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Coherently induced one-dimensional photonic band gap
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We show theoretially that a one-dimensional photonic band gap can be generated by coherent optical
processes inn-doped semiconductor quantum wells using intersubband transitions. This is illustrated in a
waveguide structure where an optical field that is nearly resonant with such transitions induces resonance
enhancement of the refractive index with vanishing absorption. For a particular InGaAs/AlGaAs quantum well
structure we show that a 3.2mm beam with intensity;1.9 MW/cm2 can generate an active photonic band gap
centered at;4.55mm with more than 10 nm width and no loss.
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Photonic band gap~PBG! structures are normally con
structed from dielectrics with different nonresonant~back-
ground! refractive indices. The periodic nature of these p
sive structures inhibits propagation of light within a certa
frequency range or band gap. Recently, however, there
been progress in generating active PBGs using nonlinear
tical processes and coherent control of light-matter inter
tions. This includes utilization of laser-induced transparen
~LIT ! in an atomic ensemble in the presence of a stand
optical wave1 and application of the complex susceptibili
of excitons in a periodic quantum well~QW! structure.2 In
the latter case, a one-dimensional~1D! PBG was dynami-
cally modified using an optical pump field to generate an
Stark effect. An electromagnetically induced PBG has a
been proposed in a heterostructure formed by semicondu
layers doped periodically with different densities of atom
Nonlinear optical excitation of these atoms creates a perio
refractive index contrast.3

Here we theoretically demonstrate optical generation
control of a 1D PBG using coherent control of the refract
index and absorption associated with intersubband tra
tions in n-doped QWs. With a particular structure, we sho
that one can use a control field to dynamically generat
stop band centered near 4.55mm. Quantum interference be
tween intersubband transitions in two adjacent wells a
electron tunneling lead to enhancement of the refractive
dex and suppressed absorption.

The key idea for this coherent or laser-induced photo
band gap~LI PBG! can be qualitatively understood with th
generic opticalL system shown in Fig. 1. The 1-2 transitio
is monitored by a signal field while a control laser coup
the upper transition level (u2&) with the auxiliary level (ua&).
The lower transition level (u1&) also incoherently pumpsua&.
In the absence of such a pumping process this system ex
its LIT, i.e., at frequencies close to that of the 1-2 transit
system absorption becomes insignificant.4 In the presence o
the incoherent pumping process, however, the electron p
lation in u1& and u2& combined with the direct 1-2 and ind
rect 1222a interfering transition paths allow resonant e
hancement of the refractive index with vanishing absorpt
for the 1-2 transition. Such phenomena have be
predicted4,5 and experimentally tested in atomic systems.6
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To achieve a dynamic LI PBG we apply theL system
concept to the double QW structure shown in Fig. 2. T
structure consists of 4 nm and 2.6 nm wide In0.5Ga0.5As
wells separated by a 1 nm Al0.4Ga0.6As barrier. The left bar-
rier is Al0.4Ga0.6As and the right barrier is Al0.6Ga0.4As. The
upper and lower transition levels of theL system are the
second and third subbands and the populated ground
band acts as the auxiliary state. The control field couples
ground state with the third subbands while the incoher
pumping process occurs via tunneling of electrons fromu1&
to the ground subband. With strain- and energy-depend
electron effective mass effects included,7 we obtain a large
dipole moment for the 1-2 transition (^z&1251.35 nm! at 4.2
mm. The a22 transition occurs at;3 mm with ^z&a2
50.77 nm. An important feature of the system shown in F
2 is that for a specific frequency and intensity of the cont
field the refractive index of the 1-2 transition increases d
matically while absorption is reduced to zero.8

To achieve a 1D LI PBG we consider a waveguide str
ture consisting of 50 periods of the QW structure shown
Fig. 2. Although this structure is highly strained, it can
grown on a GaAs substrate using a graded InxAl12xAs buffer
layer ~Fig. 3!. This layer allows accommodation of hig
strain and provides the optical confinement needed for
waveguide.9 A possible growth recipe for this purpose invo
les deposition of 1mm or more of InxAl12xAs over the
GaAs substrate asx is linearly increased from 0~AlAs! to
0.26 (In0.26Al0.74As). The upper confinement layer is als
taken to be InxAl12xAs with an average refractive index of
in the vicinity of 4 mm, similar to that of the lower confine
ment layer.10 At 4 mm the background refractive indices o
the wells are 3.43, and those of the left and right barriers
3.25 and 3.15, respectively.

The active PBG proposed here is not related to perio
semiconductor layers with different background refract
indices, but rather due to coherent processes associated
the L system. To allow the control field to induce period
change in the refractive index one can periodically mod
the thickness of the wider wells by about two or three mon
layers. The change of the background refractive index
such a thickness modification is insignificant. Alternative
one can etch the QWs with a specific duty cycle and sub
quently refill them epitaxially with a semiconductor with th
©2004 The American Physical Society04-1
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same effective refractive index as that of the regions cont
ing QWs in the absence of the control field~Fig. 3!. Since it
is more conventional, in this paper we consider the sec
method and assume that the 50 periods of the QWs
etched with a rectangular grating with a 50% duty cycle a
then refilled with InxAl12xAs. Note that both control and
signal fields propagate in the plane in the waveguide and
polarized along the growth direction~see Fig. 3!.

The theoretical development of the 1D LI PBG is pe
formed by solving the equations of motion for the dens
matrix of the system, given as

]rk

]t
52

i

\
@H01H1 ,rk#1

]rk

]t U
incoh

e-e

1
]rk

]t U
incoh

e-p

. ~1!

HereH0 is the QW Hamiltonian in the absence of any optic
field andH1 is the interaction term between the system a
the control and signal fields. (]rk/]t)u incoh

e-e and (]rk/]t)u incoh
e-p

refer to the incoherent contributions of electron-electron a

FIG. 1. Schematic diagram of a genericL system.u1& and u2&
are, respectively, the lower and upper transition levels andua& refers
to the auxiliary state. The one- and two-sided arrows refer to
signal and control fields, respectively.

FIG. 2. Schematic diagram of aL system in an asymmetric
n-doped InGaAs/AlGaAs QW structure.ua& is the ground state o
the QW, andu1& and u2& are its lower and upper transition sub
bands, respectively.
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electron-phonon scattering processes. After solving Eq.~1!
under steady state conditions, we solve the coupled-m
equations using the frequency-dependent complex diele
function of the waveguide structure.

Since the electron density in the QW structure is assum
to be 1.431012 cm22, the contribution of polarization scat
tering to the dephasing rate and the countering energy re
malization terms caused by the exchange and exciton eff
can be ignored.11,12 In addition, since the carrier density i
the conduction band is not changed by the control field,
polarization shifts are not important. The effects of electro
electron scattering processes in thea21 anda22 transition
dephasing rates (g i j

e-e) are included phenomenologically wit
ga1

e-e5ga2
e-e51.5 ps21. Since for any intensity of the contro

field most of the electrons remain in the ground subband,
effects of such processes in other transitions can be igno
The LO-phonon–electron scattering processes, however
the dominant energy and polarization relaxation mechani
for the electrons inu1& andu2& and their corresponding tran
sitions. We consider the decay rates of electrons fromu2& to
u1& and u2& to ua&, respectively, to be 0.66 and 1 ps21.13,14

The tunneling rate of electrons fromu1& to ua& is taken to be
2 ps21.

To understand the basis of the dynamic PBG propo
here, we consider resonant enhancement of the refractiv
dex with vanishing absorption in the structure shown in F
2. We assume that the control field is detuned by about220
meV from thea22 transition, having 384 meV photon en
ergy (; 3.2 mm!. As the intensity of the control field,I c ,
increases, the 1-2 transition develops absorption and
regions @Fig. 4~a!# while its refractive index is enhance
@Fig. 4~b!#. When I c reaches 1.9MW/cm2, however, the ab-
sorption region nearly disappears. The 1-2 transition sho
an overall gain, except at the signal field wavelengths n
4.55 mm where the absorption coefficient is insignificant
zero. At these wavelengths the refractive index is enhan
dramatically.

The resonant enhancement of refractive index with z
absorption occurring near;4.55mm is the main mechanism
for the generation of a LI PBG. To illustrate this we assum
that the grating period of the waveguide structure shown
Fig. 3 is 726 nm and its length is 900mm. WhenI c50 the
signal field does not experience a periodic structure
passes through the waveguide unchanged. However, aI c

e

FIG. 3. Schematic representation of the 1D LI PBG wavegu
structure. The parallel lines between the buffer and upper confi
ment layers refer to the QW structure. Here the darker regions r
to the etched QWs filled with InxAl12xAs. The thick arrow indi-
cates the propagation direction for the control and signal fields
the thin arrow is their polarization axis.
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increases the reflectivity becomes larger and shifted tow
longer wavelengths and meanwhile becomes broade
@Figs. 5~a!–5~c!#. As Fig. 5~d! shows, when the large en
hancement of refractive index is accompanied by zero
sorption atI c51.9 MW/cm2, a fully developed stop band
with more than 10 nm width develops.

Note that in conventional passive PBG structures the
ternating materials are usually used far from any resonan
and the refractive indices are essentially frequency indep
dent. Therefore, absorption in these materials at the
quency range where the stop bands occur is usually insig

FIG. 4. The absorption coefficient~a! and refractive index~b! of
the 1-2 transition. The thin solid, dashed, dotted, thick solid, a
dash-dotted lines refer, respectively, to the simulation results
tained assumingI c50.1, 0.4, 0.9, 1.9, and 8.1 MW/cm2.

FIG. 5. Reflection of the 1D LI PBG for different values of th
control laser intensity,I c ~in MW/cm2).
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cant. This differs from the situation for the dynamic LI PB
structures considered here. To see this, in Fig. 6 we show
transmission of our example structure under the same co
tions as those of Fig. 5. As the intensity of the control fie
increases the waveguide becomes increasingly lossy@Figs.
6~a!–6~c!#. For I c51.9 MW/cm2, however, the loss be
comes insignificant and the 1D LI PBG acts like a conve
tional PBG where the sum of reflection and transmission
nearly unity. ForI c.1.9 MW/cm2, the QW structure exhib-
its increasing gain. This can even lead to laser action and
waveguide structure acts as a strongly gain-coup
distributed-feedback laser.15,16

The recent developments in QW materials and grow
techniques have already shown that the intersubband tra
tion wavelengths can reach wavelengths near 1.5mm.17,18

Although in this paper we chose an InGaAs/AlGaAs Q
structure to illustrate a dynamic 1D PBG using we
established QW parameters, one can apply the scheme
sented here to other materials to reach shorter waveleng
For example, application of In0.5Ga0.5As/AlAs QW structures
studied in Ref. 19 can lead to;2.1 and;2.7 mm for the
wavelengths of the control and signal fields, respective
However, the reduction of dipole moments and the incre
of inhomogeneous broadening could lead to a reduced
hancement of the refractive index, requiring a more inte
control field. The use of triple QWs, however, might al
allow one to reach shorter wavelengths and larger dip
moments.

The results of this paper can provide avenues for the
sign of optical ultrafast switching processes based on PB
since the dephasing times associated with the intersubb
transitions are short. In addition, the waveguide geometry
the active PBG proposed is quite compatible with monolit
and hybrid integrations of optical components in photo
circuits. Moreover, for efficient coupling of light with the
structure shown in Fig. 3, one can consider a ridg
waveguide structure, similar to those in edge emitting las
or semiconductor optical amplifiers. Such a structure allo
one to use standard light coupling techniques to inject

d
b-

FIG. 6. Transmission of the 1D LI PBG for different values
the control laser intensity,I c ~in MW/cm2).
4-3
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signal and control fields into the QW structure and efficien
collect the transmitted or reflected lights.

In conclusions, we propose the use of resonant enha
ment of the refractive index with vanishing absorption in t
conduction intersubband transitions ofn-doped quantum
wells to dynamically generate one-dimensional photo
band gap materials. We illustrate this with a wavegu
structure containing InGaAs/AlGaAs double quantum we
interacting with an IR laser field. Our simulations show th
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