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We study enhancement of the &tate emission intensity of the e1-hh1 excitons via generation of dark states.
This process is shown for adndGay s/AS/INP quantum well structure interacting with a single infrared laser
near resonance with the transition between el and e2. Via generation of strong nonparabolic hole dispersion,
the tensile strain of this structure enhances the dipole moments of the nonallowed transitions betwsen the 2
states of the el-hh1 and the &tates of e2-hh1 excitons. We show that, due to the simultaneous coupling of
these transitions and those between tkesthtes of the el-hh1l and e2-hh1 excitGalfowed transitiong the
infrared field can generate dark states, coherently pumpingghea2es of el-hhl excitons and dramatically
increasing their emission intensities. We also show that when the allowed and nonallowed transitions are driven
by two resonant infrared field beams, coherent population trapping of excitons of the el-hhl excitons occurs.
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[. INTRODUCTION this can lead to the enhancement of the dipole moments of
the intersubband transitions between exciton states with dif-
The el-hhl excitons in quantum well@W's) have re- ferentn’s (nonallowed transitions Such transitions include
cently been used for prediction and testing of various novethose from 2 (1s) states of el-hhl excitons tos1(2s)
applications. These applications include demonstration o$tates of the e2-hh1l excitons.
photonic memory cell by prolonging the lifetimes of these Our objectives in this paper are to show how such a
excitons using an electric fiefdmplementation of quantum- strain-induced enhancement of dipole moment can be used to
information processes in quantum dots where the el-hhl exreate new optical systems in QW structures, to realize exci-
citon states serve as qubftsnd ultrafast optical switching ton dark states, and to find different ways to coherently con-
based on coherent control of spin and population of thes&ol exciton emission and population. We discuss these issues
excitons® The optical switching of the e1-hh1 excitons hasby considering a tensile strained QW structure and show how
also been reported using intraband optical quantum-confineis nonparabolic dispersion allows two-photon dressing of
Stark effect. Here an intense infrar€dR) laser beam with the 1s and X states of the el-hhl excitons and coherent
polarization along the QW growth direction and frequencypopulation trappingCPT) of excitons. These phenomena are
near resonant with the transition between the fied) and  studied in aA _ system where the allowed and nonallowed
seconde? conduction subbands was used to induce blue otransitions are driven by either one or two IR fieldsg.
red shift in the el-hhl exciton emissidbrpr absorption 1(b)]. We show that when this system is created by two reso-
spectrunt. This made the interband excitonic transitions of anant IR laser beams, as that in Figb). the CPT process
QW nearly dark or transparent at the frequencies that it hagqually distributes the el-hh1 population in two dark states,
in the absence of the IR field, the maximum amount of emis-
sion intensity or absorption. e2-hh1 1s 1s 1s
ji' —

The previously studied intraband optical quantum con-
fined Stark effects were mostly associated with mixing of the
el-hhl and e2-hhl exciton states with the same orbital an- el-hh1——1s
gular momentgl) and principal quantum numbers)( Here :
mostly the transitions between tkestates of these excitons
with the same principal quantum numbéglowed transi- : Do e
tions) were driven by an IR field, forming the so-callé&i G v vy vy
system[Fig. 1(a)]. Depending on the interface morphology a b ¢
and strain, however, interaction of an undoped QW structure G 1. Schematic diagrams of infrared coupling of a QW with
with an IR field can be influenced by the dispersion of thea = (a) and aA _ configuration(b). (c) represents tha _ system in
hole subbands, making the coupling process different from ge coherent basis. The vertical two-sided arrows refer to the inter-
simple £ system. This is because, as discussed in Ref. 6 iBubband excitonic couplings, the short horizontal dashed and solid
details, the QW exciton states depend on the hole subbarnites represent, respectively, the bright-¢>) and dark states
mixing or the degree of the nonparabolic dispersion of thg|—>) at the 1s and 2s state energies of e1-hh1l excitons, and the
valence subbandsTherefore for a range of tensile strains dashed arrows refer to the emission of the excitons.
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one at the  and the other at thesXstate energies. As shown and -1s transitions. W33 (n=1 and 2 refer to the exciton
schematically in Fig. c) (short solid lineg this leads to two  states associated with electrons in el and holes in hhi. Under
iluminating lines at these energies. We also show that whethe steady-state condition, due to destructive quantum inter-
the A_ system is generated by a single IR laser beam nederences, the transitions betwepn) and [W15) are sup-
resonant with the transition between the fates of el-hhl pressed, leading to accumulation of the el-hhl excitons in
and Is states of e2-hh1 it can coherently enhance the dim of—) and creation of CPT.

even nonobservable photoluminescence of thetates. We Our objectives in this paper are to study these issues and
attribute this effect to the dominant dark states generated bipvestigate how they can lead to CPT of e1-hh1 excitons and
the single IR field leading to optical storage of the el-hhicoherent enhancement of thes &tate emission. To proceed
excitons in the 8 states, making such dim states illuminat- We consider the cases where the QW emission is caused by
ing. population of bound excitons, rather than by the Coulomb
Note that the dark states studied in this paper are to somfg'hanced radiative decay of electron-hole pairshis is
extent different from those discussed in the three-levePOSSible when the excitons are generated resonantly or near
atomic systemé.In such systems usually the dark states'€Sonantly at low temperatures and low densittesn ad-
were generated at the energies of the ground and a |OW§<t|on, in this paper we consider QW structures such that

states. Therefore the transitions of a resonant probe fiel eir disorder-induced broadenings are less than ihe binding

from these states to an upper state were prohibited. The sygpergles of their & excitons. This condition allows us to

i di din thi h ist of four level pproximately separate center of motion and relative motion
€ms dISCUSSed In this paper, NOWEVET, CONSISL O Tour IeVEIg o alactrons and holes and consider thatd 25 exciton
and the dark states effectively suppress the intersubba

o ave functions nearly unaffected by the disortféf The
transitions between the el-hh1 and e2-hhl states, as shoWRetive disorder potential, however, influences the center of

schematically in Fig. c). Here, however, these states canmaqq of excitons causing localization, and homogeneous and
undergo interband transitions by radiative decay. Additioninnomogeneous broadening of the emission linewidths. Fur-
ally, one should note that the CPT discussed in this paper ighermore, considering the small amount of disorder-induced
different from that discussed in Ref. 9. In this reference theyroadening and relatively large energy spacing between 1
dark states were composed of excitons states associated WiAd X states, here we also ignore mixing of these states by
different conduction subbands, while in the present papethe disorder potentidf:!® Note that a full quantitative treat-

they are only composed of the el-hhl exciton states. ment of these issues requires a detailed statistical analysis of
the interface morphology, solving exciton motion in the pres-
Il. INFRARED-INDUCED COHERENT EFFECTS IN THE ence of disorder potential including phonon scattering and
EXCITON EMISSION radiative decay, and othet§Such a treatment is beyond the

scope of this paper, and therefore in the following we con-
The coherent effects studied in this paper are based on theder these effects in a phenomenological way.

formation of aA _ system[Fig. 1(b)]. This system is based Under the above mentioned conditions and the fact that
on strain-induced enhancement of the dipole moments assonder low excitation and low temperatures mainly the top
ciated with the excitonic intersubband transitions. Here an Ifhole subbandhhl) involves in the photoluminescen¢BL)
laser with a polarization along the growth direction couplesemission the state of an exciton can be presented as follows:
the 2s states of the el1-hh1 excitons with the dtates of the
e2-hh1 excitons while the same laser ora second Ia_ser mixespi“S:V(re Th)= 2 Gins’”(k)ek'(”e_ph)Ci(Ze)vﬁhlk(Zh)UUV-
the 1s states of these excitons. As discussed in this paper, K
such a system could lead to two-photon dressing of the 1 3
and 2 states of the e1-hh1 excitons through tfsestates of  HereC; is the electron wave function associated with ittre
e2-hhl excitons, creating bright«)) and/or dark (—))  conduction subband andl,, refers to that of hhl with
stategFig. 1(c)]. These states are given by spinor indexr. U andU" are the Bloch functions associated
with electrons and holes, respective>"(k) refer to the

Z[Qzﬂ‘[’@_ﬂlﬂq’ﬁ)] envelope functions of the excitons associated with hhl

=) N @ spinor v and electrons in théth conduction subband. The
exciton and hole envelope functions can be written as
and follows:*®
[Qo) WD) + Q1 WED] Gl*"(k)=el"*gl*"(k), 4
+)= N . 2

Unnik(Zn) =€ vl (Zn). (5)
Here N=Qf;+Q3%, in which Q,=—uq,E,/h andQ,;  Here we have useki=(k,«). Note that since we only con-
=—uxE,/h are the Rabi frequencies associated with thesider excitons states with zero orbital angular momentum
transitions between theslstates of the el-hhl and e2-hhl (I=0), instead of the component of the total angular mo-
excitons (5-1s) and those between thesatates of el-hhl mentum of excitons, in the phase factor of Ed). we only
and 1s states of e2-hhl (R1s), respectively.E; and E, considerv. Having this in mind and considering the inter-
refer to the amplitudes of the IR fields apd, and u,, are,  band selection rules of excitons that only allow involvement
respectively, the dipole moments associated with tedd  of »=F3/2,'® we drop the indew in the rest of this paper.
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In addition, we ignore the Coulomb mixing between hhl ands independent ok. Under these conditions the orthogonality
other hole subbands, including the first light-hole subbandf the exciton wave functions associated with treahd 2
(In1). This is because inclusion of the Coulomb mixing effectstates in Eq(8) requiresu,,=0. However, when the nonpa-
does not change the physical processes discussed in this pabolicity of hhl is included and/or increased by strain the
per and may only cause coupling of exciton states withcontributions of v=+3/2 are decreased and those of
higher orbital angular momentdl(>1). This means while =+1/2 are increased. Het¢k) can become strongll de-
the IR field mainly couples thestates, it may also cause, to pendent making,; significant while suppressing;.° This
lesser extent, coupling of thep2states or the @ states of issue will be seen quantitatively in the following section.
excitons. To find the emission spectra of the_ system we used

In QW structures with parabolic hhl dispersion the prin-Eq. (6) to calculate the optical Bloch equations of this sys-
cipal quantum numbers of the initial and final states of thetem. Under steady-state conditions, the solutions of these
excitonic intersubband transitions @ndn’) should be the equations represented all components of the density matrix
same. In QW structures with nonparabolic hhl dispersionthat described the states of the system. Using these compo-
however, this restriction is relaxédlo see this and continue nents we then applied linear response theory to calculate the
our development with the IR coupling of excitons, let usemission spectra of the QW for the interband transitions.
consider a system consisting %5 (n=1 and 2 and V5.
Interaction_ of this system with Fwo IR laser beams Iegds 19, COHERENT POPULATION TRAPPING OF 1 s AND 25
the formation of aA _ system[Fig. 1(b)]. The Hamiltonian STATES OF E1-HH1 EXCITONS
of such a system can be expressed as follows:

N Lo s ps et 1 The formalism developed in the preceding section can be
HY = — g By (0| Wed(Wedl — maiEa(D) [ We(Wegl +H.c.  applied to various structures, including GaAs/AlGaAs,

GaAsP/AlGaAs, InGaAs/InP and others. However, as men-

As mentioned abovey,, refer to the dipole moments as- tioned above, within the approximations considered in this
socited with the intersubband transitions in undoped QW'sPaper, the interface roughness and alloy inhomogeneity of
In some literature they were considered independent of thi1ese structures should be small enough such that their ef-
excitonic effects, similar to those in-doped QW's'® As  fects on the wave functions of thesland 2 states can be
mentioned in the introduction, however, a consistent treatDeglected. Having this in mind, here we consider a single
ment shows that these moments depend strongly on excitonfeNM 1Ny 46Ga s7As QW confined by InP barriers. Although
features including spinor mixing of holégo see this briefly ~growth of such a structure usually deals with alloy fluctua-
note that the dipole moments of the intersubband transition0ns, there are some studies showing that the PL broadening

in undoped QW's are given by: caused by such a disorder can become as low as 1.3MmeV.
In addition, since using state-of-art growth systéfhgrowth
fho = (US| Z| TS (7)  interruption* or QW thickness adjustméfitone can expect

_ _ _ o smooth interfaces, in the following we assume the emission
Using Egs.(3)—(5) and after imposing the excitonic inter- jinewidth of this structure is around 1.5 meV. Such a line-
band and intersubband transition selection rylgs; for ex-  width is less than the binding energies af 4nd % excitons

citons in their radiative states are found as follows: in this structure that are considered to-b& and~2 meV,
respectively®
':LJ kdKkdS(K)a-S(K) I (K). 8 The conduction band of the QW structure considered in
Han &i(k)ge2 (01 (k) @ this paper supports two subbandel and e2 with
HereL is the width of the QW and ~137 meV energy spacing and its valence band has several

hh and |h subbands. In addition, because of 0.7% tensile
strain the hhl subband of the QW structure considered in this
|(k):f 2dzGCy(2) CA2) v pna(2) v pnai(2).- (9 paper is strongly nonparabolic, as can be seen in Fig. 2. Also
since we consider low temperatures, due to the disorder the
Inspection of Egs(8) and (9) shows that via excitonic excitons are mainly localized,although with small amount
effects the magnitudes of allowedi£n’) and nonallowed of Stokes shift. We assume the homogeneously broadened
(n#n') intersubband transition dipole moments are stronglhlinewidths of the 5 and 2 states of the e1-hh1 excitons are
influenced by the hole dispersion. To see this note that th8.3 and 0.7 meV, respectively. The latter includes the energy
interband selection rules in narrow QW's only allow excita- relaxation of 2 states into the 4 states via emission of
tion of s states of el-hhl excitons. As a result, only heavy-acoustic phonons with a time scale of 10 ps. In addition, we
hole components of the hhi spinons< +3/2) are involved consider the ratio of the oscillator strengths of trset@ 1s
in the interband transition proce¥sTherefore, based on states to be 1/7. Note, however, that since thestates have
Egs.(8) and(9), only when one considers parabolic disper-larger Bohr radius than those of thes ktates, their wave
sion for hhlu,;=0 and uq; is relatively large, similar to functions average over a larger region in the plane of the
that associated with the transition between el and e2 witho®W. Therefore, the strength of the disorder potential experi-
any excitonic effect. This issue can be understood consideenced by the & states can be less than that experienced by
ing the fact that for parabolic hhl dispersion with no mixing the 1s states. This may make this ratio larger compared to
effect the contributions of= =+ 3/2 are the most and E¢P)  those in the case of free excitotfsin addition, application
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FIG. 2. Valence band structure of the QW structure studied in 100
this paper. The solid, dashed, and dotted lines refer to the hhi, Ih1, @ (b)
and hh2, respectively. The energies are presented from the edge of g 80
the valence band. g
S 60
of the formalism developed in the preceding section to the S 40
QW structure considered in this paper showed tphat 8
~8.5%ex A and u,,~2exA. Note that the enhancement of g 20
Mo, cOmes with the cost of suppression @f;. This is re- T l

lated to that the fact under 7% tensile strain the contribution 0 =
of »=3/2 in hhl is reduced and replaced by that of 890 895 900 905
—_1/25 Energy (meV)

Because of its band structueig. 2), there are three pos- FIG. 3. PL emission of the OW with & (a) and aA_ configu-
sible emission proce_sses_for el-hhl excitons in the QV\r/ation (b). In (@ the solid, dathed, and d(otted lines refer(%@1
structure considered in this paper. These processesapre ~0, 0.5and 1 ps’, respectively, and ifib) to Q,= Q,,=0, 0.5
phonon-assisted transitiong) indirect transitions with o 41" /<t The thick solid line refers t@n:Qlle:Sz;s_l_' o
phonon replica, andc) direct transitions. Amongst these

three, at low temperatures and low excitation, the indirect d d h | i hi
transitions(b) are the most dominant ones. As discussed i ate eper_‘ls on the sample quality. Here we assume this to
0.01 ps*. The rate of the e2-hh1-LO-phonon scattering

Refs. 25 and 26, this process is caused by the uncertainty ; 5 .
the exciton wave vectdt caused by disorder. In fact at low 'S considered to be 5 ps. In addition, we also assume that
temperatures mainly due to alloy fluctuations, localization in'" the absence of the IR laser the-gtate population of the

InGaAs/InP is strong* Because of this, the exciton wave €1-Nh1l excitons is insignificant. This implies that the
vector becomes uncertaif2® allowing finite probabilities electron-hole pairs that are generated either by the interband

for the excitonic transitions & ~0. Note that this uncer- PUMP field or by ionization of the e2-hh1 excitons are mostly
tainty can influence the line shape of PL emission causing transferred into the 4 states of e1-hh1. This is in accordance

long energy taif® In this paper since we consider low tem- with the fa(;t that the 2 statgs .of e_l-hhl_ gxcitons are dim
perature and small disorder, we adopt Gaussian line shap@g'd the ratio of their PL emission intensities to those of the
for the PL emission. 1s states has been found to be as low as 123.

Coherent processes discussed in this paper are strongly 1° Study CPT of el-hhl excitons we need an efficient
influenced by the characteristics dephasing rates of the excjiv0-Photon dressing between theis &nd 2 states. There-
tonic intersubband transitions. Since we consider the densitdPr® here we consider two IR fields, one resonant with the
of photoexcited carriers is low, these rates are dominated byS-1S and the other with the £1s transitions forming a
the scattering of excitons with phonons and with the potenf€SonantA _ system[Fig. 1(b)]. This system allows us to
tial fluctuations caused by the disorder. The phonon-e1-hhitdependently adjust the intensities of the two fields such
exciton scattering is mainly dominated by that with acousticthat their Rabi frequencies become the sathg=(y,, cre-
phonons while the e2-hh1 excitons are mostly scattered witRting @ balanced two-photon coupling process. Considering
longitudinal opticalLO) phonons. The latter leads to ioniza- the magnitudes of.;; andu,;, one can relate these frequen-
tion of the e2-hh1 excitons, causing electrons with largecies to the intensities of IR fields ag#+0.33x 03, and b,
wave vectors in el and holes in hhl. Since these electrors6x Q3.
cannot constitute bound states with the holes before they Before addressing CPT in the e1l-hh1 exciton emission, it
undergo momentum and energy relaxation, this process iris useful to first study the emission of a resonansystem
creases the chance of their nonradiative recombination witbFig. 1(a)] by turning off the field resonant with thes2ls
holes and decreases the quantum efficiency of the el-hHtansition in Fig. 1b) and assuminge,;=0. As shown in
exciton emission. This effect that has been experimentallyig. 3(@), here ad),; increases the emission spectrum asso-
and theoretically investigated in Refs. 4 and 7 is quantitaciated with the % states of the el-hh1l quenches and broad-
tively represented by a loss rate in this paper. In practice thiens drastically. This is in accordance with the fact that the
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intraband excitonic transition enhances the nonradiative de- 100
cay rates of the el-hh1 excitdnand the linewidth of these ) @
excitons increases due to their IR mixing with the broad 1 g 80
states of e2-hhl excitons. For higher field intensities the B
spectrum might show some sign of the Autler-Townes dou- g
blet caused by the IR dressing of the dtates of e1-hhl and 2 40
e2-hhl excitons. Observation of this effect depends on the £
sample loss rate and the linewidths of tg; and W15, The g 2 P
narrower(broadey is the former(the lattej, the less probable 0 o .
is the observation of this effect. In the QW structure consid- 10285 830 895 900 905
ered in this paper the doubling effect is found to be insignifi- & ®)
cant. S 80

When one considers a resonant system, in which the g
1s-1s and X-1s transitions are strongly driven by two IR 8 60
fields, the results are drastically different from those of#he g 40
system. Here, as Fig(l3 shows, the el-hh1l emission under- £
goes a peculiar quenching without any sign of significant 20 _
broadening. This process rapidly reaches a saturation limit o Pl N _
where the dynamic of the system is frozen and the intense IR gss— 890 895 900 905
fields can no longer change the emission spectrum. In addi- Energy (meV)

tion, the resonant\ = system generates another emission
peak(shown by an arroyat the energies of thesstates of ; ) . ! c
the e1-hh1 excitons. Similar to the main peak, the intensitfétunedA _ (b) configuration generated by a single infrared field.
of this peak also reaches a saturation limit where any inJ n€ Solid, dashed, and thick solid lines refer to 0, 1, and 5 M/cm
crease of the IR field intensities becomes ineffective. field intensities, respectively.

To discuss the results seen in Fig. 3, note that in the reso-
nant A_ system a broad stateP(5) was coupled to two (i) the energy relaxation rates of the electron-hole pairs into
relatively narrow stateg\](éi and\]fﬁ)_ As a result, the nar- these states are smaller than those into thetatesz,g (i) the
row states were effectively dressed via two-photon coupling2s states decay into sl states via emission of acoustic
generatind +) and|—) [Fig. 1(c)]. However, since we con- Phonons, andiii) since they have small binding energies,
sidered the IR fields were either continuous wéwe) or in  they can be easily ionized thermally. In the preceding section
pulsed form with temporal widths much longer than the charwe showed that by creating CPT one can increase the emis-
acteristic dephasing times of the excitonic intersubband trarsion intensity of these states. In that case the el-hh1 popula-
SitionS, the system evolved into steady state WHG{?’S tion was equa”y distributed between dark states with Optl'
were annihilated and two stable dark states, one at the energlly active I state (—);) and 2 state (—),). In this
of 1s states [—);) and another at that of < states Section we show _h_ow the strain-induced enhancement of in-
(|—)2s) Were established. These processes led to CPT of tH€rsubband transition dipole moments and coherent effects
el-hhl excitons. Under this condition the el-hhl excitongllow one to enhance the emission intensity of tisestates
became immune against the nonradiative decay enhancemétiing a single IR field. This is done by effectively populating
caused by the one-photors-Is and -1s transitions and | —)2s While [ =), has much less population.
the system dynamic was frozen. To study enhancement of thes Ztate emission here we

Note that when CPT occurs the el-hhl excitons aré&onsider interaction of the QW structure described in the
equally distributed betwedn- ), and| — )¢ [Fig. 1(c)]. This precgding section with a single IR Iaser.beam. This laser .is
is the reason of the peculiar quenching seen in the main ped#olarized along the growth direction and its photon energy is
of Fig. 3(b) and creation of the extra emission peak at higher~1 meV less than that of thes?ls transition. To proceed
energy. Using Eq(1) and a dressed photon-exciton picture We first assumes,;=0. Although this assumption is unreal-
one can show that the main emission peak is caused by thgtic for the present structure it has the advantage of clarify-
decay of the &-state components of the-);5 (V1) while ~ ing our discussion and presents optical quantum-confined
the extra peak is generated by the emission of thestate ~ Stark effect in structures that have parabolic or nearly para-
components of — ). (q,gs 31 The emission intensities of bphc hhl supba_md‘éAs F|g. 4a) shows, under these cond!— .
these states are renormalized by their radiative oscillatofionS the emission peak is broadened and quenched while it
strengths while their populations are the same. is s_h|fted to lower energies. This phenomenon has been ex-

perimentally tested in GaAs/AlGaAs QW structure and at-

tributed to the two-level coupling of the el-hhl and e2-hh1
exciton state§= system, Fig. (a)].* The situation is differ-
ent when we consider the effects @§,. Here under similar
conditions as those in Fig(@, in addition to the optical red

The PL emissions of the2states of the el-hhl excitons shifting of the main emission peak, the 3tates of the el-
are usually dim or hardly observable. This is mainly becauséhl excitons become illuminating. As shown in Figb} the

FIG. 4. PL emission of the QW with a detuné&tl (a), and a

IV. COHERENT ENHANCEMENT OF EMISSION
INTENSITY OF DIM EXCITONS
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emission peaks at thes2state energies. This phenomenon
suggests that the evolution of these states are mainly deter-
mined by|—),s. On the other hand, as shown in Fidch
the contributions of the 4 states are mainly composed of
relatively weak central peaks at thes 3tate energies and
creation of two sidebands. The energies of the central peaks
do not change as the field intensity increases, but the side-
bands are pushed away from each other. This suggests that
the central peaks are associated With),s. The sideband
peaks, however, are originated by the dressed states caused
by the one-photon coupling ofsland X states of el-hhl
and e2-hh1 state¥.In these dressed states only thestates
can decay radiatively. Figurg@® shows the summations of
the corresponding contributions in Figgbband Sc), which
are identical to the corresponding ones shown in Fig).4

The results seen in Fig. 5 show that the enhancement of 2s
state emission caused by a single IR field is different from
that seen in the case of CPT. The latter was caused by two IR
fields with the same Rabi frequencieQ {;=(),,). This led
to an effective resonant two-photon coupling and creation of
dark states with equal populations. This process was accom-
panied by strong suppression of the one-photon coupling

~ process. In the case of Figdb$, however, since a single IR
— field was used angk,;/u11~0.2, the Rabi frequency asso-
890 900 910 920 ciated with the ¥-1s was much larger than that of the-4s
Energy (meV) transition. Therefore, although the IR field was nearly reso-
nant with the 2-1s transition and well detuned from the
FIG. 5. Contributions of the 2(b) and Is (c) emission spectra  1s-1s transition, the one-photon coupling with sideband
to the total PL emissiole) of the QW with a detuned._ configu-  manifestation played the main role in the emission of tee 1
ration caused by a single_ infrar_e_d field. Dashed and thick solid linegtates. As a result, here the emission of tisestates nearly
refer to 1 and 5 MW/crhintensities, respectively. followed the evolution of a detun&d system, similar to that

o Fig. 4. On the other hand, because of the detuned two-
emission peak of these statehown by an arrowreaches @ photon process the population df-);s became much
saturation limit at relatively low-field intensities while fur- gmalier than that of— )as.

ther increase of the IR field intensity reduces the amplitude
of the red-shifted peak as it is additionally shifted to lower
energies. . .
The results seen in Fig() happened despite the factthat N conclusion, we studied coherent enhancement of the
we did not assume any energy relaxation of electron-hol€Mmission intensity of & states of the el-hhl excitons via
pairs into the 2 states of the el-hh1 excitons. This suggestsaSymmetric dressing of these states with tisestates of the
that the emission enhancement of the Sates is solely Same excitons. Such a dressing process was generated by a
caused by the detunetl_ system created by the single IR Single IR laser near resonance with the transition between the
field. To clarify this issue and find out the role played by thefirst and second conduction subbands of a tensile strained
dark states and other coherent processes, note that the enfidlV structure. The tensile strain enhanced the dipole moment
sion spectra seen in Fig(l) are the results of superposition associated with the transitions between tisesgates of el-

of emission spectra of two sets of dressed states. These sl and the & states of e2-hh1. As a result, these transitions _
are caused by one- and two-photon couplings of theid and those betwe_en 1s state_s of el-h_hl and e2-hhl were si-
25 states of el-hh1 with thes2states of e2-hh1. The two- Multaneously drlven by a smgle IR f|eld.. We als.o showed
photon coupling leads to the generation pf);s and that when the QW interact W|t_h two IR fields, this system
|—),s, and the one-photon coupling process mixes tee 1 c_ouId lead to coherent population trapping of the el-hh1 ex-
and 2 states of e1-hh1 with thesXstates of e2-hh1. Similar Citons as two dark states were generated at therd =
to the two-photon states, in one-photon states also either 1€N€rgies of el-hhl. Although the intersubband transitions
or 2s states can decay radiatively via interband transitfon. O these states into an upper subband were inhibited, they
Having this in mind we investigate the evolutions seen incould radiatively decay into the QW ground state forming
Fig. 4(b) by separating the contributions of each of these seti0 emission lines.
of dressed states. This is done by putting the oscillator
strengths associated with the decay of thedl 2s states ACKNOWLEDGMENTS
equal to zero by hand. As Fig(l5 shows, the contributions This research was supported by the Natural Sciences and
of the 2 state emission when the IR field intensity is 1 Engineering Research Council of Canada and Photonic Re-
(dashed ling or 5 MW/cn? (solid line) are mainly single search Ontario.
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