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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 excitongexcitonic interband transitiopgheir 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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[. INTRODUCTION we showed that depending on the hole dispersions, the Cou-
lomb interaction between photoexcited electrons and holes
Intersubband transitiondST) between quantized levels can play a crucial role in the PI IST8.0ur results showed
of low-dimensional quantum structures are useful tools fothat due to the excitonic effects caused by such interaction
study of fundamental properties of semiconductors and dethe dipole moments of these transitions were influenced by
velopment of optical devices. In quantum weéQW) struc-  the spinor mixing of the valence subbands. It was shown that
tures these transitions were used to design modulatorsin an undoped QW structure containing only two conduction
photodetector$,and lasers, and to investigate various as- subbands this effect could lead to multi-level mixing of the
pects of physics of semiconductdrsRecently these transi- exciton states, although the structure was interacting with a
tions were also used to study quantized states of quantusingle IR field near resonance with the transitions between
dot$ and quantum wiresMany of these studies have been these subband$.Under no conditions, however, the exci-
reported for undoped QW structures where infrag®) la-  tonic nature of the PI IST was found to enhance the dipole
ser beams near resonant with the transitions between the comoments of these transitions.
fined states of the conduction band were employed to inves- An important feature of the PI ISTs is that although they
tigate their energies, relaxation times, etc. Since thesBappen as electrons are optically excited from one conduc-
transitions occur in the presence of laser fields responsibléon subbandel) to another(e2), they are in fact transitions
for the interband excitation of electrons, they are usuallybetween the exciton states associated with these subbands
called photoinduced intersubband transitigR$ IST). (see Fig. 1 Therefore, these transitions can occur while the
Due to the fact that the Pl ISTs occur in the presence oéxcitons associated with e®l-hhl or el-lhl) are being
the photo-excited holes generated simultaneously by the imptically generated or decaying radiativg¢ctive excitony
terband laser fields, they can be distinctively different fromor they are in their nonradiative states or in their life spans
those happening in n-doped QWs. Although this issue playgnonactive excitons The former(active excitony refers to
an important role in the study of nonlinear optical processeshe case where the PI ISTs are accompanied with the exci-
in QWs and design of optical devices, the results of the pretonic interband transitiong=ig. 1(b)]. Examples for this case
vious studies are rather contradictory. For example, while irinclude the PI ISTs associated with the optical quantum con-
Ref. 8 the experimental results were interpreted as a sign dined Stark effects where an intense IR laser beam resonant
enhancement of the oscillator strengths of Pl ISTs via Couwith the el-e2transition was used to modify the interband
lomb interaction between electrons and halescitonic ef-  excitonic absorption! or emission'? The PI ISTs associated
fects, in Ref. 9 no enhancement was inferred from the ex-with the nonactive excitons, however, are characterized by
perimental results. Therefore, in contrast to the former, théhe absence of any excitonic interband transifibiy. 1(c)].
latter dismissed any effect due to the Coulomb interactiorSuch PI ISTs can happen when the momenta oéthvéhl or
and concluded that the PI ISTs in undoped QWs were basiel-lhl excitongK) are larger than those of the photofts
cally similar to those in n-doped QWs. Recently, however,~0) responsible for the excitation of the electron-hole
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) 2.hhl s s Il. EXCITONIC EFFECTS IN THE PHOTOINDUCED
INTERSUBBAND TRANSITIONS IN UNDOPED QUANTUM
el el-hhl Is Is WELLS

As mentioned in the introduction, a key feature for the
treatment of the PI ISTs between the conduction subbands of
hhi an undoped QW is inclusion of Coulomb interaction between
——G —G electrons in these subbands and holes in the valence band. In

a b c the limit of low carrier excitation and low excess kinetic
energies such Coulomb interaction create excitons. Because

FIG. 1. (8 Schematic illustration of the square QW structures of the PI ISTs, these excitons are associated with the elec-
considered in this pape(t) and(c) represent the PI ISTs associated trons in the ground conduction subbaged) and the upper
with the excitons in the presence and absence of excitonic interbarkgne(s) (e2). In general the states of these excitons can have
transitions, respectively. The one-sided arrows refer to the ISTs angitferent orbital angular momenta, p states, etg.and prin-
the two-sided one to the optical excitation or radiative decay pro'cipal guantum numbers. They can also be involved with sev-
cesses of the excitons. eral valence subbands, representing states with mixture of

orbital angular momenta. In the following for the sake of
pairs!®!4They can also occur effectively when the electron-simplicity we ignore the Coulomb mixing between the hole
hole pairs are widely separated and the exciton lifetime isypbands that is responsible for such an angular momentum
prolonged. This situation can happen, for example, in anixing. This is because we do not expect these effects to be
double QW structure where electrons and holes are kept igjgnificant and, as will be discussed in the following, their
two different wells separated by a barriér. inclusion does not change the physical processes discussed

In this paper we theoretically study the distinctive featuresy this paper. Under such conditions one can construct the

of the PI ISTs associated with the active and nonactive excistates of the excitons from the electr@k, i)) and hole states
tons including the effects of strain and QW thickness. Our(|k i)) as follows:
c

results show that similar to those associated with the nonac-

tive_ exgitqns, when the P_I ISTs. are ac_compan_ied_with the \Ifﬁﬁ: > Mﬁ’jﬁ(k,k’)|k,i>|k’,j>. (1)
excitonic interband transition@ctive excitong their dipole KK’

moments depend strongly on the spinor mixing and disper- ) , Lo
sions of the hole subbands. This causes immense suppressigfréi andj refer to the electron and hole subband indices,
of these moments when these subbands are significantly nofeSPectively. In this paper since we consider QW structures
parabolic and/or because of strain they are about to crossovitat only support two conduction subbands, we havel
one another. The dipole moments associated with the activ@d 2. Moreover, we only consider the first heavy and light
excitons, however, suffer an additional suppression, dependll€ subbands, i.ej=hh1 and Ih1£andgin Eq.(1) refer to
ing on the thickness of the QW structure and strain. In narihe total angular momentum and energy index of an exciton
row QWs such a suppression can be drastic while in widéB=1S,2s,2p, etc), respectively. For excitons with zero mo-
QWs under extensive compressive strain it becomes insighenta(K =0), the envelop functioM{(k k') is given by
nificant. We attribute these effects to the convolution of the B " — NeEB

conduction intersubband transitions with the hole probability. Mij (k. k) = otk + kG (). @
Such a convolution, which does not exist in the case of the PThe exciton relative envelope functioﬁ{{f(k), is governed
ISTs associated with the nonactive excitons, is originatedy the following equation:

from the correlation between electron and hole coordinates

as the excitonic interband transitions happen. [E°G,K) + E"(GLIGH (k) + 2 Vi (@)Gif(k +q)
Note that in many nano-structures the effects of strain are a*0
dramatic. Therefore, the results of this paper can shed some = Eﬁfeﬁvjﬂ(k)_ (3)

light on the investigations of the optical processes in such B . , .
structures where the Pl ISTs are used to understand théitere Eij” are the transition energies of the excitons and
energy states or relaxation mechaniéfer to alter their  Vii(d) refers to the Coulomb interaction between the elec-
optical responses. In addition, these results can also providéons and holes. The states of these electrons and holes are
a realistic evaluation of the dipole moments of the Pl ISTs3iven by:

used to probe time evolution of excitons or photo-excited |k,i) = €XreCi(2)Uq(r o), (4)
electrons*'® or to generate quantum interference effects

when they are accompanied with the interband transifiéns. . i Y v

Moreover),/ when acco?npanied with the possibility of multi- k,J) = elk'phzv vjk(@Ug(rp). (5)
level mixing of excitons? they can be useful in the studies

where strong IR or TerahertZHz) fields are used to drive Here p, and p, refer to the in-plane coordinates of an elec-
the PI ISTs and to dress the exciton stdfed? This issue is  tron and hole with the Bloch functions representedJgyand
particularly important when one deals with the design ofUg, respectivelyC; represents the envelope function of elec-
optical devices such as all-optical modulators that are baseiions in theith conduction subband with enerds(i, k).

on Pl ISTs?1:22 v{(z) refers to the envelope function of a hole in tfta
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subbandhh1 and Ih] with energyE"(j k). v is the spinor of  distance between the electrons and holes. Considering this
the holes taking +3/2 for heavy holes aadl/2 for light and introducingu?“to represent Eq.7) under such a condi-
holes. In this paper we obtain the hole envelope functiongion, we find:

using thek.p method and solving a ¥4 Luttinger-Kohn

Hamiltonian. In the following, for the sake of simplicity, we act_ | f kdKdar (K)aws (K1 - (K 9
only considery=3/2 for theheavy holes and=-1/2 for the Hi 9e1i (K)Gez, (111K, ©
light holes.

In practice, to induce the Pl ISTs in undoped QWSs oneWhere

needs an interband laser field to resonantly or near resonantly .

create excitons while at the same time an IR field excites 17;(k) :JZdZQl(Z)CeZ(Z)|UjV,k(Z)|2- (10)
electrons from one conduction subbands to another. In gen-

eral the dipole moments of such Pl ISTs can be given by: To obtain Egs.(9) and (10) we applied the following

) equations®
Mf'i =2 Mff (6) s .
v GH(k) = &gt (k) (11

where and
i = (FE Pzl FEP). (7) vl (Z) = €7\ (), (12

Here Fﬁfjﬁ refer to the envelop functions of the exciton statesWherek = (k, ).

associated with the initial and final states of these transitions. YWhen theel-hh1 or el-lh1 excitons are not decaying or
They are given by? optically excited(nonactive excitonsthe condition of the

zero distance between electron and hole coordinates is not
1 ik (o applied. Representing E({) for such a case wit* here
v _ &8 iK.(pe=Pn) C. v ’
= (ZW)B/ZJdei'J (k)etremCi(zevji(zn).  (8) we find that the dipole moments of the Pl IST associated

. . with these excitons as follows:
The sum overv in Eqg. (6) emphasizes on the fact that

generally various hole spinors can contribute to the dipole nact_  ele Y

moments of the PI ISTs. This is associated with the fact that My = 'ulzf kdkge1;(K)Gez;(K)12(k), (13
the states of excitons can contain various components asso-

ciated with these spinors. However, due to the interband sevhere

lection rules, in narrow QWs mostly thestate excitons are

excited. This limitsv=+3/2 for theel-hh1 exciton, and use= f dz.Cl1(202:Ce o) (14
=-1/2 for the el-lh1l exciton. Therefore, for such cases one

can drop the index in Eq. (6) or just use Eq(7). Note that gn(g
even in the presence of the Coulomb hole subband mixing

effects where the exciton states can become mixtures of
heavy-hole and light-hole spinotéthe treatment presented

in this paper remains valid. Under this condition, however, in ol o .
addition to the transitions between the dtates of the exci- Here ug, refers to the electric dipole moment of the transi-

tons associated with e1 and e2, those between exciton stafé@n between el and e2 excluding any excitonic effect, i.e.,
with different orbital angular momentép,d, etc) should only conduction subband wavefunctions are included. Note

also be included. This requires not only the sum oven  that Eqs.(13)«(15) bear the approximation that nonactive
Eq. (6), but also addition of a sum ovér Note that even in  €Xciton states have envelop functions similar to th_ose of ra-
such cases the contributions of the 1s states usually remaffidtive excitons. In fact here we use hydrogen-like wave
the most significant on. Therefore, for the sake of simplic- functions for the § states the excitons in the k-space
ity, in the following we only consider the PI ISTs that occur (9 (K)). In addition, because of their roles in the PI ISTs, in
between the 4 states of theel-hhl and e2-hhl excitons the following we refer td;; andl;; as dipole moment mix-
[F|gs :Kb) and Ic)] and between the 1s states of the el_ing faCtOfS(DMMFS). Note also tlllat deSpite of some simi-
Ih1l and e2-lh1 excitons. Under these conditions we have larities, Eqs(13)~(15) are different from those presented in
=1s, é&=v=3/2 for el-hh1 or e2-hhl, ang=v=-1/2 for Ref. 9. This is because in this reference the fact that only a
el-Ihl or e2-Ih22 For this reason in the following we drop specific spinor of holes can contribute to the formation of
the £ and B8 (or 19 indices for simplicity. Note also that in excitons was ignored. As we will show in the following such
Egs.(7) and(8) we applied the selection rules of the Pl ISTs @ treatment can only be_: valid when one considers the hole
that only allow transitions between exciton states with thedispersions are parabolic.
same total and orbital angular momenta.

The main distinctive feature of the PI ISTs associated with . EXCITOIEITCEEQEEEE\]IIDNTLI—AI'EVEEIO()TS;’NDUCED
the active excitons is that they occur in the presence of the
interband transitions, such as absorption or emission of ex- A distinct feature of our treatment in this paper is inclu-
citons. As a result, they happen under the condition of zergion of the hole spinor mixing effects in the Pl ISTs. To

1500 = [ aaiofat (15)
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FIG. 2. Normalized dipole moments of the PI-ISTs associated . FIG. 3. No_r_malized dipole moments of the PI-ISTs associated
with the transitions between thes Btates of the el-hhl and e2- Vith the transitions between the 1s states of the el-Inledhthl

. act, . act
hh1l excitons. Squares refer to the Pl ISTs associated with nonacti\%(c'tons' Here squares refer g}/, and triangles tqu/e. Al

el-hhl excitonduf2fYe) and triangles to those associated with other specifications are similar to those in Fig. 2.

excitons that are being optically excited or decaying radiativelyagymmetric around thg's where the minima occur. These
(#hha/©)- The dots refer to the dipole moments associated with th§sses and others will be discussed in the following section.
el-e2 transitions excluding any excitonic efféaf/e). Note that the results presented in Figs. 2 and 3 are valid

investigate these effects and find out how optically activeWhen the PI'ISTs occur between bound exciton states. In

and nonactive excitons can influence these transitions hefdition, the nature of these transitions, in terms of their
we consider I, GaAs/InP QW structures with various asso_uanons ywth the active or n(?nact|ve gxmtons, and th_e|r
thicknesses. We also study the effects of strains associatéﬂlat.'ve contnbuhons to the nonlinear optu;gl Processes in-
with the different values of on these transitions. To start we volvmlg Pl IdSt'Ls malnly_dep?n_lqhon th.e clor;dlt_lotns O.ft the g\fN

first investigate the dipole moments associated with the ppampie and the experiment. 1nese Iinciude intensity and fre-
ISTs between the dlstates of thee1-hh1 and e2-hh1 exci- 4UY€Ncy of the IR laser f|elc_j respon5|ble.for these transitions,
tons. As shown in Fig. @), whenL =5 nm for the ranges of time delay between this field and the interband laser field

. _generating electron-hole pairs, the type of the physical quan-
XiStog?lvﬁEdt)f%Gntheﬂslpme Tom%‘;‘}? of the PIIST asso tity is measured, and the scattering rates of excitons with
clate € nonactive excitor@y,,;, squaresare very phonons, other excitons, disorder, etc. To clarify this let us

similar to 7 (dots but larger than those associated with thefirot consider the case where the bound excitons are gener-
ated by near-IR laser pulses resonantly exciting therl2s

active excitongu2,, triangles. This trend changes dramati-

cally at the vicinity ofx~0.57(0.7% tensile stranwhere  gtates of theel-hh1 or el-Ih1 excitons witki~ 0. Here one

Mhhy becomes about one third pf7. This process is accom- can only deal with the Pl ISTs associated with the active

panied by the reduction oy, allowing it having similar  excitons if before these pulses reach the sample the QW

values as those qfpas‘at x~0.57. structure is influenced by the longer IR laser pulses and
As L increases and=<0.52 the differences betweegrf2S'  when the interband absorption is monitored. In this scheme,

and uf% are decreased while they become closai@ For  which has been used in the past to study optical quantum

x=0.52, howeverul® and % depart fromuls as they confined Stark effect¥;'® and all-optical modulator®. the
vary with x more rapidly [Figs 2b) and Zc)]. When L near bandedge exciton peaks are detected while the IR field
=11 nm[Fig. 2d)], atx.~ 0.7 (1.6% tensile strainthis pro- is strong enough to mix the conduction subbands associated
cess ends up with the generation of another minimum fowith the PI ISTs(here el and 82 As a result, the upper
each of these dipole moments. Here the magnitudes of thesevels of the excitonic interband transitions are renormalized
dipole moments is less than 50% @fs. For such a thick- with a scale determined by the dipole moments of the PI
ness, whex=<0.51 we findu[2%'and w2, are similar touSs.  ISTs associated with the active excitons. Note that in general
Evolutions of the dipole moments associated with the Pthe upper transition levels of the Pl IS{the 1s and X states
ISTs between thesdlstates of theel-lh1l and e2-lh1 excitons of the e2-hh1 or e2-lh1l excitopare scattered with acoustic
are also peculiar. Here similar to Figa® for L=5 nm and or longitudinal optical(LO) phonons, depending on the el-
x<0.57 uiS is less thanu(a™ although they have similar €2 energy spacing. This leads to the ionization of these ex-
variation withx [Fig. 3(@)]. In contrast to Fig. @), however, citons and formation of thel-hhl or el-lhl excitons with
here they are two minima, one at-0.42 and the other at largeK.!? Therefore, while in the optically accessible region
x~0.57. As L increases the spacing between these twdK~0) the IR driven Pl ISTs associated with the active ex-
minima decreases whilgj3™ and ufS become similar. For citons determine the evolution of the interband absorption,
L=11 nm there is virtually only one minimum at0.52.  outside this region the PI ISTs associated with nonactive ex-
Here except fox>0.52 these dipole moments are virtually citons can occur.
overlapped. Note that a specific feature of the most of the If the IR pulses reach the sample after the near-IR inter-

dipole moment dips seen in Figs. 2 and 3 is that they ardand field the resonantly excited excitons can be scattered

195321-4



EXCITONIC EFFECTS IN THE PHOTOINDUCED.. PHYSICAL REVIEW B 70, 195321(2004)

with phonons, other excitons, disorder, etc., or thermally ion- 05 @
ized and then reformed again before the Pl ISTs occur. As a 04]
result, the momenta of some of th&-hh1 or el1-lh1 excitons 3080 )
can become so large that the momentum conservation restric- o2 '
tion drastically hinders their emission. Here, however, if one 04
studies the effects of an intense IR field resonant with the Pl 0
ISTs on the photoluminescence of a G¥\nly active exci- 0 002 004 006 008 O
tons are involved. In fact here, similar to the case when the 1 (b)
interband absorption is monitored, the IR field acts as a 08
pump and the exciton emissidgor absorption as a probe. g3os
However, if one uses the IR field as a probe and the near IR " o4
field as a pumg,then combination of PI ISTs associated with 02
both active and nonactive can be present. 0
When the near-IR interband field off-resonantly excites 0 o002 oio(-tngoe 0.08 0.

the electron-hole pairs, formation of active or nonactive ex-

citons requires more attention. This is because depending on F|G. 4. Dipole moment mixing factors of thel-hhl to e2-
the frequency and intensity of this field and temperature difhh1 PI ISTs associated with active) and nonactive excitong)
ferent scenarios can happen. In fact based on a recent micrfar x=0.25. Dots refer t&.=5 nm and circles th. =11 nm.a refers
scopic study the near bandedge emission at fredonance to the lattice constant of the JRsGay ,5As QW.

is not necessarily caused by the radiative decay of exciton

population, but rather due to the Coulomb enhanced radiativgpically excited or radiatively decayingactive excitons
recombination of the electron-hole paffAs a result, inter-  For those associated with the nonactive excitons, as shown in
action of an IR laser field resonant with th-e2 transitions  gqs (13)(15), the excitonic effects mostly come as a nor-
with a QW may not be involved with the PI ISTs associatedmajization factor of the dipole moment associated with the
with the exciton states, even if a distinct emission peak apg)-e2 transitions(uS). For the case of the active excitons,

pears at the d resonance. Having this in mind to remain pq\ever, the PI IST dipole moments are convoluted with the
within the exciton population limit, as required in this paper, pqje probability at eack [Eq. (10)].

here one should consider low or intermediate carrier densi-
nact

ties  with §[721§1II excess kinetic .energies at low dipole moments, let us considef® and ./ for L=5 nm
temperature$’=2° In general, however, in an off-resonantly [Fig. 2a)] and 11 nniFig. 2d)] andx=0.25(1.5% compres-

excited QW the electron-hole pairs first form excitons withgjye strajn. Since the magnitudes of these moments directly
largeK. These excitons then undergo energy and momentu 2 1312

; . . . Wepend oni?’2,, or 132, it is useful to study evolution of
relaxation until they reach the pppcaII}/ accessible regionpege integrals under these conditions. As shown in Fig. 4,
where they are able to decay rad|at|v§1§. Here to treatthe e first distinct difference betwedif(ﬁhl and @ﬁhl is that at
Pl ISTs and include the effects of active and nonactive exciy—q the |atter always starts from uniffig. 4b)], as re-
tons, similar considerations as those in the case of the reSQuired by the fact that hhl and Ih1 contain only} +3/2 and
nant excitation should be considered. -1/2 spinors at the zone center, respectively. The former,

however, is much less than unity and has a relatively strong

IV. EXCITONIC INTERBAND TRANSITIONS AND THE dependency om [Fig. 4@)]. Here asL increases from 5 to
PHOTOINDUCED INTERSUBBAND TRANSITIONS 11 nm, whilel3',,, remains fairly unchanged, within a region

_ _ _ _ close to the zone centé}’s,; enhances significantly. Since
To discuss the results presented in the previous sectiofze exciton wave functions are mostly centered in this re-

note that when an exciton is optically generated or decayjon, such an enhancement process increases the magnitude
radiatively an electron-hole pair is either created or annihiy 42 allowing it becoming similar tqu"2%and Mtlelze

lated. These processes require the coordinates of the electron i it
and hole(r, andry) 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 |‘1>e1,j(0)|2 [Pe1j(re—ry) is the Fourier transform of The results presented in Fig. 4 show that, except for a
Ge1j(K)]. The coordinate requirement stands when the exciregion at the proximity of the zone center, lsncreases
tonic interband transition®ptical excitation or radiative de- 1],; are decreased significantly. This can be attributed to the
cay of excitony are accompanied with the Pl ISTs. On the spinor mixing of the hole subbands. Here because of the
other hand, when excitons are in their nonradiative states axtensive amount of compressive stréitb%) at the vicinity
they are not decaying, although the electrons’ and holes’ coaf the zone center hhl is mainly parabolic, as shown in Fig.
ordinates can overlap, such a requirement does not exist. 5(a). As a result, the states of hhl in this region are mainly
Having these in mind, as shown in Figs. 2 and 3, oneassociated withh=3/2. For k=0.0227/a) (a is the lattice
expects that the PI ISTs are influenced differently by theconstant of the QW however, the spinor mixing of the hole
excitonic effects, depending whether thé-hhl or el-lhl subbands gradually increases as the hhl dispersion become
excitons are in their nonradiative states or they are beingncreasing nonparabolic. As this happens the states of hhl

To understand how these features influence the Pl IST

V. HOLE SPINOR MIXING EFFECTS IN THE
PHOTOINDUCED INTERSUBBAND TRANSITIONS
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oL =~ - 1=0.75 with the el-hhl excitons that are either optically excited or decay-
0 002 004 008 008 O ing radiatively and(b) refers to the case where these excitons are
k@2r/ a) nonactive.
FIG. 5. Band structurefa 5 nm In_,GaAs QW structure with o ) . o
InP barrier forx=0.25(a), 0.42(b), 0.59(c) and 0.75(d). strongly nonparabolic dispersions, or obtain parabolic disper-
sions while are isolated from others. Using these features we
becomes a mixture of the=3/2 andv=-1/2 spinors. can explain the results presented in Fig&) 2and 3a). We

Having these in mind, one can find spinor mixing of the start with the minimum seen in Fig(® at x=0.59(0.84%
hole subbands responsible for the variations of the dipolgensile strailn As seen in Fig. &), under such a condition
moments of the Pl ISTs witlk and explain their deviations hh2 is pushed down while hh1 becomes strongly nonpara-
from xS (Figs. 2 and & To see this note that based on Egs.bolic and nearly degenerate with Ih1 around the zone center.
(9) and(13) M”a“ and,uaCt mostly depend on the magnitudes In fact here with a slight more increase these two sub-
and the k- dependenmes df; andl3; in the effective region  bands are crossed over and Ih1 becomes the first hole sub-
of the k-space where the ex0|ton wave functions are cenband. This phenomenon leads to a strong spinor mixing and
tered. For example, in the case lof5 nm andx=0.25, as  suppresses the contributionsef3/2 in hhl andv=-1/2 in
shown in Fig. 4b) (dots, I ,,; depends weakly ok in this  Ih1. This is accompanied with the increase of the contribu-
region while its magnitude is close to unity. Combining thistions of v=—1/2 and +3/2 in these subbands, respectively.
with the fact that under such conditions the normalizationTo see this in Fig. 6 we show the DMMFs associated with

condition of the exciton wavefunctiongq. (13)] is well  active (1¥%,) and nonactive heavy-hole excitofig'z;,) for

utilized, one can explain why fox<0.4 u2S'is similar to L=5 nm andx=0.59. Here, in contrast to that seen in Fig. 4,
w55 [Fig. 2@)]. Similarly, the results in Fig. @) also explain 132, and|3’hh1(C|rcIes) are changed rapidly around the zone
why for L=11 nm andx=0.25 (circles up2s and uS5 are  center. As shown in Eqg9) and (13), such a feature sup-
nearly the same. As shown in Figia$h however, the case of presses the normalization factor of thestates of the exci-
the active excitons can be different. Here, in contrast to theons and reduces the contribution of the DMMFs in the ef-
case of nonactive excitons, fir=11 nm the magnitude of fect|ve region of thek-space, causing a drastic decrease of
132, for x=0.25 in the effective region of the excitons is x2% and w12 [Fig. Aa)]. Note that in Fig. 6 we also show
larger than that oL =5 nm. This explains why fox<0.4  the variation ofi;}2, and1;%2, for the sake of completeness
andL=5 nm u2% is less thanu$s but whenL is increased to  and clarity. These DMMFs do not play any role in the Pl
11 nm they become similar. ISTs discussed in this paper.

As strain or Ga contenfx) changes or/and the QW be-  Note that around the crossover point shown in Fi@) 5
comes thicker, the contributions @=3/2 and -1/2 in hhl the strong mixing of hhl is accompanied with the strong
and Ihl are changed. This is translated into the distinct feamixing of Ih1. As shown in Fig. @), this leads to the
tures seen in Figs. 2 and 3, including creation of the minimaminima seen i and w5 at x~ 0.59—the same as that
in u® and ,u”am To explain these issues note that as theof hhl in Fig. Za). In the case of Ih1, however, for each of
thickness of the QW increases the energies of the hole sulthese dipole moments an extra minimunxat0.42 has oc-
bands are changed, allowing them to get closer to each otheturred. One can use the hh2 and Ih1 dispersions seen in Fig.
In addition, asx increases from 0.25 to 0.75 the QW struc- 5(b) to explain this feature. Wher~ 0.42 these two sub-
ture strain is changed from 1.5% compressive to 1.95% terbands are about to cross over. This leads to a cetain amount
sile. Figure 5 shows the effects of the latter on the disperef mixing for Ih1 around the zone center causing the minima
sions of hhi(solid line), hh2 (dashed ling and Ihl(dotted seen ak~0.42. Note that the asymmetry seen in the minima
line) for L=5 nm. Note that ax increases these subbandsin Figs. 2 and 3 can be attributed to the fact that as Ihl

can become degenerate in some regionsk-space with reaches hhl mixing of=3/2 andv=-1/2 spinors in both
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o @ I5/2 changes slowly witlk [Fig. 7(c)]. On other hand, how-
= ever, under the same conditions hh1 has become increasingly
nonparaboli¢Fig. (@), solid lingl. This makes 37, strongly
k-dependenfFig. 7(b)] and reduces the dipole moments as-
sociated with the transitions betweesstates oel-hhl and
e2-hh1.
o The results obtained in this paper suggest that even in a
0.8 structure that contains no strain, the effects of hole spinor
Z08| \ . e e mixing and excitonic interband transitions in the Pl ISTs can
204} ! =12 be significant. For the in,GaAs/InP QW structures consid-
0.2} ( ered in this paper the zero strain case occurs whe.47.
co' YRR I Under this condition, due to the nonparabplic dispersion of
A e the |hl subbanw%afﬂs much less thap$¥ [Fig. 3@)]. uiS,

I E°’ however, is suppressed more since in addition to the hole
-06 — mixing effect it is influenced by the excitonic interband tran-
2704 L vet2 sitions. In the case of PI ISTs associated with hh1, depending
0.2 fa—*"’ on the QW thickness, the zero-strain structure can have dif-

ferent contribution from the hole spinor mixing. For narrow
0 002 004 006 008 O QWSs, whenx~0.47 hhl is mainly parabolic angpas' is

close touSk As the QW thickness increases, hhl can be-

FIG. 7. (a) Band structure of a 11 nm §aGa, -As QW structure  come more nonparabolic causing more suppression. Here,
with InP barrier.(b) and (c) refer, respectively, tb; ,\,; and | ;. however, the most significant deviation of the PI IST dipole
moments from/ue'e occurs in narrow QWs when these tran-

hhl and Ih1 increases. However, right after the crossover theltions are accompanied with the excitonic interband transi-
contributions ofy=3/2 in hhl andv=-1/2 in |h1 become tons[Fig. Aa)].

increasingly dominant, as mixing reduces drastic&ljote

that as shown in Fig. (8), for x=0.75 this leads to a very VI. CONCLUSIONS

parabolic dispersion for Ih1. This explains the sharp increase In conclusion, we studied the effects of hole subband

nact ele

of é“lhl a;nd its S|m|lar|tty }Ntlth,ul V\éhen the structure is spinor mixing and the excitonic interband transitions in the

under extensive amount of tensile strain. hotoinduced conduction intersubband transitions. We
owed that when such intersubband transitions were accom-

Similar concepts can also be used to explain other resul
presented in this paper, including generation of the tWQpanied with the interband transitions, such as optical excita-
n or radiative decay of excitons, their dipole moments

minima in Fig. Zd) and evolutions of those in Fig. 3 as QW
uld be suppressed drastically. We attributed such a sup-

thickness increases. To see this note that, as mentlon

2E2ve,éhﬁ 1cro§so(\)/e5rgof hh2 and Ihl.)k(ﬁ& (}.42ﬂ?nd that Otf pression to the correlation between the photo-excited elec-
an a were responsibie for the generationy,,, 4nd hole coordinates when an electron-hole pair is gen-

ehated or annihilated. We also showed that when hole

of two minima seen in Fig. @). As L increases, however,
the hole subbands are energetically become closer to eall phands were strongly nonparabolic the dipole moments as-
sociated with the PI ISTs were much smaller than those ob-

other and, therefore, thes where these crossovers happen

of x one can go from one minimum to another. Hor
=11 nm this leads to a nearly single peak fdf; and w5 at
x~0.52 [Fig. 3d)]. For the same QW thickness, however,
w2t and upaSthave an extra minimum at~ 0.7 [Fig. 2(d)].

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

the DMMFs associated withupa$' [Fig. 7(b), circle§ and This research was supported by the Natural Sciences and
wi2f [Fig. 7(c), dot§ whenL=11 nm andx=0.7. Here one Engineering Research Council of Canada and Photonic Re-

can see that Ih1 is very much parabdliashed lingcausing  search Ontario.

become particularly significant when due to strain the hole
subbands are about to cross over each other.
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