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We propose coherently generated photonic heterostructures using a functional photonic superstructure. In the
absence of a laser field �control field�, such a structure exhibits a conventional passive �off-resonant� photonic
band gap. When a region�s� of such a structure is illuminated by the control field, coherent enhancement of
refractive index increases the refractive index perturbations of that region, while electromagnetically induced
transparency keeps it lossless. This forms a photonic heterostructure consisting of a passive �unilluminated
region� and an active �illuminated region� photonic band gap structures. Using such a superstructure, we study
a coherently generated photonic quantum well structure wherein two active photonic band gaps sandwich a
passive region. We show that, since the active photonic band gaps are roughly twice wider than the passive
band gap, they form two photonic barriers around the transparency band located at the longer wavelength side
of the passive photonic band gap. This leads to formation of resonant transparency states or photonic subbands,
similar to the conduction or valence subbands in electronic quantum well structures. We show that the energies
and linewidths of such photonic subbands can be coherently controlled by just adjusting the control field beam.
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The analogy between photons in spatially periodic dielec-
tric structures and electrons in crystalline semiconductors has
led to significant research for fundamental and device appli-
cations. These applications include nanodevices, quantum
computing, light sources, quantum buffers, etc.1,2 Significant
attempts have been devoted to confine photons in one-, two-,
or three-dimensional photonic band gap �PBG� systems,
similar to confinement of electrons in quantum wells, wires,
or dots. Construction of a photonic quantum dot via pattern-
ing a planar optical microcavity structure has already been
reported.3 Here, by decreasing the lateral size of the struc-
ture, the optical modes shift to higher energies. These modes
are analogous to sharp discrete states of an electronic quan-
tum dot.4,5 By bringing two or more photonic quantum dots
together, as shown in Ref. 6, one can also form a “photonic
molecule.” The spectroscopy of such a structure has shown
that the energy splitting of the confined photonic modes in-
creases with the decreasing the length of the channel joining
the two dots, in close analogy to the emergence of electronic
bonding and antibonding modes in diatomic molecules. Pho-
tonic quantum wells �QWs� have also been studied by sand-
wiching a medium between photonic barriers formed by sev-
eral layers of semiconductors. The presence of quantized
confined states in such structures, similar to those in semi-
conductor quantum wells, has been investigated.7,8

In the above cases, the photonic potentials responsible for
confining photons were generated by spatial variation of
semiconductor materials, either by etching or forming a het-
erostructure of semiconductor materials with different refrac-
tive indices. In this paper, we propose formation of photonic
barriers using quantum interference and coherence in semi-
conductors. In other words, we are investigating cases where

such barriers are formed by coherent enhancement of refrac-
tive index in the presence of electromagnetically induced
transparency �EIT�. For this purpose, we are studying a func-
tional waveguide structure or photonic superstructure that in
the absence of a laser field �control field� forms a passive
photonic band gap caused by its background refractive index
corrugation. Since such a band gap is associated with light
scattering along the whole structure with uniform refractive
index perturbation �Fig. 1�a��, this structure resembles a bulk
semiconductor with an electronic band gap. In other words,
the waveguide structure acts as a homogeneous photonic
band gap structure. As illustrated schematically in Figs. 1�b�
and 1�c�, however, when a portion�s� of such a waveguide
structure is illuminated by the control field, the refractive
index contrast in that region enhances via coherent enhance-
ment of refractive index. This process happens as the control
field activates some of the transitions of the QW with wave-
lengths similar to the Bragg wavelength, making the illumi-
nated region to act as an active PBG structure.9 As we show
in this paper, this sets up a photonic heterostructure associ-
ated with the band gap differences between the unilluminated
and illuminated regions. We use this property and the fact
that the illuminated regions can be easily shifted to any part
of the waveguide to demonstrate formation of electromag-
netically induced photonic barriers and photonic QWs. As
can be seen in Fig. 1, the width of the photonic barrier �Lb�
corresponds to the length of the region of the waveguide
illuminated by the control field �Fig. 1�b��. The width of the
photonic QW �Lw�, on the other hand, corresponds to the
length of unilliminated region flanked by two illuminated
regions �Fig. 1�c��.

Note that the photonic heterostructures studied in this pa-
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per have a special resemblance with electronic QW struc-
tures. Such QW structures are formed by sandwiching a nar-
rower band gap semiconductor material between two wider
band gap semiconductor layers �Fig. 2�a��. The discrete
states �subbands� are formed inside the conduction or va-
lence bands of the narrower band gap �well� semiconductor.
The number of these subbands, their energies, and linewidths
are determined by the conduction or valence band offsets,
which are related to the difference between the electronic
gaps of the barriers and the well. They also depend on the
width of the middle layer �Fig. 2�a��. The photonic QW
structures investigated here are also composed of a narrower
band gap section �passive PBG� and two wider band gap

barriers �active photonic PBGs�. As shown in Fig. 2�b� and
discussed in the following, because of the arrangement of
these band gaps, the shorter wavelength edges of these band
gaps are nearly aligned. The discrete transparency states
�photonic subbands�, therefore, are formed in the transpar-
ency region at the longer wavelength side of the passive
PBG.

Another fundamental issue in this study is the fact that
one can adjust the widths of the photonic barriers and quan-
tum wells by just varying the widths of the illuminated re-
gions. Therefore, one can have control over the photonic
subbands, their widths, and energies by adjusting the control
field beam. Our results show that as the width of the photo-
nic QW reduces, the photonic subband are shifted to the
longer wavelength side, toward the edge of the photonic bar-
rier formed by active photonic band gaps. This suggests that
the photonic subbands here are, in fact, valencelike, as indi-
cated in Fig. 2�b� �PS1, PS2, etc.�. Note that the response
time of the system considered in this paper is around pico-
second. This allows one to switch off or on the processes
discussed here in ultrafast fashion. Therefore, the results of
this paper can have applications in various types of optical
tunable filters, switches, and laser systems.

Note that, in this paper, we are dealing with coherent non-
linear effects that allow us to optically generate active PBG
structures. Active PBGs have also been studied using super-
radiant excitons, wherein optical coupling between excitons
in different QWs led to the band gap.10 Additionally, tuning
of passive PBGs have been investigated using electro- and
thermo-optics effects of infiltrated liquid crystals11 or carrier
effects generated by intense laser fields.12 In such structures,
one can also use the strong localization of optical field
caused by defects to enhance nonlinear effects in dielectrics
and quantum dots 13,14 or to electrically tune the frequency of
a defect lasing mode.15

Note that the photonic barriers and QWs discussed in this
paper are caused by the ability of the functional PBG struc-
ture considered here to generate a series of passive and active
PBG structures in a single semiconductor chip.9 Such a
structure contains several periods of a semiconductor
n-doped double QW �DQW� structure �Fig. 3�a�, inset� used
in a corrugated form in a waveguide structure, as shown in
Fig. 1. The QW structure consists of a populated ground
subband ��1�� and two upper subbands ��1� and �3��. When the
control laser is off, the 2-3 transitions, which have similar
wavelengths as the Bragg wavelength, are not visible to the
probe field. Therefore, the structure acts as passive PBG.
When the control laser is coherently mixing the 1-3 transi-
tions, however, carriers are excited in �2� and �3�, making the
2-3 transition visible to the probe field. Here, however, de-
spite the fact that the electron population in �2� is more than
that in �3�, EIT makes the 2-3 transitions transparent to the
probe field at a narrow frequency range, allowing formation
of an active PBG. Since this process happens with enhance-
ment of refractive index of such transitions, as shown sche-
matically in Fig. 1, it can lead to significant increase of re-
fractive index contrast in the illuminated regions without
causing any loss.

To discuss these issues quantitatively, we consider the
DQW structure consists of 4 and 2 nm In0.5Ga0.5As wells
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FIG. 1. �Color online� �a� Schematic representation of the func-
tional PBG waveguide structure or photonic superstructure studied
in this paper. The parallel lines refer to the corrugated QW regions.
The arrows refer to the control field beam illuminating the wave-
guide structure from the side in one �b� or two locations �c�. Lb

refers to the length of the illuminated region �barrier�, and in �c� Lw

represents the width of the photonic QW. In each part, the stepped
line refers to the refractive index perturbation along the waveguide.
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FIG. 2. �Color online� Schematic representations of a single
semiconductor QW �a� and photonic QW studied in this paper �b�.
In �a�, c1 and c2 refer to the discrete states inside the conduction
band of the narrower band gap layer, and v1 and v2 to those inside
the valence band. In �b�, PS1 and PS2 refer to the photonic sub-
bands on the longer wavelength transparent side of the passive
PBG, corresponding to Fig. 1�c�. The doubled-sided arrows repre-
sent the electronic �a� or photonic �b� band gaps.
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separated by 1.5 nm Al0.5Ga0.5As barrier �Fig. 3�a�, inset�.9
The left and right barriers are, respectively, Al0.4Ga0.6As and
Al0.55Ga0.45As. Including the effects of strain and energy-
dependent electron effective mass, we find a relatively large
dipole moment for the 2-3 transition ��z�23�2.7 nm� with a
transition wavelength of about 5.2 �m. The 1-3 transition
occurs at 3.17 �m with �z�13=0.8 nm. We considered that
the electron-electron scattering rate in the ground subband
was 4 ps−1 and the energy relaxation times of electrons from
the third subband to the second and first subbands were,
respectively, 2 and 3 ps.16 In addition, considering the 1-2
transition energy �152 meV� and the carrier density �7
�1011 cm−2�, we assumed that the tunneling time from �2� to
�1� was roughly 2.5 ps. The optical response of such a DQW
system at the vicinity of the 2-3 transition was calculated
using the optical Bloch equations obtained from the follow-
ing equation:

�̇k = −
i

�
�H + V,�k� + ��̇k�relax. �1�

Here, � refers to the density matrix of the system, H to its
Hamiltonian in the absence of the signal and control fields,
and V to the interaction terms of these fields. The second
term in the right hand side of Eq. �1� represents the incoher-
ent contributions of the electron-electron and electron-
phonon scattering processes. This term contains energy re-
laxation times, as described above, and polarization
dephasing time ��ij

−1�. For the latter, based on the parameters
mentioned above, we considered �13

−1=0.41, �12
−1=0.45, and

�23
−1=1.56 ps. Having the density matrix, we calculated the

susceptibility and then absorption and refractive index of the
2-3 transition.

When the control field is off, the 2-3 transition is basically
transparent with a refractive index equal to that of the back-
ground index of the DQW structure �nb� �Fig. 3, dashed
lines�. In the presence of this field, the absorption coefficient
and refractive index of this transition can change dramati-

cally. In particular, if we consider that the intensity of this
field �Ic� is 0.7 MW /cm2 and its wavelength is 3.2 �m, as
shown in Fig. 3�a�, around 5.3 �m an EIT is generated
�downward arrow�. Considering Fig. 3�b�, around the same
wavelength, one finds significant enhancement of refractive
index. Note that this process is caused by the same resonant
coherent processes that generate EIT. Therefore, it is differ-
ent from the index change caused by carrier effects, liquid
crystals, or electric field. EIT and coherent enhancement of
refractive index have already been utilized for various appli-
cations including coherently induced PBG and laser
systems.9,17,18

To study coherent generation of photonic QWs and barri-
ers, we consider that the waveguide structure studied here
contains 80 periods of the DQW structure etched periodically
with 845 nm period. The trenches are then refilled epitaxially
with InxAl1−xAs. The In content �x� here is adjusted such that
the effective refractive indices of these regions �trenches� are
less than those of the QW regions in the absence of the
control field. The substrate is GaAs and the lower confine-
ment layer is a graded InxAl1−xAs layer, allowing accommo-
dation of high strain and providing the optical confinement
needed for the waveguide structure. The upper confinement
layer is also taken to be InxAl1−xAs with an average refrac-
tive index of 3 in the vicinity of 5 �m, similar to that of the
lower confinement layer. The length of total waveguide �Lt�
is considered to be 1200 �m and the facets are AR coated.
We also assume that the DQWs located a narrow-width ridge
illuminated from the side by the control field. This allows us
to ignore variation of the control field intensity.9

To treat light propagation in the waveguide structure de-
scribed above, we employed an extended version of the
coupled mode theory. In such a theory, we consistently in-
cluded the strong frequency dependency of both refractive
index and absorption at the vicinity of the tranpsarency win-
dow �downward arrows in Fig. 3�.9,18 Based on this theory,
the electric field along the waveguide can be expressed as

E�c

Ic ��,z� = F�c

Ic ��,z�e−j�0z + R�c

Ic ��,z�ej�0z. �2�

Here, the indices emphasize on the fact here that the optical
field propagation along the waveguide is strongly influenced
by the intensity �Ic� and frequency ��c� of the control field.
For the first order corrugation with period 	 considered here,
we have �0=
 /	. F�c

Ic �� ,z� and R�c

Ic �� ,z� refer to the for-
ward and backward waves with frequency � along the propa-
gation direction �z�. To find these functions, we adopt a
transfer matrix method, including the effects of the control
field:

	F�c

Ic ��,Lt�

R�c

Ic ��,Lt�

 = T�c

Ic ��,Lt�	F�c

Ic ��,0�

R�c

Ic ��,0� 
 . �3�

Here, T�c

Ic �� ,Lt� refers to the total transfer matrix. For coher-
ently induced barrier �Fig. 1�b��, this is given by

T�c

Ic ��,Lt� = T��,L�T̂�c

Ic ��,Lb�T��,L� , �4�

while for the photonic QW, we have
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FIG. 3. Absorption coefficient �a� and refractive index �b� of the
2-3 transitions when Ic=0.7 MW /cm2. The detuning of the control
field is considered 4.1 meV. The downward arrow in �a� indicates
the wavelength where EIT occurs and that in �b� shows the en-
hancement of refractive index at the same wavelength. The dashed
lines refer to the case when Ic=0. The inset in �a� schematically
shows the double QW structure. The energies of the 1-3 and 2-3
transitions in such a structure are, respectively, 391 and 239 meV.
The former is coupled by the control field �double-sided arrow�, and
the latter is detected by the probe field �upward arrow�.
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T�c

Ic ��,Lt� = T̂�c

Ic ��,Lb�Tp��,Lw�T̂�c

Ic ��,Lb� . �5�

Here, T̂�c

Ic �� ,Lb� refers the transfer matrix of the illuminated
regions forming the barriers or active PBG. Lw refers to the
length of the unilluminated passive region �photonic QW
width� when it is flanked by two illuminated regions �Fig.
1�c��. Lb refers to the width of the region influenced by the
control laser, i.e., the barrier width.

T̂�c

Ic �� ,Lb� is given by

T�c

Ic ��,Lb� = 	T11 T12

T21 T21



�c,Ic

, �6�

where

T11 = cosh���c

Ic ���Lb� + ��

2
− j�� sinh���c

Ic ���Lb�

��c

Ic ���
, �7�

T12 = − j�c

Ic
sinh���c

Ic ���Lb�

��c

Ic ���
, �8�

T21 = j�c

Ic
sinh���c

Ic ���Lb�

��c

Ic ���
, �9�

T22 = cosh���c

Ic ���Lb� − ��

2
− j�� sinh���c

Ic ���Lb�

��c

Ic ���
. �10�

Here, ��c

Ic ���=�� �
2 − j��2+ ��c

Ic �2�0.5, �= �
c neff−�0 in which

neff refers the effective refractive index and �c

Ic is the cou-
pling efficient calculated as reported in Refs. 9 and 18. Note
that all these parameters are not only functions of Ic and �c,
as explicitly shown, but also depend on �, the signal fre-
quency. � refers to the net modal loss of the system. Transfer
functions of the passive parts, i.e., the regions not exposed to
the control field, have similar functionalities. However, they
are independent of �, �c, and Ic. In addition, their coupling
coefficients are real. Note that the parameters used in Eqs.
�7�–�10� were obtained by the set of frequency-dependent
coupled mode equations describing propagation of light
wave in a medium with perturbation of complex
susceptibilities.9

To start, we consider the case of a photonic barrier,
formed by setting up an active PBG at the middle of the
photonic superstructure �Fig. 1�b��. Here, in the absence of
the control laser, or when Lb=0, the structure acts as a pas-
sive PBG with a band gap, as shown in Fig. 4�a�. Now, if we
assume that the control laser field has the the same intensity
and wavelength as those in Fig. 3 �Ic=0.7 MW /cm2 and �c
=3.2 �m�, illuminating a region with length of Lb, the reflec-
tion changes peculiarly. Here, while the shorter wavelength
side of the spectrum remains fairly unchanged, the longer
wavelength side of the band gap evolves drastically with the
increase of Lb. In fact, as this happens, the ripples in the
longer wavelength side of the PBG are reduced in number
while becoming broad. For Lb=240 �m, the number of these

ripples reduces to two �Fig. 4�e��. When Lb is nearly half of
the total length of the waveguide �Lt=1200 �m�, all the
ripples are nearly gone and the waveguide acts as a PBG
structure with a band gap nearly two times wider than that of
the passive PBG �not shown�. For larger Lb, the enhanced
band gap remains unchanged. When Lb=1200 �m, i.e., the
laser illuminates the whole structure, the PBG acts again as a
homogeneous active photonic structure �Fig. 4�f��. Note that,
in contrast to the passive PBG �Fig. 4�a��, here the probe
field is near resonant with the transitions that have relatively
large number of electrons in their lower levels and their
wavelengths are similar to the Bragg wavelength, i.e., the 2-3
transitions.9

The results in Fig. 4 can be qualitatively explained con-
sidering how variation of Lb changes reflection spectra of the
active and passive regions in the superstructure. As a matter
of fact, with the increase of Lb the active part starts to de-
velop a band gap while the reflection of the passive part loses
its strength, as it is fragmented into two sections and the
length of each section becomes smaller with the increase of
Lb. To get some idea about these processes, in Fig. 5�b�, we
show the reflections of the isolated passive and active re-
gions �homogeneous PBGs� each with 400 �m length. In
Fig. 5�a�, the whole reflection of the superstructure with Lb
=400 �m and Łt=1200 �m is shown, similar to Fig. 4. Note
that in this case since we consider that the illuminated region
is centered at the middle of the waveguide �Fig. 1�b��, we
have one active region and two passive regions all with the
same lengths. Note also that according to Fig. 5�b�, for a
length of 400 �m, the band gap of the active region is nearly
fully formed. This suggests that the reflection seen in Fig.
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FIG. 4. Variation of the reflection spectra of the waveguide
structure when a single central region with different widths �Lb� is
illuminated by the control laser field. The intensity and frequency of
this laser are considered the same as those in Fig. 2.
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5�a� is mostly dominated by that of the active region. Addi-
tionally, in contrast to what we see in Fig. 5�b�, the contri-
bution of the passive part in the superstructure �Fig. 5�a�� is
expected to have some redshift, as in practice part of its light
scattering happens in the active region, which has higher
effective refractive index. In a similar manner, since some of
the light scattering associated with the active region in this
structure happens in the passive parts, the effective refractive
index of the active region should be slightly less than the
isolated case considered in Fig. 5�b�. As a result, in this
figure, one should consider a slight redshift �blueshift� for
the passive �active� spectrum to have a better description of
the events seen in Figs. 5�a� and 4.

In the above cases, we assumed that the control field illu-
minated the middle of the waveguide structure, forming an
active PBG with two passive regions with equal lengths at its
sides. An interesting feature of such a structure, however, is
that one can shift the position of the active PBG along the
waveguide structure. This can be done by steering the laser
beam along the waveguide structure, allowing it to illuminate
a different location of the waveguide �Fig. 6�. Figure 7 rep-
resents how the reflection of the photonic superstructure
changes as the location of the active PBG �Lb=280 �m� is
shifted from the center to the edge. In �a�, the active PBG is
at the center �Lc=600 �m� and in �d� it is located at the edge
�Lc=140 �m�. Note that the phenomena seen here can be

explained considering the fact that, although the length of the
active region remains unchanged, the lengths of the seg-
mented passive sections are changing. In fact, as Lc de-
creases the length of one of the passive regions increases
while the other decreases. In the case of Fig. 7�d�, we have
one passive PBG with a length of 920 �m and an active
region with a 280 �m length.

To generate photonic QW, we consider that the control
laser illuminates two regions around the edges of the wave-
guide, forming two barriers �Fig. 1�c��. We also consider that
the widths of these barriers are same, but similar to the case
of Fig. 4 their magnitudes �Lb� are changed by controlling
the width of the illuminated regions. The results of calcula-
tions are rather unique. As shown in Fig. 8�b�, when the
width of each barrier is 100 �m, we see a significant change
in the longer wavelength side of the band gap. For Lb
=200 �m, i.e., Lw=800 �m, we start to see reduction of the
number of the ripples while they are becoming quite sharp
�Fig. 8�c��. For wider barriers �narrower QW�, we basically
see formation of a PBG with enhanced band gap but with
some very sharp resonances within �Fig. 8�d��. The larger Lb
becomes, i.e., Lw decreases, the number of these ultrasharp
transmission resonances is reduced while they undergo red
energy shifting. For Lb=550 �m or Lw=100 �m �Fig. 8�g��,
the remaining single resonance approaches the longer wave-
length edge of the active PBG.

The results presented in Fig. 8 are analogous to the con-
duction or valence subbands of a single electronic QW struc-
ture �Fig. 2�a��. In such structures, the number of the quan-
tized states formed within the conduction or valence band of
the well depends on its width and the band offset. The trans-
mission resonances seen in Fig. 8 are formed inside the
longer wavelength transparent region of the passive region.
As one can see, under no condition, any state is formed in-
side the shorter wavelength region of the band gap, which
coincides with the photonic band gap of the unilluminated
passive part. The number and energies of such photonic sub-
bands also seem to follow the same rules as the conduction
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FIG. 5. �Color online� �a� Reflection of the photonic superstruc-
ture with the length of active PBG is 400 �m �Fig. 1�b��. �b� Sepa-
rate reflections of the active and the passive PBGs each with
400 �m length. Other specifications are the same as those in Fig. 4.
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FIG. 6. �Color online� Shift of the photonic barrier �active PBG�
via steering of the control field beam.
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FIG. 7. Variation of the reflection of the waveguide structure
when the illuminated region �active PBG� is shifted from the center
to the edge �Fig. 6�. Lc refers to the distance of the center of the
illuminated region �Lb=280 �m� from the left edge. All other
specifications are the same as those in Fig. 4.
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or valence subbands of semiconductor QWs. The redshift of
the photonic resonances �subbands� toward longer wave-
lengths is particularly interesting. Such a shift indicates

reaching the band edge of the active PBG as Lw decreases,
similar to the semiconductor QWs. This feature suggests that
the photonic subbands here are mostly valencelike, as de-
picted in Fig. 2�b�. Regarding the results in Fig. 8, note that
enhancement of refractive index in barrier regions causes
redshift of the Bragg wavelength, moving the whole PBG
toward longer wavelengths. This, however, comes with dra-
matic enhancement of the band gap. As a result, comparison
between Figs. 8�a� and 8�h� shows that the shorter wave-
length edges of the passive and active PBGs are not very
different. Because of this and the fact that in photonic QW
considered here light scattering in the central region is influ-
enced by higher refractive indices in the barrier regions, no
significant potential difference between well and barrier re-
gions in shorter wavelength side can be seen here. This fea-
ture has been illustrated in Fig. 2�b� as nearly a flatband in
the shorter wavelength side.

In conclusion, we proposed that formation of photonic
QWs and barriers in a photonic structure consists of a wave-
guide structure with a uniform corrugation of a multiquan-
tum well structure. The photonic QW and barrier were
formed by illumination of the waveguide structure with a
laser field, increasing the refractive index perturbation in the
illuminated region. This allowed the structure to act as a
tandem of two or more passive and active PBGs. Such a
process sets up a photonic potential, allowing us to change
propagation of the light through the waveguide or form con-
fined photonic states. The former happens when two of such
photonic potentials were formed. We showed that by chang-
ing the widths of the illuminated regions, we could adjust the
width of the photonic QW. This allows us to have control
over the widths and energies of the transmission resonances
formed in the transparent region on the longer wavelength
side of the unilluminated region band gap.
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FIG. 8. Reflection of the waveguide structure when two regions
of the waveguide are illuminated by the control field �Fig. 1�c��.
The intensity and wavelength of the laser are considered to be simi-
lar to those in Fig. 2. The numbers on the left top corners refer to
the width of each illuminated region �Lb�. The widths of the central
unilluminated regions of the waveguide �Lw� are then 1000, 800,
580, 320, 200, 100, and 0 �m in �b�–�h�, respectively.
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