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We propose one-dimensional bright and dark optical lattices where Bragg scattering occurs, respectively, via
periodic generation of gain without inversion and electromagnetically induced absorption in the absence of any
refractive index perturbation. The absorption and gain processes are caused by quantum interference in the
conduction intersubband transitions of a corrugated n-doped quantum well structure interacting with an intense
infrared laser. The quantum well structure is embedded between two optical confinement layers, forming a
periodic structure with a Bragg wavelength similar to that of the intersubband transition between the second
and third conduction subbands of the quantum well. We show that in the absence of the intense infrared laser
this transition is transparent, and the periodic structure forms a passive one-dimensional photonic gap gener-
ated by the background refractive index contrast of the corrugated region. In the presence of this laser, the
intersubband transition is influenced by the quantum coherence effects, causing dramatic changes in the
photonic band gap. We show that when one adjusts the intensity and wavelength of such a laser properly these
effects can �i� destroy the one-dimensional photonic band gap, and �ii� form periodic regions of gain without
inversion or electromagnetically induced loss, while the index perturbation is completely canceled out. Such
bright and dark optical lattices can scatter a light at Bragg wavelength when its frequency is the same or close
to that of the intersubband transition.
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I. INTRODUCTION

Dielectric periodic structures made from alternating non-
resonant semiconductor materials have been extensively
used for various applications. Prominent examples are dis-
tributed feedback �DFB� lasers,1 optical filters,2 optical
switches,3 and others. These devices are based on the fact
that when the period of the refractive index modulation in
such structures is adjusted properly Bragg scattering occurs,
causing a forbidden gap in transmission. Recently, however,
utilization of such optical resonances along with the resonant
electronic or excitonic transitions has promised a dramatic
control over light propagation through periodic structures. In
such structures, in contrast to the conventional photonic band
gap �PBG� crystals, the signal field is resonant or near reso-
nant with the electronic or excitonic transitions of the con-
stituting semiconductor materials. Example of this includes a
polaritonic active photonic band gap structure where the su-
perradiant property of the optically coupled excitons in a
multiquantum well structure is used to form a forbidden
gap.4 It also includes application of quantum coherence in
the intersubband transitions of n-doped quantum wells to
generate an active one-dimensional �1D� photonic band gap
using an infrared laser.5 An electromagnetically induced
PBG associated with the atomic transitions has also been
proposed in a heterostructure formed by semiconductor lay-
ers doped periodically with different densities of atoms.
Here, the coherent nonlinear effects in these transitions cre-
ate a periodic refractive index contrast.6,7

Our objectives in this paper are to show how one can use
an infrared �IR� laser beam �control field� near resonant with
the intersubband transitions of an n-doped quantum well

�QW� structure to �i� destroy �switch off� a conventional 1D
PBG by making the susceptibility of a periodic structure
complex while diminishing its refractive index perturbation,
and �ii� coherently induce periodic resonant or near-resonant
gain and absorbing regions in the absence of any refractive
index modulation, generating QW bright and dark optical
lattices, respectively. The main idea behind these processes is
the utilization of optical coherent effects caused by the con-
trol field in a corrugated structure made of several periods of
the n-doped QW structure �Fig. 1�a��. These effects include
gain without inversion �GWI� and electromagnetically in-

FIG. 1. Schematic representation of the waveguide structures
used to study quantum well dark and bright optical lattices. The
corrugated multiquantum well structure is located between the up-
per and lower cladding layers. The square black regions �trenches�
refer to the quantum well regions that are etched and refilled epi-
taxially with a semiconductor material. The thick continuous gray
line in �b� refers to the uniform gain layer.
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duced absorption �EIA� accompanied by the coherent en-
hancement of refractive index in the conduction intersubband
transitions of this structure. Here GWI refers to the gain that
occurs when the population of the lower transition level is
the same or more than the upper one. EIA, on the other hand,
represents an absorption process between these two levels
while their populations are inverted. Both GWI and EIA are
associated with resonant enhancement of refractive index
with zero absorption in the conduction intersubband transi-
tions, similar to that in atomic systems,8–10 and are the results
of quantum coherence in these transitions.

We show that in the absence of the control field the struc-
ture shown in Fig. 1�a� behaves as a conventional 1D PBG
generated by the off-resonant �background� refractive index
contrast of its constituting materials. However, as the inten-
sity of this field increases, the signal field passing through
this structure starts to feel a resonance. The resonant ele-
ments here are the periodic QW structure and the role of
dipole active resonant excitations is played by the intersub-
band transitions. As this happens, the refractive index con-
trast of the corrugated QW structure and its surrounding in
the waveguide structure shown in Fig. 1�a� diminishes, while
the intersubband transitions become absorptive or develop
gain. These processes alter light scattering along the wave-
guide and remove �switch off� the frequency band gap. With
the total removal of the index perturbation, the waveguide
structure has either a pure loss �dark optical lattice� or gain
�bright optical lattice� corrugation. We show that when the
signal field is resonant or near resonant with the conduction
intersubband transitions and satisfies the Bragg condition, it
can be coherently scattered by such optical lattices. This pro-
cess, which occurs at the Bragg wavelength, allows one to
use these lattices for various optical devices. These includes
laser sources that are intrinsically single-mode and very
stable,11 optical filters, time delay lines, and others.

Note that different schemes for generation of GWI in the
intersubband transitions of quantum wells have been previ-
ously reported. These include utilization of coherent resonant
tunneling,12–15 nonlinear wavemixing and frequency-down
conversion,16 and a dc-coupling mechanism.17 EIA has also
been studied in atoms by considering the interaction of a
driving field with a degenerate two-level system.18 In addi-
tion, optical switching of polaritonic PBGs has been reported
using ac Stark effect in the exciton lines or high photoexcited
carrier densities to suppress super-radiant properties of
excitons.19 In this paper, however, we are dealing with a
switching process that leads to the full removal of the band
gap by inducing quantum coherence in the conduction inter-
subband transitions. In addition, the dark and optical lattices
introduced in this paper are different from those discussed in
atomic systems. In such systems optical standing waves are
responsible for trapping neutral atoms in spatial periodic
potentials.20 When the interaction of the atoms with the trap-
ping beams is strong, these lattices are bright via Rayleigh
scattering into their fluorescence spectra. On the other hand,
when fluorescence of the trapped atoms is suppressed, they
form dark optical lattices.21

II. ELECTRONIC CONDUCTION INTERSUBBAND
TRANSITIONS IN THE PRESENCE OF OPTICAL

RESONANCES

To study QW dark and bright optical lattices and optical
switching of a conventional 1D PBG, we utilize resonant
QW optical coherent processes combined with the photonic
resonance associated with the waveguide structure shown in
Fig. 1�a�. In this structure a corrugated multi-QW structure is
embedded between two optical confinement cladding layers.
An IR laser �control field� with polarization along the growth
direction �z� interacts with the QW structure, generating a
strongly frequency-dependent complex susceptibility associ-
ated with the conduction intersubband transitions. Generally,
light propagation in such a system can be treated using the
following equation:

��y,z
2 + ��s

c
�2

��c,Ic��s,y,z��E�c,Ic��s,y,z� = 0. �1�

Here ��c,Ic��s ,y ,z� refers to the dielectric permittivity of the
structure for a given control field intensity �Ic� and frequency
��c�. When this field is off �Ic=0� it has the following form:

��c,0��s,y,z� = �0�z� + ��back�y,z� . �2�

Here �0 is related to the effective refractive index of the
waveguide structure in the absence of the corrugated QW
structure. ��back�y ,z� is associated with the refractive index
perturbation caused by the difference between the back-
ground indices of the QW regions and trenches along the
propagation direction �y�. Along the growth direction �z�,
this term is related to the refractive indices of the multilayer
waveguide structure. Note that, as the right-hand side of Eq.
�2� shows, the dielectric permittivity here does not depend on
the signal field frequency ��s� and is responsible for forma-
tion of the off-resonant conventional 1D PBG. In the pres-
ence of the control field �Ic�0�, however, it becomes
strongly frequency dependent

��c,Ic��s,y,z� = �0�z� + ���c,Ic

res ��s,y,z� . �3�

Here ���c,Ic

res ��s ,y ,z� represents variation of the dielectric
function caused by the interaction of the control field with
the corrugated QW structure used in the waveguide shown in
Fig. 1�a�. In fact, this term is associated with coherent en-
hancement of refractive index and generation of EIA and
GWI in the conduction intersubband transitions of the QW.

To study how the evolution of ��c,Ic��s ,y ,z� with the con-
trol field influences the conventional 1D PBG, we consider
the n-doped QW used in Fig. 1�a� is a double structure as
that shown in Fig. 2. This structure contains two In0.5Ga0.5As
wells separated by a 1.5 nm Al0.5Ga0.5As barrier. The left
and right barriers are, respectively, Al0.4Ga0.6As and
Al0.55Ga0.45As. As shown in Ref. 5, to generate these coher-
ent effects one must use the control field to mix the first �	a
�
and third �	2
� conduction subbands while the middle sub-
band �	1
� is not affected. Electrons from 	2
 decay into 	a

and 	1
 via emission of longitudinal optical �LO� phonons. In
addition, electrons in 	1
 can decay nonradiatively into 	a

via tunneling. The signal field that experiences the periodic
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complex susceptibility is in fact near resonant with the 1-2
transitions of such a QW. In the absence of the control field,
as shown in the following, this field does not feel this tran-
sition as it is fully transparent under this condition and its
refractive index �n� is the same as that of the background of
the QW structure �nb�. Fig. 1�b� is similar to Fig. 1�a�, except
that here we consider a uniform semiconductor layer below
the corrugated QW structure. This layer can be electrically or
optically pumped, generating a uniform gain along the wave-
guide. The application of such a gain region will be dis-
cussed in the following section.

To study light scattering in the waveguide structures
shown in Fig. 1 we first need to solve optical Bloch equa-
tions for the double QW structure. These equations can be
obtained from the following

��k

�t
= −

i

�
�H + Hint,�

k� + � ��k

�t
�

incoh

e-e

+ � ��k

�t
�

incoh

e-p

. �4�

Here

H = �
k,i=a,1,2

E�i,k�ci,k
† ci,k �5�

and

Hint = ��
k

�a2cak
† c2,k + �12c1,k

† c2,k + H.c.� . �6�

E�i ,k� is the energy eigenvalue of the quantum well �QW�
wave function associated with the ith conduction subband.
The operator ci,k

† creates an electron with wave vector k in
such a subband, and ci,k annihilates the same electron. Hint is
the interaction term between the double QW structure and
the control �Ec� and signal �Es� fields. �a2=−�a2Ec /� and
�12=−�12Es /� are the Rabi frequencies associated with
these fields, where �a2= �z
a2	e and �12= �z
12	e �e is the
electron charge�. The second and third term in the right-hand
side of Eq. �4� refer to the incoherent contributions of the
electron-electron and electron-phonon scattering processes,

respectively. These terms are explained in Sec. III.
Solving Eq. �4� under the steady state condition we found

the complex susceptibility of the QW structure shown in Fig.
2. This allowed us to calculate Eqs. �2� and �3�. Having these
two terms we then used a set of frequency-dependent
coupled-mode equations to calculate the responses of the
waveguide structures shown in Fig. 1. These equations are as
follows:

dS�c,Ic
��s�

dz
− �
��c,Ic

res ��s� + g

2
− j���s��S�c,Ic

��s�

= − j�c,Ic
��s�R�c,Ic

��s� �7�

dR�c,Ic
��s�

dz
+ �
��c,Ic

res ��s� + g

2
− j���s��R�c,Ic

��s�

= j�c,Ic
��s�S�c,Ic

��s� . �8�

Here S�c,Ic
��s� and R�c,Ic

��s� refer to the forward and back-
ward traveling waves, respectively. ���s� is the detuning fac-
tor defined by ��s /c�neff−�0, where �0 is the Bragg propa-
gation constant and neff represents the effective refractive
index of the waveguide. ��c,Ic

res ��s� refers to the loss �ELA� or
gain �GWI� generated in the corrugated QW structure by the
coherent processes. They are proportional to the absorption
coefficient of the 1-2 transition in Fig. 2. g is the gain in the
uniform layer in the structure shown Fig. 1�b�. 
 is the
optical confinement factor, which is also a function of Ic
and �c.

�c,Ic
��s� in Eqs. �7� and �8� refer to the complex coupling

coefficient of the corrugated structures shown in Fig. 1. This
parameter, which allows us to quantitatively investigate light
scattering in the waveguide structure, is given by

�c,Ic
��s� =

�s
2

2�c2

� 	�	2��̂�c,Ic

res ��s,z�dz

� 	�	2dz

. �9�

Here ��̂�c,Ic

res ��s ,z� refers to the Fourier transform of
���c,Ic

res ��s ,y ,z� with respect to y. When Ic=0 this term
should be substituted with the Fourier transform of
��back�y ,z�. �=�s /neffc where c refers to the speed of light.
� represents the cross-sectional optical mode profile, which
also depends on the control field intensity and wavelength.
Dropping the indices Ic and �c for simplicity, the real �i�
and imaginary �g� parts of Eq. �9� are related to each other
by

 = i + jg. �10�

When the control field is off, i�0 and g=0, and the wave-
guide structure generates a conventional 1D PBG caused by
the background refractive index contrast of the QW regions
and trenches. On the other hand, when wavelength and in-
tensity of this field are properly adjusted, the signal field
feels the 1-2 transitions and the structure becomes a resonant

FIG. 2. Schematic diagram of the n-doped InGaAs/AlGaAs
double QW structure. 	a
 is the ground state of the QW, and 	1
 and
	2
 are the lower and upper transition subbands, respectively. The
two-sided arrow refers to the control field and the dashed one to the
signal field. The curved arrow represents the tunneling process from
	1
 to 	a
.
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structure. Here, when g�0 and i=0, we have either a dark
or bright optical lattice.

III. OPTICAL SWITCHING OF PHOTONIC BAND GAP
AND BRAGG DARK OPTICAL LATTICES CAUSED

BY ELECTROMAGNETICALLY INDUCED ABSORPTION

To study optical switching of photonic band gaps and gen-
eration of a dark optical lattice via EIA we consider the
thicknesses of the wide and narrow wells in the double QW
structure shown in Fig. 2 are 4 and 2.5 nm, respectively. As
a result, we find the energy spacing between 	a
 and 	1
 is
105 meV, nearly three times that of the LO phonon energy
�34 meV�. Therefore, we consider the tunneling rate of elec-
trons from the 2.5 nm QW to 4 nm QW is 0.6 ps−1.22,23 To
further include the effects of electron-phonon scattering
�third term in Eq. �2��, we consider the energy relaxation
rates in the 1-2 and a-2 transitions caused by electron-LO-
phonon scattering �
12

e-p and 
a2
e-p� to be 2 and 3 ps,

respectively.24 The electron-electron scattering effects �sec-
ond term of Eq. �4�� mostly affect the polarization decay
rates associated with the 1-a and 2-a transitions ��1a

e-e and
�2a

e-e�. Here we consider these effects in a phenomenological
way, considering the average rate of such a process in the
ground subband �
aa

e-e� is 4 ps−1. Since in the presence of the
control field the carrier densities in upper subbands still re-
main much smaller than that in the ground subband, we ig-
nore this effect in these subbands. In addition, considering
stain- and energy-dependent electron effective mass, the
transition energies between 	1
 and 	2
 and between 	a
 and
	2
 were found 280 and 385 meV, respectively, with �z
12

=2.2 nm and �z
a2=0.7 nm.

Figure 3 shows absorption �a� and refractive index change
�b� of the 1-2 transition for different values of the control
field intensity �Ic� when the carrier density is assumed to be
6	1011 cm−2. We consider the wavelength of this field to be
3.36 �m, i.e., it is detuned from the a−2 transition by about
16.5 meV. When Ic=0 the 1-2 transition is transparent, with
a refractive index the same as the background index of the
QW structure �n=nb�. As shown in Fig. 3�a�, as the intensity
of this field increases, this transition starts to develop a large
amount of gain. At the shorter wavelength side, however, the
spectrum becomes absorptive �arrow�. This occurs at a spec-
tral range where the refractive index of the 1-2 transition is
enhanced significantly �Fig. 3�b��. Note that the absorption
seen in Fig. 3�a� is an EIA process as it occurs with the
presence of inversion. Such a process is the result of quan-
tum coherence in the conduction intersubband transitions.

To see how these results can convert a 1D PBG into a
dark optical lattice, we consider the corrugated QW system
shown in Fig. 1�a� to consist of 80 periods of the QW struc-
ture depicted in Fig. 2. Although this structure is highly
strained, it can be grown on a GaAs substrate using a graded
InxAl1−xAs buffer layer. This layer allows accommodation of
high strain and provides the optical confinement needed for
the waveguide.25 A possible growth recipe for this purpose
involves deposition of 1 �m or more of InxAl1−xAs over the
GaAs substrate as x is linearly increased from 0 �AlAs� to
0.26 �In0.26Al0.74As�. We assume that the QWs are etched
and then refilled epitaxially with InxAl1−xAs. Therefore, the
fabrication techniques can be similar to those used for gain-
coupled DFB lasers.26,27 Note that the In content �x� here is
chosen such that, in the absence of the control field, the
effective refractive indices of the trenches are higher than
those of regions with QWs. We consider the corrugation pe-
riod to be 673 nm, allowing the PBG and optical lattices to
occur at the vicinity of 4.29 �m in Fig. 3, where EIA accom-
panied with large refractive index enhancement occurs �ar-
row�. The upper confinement layer is also taken to be
InxAl1−xAs with an average refractive index of 3 at 4 �m
range, similar to that of the lower confinement layer.28 At the
same range the background refractive indices of the wells are
considered 3.43, and those of the left and right barriers are
3.25 and 3.15, respectively. We consider the length of the
waveguide to be 900 �m.

Having these in mind, Fig. 4�a� shows reflection of the
waveguide structure shown in Fig. 1�a�, when the control
field is off �Ic=0�. Under this condition we find i

=37.4 cm−1 and g=0, indicating a conventional 1D PBG
caused by the contrast of background refractive indices of
the corrugated structure. When the control field is turned on,
the situation changes drastically. As shown in Fig. 4�b�, for
Ic=0.12 MW per cm2, the reflection diminishes to some ex-
tent while it is red shifted. This process corresponds to i
=31 cm−1 and g=3 cm−1. For Ic=1.62 MW per cm2, the
situation changes more significantly as i becomes nearly
zero, i.e., refractive index perturbation along the waveguide
structure vanishes, while g=11 cm−1. Under these condi-
tions the reflection develops a dim peak at the Bragg wave-
length �Fig. 4�c��. This indicates generation of a dark optical
lattice where Bragg scattering is caused only by the pure loss

FIG. 3. �Color online� The absorption coefficient �a� and refrac-
tive index change �b� of the 1-2 transition. The solid, dashed, dot-
ted, and dashed-dotted lines refer, respectively, to the simulation
results obtained assuming Ic=0.02, 0.12, 0.5, and 1.62 MW
per cm2.
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corrugation formed by EIA in the 1-2 transitions. In contrast
to the case of Fig. 4�a�, where the signal field did not feel the
1-2 transition, here it experiences a strong absorption asso-
ciated with this transition. In fact, inspection of Figs. 3 and 4
shows that for the wavelength range influenced by the Bragg
scattering such an absorption process does not strongly de-
pend on the signal field frequency. At the same wavelength
range, however, the refractive index of the 1-2 transition re-
mains significantly dispersive. In general, to have dark or
bright optical lattice, the absorption coefficient of this tran-
sition within this range should be either frequency indepen-
dent or symmetric around the Bragg wavelength. This will be
clarified further in the next section where within such a range
both refractive index and gain are strongly frequency depen-
dent.

Note that the drastic reduction of the reflection in Fig.
4�c� can be attributed mainly to the large amount of net loss
caused by electromagnetically induced absorption �EIA� in
the periodic QW regions. To study resonant Bragg scattering
from the dark optical lattice caused by such a corrugation in
more detail we need to compensate for this loss with some
gain. As shown in Fig. 1�b�, this can be done by adding a
uniform gain layer to the waveguide structure in Fig. 1�a�. As
shown in Fig. 5, under the same conditions as those in Fig.
4�c� when the modal gain in this layer is considered to be
80 cm−1, reflection of such a lattice can have a strong well-
defined peak at the Bragg wavelength. Note that such a re-
flection is the result of the fact that the signal field is near-
resonant with the 1-2 intersubband transitions and resonant
with the photonic resonance associated with the periodic
structure. Note also that the amplitude of the reflection in
Fig. 5 depends on g, the net loss of the waveguide, and the

amount of the uniform gain. If one increases the amount of
uniform gain to compensate for both mirror and internal
losses, the waveguide structure acts as a purely loss-coupled
DFB laser. Such a laser is intrinsically single mode at the
Bragg wavelength.11

The results presented in Fig. 4 showed that how one can
coherently control light scattering in a waveguide structure
using a laser field. Inspection of these results allows us to
infer the mechanism behind optical switching of the 1D pho-
tonic band gap and formation of the dark optical lattice. To
discuss this issue we show in Fig. 6 light dispersions associ-
ated with the results shown in Fig. 4. In this figure, � / 		
refers the normalized detuning of the signal field. Here �
=�−�0 where �0= n̄�0 /c refers to Bragg propagation con-
stant and �= n̄�s /c �n̄ is the average effective refractive in-
dex of the waveguide structure for given Ic and �c�.
Im��� / 		 refers to the normalized complex propagation con-
stant where �2=2+ ��− i��2.1 Here � refers the average loss
caused by EIA along the waveguide.

Figure 6�a� illustrates light dispersion associated with the
passive 1D PBG in the absence of the control field �Fig.
4�a��. It clearly shows that the width of the frequency band
gap is proportional to i, as one expects. As shown in Fig.

FIG. 4. Reflection of the waveguide structure shown in Fig. 1�a�
for different control field intensities �Ic�. �a� refers to the nonreso-
nant that 1D PBG that occurred when Ic=0. �b� and �c� represent
the cases where Ic=0.12 and 1.62 MW per cm2, respectively.

FIG. 5. Reflection of the dark optical lattice associated with the
waveguide shown in Fig. 1�b� when the net loss is compensated by
80 cm−1 of uniform gain. All other specifications are the same as
those in Fig. 4�c�.

FIG. 6. Light dispersion associated with the results presented in
Fig. 4. �a�–�d� correspond to Ic=0, 0.12, 0.5, and 1.62 MW
per cm2, respectively.
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6�b�, the dispersion changes dramatically when the control
field is turned on. Here light scattering is caused by the pe-
riodic variation of complex susceptibilities associated with
the corrugated QW structure. Under such a situation if one
adds some gain to the waveguide structure to overcome the
total loss �mirror and internal losses�, the structure acts as a
loss-coupled DFB laser with a well-defined stop band and a
dominant lasing mode.29 As the intensity of the control field
increases further, the refractive index contrast disappears,
loss corrugation starts to become dominant, and ultimately a
dark optical lattice is developed. Figures 6�c� and 6�d� show
the overall evolutions of the light dispersion associated with
these processes. Figure 6�d�, in particular, shows the case
when the QW dark optical lattice is fully developed, as the
total absence of refractive index perturbation allows a sym-
metric dispersion around the Bragg wavelength ��=0�.

IV. GAIN WITHOUT INVERSION AND QUANTUM WELL
BRIGHT OPTICAL LATTICE

The results presented in the preceding section showed that
when the intensity and frequency of the control field were
adjusted properly the structure shown in Fig. 1�a� could set
up periodic near-resonant absorbing regions in the absence of
any spatial index perturbation. In this section, we study a
QW bright optical lattice generated by spatial modulation of
regions exhibiting resonant gain without inversion. For this
we consider the same waveguide structure as that in the pre-
vious section �Fig. 1�a��, but decrease the number of the
double QWs to 40. We also decrease the thickness of the
narrow well to 2.2 nm. This increases the energy spacing
between 	a
 and 	1
 to 131 meV and, therefore, compared to
that in the preceding section, reduces the tunneling rate.22,23

We consider this rate to be 0.45 ps−1. The slight modification
of the double QW does not change the a-2 transition energy
significantly but reduces that of 1-2 transition to 257 meV.
The dipole moments of the a-2 and the 1-2 transitions were
also obtained as 0.75e	nm and 2.5e	nm, respectively. The
carrier density in this structure is assumed to be 4
	1011 cm−2.

Under these conditions, the absorption coefficient and re-
fractive index change of the 1-2 transitions when the control
field is resonant with the a-2 transition are shown in Fig. 7.
Here, for any value of the control field intensity, the absorp-
tion spectrum contains a central gain region flanked between
two absorption regions �Fig. 7�a��. The gain here occurs in
the absence of inversion �GWI� and is the result of quantum
interference in the conduction intersubband transitions. Fig-
ure 7�b� shows the corresponding refractive index changes.
Note that these results are similar to those seen in the atomic
systems used to study resonant enhancement of refractive
index with zero absorption.8,9 Here the enhancement process
occurs at the crossing points of the gain and absorption re-
gions where the absorption coefficient becomes zero, but the
refractive indices of the intersubband transitions are in-
creased.

Having these in mind, to study QW bright optical lattice
we consider the length of the waveguide structure to be
350 �m and the period of the QW corrugation to be

783.5 nm. This allows us to have both intersubband and
Bragg resonances at the same wavelength. In addition, we
consider the In content �x� in the InxAl1−xAs filling layer
such that, in the absence of the control field, the effective
refractive indices of the trenches are slightly higher than

FIG. 7. �Color online� The absorption coefficient �a� and refrac-
tive index change �b� of the 1-2 transition when the control field is
resonant with the a-2 transition in Fig. 2. The thin solid, dashed,
and thick solid lines refer, respectively, to the simulation results
obtained assuming Ic=0.02, 0.11, and 0.42 MW per cm2.

FIG. 8. Reflection of waveguide structure shown in Fig. 1�a�
under the same conditions as those of Fig. 7 for various control field
intensities �Ic�. Here �a� refers to Ic=0, �b� to 0.11, �c� to
0.42 MW per cm2. All other specifications are the same as those in
Fig. 7.
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those of the regions with QWs. Under these conditions,
variations of the waveguide reflection under different inten-
sities of the control field are shown in Fig. 8. For Ic=0, due
to the index corrugation, there is a slight amount of back
reflection �Fig. 8�a��. This is because of the fact that, com-
pared to that in the preceding section, here the length of the
wavelength is shorter and the refractive index contrast be-
tween QWs and trenches is much smaller. For Ic
=0.11 MW per cm2, however, the residual of the index con-
trast is reduced significantly �i=−0.1 cm−1� while g be-
comes roughly 14 cm−1 �Fig. 8�b��. This corresponds to the
case where the back reflection mostly occurs due to the gain
corrugation associated with the periodic regions with GWI.
For Ic=0.42 MW per cm2, the contribution of i remains in-
significant while g becomes 16.5 cm−1 �Fig. 8�c��. The
cases shown in Figs. 8�b� and 8�c� refer to the bright optical
lattice limit where the waveguide structure has a nearly uni-
form effective refractive index, but light scattering occurs via
periodic gain corrugation. Note that in these cases, the signal
field is resonant with both the 1-2 transition and the photonic
resonance associated with the Bragg scattering in the wave-
guide structure.

The results presented in Fig. 8 indicate that the bright
optical lattice does not strongly depend on the control field
intensity. In fact, with Ic=0.11 MW per cm2, we can see
scattering at the Bragg wavelength. This situation does not
change even when Ic becomes as large as 0.42 MW per cm2.
The main effect of the field intensity here is to increase the
gain corrugation contrast, as indicated by the increase of g.
This issue can be explained by considering the fact that
within the wavelength range contributed to the light scatter-
ing and for the field intensities considered here, we have
similar refractive index dispersions �dashed and dotted lines
in Fig. 7�b��. This happens for different amounts of gain at

the central wavelength. In any case, however, the bright op-
tical lattices here are generated via strongly frequency-
dependent refractive index and gain. In fact, within the
wavelength range indicated in Fig. 8, the 1-2 transition has
its maximum index and gain dispersions.

V. CONCLUSIONS

In conclusion, we studied the application of quantum co-
herence associated with the conduction intersubband transi-
tions in n-doped quantum wells to generate dark and bright
optical lattices and optically switch a 1D PBG. The optical
lattices were composed of periodic arrangements of near-
resonant absorbing and resonant gain regions in a waveguide
structure in the absence of any refractive index variations.
We showed that in the absence of the IR field responsible for
the absorbing regions, the waveguide structure exhibited a
nonresonant 1D PBG associated with the background refrac-
tive index contrast of the embedded corrugated QW struc-
ture. However, as the intensity of this field was increased, the
structure developed a resonance. This allowed the corrugated
QW structures in the waveguide to act as periodic resonant
regions, forming dark optical lattice when they developed
absorption via IR-induced coherent effects. We also showed
that when the coherent effects generated gain without inver-
sion in the periodic QW regions, a bright optical lattice was
formed. In both of these cases, the refractive index contrast
was totally canceled out via enhancement of refractive indi-
ces of the corrugated QW structure. We also showed that one
could expect Bragg scattering of a signal field from these
optical lattices, when its frequency satisfies the Bragg condi-
tion and/or being near-resonant or resonant with the conduc-
tion intersubband transitions.
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