
those happening in n-doped QWs. Although this issue plays
an important role in the study of nonlinear optical processes
in QWs and design of optical devices, the results of the pre-
vious studies are rather contradictory. For example, while in
Ref. 8 the experimental results were interpreted as a sign of
enhancement of the oscillator strengths of PI ISTs via Cou-
lomb interaction between electrons and holes(excitonic ef-
fects), in Ref. 9 no enhancement was inferred from the ex-
perimental results. Therefore, in contrast to the former, the
latter dismissed any effect due to the Coulomb interaction
and concluded that the PI ISTs in undoped QWs were basi-
cally similar to those in n-doped QWs. Recently, however,

we showed that depending on the hole dispersions, the Cou-
lomb interaction between photoexcited electrons and holes
can play a crucial role in the PI ISTs.10 Our results showed
that due to the excitonic effects caused by such interaction
the dipole moments of these transitions were influenced by
the spinor mixing of the valence subbands. It was shown that
in an undoped QW structure containing only two conduction
subbands this effect could lead to multi-level mixing of the
exciton states, although the structure was interacting with a
single IR field near resonance with the transitions between
these subbands.10 Under no conditions, however, the exci-
tonic nature of the PI IST was found to enhance the dipole
moments of these transitions.

An important feature of the PI ISTs is that although they
happen as electrons are optically excited from one conduc-
tion subbandse1d to anotherse2d, they are in fact transitions
between the exciton states associated with these subbands
(see Fig. 1). Therefore, these transitions can occur while the
excitons associated with e1(e1-hh1 or e1-lh1) are being
optically generated or decaying radiatively(active excitons),
or they are in their nonradiative states or in their life spans
(nonactive excitons). The former(active excitons) refers to
the case where the PI ISTs are accompanied with the exci-
tonic interband transitions[Fig. 1(b)]. Examples for this case
include the PI ISTs associated with the optical quantum con-
fined Stark effects where an intense IR laser beam resonant
with the e1-e2transition was used to modify the interband
excitonic absorption,11 or emission.12 The PI ISTs associated
with the nonactive excitons, however, are characterized by
the absence of any excitonic interband transition[Fig. 1(c)].
Such PI ISTs can happen when the momenta of thee1-hh1 or
e1-lh1 excitonssKd are larger than those of the photonssq
,0d responsible for the excitation of the electron-hole
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pairs.13,14They can also occur effectively when the electron-
hole pairs are widely separated and the exciton lifetime is
prolonged. This situation can happen, for example, in a
double QW structure where electrons and holes are kept in
two different wells separated by a barrier.15

In this paper we theoretically study the distinctive features
of the PI ISTs associated with the active and nonactive exci-
tons including the effects of strain and QW thickness. Our
results show that similar to those associated with the nonac-
tive excitons, when the PI ISTs are accompanied with the
excitonic interband transitions(active excitons) their dipole
moments depend strongly on the spinor mixing and disper-
sions of the hole subbands. This causes immense suppression
of these moments when these subbands are significantly non-
parabolic and/or because of strain they are about to crossover
one another. The dipole moments associated with the active
excitons, however, suffer an additional suppression, depend-
ing on the thickness of the QW structure and strain. In nar-
row QWs such a suppression can be drastic while in wide
QWs under extensive compressive strain it becomes insig-
nificant. We attribute these effects to the convolution of the
conduction intersubband transitions with the hole probability.
Such a convolution, which does not exist in the case of the PI
ISTs associated with the nonactive excitons, is originated
from the correlation between electron and hole coordinates
as the excitonic interband transitions happen.

Note that in many nano-structures the effects of strain are
dramatic. Therefore, the results of this paper can shed some
light on the investigations of the optical processes in such
structures where the PI ISTs are used to understand their
energy states or relaxation mechanisms6,7 or to alter their
optical responses. In addition, these results can also provide
a realistic evaluation of the dipole moments of the PI ISTs
used to probe time evolution of excitons or photo-excited
electrons,4,16 or to generate quantum interference effects
when they are accompanied with the interband transitions.17

Moreover, when accompanied with the possibility of multi-
level mixing of excitons,10 they can be useful in the studies
where strong IR or Terahertz(THz) fields are used to drive
the PI ISTs and to dress the exciton states.18–20This issue is
particularly important when one deals with the design of
optical devices such as all-optical modulators that are based
on PI ISTs.21,22

II. EXCITONIC EFFECTS IN THE PHOTOINDUCED
INTERSUBBAND TRANSITIONS IN UNDOPED QUANTUM

WELLS

As mentioned in the introduction, a key feature for the
treatment of the PI ISTs between the conduction subbands of
an undoped QW is inclusion of Coulomb interaction between
electrons in these subbands and holes in the valence band. In
the limit of low carrier excitation and low excess kinetic
energies such Coulomb interaction create excitons. Because
of the PI ISTs, these excitons are associated with the elec-
trons in the ground conduction subbandse1d and the upper
one(s) se2d. In general the states of these excitons can have
different orbital angular momenta(s,p states, etc.) and prin-
cipal quantum numbers. They can also be involved with sev-
eral valence subbands, representing states with mixture of
orbital angular momenta. In the following for the sake of
simplicity we ignore the Coulomb mixing between the hole
subbands that is responsible for such an angular momentum
mixing. This is because we do not expect these effects to be
significant and, as will be discussed in the following, their
inclusion does not change the physical processes discussed
in this paper. Under such conditions one can construct the
states of the excitons from the electronsuk , ild and hole states
suk , jld as follows:

Ci j
j,b = o

k,k8

Mi,j
j,bsk,k8duk,iluk8, jl. s1d

Here i and j refer to the electron and hole subband indices,
respectively. In this paper since we consider QW structures
that only support two conduction subbands, we havei =e1
and e2. Moreover, we only consider the first heavy and light
hole subbands, i.e.,j =hh1 and lh1.j andb in Eq. (1) refer to
the total angular momentum and energy index of an exciton
(b=1s,2s,2p, etc.), respectively. For excitons with zero mo-
mentasK =0d, the envelop functionMi,j

j,bsk ,k8d is given by

Mi,j
j,bsk,k8d = dsk + k8dGi,j

j,bskd. s2d

The exciton relative envelope function,Gi,j
j,bskd, is governed

by the following equation:

fEcsi,kd + Ehs j ,kdgGi,j
j,bskd + o

qÞ0
VijsqdGi,j

j,bsk + qd

= Ei,j
j,bGi,j

j,bskd. s3d

Here Ei,j
j,b are the transition energies of the excitons and

Vijsqd refers to the Coulomb interaction between the elec-
trons and holes. The states of these electrons and holes are
given by:

uk,il = eik.reCiszdU0sr ed, s4d

uk, jl = eik.rho
n

v j ,k
n szdU0

nsr hd. s5d

Here re and rh refer to the in-plane coordinates of an elec-
tron and hole with the Bloch functions represented byU0 and
U0

n, respectively.Ci represents the envelope function of elec-
trons in the ith conduction subband with energyEcsi ,kd.
v j ,k

n szhd refers to the envelope function of a hole in thej th

FIG. 1. (a) Schematic illustration of the square QW structures
considered in this paper;(b) and(c) represent the PI ISTs associated
with the excitons in the presence and absence of excitonic interband
transitions, respectively. The one-sided arrows refer to the ISTs and
the two-sided one to the optical excitation or radiative decay pro-
cesses of the excitons.
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subband(hh1 and lh1) with energyEhs j ,kd. n is the spinor of
the holes taking ±3/2 for heavy holes and71/2 for light
holes. In this paper we obtain the hole envelope functions
using thek .p method and solving a 434 Luttinger-Kohn
Hamiltonian. In the following, for the sake of simplicity, we
only considern=3/2 for theheavy holes andn=−1/2 for the
light holes.

In practice, to induce the PI ISTs in undoped QWs one
needs an interband laser field to resonantly or near resonantly
create excitons while at the same time an IR field excites
electrons from one conduction subbands to another. In gen-
eral the dipole moments of such PI ISTs can be given by:

mii8 j
j,b = o

n

mii8 j
jnb, s6d

where

mii8 j
jnb = kFij

jnbuzeuFi8 j
jnbl. s7d

HereFii8 j
jnb refer to the envelop functions of the exciton states

associated with the initial and final states of these transitions.
They are given by:23

Fij
jnb =

1

s2pd3/2E dkGi,j
j,bskdeik.sre−rhdCiszedv j ,k

n szhd. s8d

The sum overn in Eq. (6) emphasizes on the fact that
generally various hole spinors can contribute to the dipole
moments of the PI ISTs. This is associated with the fact that
the states of excitons can contain various components asso-
ciated with these spinors. However, due to the interband se-
lection rules, in narrow QWs mostly thes state excitons are
excited. This limitsn= +3/2 for thee1-hh1 exciton, andn
=−1/2 for the e1-lh1 exciton. Therefore, for such cases one
can drop the indexn in Eq. (6) or just use Eq.(7). Note that
even in the presence of the Coulomb hole subband mixing
effects where the exciton states can become mixtures of
heavy-hole and light-hole spinors,24 the treatment presented
in this paper remains valid. Under this condition, however, in
addition to the transitions between the 1s states of the exci-
tons associated with e1 and e2, those between exciton states
with different orbital angular momenta(p,d, etc.) should
also be included. This requires not only the sum overn in
Eq. (6), but also addition of a sum overj . Note that even in
such cases the contributions of the 1s states usually remain
the most significant one.25 Therefore, for the sake of simplic-
ity, in the following we only consider the PI ISTs that occur
between the 1s states of thee1-hh1 and e2-hh1 excitons
[Figs. 1(b) and 1(c)] and between the 1s states of the e1-
lh1 and e2-lh1 excitons. Under these conditions we haveb
=1s, j=n=3/2 for e1-hh1 or e2-hh1, andj=n=−1/2 for
e1-lh1 or e2-lh1.23 For this reason in the following we drop
the j and b (or 1s) indices for simplicity. Note also that in
Eqs.(7) and(8) we applied the selection rules of the PI ISTs
that only allow transitions between exciton states with the
same total and orbital angular momenta.

The main distinctive feature of the PI ISTs associated with
the active excitons is that they occur in the presence of the
interband transitions, such as absorption or emission of ex-
citons. As a result, they happen under the condition of zero

distance between the electrons and holes. Considering this
and introducingm j

act to represent Eq.(7) under such a condi-
tion, we find:

m j
act= L E kdkge1,jskdge2,jskdI1,j

n skd, s9d

where

I1,j
n skd =E zdzCe1szdCe2

* szduv j ,k
n szdu2. s10d

To obtain Eqs. (9) and (10) we applied the following
equations:23

Gi,j
j,bskd = ejjagi,j

j,bskd s11d

and

v j ,k
n szhd = e−jnav j ,k

n szhd, s12d

wherek ;sk,ad.
When thee1-hh1 or e1-lh1 excitons are not decaying or

optically excited(nonactive excitons) the condition of the
zero distance between electron and hole coordinates is not
applied. Representing Eq.(7) for such a case withm j

nact, here
we find that the dipole moments of the PI IST associated
with these excitons as follows:

m j
nact= m12

eleE kdkge1,jskdge2,jskdI2,j
n skd, s13d

where

m12
ele=E dzeCe1

* szedzeCe2szed s14d

and

I2,j
n skd =E dzhuv j ,k

n szhdu2. s15d

Herem12
ele refers to the electric dipole moment of the transi-

tion between e1 and e2 excluding any excitonic effect, i.e.,
only conduction subband wavefunctions are included. Note
that Eqs.(13)–(15) bear the approximation that nonactive
exciton states have envelop functions similar to those of ra-
diative excitons. In fact here we use hydrogen-like wave
functions for the 1s states the excitons in the k-space
sgij

nsskdd. In addition, because of their roles in the PI ISTs, in
the following we refer toI1,j

n and I2,j
n as dipole moment mix-

ing factors(DMMFs). Note also that despite of some simi-
larities, Eqs.(13)–(15) are different from those presented in
Ref. 9. This is because in this reference the fact that only a
specific spinor of holes can contribute to the formation of
excitons was ignored. As we will show in the following such
a treatment can only be valid when one considers the hole
dispersions are parabolic.

III. EXCITONIC EFFECTS IN THE PHOTOINDUCED
INTERSUBBAND TRANSITIONS

A distinct feature of our treatment in this paper is inclu-
sion of the hole spinor mixing effects in the PI ISTs. To
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investigate these effects and find out how optically active
and nonactive excitons can influence these transitions here
we consider In1−xGaxAs/ InP QW structures with various
thicknesses. We also study the effects of strains associated
with the different values ofx on these transitions. To start we
first investigate the dipole moments associated with the PI
ISTs between the 1s states of thee1-hh1 and e2-hh1 exci-
tons. As shown in Fig. 2(a), whenL=5 nm for the ranges of
x&0.45 andx*0.6 the dipole moments of the PI IST asso-
ciated with the nonactive excitons(mhh1

nact, squares) are very
similar tom12

ele (dots) but larger than those associated with the
active excitons(mhh1

act , triangles). This trend changes dramati-
cally at the vicinity ofx,0.57 (0.7% tensile strain) where
mhh1

nactbecomes about one third ofm12
ele. This process is accom-

panied by the reduction ofmhh1
act , allowing it having similar

values as those ofmhh1
nact at x,0.57.

As L increases andx&0.52 the differences betweenmhh1
nact

andmhh1
act are decreased while they become close tom12

ele. For
x*0.52, however,mhh1

nact and mhh1
act depart fromm12

ele as they
vary with x more rapidly [Figs 2(b) and 2(c)]. When L
=11 nm[Fig. 2(d)], at xc,0.7 (1.6% tensile strain) this pro-
cess ends up with the generation of another minimum for
each of these dipole moments. Here the magnitudes of these
dipole moments is less than 50% ofm12

ele. For such a thick-
ness, whenx&0.51 we findmhh1

nactandmhh1
act are similar tom12

ele.
Evolutions of the dipole moments associated with the PI

ISTs between the 1s states of thee1-lh1 and e2-lh1 excitons
are also peculiar. Here similar to Fig. 2(a), for L=5 nm and
x,0.57mlh1

act is less thanmlh1
nact although they have similar

variation withx [Fig. 3(a)]. In contrast to Fig. 2(a), however,
here they are two minima, one atx,0.42 and the other at
x,0.57. As L increases the spacing between these two
minima decreases whilemlh1

nact and mlh1
act become similar. For

L=11 nm there is virtually only one minimum atx,0.52.
Here except forx.0.52 these dipole moments are virtually
overlapped. Note that a specific feature of the most of the
dipole moment dips seen in Figs. 2 and 3 is that they are

asymmetric around thex’s where the minima occur. These
issues and others will be discussed in the following section.

Note that the results presented in Figs. 2 and 3 are valid
when the PI ISTs occur between bound exciton states. In
addition, the nature of these transitions, in terms of their
associations with the active or nonactive excitons, and their
relative contributions to the nonlinear optical processes in-
volving PI ISTs mainly depend on the conditions of the QW
sample and the experiment. These include intensity and fre-
quency of the IR laser field responsible for these transitions,
time delay between this field and the interband laser field
generating electron-hole pairs, the type of the physical quan-
tity is measured, and the scattering rates of excitons with
phonons, other excitons, disorder, etc. To clarify this let us
first consider the case where the bound excitons are gener-
ated by near-IR laser pulses resonantly exciting the 1s or 2s
states of thee1-hh1 or e1-lh1 excitons withK,0. Here one
can only deal with the PI ISTs associated with the active
excitons if before these pulses reach the sample the QW
structure is influenced by the longer IR laser pulses and
when the interband absorption is monitored. In this scheme,
which has been used in the past to study optical quantum
confined Stark effects,11,18 and all-optical modulators,22 the
near bandedge exciton peaks are detected while the IR field
is strong enough to mix the conduction subbands associated
with the PI ISTs(here e1 and e2). As a result, the upper
levels of the excitonic interband transitions are renormalized
with a scale determined by the dipole moments of the PI
ISTs associated with the active excitons. Note that in general
the upper transition levels of the PI ISTs(the 1s and 2s states
of the e2-hh1 or e2-lh1 excitons) are scattered with acoustic
or longitudinal optical(LO) phonons, depending on the e1-
e2 energy spacing. This leads to the ionization of these ex-
citons and formation of thee1-hh1 or e1-lh1 excitons with
largeK.12 Therefore, while in the optically accessible region
sK,0d the IR driven PI ISTs associated with the active ex-
citons determine the evolution of the interband absorption,
outside this region the PI ISTs associated with nonactive ex-
citons can occur.

If the IR pulses reach the sample after the near-IR inter-
band field the resonantly excited excitons can be scattered

FIG. 2. Normalized dipole moments of the PI-ISTs associated
with the transitions between the 1s states of the e1-hh1 and e2-
hh1 excitons. Squares refer to the PI ISTs associated with nonactive
e1-hh1 excitonssmhh1

nact/ed and triangles to those associated with
excitons that are being optically excited or decaying radiatively
smhh1

act /ed. The dots refer to the dipole moments associated with the
e1-e2 transitions excluding any excitonic effectsm12

ele/ed.

FIG. 3. Normalized dipole moments of the PI-ISTs associated
with the transitions between the 1s states of the e1-lh1 ande2-lh1
excitons. Here squares refer tomlh1

nact/e, and triangles tomlh1
act/e. All

other specifications are similar to those in Fig. 2.
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with phonons, other excitons, disorder, etc., or thermally ion-
ized and then reformed again before the PI ISTs occur. As a
result, the momenta of some of thee1-hh1 or e1-lh1 excitons
can become so large that the momentum conservation restric-
tion drastically hinders their emission. Here, however, if one
studies the effects of an intense IR field resonant with the PI
ISTs on the photoluminescence of a QW,12 only active exci-
tons are involved. In fact here, similar to the case when the
interband absorption is monitored, the IR field acts as a
pump and the exciton emission(or absorption) as a probe.
However, if one uses the IR field as a probe and the near IR
field as a pump,4 then combination of PI ISTs associated with
both active and nonactive can be present.

When the near-IR interband field off-resonantly excites
the electron-hole pairs, formation of active or nonactive ex-
citons requires more attention. This is because depending on
the frequency and intensity of this field and temperature dif-
ferent scenarios can happen. In fact based on a recent micro-
scopic study the near bandedge emission at the 1s resonance
is not necessarily caused by the radiative decay of exciton
population, but rather due to the Coulomb enhanced radiative
recombination of the electron-hole pairs.26 As a result, inter-
action of an IR laser field resonant with thee1-e2 transitions
with a QW may not be involved with the PI ISTs associated
with the exciton states, even if a distinct emission peak ap-
pears at the 1s resonance. Having this in mind to remain
within the exciton population limit, as required in this paper,
here one should consider low or intermediate carrier densi-
ties with small excess kinetic energies at low
temperatures.27–29 In general, however, in an off-resonantly
excited QW the electron-hole pairs first form excitons with
largeK. These excitons then undergo energy and momentum
relaxation until they reach the optically accessible region
where they are able to decay radiatively.30,31Here to treat the
PI ISTs and include the effects of active and nonactive exci-
tons, similar considerations as those in the case of the reso-
nant excitation should be considered.

IV. EXCITONIC INTERBAND TRANSITIONS AND THE
PHOTOINDUCED INTERSUBBAND TRANSITIONS

To discuss the results presented in the previous section,
note that when an exciton is optically generated or decay
radiatively an electron-hole pair is either created or annihi-
lated. These processes require the coordinates of the electron
and hole(r e and r h) be the same. For this reason the exci-
tonic interband transitions not only depend on the overlap
integral between electron and hole wave functions, but also
on uFe1,js0du2 [Fe1,jsr e−r hd is the Fourier transform of
Ge1,jskd]. The coordinate requirement stands when the exci-
tonic interband transitions(optical excitation or radiative de-
cay of excitons) are accompanied with the PI ISTs. On the
other hand, when excitons are in their nonradiative states or
they are not decaying, although the electrons’ and holes’ co-
ordinates can overlap, such a requirement does not exist.

Having these in mind, as shown in Figs. 2 and 3, one
expects that the PI ISTs are influenced differently by the
excitonic effects, depending whether thee1-hh1 or e1-lh1
excitons are in their nonradiative states or they are being

optically excited or radiatively decaying(active excitons).
For those associated with the nonactive excitons, as shown in
Eqs. (13)–(15), the excitonic effects mostly come as a nor-
malization factor of the dipole moment associated with the
e1-e2 transitionssm12

eled. For the case of the active excitons,
however, the PI IST dipole moments are convoluted with the
hole probability at eachk [Eq. (10)].

To understand how these features influence the PI IST
dipole moments, let us considermhh1

act and mhh1
nact for L=5 nm

[Fig. 2(a)] and 11 nm[Fig. 2(d)] andx=0.25(1.5% compres-
sive strain). Since the magnitudes of these moments directly
depend onI1,hh1

3/2 or I2,hh1
3/2 , it is useful to study evolution of

these integrals under these conditions. As shown in Fig. 4,
the first distinct difference betweenI1,hh1

3/2 and I2,hh1
3/2 is that at

k=0 the latter always starts from unity[Fig. 4(b)], as re-
quired by the fact that hh1 and lh1 contain only +3/2 and
−1/2 spinors at the zone center, respectively. The former,
however, is much less than unity and has a relatively strong
dependency onL [Fig. 4(a)]. Here asL increases from 5 to
11 nm, whileI2,hh1

3/2 remains fairly unchanged, within a region
close to the zone centerI1,hh1

3/2 enhances significantly. Since
the exciton wave functions are mostly centered in this re-
gion, such an enhancement process increases the magnitude
of mhh1

act , allowing it becoming similar tomhh1
nact andm12

ele.

V. HOLE SPINOR MIXING EFFECTS IN THE
PHOTOINDUCED INTERSUBBAND TRANSITIONS

The results presented in Fig. 4 show that, except for a
region at the proximity of the zone center, ask increases
I j ,hh1

n are decreased significantly. This can be attributed to the
spinor mixing of the hole subbands. Here because of the
extensive amount of compressive strain(1.5%) at the vicinity
of the zone center hh1 is mainly parabolic, as shown in Fig.
5(a). As a result, the states of hh1 in this region are mainly
associated withn=3/2. For k*0.02s2p /ad (a is the lattice
constant of the QW), however, the spinor mixing of the hole
subbands gradually increases as the hh1 dispersion become
increasing nonparabolic. As this happens the states of hh1

FIG. 4. Dipole moment mixing factors of thee1-hh1 to e2-
hh1 PI ISTs associated with active(a) and nonactive excitons(b)
for x=0.25. Dots refer toL=5 nm and circles toL=11 nm.a refers
to the lattice constant of the In0.75Ga0.25As QW.
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becomes a mixture of then=3/2 andn=−1/2 spinors.
Having these in mind, one can find spinor mixing of the

hole subbands responsible for the variations of the dipole
moments of the PI ISTs withx and explain their deviations
from m12

ele (Figs. 2 and 3). To see this note that based on Eqs.
(9) and(13) m j

nact andm j
act mostly depend on the magnitudes

and the k-dependencies ofI1,j
n andI2,j

n in the effective region
of the k-space where the exciton wave functions are cen-
tered. For example, in the case ofL=5 nm andx=0.25, as
shown in Fig. 4(b) (dots), I2,hh1

n depends weakly onk in this
region while its magnitude is close to unity. Combining this
with the fact that under such conditions the normalization
condition of the exciton wavefunctions[Eq. (13)] is well
utilized, one can explain why forx,0.4 mhh1

nact is similar to
m12

ele [Fig. 2(a)]. Similarly, the results in Fig. 4(b) also explain
why for L=11 nm andx=0.25 (circles) mhh1

nact and m12
ele are

nearly the same. As shown in Fig. 4(a), however, the case of
the active excitons can be different. Here, in contrast to the
case of nonactive excitons, forL=11 nm the magnitude of
I1,hh1
3/2 for x=0.25 in the effective region of the excitons is

larger than that ofL=5 nm. This explains why forx,0.4
andL=5 nmmhh1

act is less thanm12
ele but whenL is increased to

11 nm they become similar.
As strain or Ga contentsxd changes or/and the QW be-

comes thicker, the contributions ofn=3/2 and −1/2 in hh1
and lh1 are changed. This is translated into the distinct fea-
tures seen in Figs. 2 and 3, including creation of the minima
in m j

act and m j
nact. To explain these issues note that as the

thickness of the QW increases the energies of the hole sub-
bands are changed, allowing them to get closer to each other.
In addition, asx increases from 0.25 to 0.75 the QW struc-
ture strain is changed from 1.5% compressive to 1.95% ten-
sile. Figure 5 shows the effects of the latter on the disper-
sions of hh1(solid line), hh2 (dashed line), and lh1(dotted
line) for L=5 nm. Note that asx increases these subbands
can become degenerate in some regions ofk-space with

strongly nonparabolic dispersions, or obtain parabolic disper-
sions while are isolated from others. Using these features we
can explain the results presented in Figs. 2(a) and 3(a). We
start with the minimum seen in Fig. 2(a) at x=0.59 (0.84%
tensile strain). As seen in Fig. 5(c), under such a condition
hh2 is pushed down while hh1 becomes strongly nonpara-
bolic and nearly degenerate with lh1 around the zone center.
In fact here with a slight more increase ofx these two sub-
bands are crossed over and lh1 becomes the first hole sub-
band. This phenomenon leads to a strong spinor mixing and
suppresses the contributions ofn=3/2 in hh1 andn=−1/2 in
lh1. This is accompanied with the increase of the contribu-
tions of n=−1/2 and +3/2 in these subbands, respectively.
To see this in Fig. 6 we show the DMMFs associated with
active sI1,hh1

3/2 d and nonactive heavy-hole excitonssI2,hh1
3/2 d for

L=5 nm andx=0.59. Here, in contrast to that seen in Fig. 4,
I1,hh1
3/2 andI2,hh1

3/2 (circles) are changed rapidly around the zone
center. As shown in Eqs.(9) and (13), such a feature sup-
presses the normalization factor of the 1s-states of the exci-
tons and reduces the contribution of the DMMFs in the ef-
fective region of thek-space, causing a drastic decrease of
mhh1

act andmhh1
nact [Fig. 2(a)]. Note that in Fig. 6 we also show

the variation ofI1,hh1
−1/2 and I2,hh1

−1/2 for the sake of completeness
and clarity. These DMMFs do not play any role in the PI
ISTs discussed in this paper.

Note that around the crossover point shown in Fig. 5(c)
the strong mixing of hh1 is accompanied with the strong
mixing of lh1. As shown in Fig. 3(a), this leads to the
minima seen inmlh1

act andmlh1
nact at x,0.59—the samex as that

of hh1 in Fig. 2(a). In the case of lh1, however, for each of
these dipole moments an extra minimum atx,0.42 has oc-
curred. One can use the hh2 and lh1 dispersions seen in Fig.
5(b) to explain this feature. Whenx,0.42 these two sub-
bands are about to cross over. This leads to a cetain amount
of mixing for lh1 around the zone center causing the minima
seen atx,0.42. Note that the asymmetry seen in the minima
in Figs. 2 and 3 can be attributed to the fact that as lh1
reaches hh1 mixing ofn=3/2 andn=−1/2 spinors in both

FIG. 5. Band structure of a 5 nm In1−xGaxAs QW structure with
InP barrier forx=0.25 (a), 0.42 (b), 0.59 (c) and 0.75(d).

FIG. 6. Dipole moment mixing factors for a 5 nm In0.41Ga0.59As
QW structure with InP barrier.(a) refers to the PI ISTs associated
with the e1-hh1 excitons that are either optically excited or decay-
ing radiatively and(b) refers to the case where these excitons are
nonactive.
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hh1 and lh1 increases. However, right after the crossover the
contributions ofn=3/2 in hh1 andn=−1/2 in lh1 become
increasingly dominant, as mixing reduces drastically.32 Note
that as shown in Fig. 5(d), for x=0.75 this leads to a very
parabolic dispersion for lh1. This explains the sharp increase
of mlh1

nact and its similarity with m12
ele when the structure is

under extensive amount of tensile strain.
Similar concepts can also be used to explain other results

presented in this paper, including generation of the two
minima in Fig. 2(d) and evolutions of those in Fig. 3 as QW
thickness increases. To see this note that, as mentioned
above, the crossover of hh2 and lh1 atx,0.42 and that of
hh1 and lh1 atx,0.59 were responsible for the generation
of two minima seen in Fig. 3(a). As L increases, however,
the hole subbands are energetically become closer to each
other and, therefore, thex’s where these crossovers happen
become closer to each other. Therefore, with a slight increase
of x one can go from one minimum to another. ForL
=11 nm this leads to a nearly single peak formlh1

act andmlh1
nactat

x,0.52 [Fig. 3(d)]. For the same QW thickness, however,
mhh1

act andmhh1
nact have an extra minimum atx,0.7 [Fig. 2(d)].

To explain this we show in Fig. 7 the hole dispersions and
the DMMFs associated withmhh1

nact [Fig. 7(b), circles] and
mlh1

nact [Fig. 7(c), dots] when L=11 nm andx=0.7. Here one
can see that lh1 is very much parabolic(dashed line) causing

I2,lh1
−1/2 changes slowly withk [Fig. 7(c)]. On other hand, how-

ever, under the same conditions hh1 has become increasingly
nonparabolic[Fig. 7(a), solid line]. This makesI2,hh1

3/2 strongly
k-dependent[Fig. 7(b)] and reduces the dipole moments as-
sociated with the transitions between 1s states ofe1-hh1 and
e2-hh1.

The results obtained in this paper suggest that even in a
structure that contains no strain, the effects of hole spinor
mixing and excitonic interband transitions in the PI ISTs can
be significant. For the In1−xGaxAs/ InP QW structures consid-
ered in this paper the zero strain case occurs whenx,0.47.
Under this condition, due to the nonparabolic dispersion of
the lh1 subbandmlh1

nact is much less thanm12
ele [Fig. 3(a)]. mlh1

act,
however, is suppressed more since in addition to the hole
mixing effect it is influenced by the excitonic interband tran-
sitions. In the case of PI ISTs associated with hh1, depending
on the QW thickness, the zero-strain structure can have dif-
ferent contribution from the hole spinor mixing. For narrow
QWs, whenx,0.47 hh1 is mainly parabolic andmhh1

nact is
close tom12

ele. As the QW thickness increases, hh1 can be-
come more nonparabolic causing more suppression. Here,
however, the most significant deviation of the PI IST dipole
moments fromm12

ele occurs in narrow QWs when these tran-
sitions are accompanied with the excitonic interband transi-
tions [Fig. 2(a)].

VI. CONCLUSIONS

In conclusion, we studied the effects of hole subband
spinor mixing and the excitonic interband transitions in the
photoinduced conduction intersubband transitions. We
showed that when such intersubband transitions were accom-
panied with the interband transitions, such as optical excita-
tion or radiative decay of excitons, their dipole moments
could be suppressed drastically. We attributed such a sup-
pression to the correlation between the photo-excited elec-
tron and hole coordinates when an electron-hole pair is gen-
erated or annihilated. We also showed that when hole
subbands were strongly nonparabolic the dipole moments as-
sociated with the PI ISTs were much smaller than those ob-
tained considering only electron wavefunctions. This effect
become particularly significant when due to strain the hole
subbands are about to cross over each other.
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