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Multisubband electromagnetically induced transparency and coherently frozen exciton states
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We show theoretically that infrared multisubband dressing of exciton states combined with their extensive
damping rates allow one to coherently make these states immune against intense resonant infrared lasers. Such
coherently frozen states occur as one detects bound exciton states associated with a broad conduction subband
(e3) when this subband is dramatically damped by emission of longitudinal optical phonons and optically
coupled to a relatively narrow conduction subband (el) via a two-photon coupling process. It is shown that
under such conditions the exciton states are optically dressed and become stationary without any energy shift
and significant amplitude change. We also use multisubband dressing of exciton states to propose a two-field
electromagnetically induced transparency where enhanced quantum interference in the excitonic transitions
significantly removes contributions of the bound exciton states near the band edge.
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I. INTRODUCTION

It is well known that the interband absorption or emission
in an undoped quantum well (QW) can be modified by an
intense infrared (IR) laser beam polarized along the growth
direction."? An example of such a process is optical quantum
confined Stark effect (QCSE), in which a single IR laser is
used to couple dipole transitions between the first (el) and
second (e2) conduction subbands [Fig. 1(a)].? This situation,
which has been the source of applications for optical
devices,* leads to a shift in the fundamental exciton absorp-
tion peak, causing a reduction of absorption at the frequency
of the uncoupled exciton resonance.’ Some of these investi-
gations were also aimed at techniques to realize electromag-
netically induced transparency (EIT) at the near band-edge
excitonic transitions of undoped quantum wells.®’

The previous studies of EIT in QWs potentially suffer
from two main shortcomings. The first issue is related to
the fact that in most of these studies developments of
the el-hhl (or el-lh1) exciton states were investigated while
they were strongly coupled to the excitons associated with an
upper conduction subband, i.e., the e2-hhl (or e2-lhl) exci-
tons using an intense midinfrared laser beam [see Fig.
1(b)].6 In such a system, since the e2-¢l transition energy is
more than that of longitudinal optical (LO) phonons, the
e2-hh1(e2-1h1) states are strongly damped by emission of
such phonons. The el-khl (or el-Ih1) excitons, on the other
hand, are intrinsically scattered with acoustic phonons. As a
result, the intrinsic damping rates of the el-hhl (or el-ihl)
exciton states are much smaller than those of the e2-hhl (or
e2-1h1) excitons. Such a damping configuration is not in fa-
vor of formation of EIT, as it mostly leads to a dramatic
suppression of absorption peak before any coherent doubling
in the exciton absorption spectrum appears.' This situation
can even become more drastic when the excitons associated
with el are localized at the potential fluctuations caused by
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interface roughness, impurities, and other defects. This is
because the localization process can reduce the linewidths of
these excitons.® The second problem comes from the fact
that in order to overcome the effects caused by strong damp-
ing of the e¢2-hhl (or e2-Ih1) excitons and generate a trans-
parency window in the absorption of el-Ah1 excitons in such
a system [Fig. 1(b)] one needs to use an intense IR laser field
resonant or near resonant with the el-e2 transition. This,
however, can lead to multilevel mixing of exciton states with
different principal quantum numbers [e.g., 1s and 2s of the
el-hhl excitons, see Fig. 1(c)].'%!" Such a mixing process
can end up with different results compared to those obtained
using a simple two-level coupling system depicted in Fig.
l(b).l’6’7

In this paper, we show theoretically that how one can use
IR-induced multisubband mixing of exciton states to (i) co-
herently freeze amplitude and energy of an exciton state al-
though the quantum well structure is interacting with intense
resonant IR lasers, and (ii) employ enhanced quantum inter-
ference processes to open wide transparency windows and
significantly remove contributions of bound excitons near the
band edge. The former occurs by establishing two-photon
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FIG. 1. (a) Schematic diagram of a square QW structure with
two conduction subbands, el and e2. (b) represents a generic illus-
tration of IR coupling of the excitons associated with el and e2, and
(c) refers to the multilevel mixing of exciton states with different
principal quantum numbers. The two-sided arrows refer to the mix-
ing processes caused by the intense infrared laser beam.
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dressing of the exciton states and utilizing the effects of
damping rates of these states on this process. Here we use a
quantum well structure where its third conduction subband
(e3) is dramatically damped via emission of LO phonons
while its first subband (el) is only influenced by acoustic
phonons. We show that in the presence of two intense IR
lasers resonant with the el-e2 and e2-¢3 transitions the en-
ergy of the exciton associated with e3(e3-hh3) remains un-
changed and its amplitude is suppressed slightly. This occurs
as other exciton states influenced by these fields are either
dramatically suppressed or shifted.

The EIT discussed in this paper is different from those
discussed before.!%7 Here we use resonant multisubband op-
tical mixing of exciton states associated el, e2, and e4 with
a specific configuration (see Fig. 4 inset). Such a configura-
tion suppresses multilevel mixing of exciton states with dif-
ferent principal quantum numbers and reduces the field
threshold required to form an EIT. The latter occurs via op-
tical manipulation of the effective damping rate of the sys-
tem that scales formation of EIT. In fact here the resonant
dressing of the el-hhl (or el-Ihl) excitons with two sets of
exciton states associated with e2 and e4 (Fig. 4 inset) forms
two parallel channels of destructive quantum interference
processes. Each of these channels suppresses absorption of
the exciton states near the band edge, opening a wide trans-
parency window.

Note that the EIT discussed in this paper can be used for
all-optical modulators and switches at the wavelength ranges
corresponding to the interband excitonic transitions. In such
applications one only needs to vary the intensity one of the
IR fields. This is because of the fact that if the ratio of the
Rabi frequencies associated with these fields becomes far
from unity, the stronger field destroys the coherence associ-
ated with the weaker field.!? In addition, since the recovery
times of such devices are determined by the dephasing rates
of the conduction intersubband transitions, they are expected
to be very fast. The frozen states, on the other hand, can be
related to coherent population trapping of excitons. Excitons
in such states are stored in a specific form of dressed state
that suppresses their optical transitions into the states associ-
ated with 2 and vice versa.

II. MULTISUBBAND MIXING OF EXCITONS

We consider an undoped III-V semiconductor QW for
which three or more bound conduction subbands are sup-
ported, in addition to several valence subbands. In the ab-
sence of any IR fields, the Hamiltonian describing the el-
ementary excitations of this system is given by

H=Hy+V. (1)

H, contains the single particle energies of electrons and
holes, and is given by

HO_ 2 E* (nmk)an ka k+ E Ev(nwk)an kan K (2)
nek n,.K

E°(n.,k) and E’(n,,k) are the electron energies for states
|n..k) and |n,.k) in the conduction and valence subbands
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labeled by n, and n,, respectively, where heavy- and light-
hole valence bands are included (v=hh,lh), and K is the
electron wave vector in the plane of the QW. Parabolic dis-
persion relations are used to describe the in-plane kinetics,
where the effective masses are taken to be independent of the
subband indices. al' x and a, x are the creation and annihi-
lation operators for electrons in the conduction subband with
index n,, and a:g x and a, x are the corresponding operators
for electrons in the valence subbands. We treat the case of
low interband excitation in which electron-electron and hole-
hole interactions can be neglected and screening of the Cou-
lomb interaction between the electron-hole pairs is insignifi-
cant. Coulomb mixing between different subbands is
considered negligible since we focus on QW’s with well
width <15 nm.'> With these considerations, the Coulomb
operator in Eq. (1), which describes electron-hole interac-
tions, is of the form

v=2> X

T i
- Vn(,,nv(q)an(.,k+qanv’k’_qanv,k'an(,,k’ (3)
ey kk',q#0

where V, , (q) is the matrix element of the Coulomb opera-
tor between the single particle states and q is the wave vector
exchanged in the particle interaction.

The exciton eigenstates of the total Hamiltonian in Eq. (1)
may be expressed in terms of the associated free (Vn n, =0)
electron (\I',l x(r,)) and hole [‘I’n k()= \Ifn (1, )] smgle
particle elgenfunctlons as

q’a(re’rh E 2 Gn A k)q,ne,k(re)qfnh,k(rh)9 (4)
Nesny,
where G, ’"h(k) is the envelope function of an exciton with

zero center of mass momentum, and « represents the energy
index. The envelope functions may be obtained using the
following equation:

[Ee(ne’k)-'-Eh(nh’ ]Gn Jy, (k) E Vn ,1,((1)(;
q#0

=€ f”’lej y (k). (5)

n,(K+ Q)

Here €'<" is the transition energy of the corresponding ex-
citons.

Let us now consider the interaction of this system with
two IR fields E(f)=Ee' and E'(f)=E’e'®"!, polarized along
the QW growth direction, z. The laser frequencies w and '
are, respectively, taken to be resonant with the |el,k) to
le2,k) (el-€2) and the |e2,k) to |e3,k) (e2-€3) transitions,
and are considered to be far from resonance with any other
transition in the system. Note that the resonant condition for
these fields is crucial, as each of these IR lasers can effec-
tively induce multilevel mixing of exciton states with differ-
ent principal quantum numbers if they are detuned from the
el-e2 or e2-¢3 transitions.!! Within the electric-dipole and
rotating wave approximations, the associated interaction
Hamiltonian is given by

Hint=H1+H2’ (6)

where
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Hy =12 {MelezE(l)aZLkael,k + UereoE (D) yapids (7)
k

* *
Hy =12 {itresE '(f)ajgs,kaez,k + MeresE ’(t)aZZ,kae3,k}~
k

(8)

Here u,,, and w,.,.3 are the z components of the matrix
elements of the electric dipole operator between single elec-
tron states in the conduction subbands.

Given the total Hamiltonian in Eq. (1) and Eq. (6), one
may obtain the equations of motion for the system’s density
matrix,

ap* i ap*
= H e H e | ©)

relax

to determine the effect of the IR fields on the linear interband
absorption. The second term in Eq. (9) represents the corre-
sponding damping terms in k space. Each element of the
density matrix can be transferred into an excitonic basis ac-
cording to

Pk o =25, Gr (), (10)
k o @
pnr’n//= E pn,,n”G”e,nh(k)' (1 1)

Here the sum over « includes all bound and continuum states
of the chosen exciton basis associated with the n,th and n,th
electron and hole subbands. The optical Bloch equations for
this system in the exciton basis can thus be reduced to inde-
pendent 16 X 16 matrix equations for each n, and n,,, describ-
ing the coupling of the corresponding n,=el, €2, and e3
excitons by the IR field,

dd?
LoL®r + K2, (12)
dt ho "h h

Here the elements of ‘I’Z[h are the 16 density matrix elements
ny @ 16 X 16 matrix,
and K,‘fh, a 16-element column vector, contain the coefficients
of the density matrix elements from the equations of motion.
To calculate the linear interband response of the IR-
coupled QW to a weak optical field, we employ linear re-
sponse theory.'* From this approach, one finds that the
imaginary part of the linear susceptibility [A(w)] is express-
ible in terms of the two-time correlations of the system po-
larization, given by

Alw) Re( >

a=1s,2s,. ..

in the excitonic basis (p; n’), while L¢
eh

<[P;(r'>,ﬁ;(z',z>]>|z=,-w[). (13)

Here w, is the frequency of the test or probe field, and P.()
and P (7) are the positive and negative components of the
contribution to the system polarization from the exciton tran-
sition specified by «. These polarization components are
given by
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Pi1)= 2 p o ol a0 (14)

Rpslte

and P_(t)=[Pi(N]". d, o and a, , are the annihilation op-
erators for an electron and hole in the ath exciton state as-
sociated with subbands with indices n, and n;,. Due to the
interband selection rules, mainly components with n,=n,
contribute to Eq. (14). This condition comes from the fact
that in this paper we consider narrow square QW structures
that are symmetric with respect to the center of the wells and
Coulomb mixing of their exciton states is ignorable.'>'6
,u,gh’ng is the dipole moment for transition from the QW
ground state to an exciton state associated with n, and n;, and

energy index a. ﬁ;(r’,z) is the Laplace transform of P_(¢)
=P_(t'+7) with respect to 7=r—1', where 7>0.

The two-time correlation functions in Eq. (13) are evalu-
ated using the quantum regression theorem.'” The density
matrix elements are obtained from Eq. (12) assuming that the
IR field amplitudes are slowly varying compared to the
dephasing rates of the conduction subbands. In this case, we
can assume that the IR fields establish a steady state with the
QW, and set d@,‘fh/ dt=0. The solution to Eq. (12) in this case
is given by

@ () = [LIT'K? (15)
Using this result, the contribution to the spectral response
from the ath heavy-hole exciton state is

<[PZ(°°)J;;(Z)]>M =g + T + 1155 5. (16)
where

24 phhl, hhl,
LG = |M31,hh1| {R10.3“(2)pg5 i (%) + Rio ¢ (2)pa i ()

+ R%,lia(z)ﬁ’gl,hhl () + R?g,lfg(z)P/?hl,hhl(m)}’ (17)

hh2,a hh2,a (1
g5 o = |/v‘§2,hh2|2{R 13,4a(Z )Pgs,hhz(”) + R13,8a(Z )Pt ()
+ R}llg,zl%(zl)plfhz,hhz(oo)}’ (18)

25 phh3, i3,
g5 s = |1u33,hh3| {RY1 52" pg i3 (%) + RYT3%(2") pey s ()

hh3,a @ hh3,a @
+ R 1,31’1 (Zﬂ)phh&hhS(w) +R] 1,31’6 (Z”)Pe3,hh3(°°)}~ (19)

An analogous result applies for the light-hole excitons. The
matrix R"%(z) is defined by

R"(z) = (I - Lf;h)-l. (20)

I refers to the identity matrix, z'=z—iw, and 7"=z-i(w
+w').

Using Egs. (16)—(20) one may calculate the absorption
spectrum of a multisubband QW structure in the presence of
two IR fields with arbitrary intensities. The above theory
treats the specific case in which the IR fields are resonant
with the el-e2 and e2-e3 conduction subband transitions,
although similar expressions may be derived for other cou-
pling configurations.
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III. COHERENTLY FROZEN EXCITON STATES AND
TWO-PHOTON DRESSING

In order to illustrate the key features of the two-field
dressing process and show how it can lead to coherent freez-
ing of exciton states, here we calculate the linear interband
absorption spectrum of a Gag 47Ing 53As/Ing 5,Aly 4gAs QW
structure in the presence of two IR fields resonant with the
el-e2 and e2-e3 transitions. In our calculations, the QW
width was taken as 10 nm. In this case, the el-¢2 and
e2-e3 transition energies are 130 and 177 meV,
respectively.'> This system was studied in Ref. 18, where the
low temperature (12 K) absorption spectrum was measured.
We assume dephasing rates of bound states associated with
hhl and various electron subbands (el, €2, and e3) to be
(Yermm)=2.5meV, (Y pn)=5.8 meV, and (.31
=92 meV, and those associated with Ihl are (y,q;)
=3 meV, and (¥, ,1)=6.3 meV. The dephasing rates of ex-
citons with a hole subband index greater than 1 are consid-
ered to be determined primarily by the electron subband in-
dex. For example, for the heavy-hole excitons we have
Yel it = Yel.nh2= Ye1 nn3- The continuum dephasing rates were
taken to be the same as those of the bound light-hole exci-
tons. Note that the dephasing rates considered here satisfy
the fact that at low temperatures the excitons associated with
el are mostly scattered with acoustic phonons while those
associated with e2 and e3 are influenced by the fast exciton-
LO-phonon scattering processes. Therefore, the former have
longer dephasing times than the latter. In addition, one ex-
pects these rates are influenced by the fact that as an upper
conduction subband gets closer to the continuum, it becomes
broader. Moreover, excitons in QW structures are scattered
with the potential fluctuations caused by the interface rough-
ness, alloy inhomogeneity, and other defects. These pro-
cesses have significant contributions to the linewidths of the
excitons discussed in this section.!® The z component of the
dipole matrix elements associated with the el-e2 and e2-e3
transitions were assumed to be equal, with a value of w,,»
=Un.3=€ X2 nm. In our calculations, the Rabi frequencies
of the two IR fields are taken to be equal (i.e., Q.
=0,,,3=1). In this case, for both E and E’, the relationship
between the IR field intensity (/) and the Rabi frequency is
1=0.0602 MW /cm™2, with  in units of ps‘l.

Figure 2 shows the absorption spectra of the such a struc-
ture in the absence (solid line) and presence (dashed line) of
the IR fields with 24 MW/cm? intensity. These results indi-
cate that these fields lead to a dramatic modification of the
absorption spectrum of the QW. These modifications are pri-
marily concentrated at frequencies in the vicinity of the
bound exciton absorption lines. The nature of the IR-induced
changes to the spectrum, furthermore, differs for excitons
associated with different conduction subbands. For the bound
excitons associated with the electrons in the first conduction
subband (e1-hh1 and el-1h1), the IR fields lead to a dramatic
amplitude suppression. Although hidden to some extent, this
process occurs as the spectra of these excitons each trans-
forms into a triplet of peaks, for which the center peak occurs
at the energy of the original exciton resonance. When we
probe the e3-hh3 excitons, however, the situation is rather
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FIG. 2. Linear absorption spectra of a Gagg7Ings3As/
Al 43Ing 50As QW in the absence (solid line) and presence (dashed
line) of two resonant IR lasers with 24 MW/cm? intensity. Inset
shows a schematic diagram of QW energy levels (light holes are not
shown). E, and E, refer to the test field and band gap energies,
respectively.

different. Although here a well-defined triplet has been de-
veloped, the amount of suppression of the central exciton
peak amplitude is small. In contrast to this case, probing of
the simultaneous developments of the bound excitons asso-
ciated with e2 reveal formation of doublets, as seen from the
contributions of the bound e2-hh2 and e2-/h2 excitons to the
absorption spectrum in Fig. 2. These doublets occur as con-
tributions of these excitons at their original uncoupled reso-
nance energies have been virtually removed totally.

Two main features of the results seen in Fig. 2 are the
facts that in the presence of the intense IR fields the energy
of the bound e3-hh3 exciton remains unchanged and its am-
plitude is suppressed slightly. In order to develop an intuitive
understanding for these features we have applied a dressed-
state analysis to the bound exciton levels in this system, in
which one- and two-photon dressing processes have been
included. As discussed in Sec. II, the IR fields lead to cou-
pling of excitons associated with electrons from different
conduction subbands and holes from the same valence sub-
band. This situation is depicted in Fig. 3(a) for the heavy-
hole exciton states. (A similar set of diagrams applies to the
light-hole excitons.) Here the hole subband is selected by the
test or probe field energy, as only diagonal exciton states
(excitons with the same electron and hole subband indices)
are measurable. Figure 3(b) shows the energy levels corre-
sponding to the stationary states of excitons involving holes
from the first heavy-hole subband in the presence of the two
IR fields. The eigenstates of the one- and two-photon dressed
states shown in this figure are as follows:!?

1
|t>=_,—E(|e1-hh1>a—|e3-hh1>a), (21
\‘J

11 1
|s) = —=| —=l|el-hhl), + |e2-hhl),+ —=|e3-hhl), |,
V2 \ V2 V2

(22)
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FIG. 3. (a) Schematic diagram of IR coupling processes when
the probe field is tuned to the (i) el-hhl, (ii) e2-hh2, or (iii)
e3-hh3 exciton resonances. The thick two-sided arrows refer to cou-
pling of exciton states by the intense IR laser fields, and the thin
one-sided arrows refer to transitions induced by a weak interband
test field. (b) Schematic diagram of the dressed-state picture for the
coupling processes in (i). The dressed state |f) arises from a domi-
nant two-photon coupling process, while |s) and |r) originate from
one-photon coupling.

1 /{1 1
|r) = ?<—r|el—hh1>a — |e2-hhl), + ?|e3—hh1>a> .
V2\\2 \2

(23)

These equations show how the dressing of exciton states un-
der one- (|s) and |r)) and two-photon (|t)) dressing occur. As
indicated in Fig. 3(b), similar set of equations also holds
when we detect the exciton states associated with e3.

Investigation of the eigenstates of Egs. (21)—(23) explains
why the central peaks remain at the uncoupled exciton ener-
gies, irrespective of the magnitudes of the resonant IR laser
intensities. To see this note that in a dressed-state picture |¢),
|7), and |s) are the eigenfunctions of H;, [Eq. (6)],

Him|t> =0, (24)
~
H,|s) =/\2Q]s), (25)
[~
H,\|ry=-7\2Q]1). (26)

As one can see here the eigenvalues of the two-photon states
are zero, indicating no shift due to the resonant infrared la-
sers. This feature only partially explains how one can freeze
an exciton state. Another issue is related to the amplitudes of
the two-photon states. In fact our investigation has shown
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that when one detects el-hhl excitons the ratio of amplitude
of the bound exciton states in the absence of the IR fields
(Ap) to that of the central peak in the presence of these fields
(A,) are given by

4o
Ac

+
_ Yel,hn1 'ye3,hhl. 27)

el Yel,hil

However, when one detects the e3-hh3 exciton states this
ratio becomes

4o
A

+
_ Ye3.nh3 T Yel.nin3 ' (28)

cle3 Ye3,hi3

The width of the central two-photon state is also given by

We=Yer,mm3 + Yes 3 (29)

irrespective of the which exciton is detected. Equations
(27)—(29) show the conditions where an exciton state can be
coherently transformed into a frozen state with nearly the
same amplitude as that of the uncoupled exciton at the same
energy. Based on Eq. (27), since ¥, u1 < ¥e3.un1 OnE expects
a dramatic suppression of absorption amplitude when
el-hhl is detected, as seen in Fig. 2. Such a condition, how-
ever, works in favor of small amplitude change when
e3-hh3 is detected, as can be seen in Eq. (28). Note that as
shown in Eq. (29), this process comes at the cost of narrow-
ing the linewidth of the bound e3-hh3 absorption spectrum.
The effect of such a narrowing process can be seen in Fig. 2
around the e3-hh3 exciton energy. Note that the effects dis-
cussed in this paper become more distinct and resolved if
el-hhl excitons become localized.

Note that the frozen exciton states discussed above are
related to coherent population trapping (CPT) of excitons.
This phenomenon, which has already been discussed in
atomic systems?’ and quantum wells,?! happens in general
when two bound states are coupled to an upper broad state or
the continuum by two laser fields. The efficient two-photon
coupling between the bound states traps electrons in a state
that is an antisymmetric superposition of the bound states,
similar to |£) in Eq. (21). Under these conditions due to de-
structive quantum interference, optical excitation of electrons
from the bound states into the broad state or continuum is
suppressed. In the system discussed in this section formation
of the frozen state is an indication of coherent trapping of
part of exciton population in the |f) associated with e3. The
optical transitions from this state to those associated with e2
or vice versa are therefore suppressed. Under this condition
some of the excitons are also trapped in the |¢) associated
with the central peak of the el-hhl or el-Ihl states near the
band edge.

IV. MULTISUBBAND ELECTROMAGNETICALLY
INDUCED TRANSPARENCY OF NEAR BAND-EDGE
EXCITONS

The possibility of fabricating an all-optical absorption
switch based on coherent intersubband mixing in undoped
QW'’s is very attractive since such a device would be ex-
tremely fast, the recovery time being limited only by the
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coherence decay time between the conduction subbands. An
optimal design for such a device would incorporate the larg-
est IR-induced changes in absorption with the lowest IR field
intensities possible. In this section, we use multisubband
mixing of excitons to present a scheme which can lead to an
enhanced EIT. In such a scheme the bound state exciton
absorption may be removed significantly. As mentioned in
the introduction, this result is in contrast to the optical
schemes employing the conventional optical QCSE or EIT
(Fig. 1),'® where multilevel mixing of exciton states with
different principal quantum numbers and/or strong damping
of e2-hh1 (or e2-1h1) can hinder an effective coherent reduc-
tion of absorption near the band edge.

The physical signatures of the enhanced EIT have already
been depicted in Fig. 2. The well-resolved doublet seen near
the continuum edge of the e2-hh2 excitons is a peculiar EIT
associated with the 1s bound states of these excitons. Such a
EIT was, however, embedded on the continua of the
el-hhl and el-Ih1 excitons. A more useful case is generation
of such a phenomenon near the band edge of a QW. To study
this case in this section we consider a Gag 47Inj s3As/InP QW
with 14 nm well width in the presence of two IR fields. This
structure contains three bound conduction subbands (e1, ¢2,
and ¢3) and one quasibound subband (e4) in the continuum
of the conduction band. We consider the first field is tuned in
resonance with the transition between the first and fourth
conduction subbands, and so couples excitons associated
with el and e4. The second field is resonant with the el-e2
transitions (see inset of Fig. 3). For our calculations, we con-
sidered Vi jn1=1.5, Yoo 1 =3.1, and .4 j,;=13.2 meV, and
for the light holes, dephasing rates of v, ;1 =2, V.21 =3.6,
and 7,4 ,=14.5 meV were used. As in the preceding sec-
tion, the dephasing rates of excitons with a hole subband
index greater than 1 are considered to be determined prima-
rily by the electron subband index. The dephasing rates of
the exciton continuua were considered to be the same as
those of the bound light-hole excitons. These rates were cho-
sen to reflect typical sample conditions, including interface
roughness. For the calculations presented in this section, the
field strengths are chosen such that Q,,=€,=(. Since we
are interested in absorption modifications in the vicinity of
the band edge, we focus on the effect of the IR fields on the
el-hhl and el-lhl exciton states.

The calculated absorption spectra of the IR-coupled QW
is shown in Fig. 4 for three different values of (). The solid
line indicates the absorption profile in the absence of IR cou-
pling, while the dashed and dotted lines show the modified
spectrum for Q=25 and 50 ps~!, respectively. The absorption
spectrum of the uncoupled QW exhibits two large peaks cor-
responding to the heavy-hole and light-hole exciton reso-
nances. In the presence of the IR fields, each of these original
peaks is replaced by a pair of lines occurring on either side of
the original resonance energy. The energy separation be-
tween these two lines increases with increasing field intensi-
ties.

As in the case of the e2-hh2 and e2-Ih2 excitons investi-
gated in the preceding section, since in the case of Fig. 4
there is no resonant two-photon dressing of the exciton
states, no peak at the uncoupled exciton resonance can be
generated. Here the satellite peaks correspond to the forma-
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FIG. 4. Absorption spectra of a Gag47Iny53As/InP quantum
with 14 nm well width interacting with two intense IR laser beams
(inset). Solid, dashed, and dotted lines refer, respectively, to spectra
in the absence and presence of the infrared lasers with 1=25 and
50 ps~!. E, and E, refer to the test field and band gap energies,
respectively.

tion of the pairs of one-photon IR dressed levels. Therefore,
as illustrated in Fig. 4, a strong reduction in oscillator
strength occurs at the frequencies of the uncoupled exciton
resonances. The threshold intensity for generation of such a
multisubband EIT is scaled by

Ye4.hh1 Ye2.hh1
Yett=— - (30)
Yed,hh1 T Ye2,hnl

This finding indicates that lower IR field strengths are re-
quired to achieve effective absorption switching in our sys-
tem than in one which applies a single IR field to couple
exciton states associated with el and e2 or with el and e4.
This is because the lower limit on the switching intensity is
determined by an effective dephasing rate (y.y) which is
lower than the rates associated with single field coupling (
Ye2nn1 OF Yeqnn1)- This feature becomes more distinctively
clear if one compares the case where two IR fields are used
with the case in which only a single IR field resonant with
the el-e4 transition interacts with the QW structure. We
found that for the latter when =25 ps~' the reduction of
absorption at the uncoupled exciton resonance was at least
15% less than the corresponding case in Fig. 4. Such a dif-
ference becomes more dramatic at lower field intensities.
This is because of the fact that at such intensities the evolu-
tion of absorption spectrum is much more sensitive to the IR
field intensities.

The enhanced EIT discussed here corresponds to IR-
induced redistribution of the exciton oscillator strength,
causing nearly full removal of the bound state absorption at
the uncoupled exciton frequency. The residue of absorption
mostly comes from the Ak and [h exciton continua. Such a
EIT can be associated with an enhanced form of quantum
interference in the excitonic transitions of the QW structure.
As shown in Fig. 5, here the interfering paths consist of one
direct (i) and two Raman paths (ii) and (iii). The direct path
(i) occurs between the QW ground state to el-hhl, and the
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FIG. 5. Schematic diagram of the interfering paths involved in
the multisubband LIT shown in Fig. 4.

Raman paths are indirect transitions between the QW ground
state to e2-hhl (ii) and e4-hhl (iii). Here since the Raman
paths are not correlated, they cause two dissociated interfer-
ence processes between (i) and (ii) and between (i) and (iii).
The result is generation of two transparency windows over-
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lapping with each other at the uncoupled resonance of el
-hh1. This is in fact the key mechanism behind the enhanced
LIT caused by two IR fields. The high extinction ratio here
can also be related to the fact that, instead of 2() as in the
case of single field coupling, the doublet peaks in the case of
two-infrared coupling are separated from each other by
242Q.

V. CONCLUSIONS

In conclusion, we have theoretically demonstrated the ef-
fects of multisubband optical dressing of exciton states in the
interband absorption spectra of quantum well structures. We
showed that when such a dressing is caused by two intense
infrared lasers resonant with the el-e2 and e2-e3 transitions,
the energy of the e3-hh3 exciton remained unchanged and its
amplitude became relatively immune against the field inten-
sities. We associated these results with the two-photon dress-
ing of the excitons associated with el and e3 and the effects
of the strong damping of e3-hh3 caused by LO-phonon emis-
sion. Our calculations also showed that multisubband dress-
ing of exciton states could lead to an enhanced form of EIT
in which an IR-induced redistribution of oscillator strength
leads to a significant removal of the bound state absorption at
the fundamental exciton resonances. We associated these ef-
fects with an enhanced form of quantum interference in the
QW excitonic transitions.
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