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Abstract
In this work, we show the feasibility of all-optical control of time delay in a Bragg grating with an active defect that consists in an
asymmetric double quantum-well GaAs/AlxGa1xAs. The double quantum-well is modeled as a K-V-type four level system. The refractive index of the defect can be modiﬁed by a control ﬁeld due to the tunneling-induced quantum interference. It is shown that index
changes as large as 0.4 can be obtained via cross-phase modulation. This allows for the development of a propagating mode at the
selected wavelength. The existence of the mode permits the slow-down of light pulses, thus the system may act as a delay line with a
group index as high as 100 operating at bandwidths of tens of GHz. We demonstrate that this defective photonic bandgap structure
could enable ultrafast and ultrasensitive nonlinear all-optical switching at moderate powers of the control ﬁeld.
Ó 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Recent dramatic experimental demonstration of slow and
fast light has stimulated considerable interest in the dynamic
control of the group velocity of light and in the development
of tunable all-optical delays for applications such as optical
buﬀers. Two methods are generally exploited to control
optical delay: one of them is by using dispersive devices
and the other rests in the modiﬁcation of the group index
of an optical medium [1–6]. The ﬁrst approach is structural,
where one aims for ﬁnding an optimal structure that will
enhance the nonlinear response (through its geometrical
properties). Some of the most promising systems that
explore this approach are Fabry–Perot resonators, high Q
cavities, and photonic crystals. The second approach makes
use of nonlinear optics such as electromagnetically induced
transparency (EIT) [1–3], coherent population oscillation
(CPO) [5], Raman [7,8] and Brillouin ampliﬁcation [9–11].
These nonlinear optical techniques have been extensively
*
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studied in atomic systems, however the corresponding counterparts in solid state crystals, ﬁbers, and semiconductors
would be extremely attractive in order to obtain optical tunable delay lines, buﬀers and other practical applications. EIT
in a solid has been carried out with a rare-earth doped matrix
[12]. Experimental results show a slow-down factor of 107
using EIT in a gas cell at 350 K and in a Pr:doped solid at
5 K [13]. Some of the usual coherent eﬀects which are present
in dilute systems have been investigated theoretically and
experimentally in semiconductors [14–16]. In particular,
EIT was experimentally obtained using exciton and biexciton transitions in a quantum-well (QW) structure [17–20].
There are additional studies on laser without inversion
(LWI), refractive index enhancement in semiconductor
nano-structures for coherent mid-to far-infrared radiation
generation [21], optical storage [22], and for sensitive infrared detectors [23]. Several schemes for achieving EIT or
LWI have been proposed, and the observation of a strong
absorption reduction in intersubband transitions have been
recently reported. In particular, Fano-type interferences in
quantum well structures have been experimentally observed
[24]. In addition, extremely useful devices such as ultrafast
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optical switches [25,26], and quantum switches [27] based on
Fano-type interferences in double quantum wells have been
reported. In these cases the coherence is established by resonant tunneling which enables one to change the coupling
strength with a bias voltage. Devices which take advantage
of intersubband transitions in quantum wells have inherent
advantages, such as slow-light eﬀects at bandwidths greater
than GHz, large electric dipole moments due to the small
eﬀective electron mass, and a great ﬂexibility in the device
design by a proper selection of the materials and their sizes.
However, the fast decoherence of optical excitations in semiconductors imposes a severe limitation on the achievable
group velocity reduction. Advances in atom-like semiconductor nanostructures such as quantum dots make possible
the achievement of a large slow-down factor [28].
On the other hand, recent research eﬀorts have been
focused on replacing relatively bulky ﬁber-optic delay-line
systems with compact integrated devices. Approaches have
included the use of all-pass ﬁlters [29–31], coupled resonator optical waveguides [32–38] and Bragg gratings [39].
Photonic bandgap (PBG) materials represent a new type
of optical medium, where the refractive index periodicity
introduces optical bandgaps – energy bands with no available photon states – at frequencies where the optical wave
vector is related to the grating wave vector. This leads to a
high reﬂectance over a range of wavelengths which is proportional to the index contrast of the structure. In this
sense, it is possible to engineer devices that enhance the
interaction strength between the electromagnetic ﬁeld and
the medium. These devices are ultimately limited by the resonator quality factor Q. Moreover, tuning the time-delay
requires precise spatial control over the thermal, optical,
or electric control ﬁelds. Previous works in ideal 1D structures suggested that near a photonic band edge, a large
delay tunability can be achieved for a small change in
refractive index [39,40]. Pulses incident near the transmission band-edge resonances experience a group delay that
is proportional to the density of modes of the band-gap.
The density of modes exhibits abrupt changes at the edge
of the gap, thus the group velocity for the incident pulse
will be very small and the delay achieved could be very
large. However, some complications emerge when designing an hetero-structure that places a particular wavelength
at the band-edge resonances. The diﬃculties arise from the
fact that the wavelengths positions of the resonances not
only depend on the refractive indices of the distributed
Bragg reﬂector (DBR) but on the number of layers. This
fact makes unstable the band-edge position. In order to
make use of the PBG platform advantages, Sadhegi et al.
[41,42] have proposed one-dimensional bright and dark
optical lattices where Bragg scattering occurs via EIT in
a n-doped semiconductor quantum-well, which may be
assimilated to a three-level atom, embedded in a waveguide
structure.
In this work, we examine a similar approach to obtain
an integrated tunable time-delay device by combining a resonant Bragg structure and a slow-light material. An exam-

645

ple of such a device is a 1D PBG, schematically shown in
Fig. 1. The cavity consists of two PBG reﬂectors with a
defect layer sandwiched in between, and placed inside of
a PBG waveguide. We consider a defect formed by an
asymmetric double quantum well structure where Fanotype interferences take place and allow for cross-phase
modulation when both the signal and the control ﬁeld are
present. While the quantum well considered in Ref. [41]
may be assimilated to a three level system where the coupling ﬁeld produces electromagnetic induced absorption
(EIA) accompanied by index enhancement for the probe
ﬁeld and operates at 5.87 lm, in our case the QW may be
modeled as a four-level system of the K-V-type where
EIT-like phenomenon is obtained even in the absence of
the coupling ﬁeld. In fact, the role of the coupling ﬁeld in
our structure is replaced by the interaction between intermediate subbands through tunneling, i.e., transparency
arises from the destructive interference between the two
optical paths j2i M j1i and j3i M j1i (see Fig. 1b). One
can then envision inducing strong cross-phase modulation
between the control and probe ﬁelds in such a way that a
small change in the Rabi frequency of the control ﬁeld
induces a measurable shift of the position of the optical resonance which is accompanied by a change in the refractive
index while keeping constant the absorption level. The
operating principles of the considered structure relies in
the fact that the defect introduces a phase shift which
depends on its length (LD) and its refractive index (nD).
For proper values of LD and nD a propagation mode
appears at the desired wavelength into the band-gap which
will allow for the corresponding reduction on the group
velocity of light pulses. In particular, we illustrate our
results by using real experimental parameters corresponding to the case of GaAs-AlxGa1xAs whose relevant conduction band energy levels are shown in Fig. 1. Schmidt
et al. have observed tunneling induced transparency in this
quantum well [24]. This structure operates at 9.36 lm.
Although this range of the electromagnetic spectrum is of
interest for detection purposes [23], a better frequency
range for the probe ﬁeld in the range of 1.5 lm used for
communications should be desirable. This would require
an adequate selection of the materials in order to design
the QW while maintaining the dephasing rates at such
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Fig. 1. (a) Schematic representation of a passive 1D photonic bandgap
structure with an active defect site at its center. The corrugated QW
structure is located between the upper and lower cladding layers. (b)
Conduction subbands of the double quantum well in the bare basis.
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levels that the coherence phenomena will be preserved. In
this proof-of-principle study we have selected a QW where
all the physical parameters required for simulations are disposable [26]. In addition, Fano-interferences have been
proved experimentally to occur in this QW [24,26] and
has been a subject of consideration [43]. All-optical bistability have been predicted to take place in this type of
QW [44] and large cross-phase modulation could be
achieved with vanishing both linear and two-photon
absorption [45]. In this work we have tried to ﬁnd convenient control parameters to make the advantages of semiconductor materials accessible for possible applications.
In contrast to other works which obtain tunability by
applying voltage [46–48] or temperature [49], here we propose a scheme that combines the resonant properties of the
Bragg structure and the quantum coherence and interference properties in a double quantum well.
We also address the question of whether the proposed
system may exhibit all-optical switching operation. This
question has been previously considered in sophisticated
systems with a high-ﬁnesse Fabry–Perot cavity containing
ultracold resonant atoms [2,60]. Another exciting proposal
based in a planar photonic crystal have been analyzed by
Soljačić [61,62] in a hybrid photonic crystal microcavity
where a single ultraslow light atom has been inserted at
its center. They obtained all-optical switching at ultraslow
energy levels via the cross-phase modulation produced in
the N-type atomic system. In this work we show that a corrugated multiple quantum well embedded between Bragg
reﬂectors may act as the semiconductor analog of the photonic crystal microcavity considered in [61]. In our case,
tunneling-induced transparency can serve as the ‘‘second’’
arm in the V conﬁguration of the EIT scheme. This
approach diﬀers from the usual N-type conﬁguration in
the fact that the tunneling scheme is not a time varying perturbation, such as the pump ﬁeld which connects the two
intermediate levels in the N-type atom, but a stationary
ingredient of the double quantum-well. In view of this,
we only use two coherent ﬁelds for obtaining the all-optical
switching, whereas in the N-type atom based scheme three
coherent ﬁelds are needed.
The paper is organized as follows: Section 2 establishes
the model, i.e. the Hamiltonian of the system and the evolution equation of the atomic operators assuming the rotating wave approximation. Section 3 deals with the creation
of a propagation mode in a corrugated structure which
makes the system to act as a tunable ﬁlter and will allow
for the slow-down of light. Section 4 summarizes the main
conclusions.

multi-QW structure refer to the teeth of the gratings and
the brighter regions to the trenches formed by etching the
QW’s and ﬁlling the trenches with another proper semiconductor material. The refractive index of the teeth/trenches
is nH/nL. A defect is introduced at the center of the corrugated multi-QW structure. The defect is formed by several
periods of a n-doped double QW structure which is shown
schematically in Fig. 1b. It consists of two quantum wells
that are separated by a narrow barrier. Below the defect
a uniform gain layer is introduced in order to compensate
for the losses. The system can be described by means of a
four-level system where j1i and j4i are the ground state
of the deep well and the ﬁrst excited state of the shallow
well, respectively. The states j2i and j3i are the result of
mixing the ground state of the shallow well and the ﬁrst
excited state of the deep well when considered isolated each
other.
The angular frequencies of the probe and control ﬁelds
are xp and xc, respectively. Elementary processes to be
taken into account comprise radiative excitation in both
wells, electron tunneling between the wells, and relaxation
of populations and polarizations. We assume that the carrier density in the double quantum well is low enough that
an independent particle picture is valid [39,58,59]. In addition, we have taken the four subbands to have the same
eﬀective mass so the k-th dependence of the density matrix
elements may be ignored. Thus we can model the coherent
optical interactions using the atomic-like K-V-type four
level system. This model is, of course, oversimpliﬁed. A
more realistic model would include the inﬂuence of the
interactions between carriers and the scattering of the carriers by phonons and disorders. Nevertheless, the present
model can provide a good illustration of the optical processes of interest. The system is studied using the densitymatrix formalism. The reduced density matrix in the interaction picture and in the rotating wave approximation read
as

2. Theoretical model. Absorptive and dispersive properties of
a double QW

ð3Þ

We consider the one-dimensional Bragg structure shown
in Fig. 1a. It contains a substrate, lower and upper conﬁnement layers (A and B), and a corrugated multi-QW structure (C). Here, the darker regions in the corrugated

dq
i
1
¼  ½H ext ; q þ Lq;
dt
h
2

ð1Þ

where Hext is the hamiltonian and L is the Liouvillian of
the system, which are given by


H ext ¼ h ðDp þ DÞr22 þ ðDp  DÞr33 þ ðDp þ Dc Þr44
 hðXp r21 þ qXp r31 þ Xc r42 þ kXc r43 þ H:c:Þ;

ð2Þ

L ¼ c4 ½2r14 qr41  r44 q  qr44  þ c3 ½2r13 qr31  r33 q  qr33 
þ c2 ½2r12 qr21  r22 q  qr22  þ c32 ½2r13 qr21  r23 q  qr23 
þ c32 ½2r12 qr31  r32 q  qr32 ;

where Dp = xp  (x21 + x31)/2 and Dc = xc  (x42 + x43)/2
denote the probe and control detunings, respectively, and
2D = (x31  x21) is the frequency splitting between levels j2i
and j3i. The corresponding Rabi frequencies are given by
Xp = l21Ep/2h, Xc = l42Ec/2h. The parameters q = l31/l21
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and k = l43/l42 represent the ratios between the dipole moments of the subband transitions.
The decay and dephasing rates ci = cil + cid (i = 2,3,4)
are included phenomenologically in the above equations.
Here cil represents the population decay contribution and
cid is the dephasing contribution originated from electron–electron scattering and electron–phonon scattering
or even from quasi–elastic interface roughness. The crucial
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
quantity giving rise to Fano interferences is c32 ¼ c2l c3l
which denotes the mutual coupling between states j2i and
j3i arising from the tunneling eﬀect.
The possibility of decaying to the same continuum of
states by resonant tunneling via an ultra-thin potential
energy barrier, provides an eﬀective coupling between the
levels j2i and j3i [52]. It is well-known that the presence
of an identical continuum for the decay of two energetically
nearby states leads to asymmetric lineshapes due to Fanotype interferences [52]. These interferences have been experimentally observed in atomic systems, and in interband and
intersubband transitions [53,54].
The Bloch equations for the density matrix elements
including atomic spontaneous emission and dephasing are
oq41
¼ ½c4  iðDp þ Dc Þq41  iXp q42  iqXp q43
ot
þ iXc q21 þ ikXc q31 ;
oq31
¼ ½c3  iðDp  DÞq31  c32 q21 þ iqXp ðq11  q33 Þ
ot
þ ikXc q41  iXp q32 ;
oq21
¼ ½c2  iðDp þ DÞq21  c32 q31 þ iXp ðq11  q22 Þ
ot
 iqXp q23 þ iXc q41 ;
oq43
¼ ½c3 þ c4  iðDc þ DÞq43  c32 q42 þ ikXc ðq33  q44 Þ
ot
 iqXp q41 þ iXc q23 ;
oq42
¼ ½c2 þ c4  iðDc  DÞq42  c32 q43 þ iXc ðq22  q44 Þ
ot
þ ikXc q32  iXp q41 ;
oq32
¼ ðc3 þ c2 þ i2DÞq32  c32 ðq22 þ q33 Þ þ iqXp q12
ot
þ ikXs q42  iXp q31  iXs q34 ;
oq44
¼ 2c4 q44 þ iXc q24  iXc q42 þ ikXc q34  ikXc q43 ;
ot
oq33
c
¼ 2c3 q33 þ 4 q44  c32 ðq32 þ q23 Þ  ikXc q34
ot
2
þ ikXc q43 þ iqXp q13  iqXp q31 ;
oq22
c
¼ 2c2 q22 þ 4 q44  c32 ðq32 þ q23 Þ  iXc q24
ot
2
þ iXc q42 þ iXp q12  iXp q21 :
ð4Þ
The induced susceptibility in the intersubband transitions
j1i ! j2i and j1i ! j3i is determined by
vðxp ; Xc Þ ¼ vback þ

N jl21 j2
ðq þ qq31 Þ;
2
h0 Xp 21

ð5Þ
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where N is the electron density in the conduction band of
the double QW, and vback is the background susceptibility.
To evaluate the potential of this approach, we consider
the quantum well structure depicted in Fig. 1b. This structure consists of a thick Al0.4Ga0.6As barrier followed by a
Al0.16Ga0.84As shallow well (6.8 nm). This shallow well is
separated from the GaAs deep well (7.7 nm) on the right
by a Al0.4Ga0.6As potential barrier (3.0 nm). Finally, a thin
(1.5 nm) Al0.4Ga0.6As barrier separates the deep well from
the last thick layer of Al0.16Ga0.84As on the right. The
dephasing rates are set to c2d = 0.68 meV, c3d = 0.80 meV,
and c4d = 0.50 meV [26]. The population decay rates can
be calculated by solving the Schrödinger equation for the
double quantum well structure and it yields c2l = 3.47 meV,
c3l = 4.13 meV, and c4l = 0.80 meV [26,50]. With these
parameters, the Fano interference decay rate c32 resulting
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
for tunneling is c32 ¼ c2l c3l ¼ 3:79 meV. The energies of
the levels of the double quantum-well are: E1 = 46.7 meV,
E2 = 174.8 meV, E3 = 183.5 meV, and E4 = 296.3 meV
(see Ref. [26]). The wavelength of the probe laser is around
9.36 lm, which is accessible for some commercially available diode lasers. The dipole moments of these transitions
are l21 ’ l31 (q = 1), and l42 ’ l43 (k = 1).
Fig. 2a–b depicts the absorptive and dispersive response
of the defect for the probe ﬁeld for two values of the control ﬁeld Xc versus the wavelength of the probe ﬁeld kp. In
the absence of the control ﬁeld, Xc = 0 (solid line) the
atomic situation corresponds to a V-type atom where
nearly EIT occurs via vacuum induced coherence or Fano
interferences. Thus we recover the results obtained in Ref.
[26]. In the vicinity of kp0 = 9.367 lm the medium becomes
nearly transparent to the probe ﬁeld. This transparency is
accompanied by a steep variation of the refractive index
(see solid line in Fig. 2b). Here, the role of the driving ﬁeld
in usual EIT experiments in gaseous media is played by the
tunneling eﬀect which couples the j2i ! j3i transition. Wu
et al. [26] demonstrated that when the control ﬁeld is
turned on and resonant (Dc = 0), the system exhibits a
strong absorption peak for the probe ﬁeld. However, in this
paper we will operate with a non-resonant control ﬁeld
since we are interested in maintaining a nearly transparent
situation while changing the dispersion, thus we assume
that the control ﬁeld is detuned by about Dc = 2c2. When
Xc is set to a weak non-null value and far detuned from the
j2i ! j4i and j3i ! j4i transitions, the absorption curve
shifts and exhibits a minimum at kp1 = 9.428 lm. This nonresonant ﬁeld eﬀectively changes the energy of the states j2i
and j3i by an amount proportional to the Rabi frequency
of the control ﬁeld and induces an eﬀective Stark shift of
the resonant frequency which is smaller than the width of
the transparency window. The medium will still remain
nearly transparent for the probe ﬁeld, but its refractive
index experiences an appreciable enhancement (see
Fig. 2b, dashed line) via cross-phase modulation. This
behavior have some similarities to the giant nonlinearities
that have been theoretically predicted in a N-type four-level
atom [55,56], and recently observed in a four-level atomic
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Fig. 2. (a) Absorption coeﬃcient versus wavelength of the probe ﬁeld kp. (b) Refractive index versus wavelength. Solid line corresponds to Xc = 0 and
dashed line to Xc = 0.5c2.

system [57]. In summary, a small change in the Rabi frequency of the control ﬁeld results in a large change of the
refractive index. As we will see below, this change in the
refractive index of the defect in the Bragg structure causes
a phase shift in the ﬁeld propagating through the Bragg
structure allowing for the appearance of a propagating
mode inside the bandgap.
Note that the two absorption curves have an intersection point between kp0 and kp1. This point appears at
kpd = 9.4115 lm (see the vertical dotted line in Fig. 2a).
Thus, a pulse with a carrier wavelength at kpd will experience a similar absorption when the control ﬁeld Xc is
turned on (Xc = 0.5c2) and oﬀ (Xc = 0), although the
refractive indices will be diﬀerent in both cases, due to
the strong index enhancement achieved at kpd (see the double arrow in Fig. 2b) in the order of 0.4.
The existence of a non-null absorption at kp0 and kp1
arises from the dephasing contributions cid (i = 2,3,4) originated from electron-electron scattering and electron-phonon scattering. Even by letting cid ! 0, the absorption
curve will show a non-null value due to the diﬀerence
between c2l and c3l.
In order to make the results more transparent, we resort
to obtain a simple analytical expression for the susceptibility
by assuming a weak probe ﬁeld. Thus, we can take q11 ’ 1 in
Eq. (4), and after some calculations we obtain the following
expression for the ﬁrst-order optical susceptibility experienced by the probe ﬁeld, v(1)(xp,Xc), which reads as
vð1Þ ðxp ; Xc Þ
2

¼i

2

2

N jl21 j jXc j ðk  qÞ þ ðq2 C2 þ C3 ÞC4  2qC4 c32
;
2
h0 ðC2 C3  c232 ÞC4 þ jXc j2 ðC3 þ k 2 C2  2kc32 Þ
ð6Þ

N jl21 j2
ðDp  sc Þðc22  c232 þ D2 Þ
h0 ðc22  c232 þ D2 Þ2 þ 4c22 ðDp  sc Þ2
2

’

N jl21 j Dp  sc
h0
c2ef

ð8Þ

N jl21 j2 ðc2  c32 Þðc22  c232 þ D2 Þ þ 2c2 ðDp  sc Þ2
2
2
h0
ðc22  c232 þ D2 Þ þ 4c22 ðDp  sc Þ
"
#


2
2
N jl21 j c2  c32
D p  sc
’
þ
2c
;
ð9Þ
2
h0
c2ef
c2ef

Imðvð1Þ ðxp ÞÞ ’

where
c þ c32
2
jXc j ; and c2ef ¼ c22  c232 þ D2 :
sc ¼ 2
c2 Dc

ð10Þ

A close look at Eqs. (8),(9) provides us an explanation of
the diﬀerent features obtained in the absorption and dispersion of the probe ﬁeld. When the control ﬁeld is turned oﬀ
(Xc = 0, then sc = 0), a dip is obtained in the absorption
spectrum at Dp = 0 due to the presence of the factor
c2  c32. That is, the occurrence of Fano-type interferences
are essential in this system. In the limit case that c2 ! c23, a
perfect vacuum induced transparency is achieved. The effect of a non null nonresonant control ﬁeld (Xc 5 0) becomes evident since it produces a Stark-shift of levels j2i
and j3i and thereby shifts the spectrum by an amount given
by sc. This linear estimation agrees with the numerical ﬁndings depicted in Fig. 2. Furthermore, due to the stepness of
the dispersion curve in the vicinity of the resonance, this
Stark shift leads to a large phase shift, /p, along with small
absorption of the probe ﬁeld given by
2

/p ¼

2

2pN jl21 j LD jXc j
:
hkpd 0
D2 Dc

ð11Þ

We will exploit this giant Kerr cross-phase modulation to
manipulate the optical properties of this material considered as a defect inside two DBR’s.

where the C’s are given by
C2 ¼ c2  iðDp þ DÞ;
C3 ¼ c3  iðDp  DÞ;
C4 ¼ c4  iðDp þ Dc Þ:

Reðvð1Þ ðxp ;Xc ÞÞ ’

ð7Þ

By assuming that Dc  c4, Dp and c2 ’ c3, which is adequate to the situation considered in the numerical calculations, Eq. (6) can be further approximated to get

3. All-optical generation of a propagation mode in a photonic
bandgap
The quantum well structure itself induces a slow-down
of light by EIT. However, when the quantum well structure
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is incorporated at the center of a Bragg structure as a
defect, the slow-down factor will be increased due to the
resonant phenomenon occurring by interference between
the forward and backward waves in the Bragg structure.
Speciﬁcally, it is well-known that if the defect causes a p
phase shift for the Bragg wavelength, the photonic bandgap can be changed and a propagation mode appears. This
fact will serve us to obtain (i) a tunable transmission ﬁlter,
(ii) all-optical control of time delay of light pulses propagating through the structure, and (iii) all-optical switching.
In our case, the index of refraction of the defect can be
changed dynamically by the control ﬁeld as we have shown
in the previous section. In order to conﬁrm these eﬀects we
consider the optical response of a corrugated multi-QW
structure which is embedded between two optical conﬁnement layers, forming a periodic structure with a Bragg
wavelength near to the intersubband transition j1i ! j3i
as depicted in Fig. 1b.
We are interested in the linear response of the layered
structure, thus we can adopt a transfer matrix method
[51]. The electric ﬁeld amplitudes of waves propagating in
forward and backward directions in the i-th layer are Eþ
i
and E
i , respectively. After imposing the continuity of tangential components of E and H ﬁelds at the interface separating the i-th and (i + 1)-th layers, the following matrix
equation results:
!
 þ
Eþ
Ei
iþ1
;
ð12Þ
¼ Ti
E
E
iþ1
i
Ti being the following matrix:
 idi

e
ri eidi
1
Ti ¼
;
ti ri eidi eidi

ð13Þ

where di = kpnidi, ni is the complex refractive index of the ith layer, kp = 2p/kp is the propagation constant in free
space, and di is the thickness of the layer. ri and ti are the
amplitude reﬂection and transmission coeﬃcients at the
interface separating the i-th and (i + 1)-th layers, respectively. Assuming that light is incident from only one side
of the structure, we set E
final ¼ 0, thus the electromagnetic
ﬁeld can be expressed as
 þ 
 þ
E0
Efinal
:
ð14Þ
¼ T TOT

E0
0
The total transfer matrix, TTOT, is given by
T TOT ¼ T 0H ðT H T L Þ

ðnst 1Þ

T H T LD ½T DL ðT L T H Þ

ðnst 1Þ

T L T Hf ;
ð15Þ

where diﬀerent types of matrices are used in order to satisfy
the diﬀerent boundary conditions: T0H is the interface matrix at the ﬁrst boundary of the structure, TH (TL) represents the transfer matrix corresponding to the high (low)
index layer, TLD is the matrix of the low index layer at
the boundary of the defect and TDL corresponds to the matrix of the defect layer, which is given by

T DL ¼

1
tDL
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eidD

rDL eidD

rDL eidD

eidD


:

ð16Þ

Here, dD = kpnDLD, where nD is the refractive index of the
defect, which is given by nD = 1 + 1/2vback + 1/2
v(1)(xp,Xc), and LD is the length of the defect. Finally,
THf corresponds to the interface of the high index layer
at the end boundary of the medium. We want to stress that
the wavelength dependence of the refractive index of the
defect has been explicitly considered in the numerical calculations. We assume the structure is air surrounded by both
sides.
To carry out numerical calculations we design the Bragg
structure for operation at a wavelength kpd = 9.4115 lm.
For this purpose the length of the defect (LD = mkpd/
(2nD(Xc = 0.5c2)), m being an integer) is chosen to obtain
resonant operation at this wavelength when the control
ﬁeld is Xc = 0.5c2. In our case, we consider the length of
the defect region to be LD = 19.97 lm. In order to get high
reﬂectivity in the Bragg structure, we consider the thickness
of the trenches and the teeth given by dL = kpd/(4nL) and
dH = kpd/(4nH), respectively. In particular, we consider that
the refractive index of the quantum well regions
(AlxGa1xAs) is nH = 3.1977 whereas that of the trenches
(GaAs) is nL = 3.157 at a low temperature around 10 K
[24,26]. Thus, the period of the corrugation is 1481 nm.
We also consider that the Bragg structure at each side of
the defect consists in 100 alternating layers, thus its total
length is 74 lm. With these design parameters, the length
of complete structure is LT = 168 lm. In addition, the
probe ﬁeld propagates in the plane of the waveguide while
the control ﬁeld propagates perpendicularly to the probe
and illuminates only the defect region for the sake of simplicity. Note that this is not a limitating or essential condition of the structure considered since both the probe and
the control ﬁelds may co-propagate through it. Both ﬁelds
are polarized along the growth direction of the quantum
wells. The ﬁrst order susceptibility induced by cross-phase
modulation is expressed as Eq. (5) where we assume a typical line center absorption coeﬃcient a0 = 104 cm1 [24,26].
Finally, we need to compensate for the residual absorption
present near the hole (see Fig. 2a). This task can be accomplished by adding a uniform gain layer to the defect, otherwise the structure could not support the propagating mode.
In order to determine the proper gain, we set the gain of
this layer to g0 = 42 cm1, which corresponds to the
absorption of the system at kpd = 9.4115 lm and Xc =
0.5c2.
The importance of considering a gain layer can be
revealed by inspecting Fig. 3, where the reﬂectance of the
system for diﬀerent levels of the gain is shown when the
control ﬁeld is set to Xc = 0.5c2. For g = 0, i.e. in the
absence of gain, there is no coherent interference eﬀect
and the structure shows a typical bandgap centered at
kpd = 9.4115 lm, the bandwidth being proportional to the
index contrast of the corrugated structure (Fig. 3a). When
the gain of the layer is set to g = 0.8g0, an incipient mode
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Fig. 3. The reﬂectivity spectrum of the 1D Bragg structure with a defect, and several values of the gain level. (a) g = 0; (b) g = 0.8g0; (c) g = 0.95g0; (d)
g = 0.98g0; (e) g = g0; (f) g = 1.05g0. The Rabi frequency of the control ﬁeld is Xc = 0.5c2.

appears inside the bandgap which corresponds to one of
the Fabry–Perot modes of the defect (see Fig. 3b). However, in this case absorption predominates and it explains
the weakness of the mode. A further increase of the gain
to g = 0.95g0 shows two propagation modes (see Fig. 3c).
For g = 0.98g0 the propagation modes become deeper
and thinner than in the previous case (see Fig. 3d). In the
case that g = g0, which corresponds to the value of the
absorption at kpd and Xc = 0.5c2 (see Fig. 2), one of the
modes becomes a fully developed propagation mode with
nearly unit transmittance (see Fig. 3e). This behavior is easily understood since absorption experienced by the mode at
kpd is perfectly canceled out by the gain of the layer gain.
On the other hand, the absorption on the other mode is
greater than gain and the transmittance remains lower than
unity. For a gain higher than g0 the two propagation
modes will experience gain (see Fig. 3f). In summary, this
ﬁgure reveals the essential role of gain in the appearance
of a propagating mode. A tuning of the gain of the layer,
which is wavelength independent, is required to match
the absorption at kpd, although at other wavelengths gain
could exceed absorption of the defect, thus allowing for
gain spikes. In subsequent calculations we assume that
g = g0.
With the precedent result in mind, Fig. 4 shows the
reﬂectance spectra for diﬀerent values of the control ﬁeld.
For Xc = 0, and Xc = 0.33c2 the gain provided by the gain

layer exceeds the absorption at the wavelength of the two
propagation modes and two spikes of gain appear (see
Fig. 4a and b). A further increase of the control ﬁeld to
Xc = 0.49c2 produces the appearance of two propagating
modes with low reﬂectance (see Fig. 4c). By setting Xc =
0.5c2 losses are compensated for by gain at kpd and the
propagating mode fully develops (see Fig. 4d). When the
Rabi frequency of the control ﬁeld exceeds the previous
value, the spectral width and depth of the propagating
mode at kpd is reduced (see Fig. 4e) and eventually disappears at large Rabi frequencies (see Fig. 4f). These results
arise from the increase of the absorption and the enhancement of the refractive index of the defect. In summary, this
ﬁgure clearly shows that the application of coherent optical
processes in the conduction subband transitions of the ndoped QW allows us to control dynamically the optical
properties of the defect.
Like in an EIT system, the narrow transmission peak in
Fig. 4d is associated with a large optical delay. At the highQ resonant wavelength of the defect mode, kpd, light is
trapped between the two Bragg reﬂectors before being
transmitted through the device, therefore it experiences a
large delay. For any ﬁnite medium including gratings, the
optical delay can be obtained by evaluating
sd ¼

o argðT Þ
;
ox

ð17Þ
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Fig. 4. The reﬂectivity spectrum of the 1D Bragg structure (a) Xc = 0; (b) Xc = 0.33c2; (c) Xc = 0.49c2; (d) Xc = 0.50c2; (e) Xc = 0.52c2; (f) Xc = 0.65c2. The
reﬂectivity contrast at resonance is 0.99. The resonance at kpd = 9.4115 lm allows for the transmission of a small band of light frequencies to be
transmitted through the Bragg structure.

where arg(T) is the argument of the complex transmissivity
of the medium. The computed delay spectrum is shown in
Fig. 5a. At the bandgap the optical delay increases signiﬁcantly due to the multiple passes in the cavity, and the peak
delay is in the order of 88 ps. Considering that the length
of the device in the transmission direction is 168 lm, this
delay corresponds to an eﬀective group index of 99,
which is on the same order of magnitude as that measured
in the slow light regime of photonic crystal waveguides [38].
It must be emphasized that a passive Bragg structure only
provides a defect propagation mode with a ﬁxed wavelength. In our case, the presence of the control ﬁeld intro-
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duces a Stark-shift and provides a very sensitive tool for
changing the optical path and hence the transmission wavelength of the structure as shown in Fig. 5a. The optical delay sd is determined by sd = Tv  Tm, Tv/Tm being the time
required to propagate through a distance LT in vacuum/
structure. In view of this, sd < 0(>0) represents delay
(advancement) of the pulse.
In Fig. 5b we show a numerical simulation of propagation of a pulse through the 1D Bragg structure which has
been carried out using Fourier techniques. We have considered two identical Gaussian pulses centered at kpd. The
width of the pulses is 2 nm. This spectral width corresponds
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Fig. 5. (a) Optical pulse delay times in the Bragg structure versus the wavelength for two diﬀerent values of the Rabi frequency of the control ﬁeld:
Xc = 0.49c2 (solid line) and Xc = 0.51c2 (dotted line). (b) Two Gaussian pulses with carrier wavelength kpd = 9.4115 lm one of which propagates through
the Bragg structure (dashed line), the other has passed through vacuum (solid line) for the same distance LT. A delay of 88 ps is obtained.
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to the narrow frequency bandwidth of the transmission
peak of the propagation mode of the structure. We consider the pulse propagates through the Bragg structure
when the control ﬁeld is set to Xc = 0.5c2 (dashed line)
and compare it with the case of vacuum propagation (solid
line). In order to estimate the degree of distortion of the
transmitted pulse we analyze how the transmitted pulse
deviates from the incident Gaussian pulse. To this purpose
we have computed the coeﬃcient of asymmetry CA and
kurtosis K of the normalized transmitted pulse IT(t) =
jET(t)j2/A, ET(t) being the transmitted pulse and A is the
area under the curve jET(t)j2. We remind here that the
moment of order k of the distribution IT(t) can be computed according to
Z 1
lk ¼
ðt  l0 Þk I T ðtÞdt; k ¼ 1; 2; 3 . . . ;
ð18Þ
1

l0 being
Z 1
tI T ðtÞdt:
l0 ¼

ð19Þ

1

The asymmetry and kurtosis parameters are deﬁned as
l
C A ¼ 33 ;
r
ð20Þ
l
K ¼ 44 :
r
It is well known that for a Gaussian distribution these coefﬁcients take the values CA = 0 and K = 3, so the deviations
from these values of the transmitted pulses will inform us
about the distortion produced during propagation. In particular, we obtain values of CA in the order of 0.28. Concerning the kurtosis parameter K we obtain a value in the
order of 3.44 representing a deviation in the order of
13% regarding the non-distorted propagation. In the case
of wider in time pulses the level of distortion will be lesser
than in the case considered in Fig. 5b.
We are in conditions to analyze to what extent the pulse
delay is attributed to the dispersion of the material used for
the defect or it arises from structural causes. For this purpose in Fig. 6 we represent the group index derived from
the material properties (solid line). In this case the group

index depends on the material properties such as electron
density, dipolar moments, . . . In addition, we represent
the group index derived by using Eq. (17) (see dashed line
in Fig. 6). It becomes evident that the slow-down factor is
enhanced by a factor of 25 due to the Bragg structure.
Finally, it is worth noting that the features of the system
make it suitable for an ultrasensitive all-optical switching.
The switching operation arises from the development of
the propagation mode when the Rabi frequency of the control ﬁeld is near to the value used for designing the defect
(Xc = 0.5c2). The control ﬁeld shifts the resonance frequency of the Bragg structure through the changes produced in the dispersive properties of the defect. Thus,
changes in the value of Xc will result in a shift of the reﬂection peak. Fig. 7 shows the reﬂectivity versus the wavelength kp for diﬀerent values of the Rabi frequency of the
control ﬁeld. Note that if Xc = 0.5c2, with a corresponding
intensity around 10 MW/cm2, the sharp transparency
appears at kpd = 9.4115 lm. In addition, the spectrum has
a width in the order of 2 nm (see dashed-dotted line in
Fig. 7), which corresponds to a bandwidth of the mode of
7 GHz. This ﬁgure reveals that small changes around this
bias value for the control ﬁeld, will produce in turn a shift
of the propagating mode, thus the structure will become
highly reﬂective at kpd. Switching is obtained when the
reﬂection peak is shifted by an amount greater than its
width. It is clear from this ﬁgure that a change in the Rabi
frequency as small as dXc  c2/100 would be adequate to
produce switching on the reﬂectance. In order to estimate
the sensitivity of such a system, we may consider it as an
optical cavity formed by the defect and two Bragg gratings
acting as high reﬂecting mirrors with an eﬀective high reﬂectance Ref. Thus, the transmissivity of the system can be
approximated by
T ðxp Þ
2

¼

xp  xm



iC
 c
 ;
x
1  12 Reðvð1Þ ðxp ÞÞ þ i Cc þ 2pd Imðvð1Þ ðxp ÞÞ  g0
ð21Þ

where Cc  c(1  Ref)/(2LDRef) represents the width due to
the coupling to the Bragg gratings, and xm is the resonant
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Fig. 6. Group index for the defect itself (solid line) and for the defective
Bragg structure (dashed line), for the same value of the control ﬁeld
Xc = 0.5c2.
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frequency of the defective cavity in absence of the control
ﬁeld. By inserting the Eq. (8) and (9) into Eq. (21) we arrive
to
2

iCc
T ðxp Þ 
;
xp  xm þ vcg ðDp  sc Þ þ iCc
2
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vg = xpdNjl12j /(2
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2

Cc
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c
vg

2

:

ð23Þ

Cc
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ing mode will be xpd ¼ vcg jXDc c j . The shift in this frequency,
dx, produced by a change dXc around Xcð0Þ is dx ¼
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ð24Þ

In the present case, the switching is obtained when
dXc = 0.01c2, which is in agreement with numerical simulations. This value dXc obtained corresponds to a change in
intensity around 0.2 MW/cm2.
4. Conclusions
We have shown the feasibility of tunable optical delay in
a one-dimensional Bragg structure formed by a corrugated
multi-QW with an active defect inserted at its center. The
defect is a double QW which has been modeled as a
K-V-type four level system. A change in the refractive index
of the defect in the order of 0.4 is achieved via cross-phase
modulation. Simulations show that 88 ps optical delay and
a group index of 100 can be achieved. The workable
spectral window is tens of GHz wide. It is found that the
spectral position of the sharp transmission peak appearing
in the bandgap can be modiﬁed by changing the intensity
of the control ﬁeld. It is shown that delay can be tuned
by adjusting the control ﬁeld with low amplitude variation
across the tuning range. The 1D active photonic bandgap
may act as an ultrasensitive switch. A simple analytical
model is proposed to envisage the underlying physics.
Applications are narrowband optical ﬁlters with high resolution, delay lines and high-speed optical switches.
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D.Y. Oberli, G. Böhm, G. Weimann, J.A. Brun, Phys. Rev. B 49
(1994) 5757.
H. Schmidt, A. Imamoglu, Opt. lett. 21 (1996) 1963.
S.E. Harris, Y. Yamamoto, Phys. Rev. A 64 (1998) 041801.
M. Yan, E.G. Rickey, Y. Zhu, Phys. Rev. A 64 (2001) 041801.
J. Faist, F. Capasso, C. Sirtori, K.W. West, L.N. Pfeiﬀer, Nature 390
(1997) 589.
M.D. Frogley, S.R. Leﬄer, J. Meyer, Opt. Comm. 151 (1998) 173.
Y. Shimizhu, N. Shiokawa, N. Yamamoto, M. Kozuma, T. Kuga, L.
Deng, E. Hagley, Phys. Rev. Lett. 89 (2006) 041112.
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