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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 im-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;2m beam with intensity~ 1.9 MW/cn? can generate an active photonic band gap
centered at-4.55 um with more than 10 nm width and no loss.

DOI: 10.1103/PhysRevB.69.073304 PACS nuniber78.67.De, 42.70.Qs, 42.65k, 73.21.Fg

Photonic band gagPBG) structures are normally con- To achieve a dynamic LI PBG we apply the system
structed from dielectrics with different nonresonghfick-  concept to the double QW structure shown in Fig. 2. This
ground refractive indices. The periodic nature of these passtructure consists of 4 nm and 2.6 nm wide @& sAs
sive structures inhibits propagation of light within a certainwells separatedyba 1 nm A}, ,Ga, ¢As barrier. The left bar-
frequency range or band gap. Recently, however, there hdier is Aly /G& ¢As and the right barrier is AkGay 4As. The
been progress in generating active PBGs using nonlinear opPper and lower transition levels of the system are the
tical processes and coherent control of light-matter interacseécond and third subbands and the populated ground sub-
tions. This includes utilization of laser-induced transparency?@nd acts as the auxiliary state. The control field couples the
(LIT) in an atomic ensemble in the presence of a standin§ground state with the third subbands while the incoherent
optical wavé and application of the complex susceptibility PUMPIng process occurs via tunneling of electrons ftain
of excitons in a periodic quantum welQW) structure? In to the ground'subband. With sFraln-7and energy-dependent
the latter case, a one-dimensior{aD) PBG was dynami- electron effective mass effects includedje obtain a large

cally modified using an optical pump field to generate an aéhpoleTwomSnzt f;)r thgt'1—2 transnmﬂiqlé: 1.35 qtr;]) at4.2
Stark effect. An electromagnetically induced PBG has alscﬁrg'77 n?na An imgjl;r?;:]cii}egfucrlng ?he sylsftr:m\/\ghovs?iarf Fig
been proposed n a r_]eterost_ructl_Jre formed b)./ _semmonductaris that for a specific frequency and intensity of the control
layers doped periodically with different densities of atoms

Nonli tical itati f1h i i . dIfield the refractive index of the 1-2 transition increases dra-
onlinear optical excitation of these atoms creates a perio 'Fhatically while absorption is reduced to 280,

refractive index contrast. _ , To achieve a 1D LI PBG we consider a waveguide struc-
Here we theoretically demonstrate optical generation ang, e consisting of 50 periods of the QW structure shown in

control of a 1D PBG using coherent control of the refractiverig 2. Although this structure is highly strained, it can be
mdex_ and absorption as_,somated_ with intersubband transgrown on a GaAs substrate using a graded\lp_,As buffer
tions inn-doped QWs. With a particular structure, we ShOW|ayer (Fig. 3. This layer allows accommodation of high
that one can use a control field to dynamically generate atrain and provides the optical confinement needed for the
stop band centered near 4.a%1. Quantum interference be- waveguide’ A possible growth recipe for this purpose invov-
tween intersubband transitions in two adjacent wells andes deposition of lum or more of IgAl,_,As over the
electron tunneling lead to enhancement of the refractive inGaAs substrate as is linearly increased from QAIAs) to
dex and suppressed absorption. 0.26 (Iny,6Alg74AS). The upper confinement layer is also
The key idea for this coherent or laser-induced photonicaken to be IgAl; _,As with an average refractive index of 3
band gap(Ll PBG) can be qualitatively understood with the in the vicinity of 4 wm, similar to that of the lower confine-
generic opticalA system shown in Fig. 1. The 1-2 transition ment layer:® At 4 wm the background refractive indices of
is monitored by a signal field while a control laser couplesthe wells are 3.43, and those of the left and right barriers are
the upper transition leve|2)) with the auxiliary level (a)).  3.25 and 3.15, respectively.
The lower transition level|@)) also incoherently pumgs). The active PBG proposed here is not related to periodic
In the absence of such a pumping process this system exhibemiconductor layers with different background refractive
its LIT, i.e., at frequencies close to that of the 1-2 transitionindices, but rather due to coherent processes associated with
system absorption becomes insignifichin. the presence of the A system. To allow the control field to induce periodic
the incoherent pumping process, however, the electron popehange in the refractive index one can periodically modify
lation in [1) and|2) combined with the direct 1-2 and indi- the thickness of the wider wells by about two or three mono-
rect 1—2—a interfering transition paths allow resonant en- layers. The change of the background refractive index via
hancement of the refractive index with vanishing absorptiorsuch a thickness modification is insignificant. Alternatively,
for the 1-2 transition. Such phenomena have beemne can etch the QWs with a specific duty cycle and subse-
predicted® and experimentally tested in atomic systéins.  quently refill them epitaxially with a semiconductor with the
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FIG. 3. Schematic representation of the 1D LI PBG waveguide
structure. The parallel lines between the buffer and upper confine-
la> —Y, ment layers refer to the QW structure. Here the darker regions refer
to the etched QWs filled with [Al,_,As. The thick arrow indi-

J_ cates the propagation direction for the control and signal fields and
t

the thin arrow is their polarization axis.

[1>—

FIG. 1. Schematic diagram of a geneficsystem|1) and|2)  glectron-phonon scattering processes. After solving (Ex.
are, respe(.:t.lvely, the lower and upper trans!tlon levels|apdefers under steady state conditions, we solve the coupled-mode
to the auxiliary state. The one- and two-sided arrows refer to they, ations using the frequency-dependent complex dielectric
signal and control fields, respectively. function of the waveguide structure.

. o . . Since the electron density in the QW structure is assumed
same effective refractive index as that of the regions containg e 1 4x 102 cm 2. the contribution of polarization scat-
ing QWSs in the a_bselnc.e o:].the control f|¢|€ig._§), Slr?ce Ity ring to the dephasing rate and the countering energy renor-
Is more conventional, in this paper we consider the Secong iz ation terms caused by the exchange and exciton effects

method and assume that the 50 periods of the QWS arg,, he ignored™? In addition, since the carrier density in

etched with a rectangular grating with a 50% duty cycle andpe onqction band is not changed by the control field, de-

then refilled with 1Al _,As. Note that both control and Ipolarization shifts are not important. The effects of electron-

S|g|nal f'gldsl’ propﬁlgate In ;]hg plang in the Wa;ﬁvegwde and a Electron scattering processes in the 1 anda— 2 transition

polarized along the growth directidisee Fig. hasi incl h loaically with
The theoretical development of the 1D LI PBG is per- dS_E asing rates;ﬁe) are included phenomenologically wit

. e-e_ =1 i i i
formed by solving the equations of mofion for the density 2L Y2 3 B% ¢ 0TS T A BEIE 08 ot the
matrix of the system, given as 9 '

effects of such processes in other transitions can be ignored.

K . K| e-e Kl e- The LO-phonon—electron scattering processes, however, are
dp i ap dp~|°P / o : :
——=— [Ho+Hy,p"]+ — - . (1 the dominant energy and polarization relaxation mechanisms
at h I incon 9 lincon for the electrons iff1) and|2) and their corresponding tran-

sitions. We consider the decay rates of electrons fyppto
HereH, is the QW Hamiltonian in the absence of any optical 1) and|2) to |a), respectively, to be 0.66 and 1 ps3*
field andH, is the interaction term between the system andrhe tunneling rate of electrons frof) to |a) is taken to be
the control and signal fieldsap*/at)|fconand @p /at) 8 2 ps 2.
refer to the incoherent contributions of electron-electron and To understand the basis of the dynamic PBG proposed
here, we consider resonant enhancement of the refractive in-
dex with vanishing absorption in the structure shown in Fig.
2. We assume that the control field is detuned by abo2®
] (] 2> meV from thea—2 transition, having 384 meV photon en-
[T ergy (~ 3.2 um). As the intensity of the control field,.,
increases, the 1-2 transition develops absorption and gain
regions [Fig. 4(@)] while its refractive index is enhanced
c S [Fig. 4b)]. Whenl reaches 1.9MW/cfy however, the ab-
sorption region nearly disappears. The 1-2 transition shows
1> an overall gain, except at the signal field wavelengths near
4.55 um where the absorption coefficient is insignificant or
LA 1 zero. At these wavelengths the refractive index is enhanced
dramatically.

The resonant enhancement of refractive index with zero
absorption occurring near 4.55 um is the main mechanism
for the generation of a LI PBG. To illustrate this we assume

FIG. 2. Schematic diagram of A system in an asymmetric that the grating period of the waveguide structure shown in
n-doped InGaAs/AlGaAs QW structurka) is the ground state of Fig. 3 is 726 nm and its length is 9Qdm. Whenl =0 the
the QW, and|1) and |2) are its lower and upper transition sub- signal field does not experience a periodic structure and
bands, respectively. passes through the waveguide unchanged. However, as
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_fz_" FIG. 6. Transmission of the 1D LI PBG for different values of
g 345 the control laser intensity,. (in MW/cm?).
2
84 cant. This differs from the situation for the dynamic LI PBG
335 structures considered here. To see this, in Fig. 6 we show the
"3 385 4 45 5 55 6 transmission of our example structure under the same condi-

Wavelength (um) tions as those of Fig. 5. As the intensity of the control field
FIG. 4. The absorption coefficiefs) and refractive indexb) of increases the waveguide becomes increasingly 1pSigs.
the 1-2 transition. The thin solid, dashed, dotted, thick solid, and®(@—6(C)]. For I;=1.9 MW/cn, however, the loss be-
dash-dotted lines refer, respectively, to the simulation results obcOMes insignificant and the 1D LI PBG acts like a conven-
tained assuming,=0.1, 0.4, 0.9, 1.9, and 8.1 MW/ém tional PBG where the sum of reflection and transmission is
nearly unity. Forl .>1.9 MW/cn?, the QW structure exhib-

increases the reflectivity becomes larger and shifted towarliS increasing gain. This can even lead to laser action and the
longer wavelengths and meanwhile becomes broadenetf2veguide structure acts as a strongly - gain-coupled
[Figs. 5a)-5(c)]. As Fig. 5d) shows, when the large en- distributed-feedback lasét. _ _
hancement of refractive index is accompanied by zero ab- The recent developments in QW materials and growth
sorption atl,=1.9 MW/cn?, a fully developed stop band techniques have already shown that the intersubband transi-
with more than 10 nm width develops. tion wavelengths can reach wavelengths near dns1"*®
Note that in conventional passive PBG structures the alAlthough in this paper we chose an InGaAs/AlGaAs QW
ternating materials are usually used far from any resonancestructure to illustrate a dynamic 1D PBG using well-
and the refractive indices are essentially frequency indeperestablished QW parameters, one can apply the scheme pre-
dent. Therefore, absorption in these materials at the fresented here to other materials to reach shorter wavelengths.
qguency range where the stop bands occur is usually insignifiFor example, application of jnGa, sAs/AlAs QW structures
studied in Ref. 19 can lead to 2.1 and~2.7 um for the
wavelengths of the control and signal fields, respectively.
However, the reduction of dipole moments and the increase
of inhomogeneous broadening could lead to a reduced en-
hancement of the refractive index, requiring a more intense

’ 03 control field. The use of triple QWSs, however, might also
NJ/\M allow one to reach shorter wavelengths and larger dipole

453 455 457° moments.
' ' >/ 458 485 457 The results of this paper can provide avenues for the de-

1 =0.1 @] ,[1=04 (b)

Reflection
o
(3,

c 1 =09 ©1 4]1=19 (@ sign of optical ultrafast switching processes based on PBGs,
S since the dephasing times associated with the intersubband
505 05 transitions are short. In addition, the waveguide geometry of
'&5 ' : the active PBG proposed is quite compatible with monolithic

and hybrid integrations of optical components in photonic
0 circuits. Moreover, for efficient coupling of light with the

ngele:gifw (,um)4'57 4\'?\favele?18?h (le‘;'&w structure shown in Fig. 3, one can consider a ridge-

waveguide structure, similar to those in edge emitting lasers

FIG. 5. Reflection of the 1D LI PBG for different values of the Or semiconductor optical amplifiers. Such a structure allows

control laser intensityl (in MW/cm?). one to use standard light coupling techniques to inject the
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signal and control fields into the QW structure and efficientlywhen the intensity and wavelength of this field are

collect the transmitted or reflected lights. ~1.9 MW/cn? and 3.2um, a band gap centered around
In conclusions, we propose the use of resonant enhancé-55 um is coherently generated. We also point out that

ment of the refractive index with vanishing absorption in theshorter wavelengths for the band gap could be achievable

conduction intersubband transitions ofdoped quantum USing different semiconductor materials and/or triple QW

wells to dynamically generate one-dimensional photonicSyStemS'

band gap materials. We illustrate this with a waveguide Thijs research was supported by the Natural Sciences and

structure containing InGaAs/AlGaAs double quantum wellsEngineering Research Council of Canada and Photonic Re-
interacting with an IR laser field. Our simulations show thatsearch Ontario.
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