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It is shown theoretically that the interface morphology of a quantum well structure and coherent control of
its optical properties can be used to generate an amorphous two-dimensional optical lattice. This is done by
considering the interaction of an n-doped double-quantum-well structure containing three conduction subbands
with an infrared laser beam responsible for the generation of quantum interference in the transitions between
these subbands. We show that when a well/barrier interface in this structure contains large-scale monolayer
growth islands the lateral variation of the conduction subband energies changes the effects of quantum coher-
ence in these transitions along the quantum well plane. In the presence of electron tunneling in the double-
quantum-well structure this leads to lateral modulation of the complex susceptibilities of these transitions,
allowing the infrared laser beam to coherently suppress or enhance refractive indices of these transitions in
specific regions in this plane while they become transparent. In other regions, the same laser field generates
large amount of gain or absorption with different refractive indices. It is shown that for a signal field propa-
gating along the quantum well plane these processes can generate an amorphous optical lattice with a mor-
phology determined by the roughness of the quantum well interfaces and the frequency and intensity of the
infrared laser. In the absence of such an infrared laser this plane is transparent to the signal field and has a

uniform refractive index.
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I. INTRODUCTION

Utilization of coherently controlled optical processes and
light-matter interactions to spatially modulate refractive in-
dices and absorption coefficients of atoms and solids has
wide technological and fundamental application. This in-
cludes new avenues for active control of flow of light and
manipulation of nonlinear optical processes in solids and
atomic media by optimizing materials and geometric param-
eters of periodic structures. In a previous attempt off-
resonant standing light wave was used to spatially modulate
the resonances associated with electromagnetically induced
transparency in an atomic medium.! Here the dynamic pho-
tonic band gap was used to convert a propagating light pulse
into a stationary excitation. In another attempt excitons con-
fined in a periodic quantum well structure was used to create
an active photonic band gap using their super-radiant
modes.>? It has been shown that one can manipulate such a
band gap using the ac Stark effect.* Moreover, in a recent
study spatial modulation of the refractive index and absorp-
tion coefficient was predicted using resonant enhancement of
the refractive index with vanishing absorption in the inter-
subband transitions in an n-doped quantum well (QW).
Here it was shown that by coherent reduction of absorption
of a corrugated QW structure to zero while significantly en-
hancing its refractive index an active photonic band gap
could be generated.

In this paper we propose a method that allows using co-
herently controlled optical processes in a QW structure and
the well/barrier macroscopic interface roughness to spatially
(laterally) modulate the complex susceptibilities associated
with the conduction intersubband transitions. Using this
method one can employ an intense infrared (ir) laser beam to
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make some regions in the plane of this structure transparent
with coherently enhanced or suppressed refractive indices
while other regions in this plane exhibit immense amount of
gain or absorption with different refractive indices. This al-
lows formation of an amorphous two-dimensional optical lat-
tice for a specific wavelength of a signal (probe) field propa-
gating along the QW plane. In the absence of the intense ir
laser field, however, this plane is transparent to the signal
field and has a uniform refractive index. We show that the
morphology of such a lattice depends on the quantum well
interfaces and can be dynamically controlled by changing the
intensity and/or frequency of the intense ir laser field. This
potentially allows one to coherently control propagation of
the signal field in the QW plane. The optical lattices intro-
duced in this paper have some similarities with those in
atoms and multiple-quantum-well structures. In atomic sys-
tems a nearly resonant standing wave sets up a specific ar-
rangement of atoms via ac Stark effect, allowing scattering
of a signal field from transitions of bound atoms.®’ In a
multiple-QW structure when the difference between the re-
fractive indices of the wells and barriers is ignorable, the
periodic modulation of the exciton susceptibilities is mainly
responsible for the generation of the index and absorption
contrasts.>3

The optical lattices discussed in this paper are mainly
based on two issues: (i) coherent optical processes caused by
interaction of the intense ir laser field (control field) with a
single n-doped double-QW structure, and (ii) impacts of the
macroscopic interface fluctuations, i.e., large-scale mono-
layer (ML) growth islands, on these processes. In the pres-
ence of the signal field, the control field generates quantum
interference in the conduction intersubband transitions, simi-
lar to that in the laser-induced transparency in atoms.® How-
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ever, since the double-QW structure contains two adjacent
wells separated by a thin barrier, electrons can tunnel from
one subband to another. Therefore, as shown in this paper, by
varying the frequency and/or intensity of the control field
one can adjust the way such a process influences the quan-
tum interference events, allowing us to resonantly enhance or
suppress the refractive indices of the intersubband transitions
while their absorption coefficients are coherently controlled.’
Via variation of the intersubband transition energies along
the QW plane, the role of the ML islands here is to laterally
change the balance between the interference events and the
effects caused by electron tunneling. This leads to lateral
modulation of the interaction of the control field with the
QW structure, changing the complex susceptibility associ-
ated with these transitions from one region of the QW plane
to another. As shown in this paper, this causes a dynamic
amorphous two-dimensional optical lattice.

The results presented in this paper can have dramatic ap-
plications in the design of optical devices and study of non-
linear optical processes in nanostructures. This is because of
the fact that many passive and active optical devices such as
waveguides, semiconductor optical amplifiers, and lasers, are
index guided with certain amount of gain or absorption.
Therefore, the lateral modulation of refractive index accom-
panied with the coherent control of absorption coefficient
discussed in this paper can present further scope for the de-
velopment of these devices and their monolithic integration.
In addition, because of their wavelengths and polarizations,
the results of this paper are particularly compatible with the
infrared lasers such as quantum cascade and other
intersubband-based lasers,'” optical modulators, etc. They
can also be used to envision an active photonic band gap
using engineered interfaces.

II. INTERFACE MORPHOLOGY AND COHERENT
CONTROL OF OPTICAL PROCESSES IN r-DOPED
QUANTUM WELLS

It is well known that when the epitaxial growth process of
a QW structure is interrupted for a period of time the atoms
deposited on the surface diffuse, forming large smooth is-
lands with one-monolayer steps.'! The lateral dimension of
these islands can become quite large (several micrometers)
depending on the growth temperature and rate, interruption
time and others.'>!3 A schematic representation of such mor-
phology for an Al,Ga,_,As/GaAs/Al,Ga,_,As QW structure
is shown in Fig. 1. Here we assume that before deposition of
the top Al,Ga,_,As layer the growth process was halted for a
period of time, which is usually considered to be around
120 s.'* As a result, the upper interface becomes relatively
smooth but contains +1 ML macroscopic thickness fluctua-
tions (growth islands). Assuming that the GaAs layer was
continuously grown on the lower Al,Ga;_,As barrier, as
schematically shown in Fig. 1, the lower interface becomes
relatively rougher (microscopic roughness) but contains no
growth island. Such growth islands can split the interband
photoluminescence spectrum of a QW into several peaks,
causing ML splitting peaks.'> They can also influence the
intersubband transition energies, allowing an ir laser field to
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FIG. 1. Schematic illustration of microscopic and macroscopic
fluctuations, respectively, at the lower and upper interfaces of an
Al Ga;_,As/GaAs/Al,Ga;_,As QW structure. It is assumed that
before deposition of the upper Al,Ga;_,As layer the growth process
is interrupted for a period of time. L refers to the nominal width of
the QW structure.

have different detunings from these transitions in different
regions of the QW plane. Therefore, as shown in Ref. 16,
when this field becomes intense it can influence the intersub-
band transitions in various parts of the QW plane differently.
This leads to intersubband optical Stark shifts that can vary
from one region to another, shifting some of the ML splitting
peaks seen in the interband photoluminescence spectrum to
lower frequencies while some others are pushed to higher
frequencies.'® The large growth islands can also be respon-
sible for the inhomogeneous broadening of the intersubband
transition linewidths,'” and for the generation of distinct fea-
tures in their absorption spectra.'®

In this section we utilize these features to present a model
that allows us to study spatial (lateral) modulation of absorp-
tion coefficients and refractive indices of the intersubband
transitions in the plane of a QW structure. As mentioned in
the Introduction, the key features of this model are (i) gen-
eration of quantum interference in the conduction intersub-
band transitions, (ii) incoherent pumping of one conduction
subband by another, and (iii) the presence of interface
growth islands. To accommodate these features here we
adopt a semiconductor structure that contains a single
n-doped double QW, as shown in Fig. 2. Nominally this
structure contains 20-ML- and 10-ML-thick GaAs wells
separated by 4 ML of GagsgAly4As (middle barrier). The
left and right barriers are the same as the middle barrier. We
assume that the interface between the wider well (nominally
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FIG. 2. (Color online) Schematic illustrations of the potential
profiles of the double-QW structures in regions of the QW plane
where the wider (left) QW thickness is 20 (solid line), 21 (dashed
line), or 19 ML (dotted line). The two-sided arrow represents the
control field and the one-sided arrow refers to the signal field.
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FIG. 3. (Color online) An oblique illustration of the interface
between the left Al 4,Gag s3As barrier (top) and the nominally 20-
ML-wide GaAs well (bottom). The terraces and valleys refer, re-
spectively, to +1 and —1 ML fluctuations in the GaAs well
thickness.

20 ML) and the left barrier contains large growth islands
associated with 1 ML thickness fluctuations of GaAs. In
practice, this means that before the left barrier is grown, one
needs to halt the growth process for an appropriate period of
time (roughly 120 s) when deposition of the wider well over
the middle barrier is completed. Figure 3 shows an oblique
illustration of the morphology we assumed for the interface
between these two layers. Here the valleys and terraces refer,
respectively, to —1 and +1 ML changes in the thickness of
the wider GaAs well. Note that since we assume the other
layers of the structure are grown without any interruption,
the interfaces of the 10-ML GaAs well and that between the
middle barrier and the 20-ML well do not contain any island.
Therefore, the overall effect of such a growth technique is
generation of a double-QW structure where in some lateral
regions the thickness of its wider GaAs well is either 19 ML
(valleys) or 21 ML (terraces) while in the rest it is 20 ML
(nominal thickness). The widths of the narrower GaAs well
and the middle barrier remain unchanged all over the QW
plane. In the following we refer to the double QW’s in the
valley and terrace regions as the 19-ML and 21-ML systems,
respectively. The rest of the structure with the nominal speci-
fications is called the 20-ML system. The potential profiles
of these systems along the growth direction are schemati-
cally shown in Fig. 2 with dotted, dashed, and solid lines,
respectively.

Note that in each of the three ML systems considered in
Fig. 2 the lower transition level (|1)) incoherently pumps the
ground subband (|g)) via electron tunneling. In addition, the
upper transition level (|2)) is coherently coupled to |g) by an
intense laser (control field) while the signal field detects evo-
lution of the 1-2 transition. These two fields are both polar-
ized along the growth direction of the QW. The quantum
interference in the systems shown in Fig. 2 happens between
the 1-2 direct paths induced by the signal field and the indi-
rect 1-2-g paths generated by both signal and control fields.
Note also that it has been shown that when the g-1 transition
energies are adjusted properly these systems can support gain
in the 1-2 transitions'® and even can be used for laser
application.?”

A full quantitative treatment of the interface morphology
of the structure described above is complicated. It requires
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detailed information about the statistical features of the in-
terfaces that not only change from one sample to another, but
also from one part of a sample to the another. Here, in addi-
tion to the microscopic roughness, one should also consider
lateral shapes of the islands, correlations between sizes and
shapes of adjacent islands, etc.?!~23 In this paper, however,
we are interested in the growth islands with scales much
larger than Bohr radius. As discussed in Refs. 17 and 18,
under such a condition and when the scale of growth islands
are also larger than the QW width, one can treat the inter-
subband transitions within local approximation. Considering
these issues and for the benefit of focusing on our objectives,
we therefore treat the effects of the interface fluctuations in
the interaction between the QW structure and the ir fields at
a phenomenological level. Here to include the effects of en-
ergy relaxation of electrons from one island to another we
adopt a model similar to that presented in Refs. 24-27. In
these reports the lateral energy relaxation of excitons from
higher-energy growth islands into regions with lower ener-
gies was studied within an average transport time approxi-
mation. In our model the lateral relaxation of electrons oc-
curs when the control field is on. This is due to the fact that
in the absence of this field the upper subbands are empty
and the high carrier density (6 X 10'! cm™2) screens the rela-
tively small fluctuations of the first conduction subband
energies.!"'® We assume that the net average transport time
of carriers from the 19-ML to 20-ML systems and from the
20-ML to 21-ML systems is around 50 ps (energy relaxation
from the 19-ML to 21-ML systems is not included). This
estimation is based on the overall dimension of the islands
considered in this paper (around 1 wm) and the calculation
of carrier transport time reported in Ref. 28 for a semicon-
ductor layer with a flat potential.

Having these in mind, within the rotating-wave and
effective-mass approximations we obtain the equation of mo-
tion of the density matrix of the QW system in the /th island,
p'k, as follows:
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Here Qi:—,unyc/ f and Q' =—u!,E,/h refer, respectively, to
the Rabi frequencies of the control and signal ﬁelds with
frequencies w, and w, and amplitudes E, and E,. Mgz is the
dipole moment associated with the g-2 transition and u},
refers to that of the 1-2 transition in the /th island. For the 19,
20, or 21 ML system the former is found to be 1.0e, 0.95¢, or
0.89¢ nm, respectively, while the latter is estimated to be
2.1e, 2.0e, or 1.96¢ nm (e is the electron charge). r, is the
rate of incoherent pumping of |g) caused by tunneling of
electrons from |1). In Egs. (4)—(6), A“‘ K_wh*— @, and

Lk gk _ gyl &
Ay —w|" —wy are the one- photon detunlngs of the con-

=¥~ o+ o,

trol and signal fields, respectively, and .

—w, is the two-photon detuning. wj K refers to the frequency
associated with the energy of an electron in the jth subband.
y;'f(k) and ygze(k) represent the electron-electron scattering
effects in the dephasing rates of the g-1 and g-2 transitions.
Although these rates are in general k dependent,?® within the
assumption of parabolic dispersions for the conduction sub-
bands, we consider them in a phenomenological way equal
to be 2 ps~!. Note also that such a treatment bears the fact
that in highly doped quantum well structures one can ignore
nondiagonal dephasing rates (polarization scattering) in the
intersubband transitions.3%3! The electron-electron scattering
in 1-2 transitions is also ignored, as the carrier densities in |1)
and |2) are much less than that in |g), and electrons in these
subbands are more dominantly influenced by electron—
LO-phonon scattering processes. I',;=1/2 ps~! and Iy
=1/1.5 ps~" in Egs. (1)—(3) refer, respectively, to the energy
relaxation rates of electrons from |2) to |1) and from |2) to |g)
caused by such scattering processes.'*** 3P refer to the con-
tributions of such processes to the intersubband transitions.
The tunneling rate for electrons from |1) to |g) (r,) is also
taken to be 0.5 ps~'. In general, this rate is strongly influ-
enced by the energy spacing between these two subbands
and the thickness of the middle barrier. For the structure
considered in this paper (Fig. 2) the g-1 transition energy is
around 95 meV, which is much larger than the LO phonon
energy (36 meV). Therefore, the large phonon wave vector
required for such a transition hampers the tunneling rate to
some extent.*’

Ak and \/¥ in Egs. (1) and (2) refer, respectively, to the
effective pumping rates of |g) and |1) in the /th island (e.g.,
the 20-ML system) due to energy relaxation of electrons in
[2) in the mth adjacent island (e.g., the 19- or 21-ML sys-
tem). )\;",‘_1 in Eq. (3), however, represents the pumping rate
of |2) in the Ith island by the electrons in |2) of an adjacent
island with fewer ML’s. Correspondingly, Aj;;, A5, and A},
in Eq. (3) represent, respectively, decay of electrons from |2>
in the /th island into
rates are associated With the average transport time of elec-
trons from one island to another and are proportional to the
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electron densities in the |2)’s of the donating islands. Here,
however, since in each island )\,m and )\’k [Egs. (1) and (2)]
are accompanied with the mutual decay of carriers from |2)
of the same island to other islands [\X, and \/% in Eq. (3)],
one does not expect that such carrier relaxation processes
play significant role in the transport of carriers between the
islands. In other words, because the carrier densities in the
|2)’s of the 19-, 20-, and 21-ML systems are not significantly
different and the mean transport time is expected to be long,
through these processes each island receives similar number
of electrons as it loses. The situation for A/}, and ]},
however, is different. These rates mostly represent the net
lateral relaxation of electrons from islands associated with
fewer ML’s to those with more ML’s. For the /th ML system
they are, respectively, considered here to be equal to Fimerplz’g
and Fimerplz"zl’k where T'j,=1/50 ps~! refers to the rate asso-
ciated with the mean transport time of electrons from one
island to another. Note that obviously such a treatment rep-
resents a rough estimate of the effects caused by electron
hopping between different islands. In general, these effects
depend on scales of the islands and their distributions, carrier
densities in each island, temperature, etc. Note also that al-
though the lateral relaxation rate (I';,.,) considered here is at
least five times larger than those measured for excitons,? it
is much smaller than the characteristic damping rates of the
upper subbands within one island (I';; and I',,). Therefore,
the effect of such a hopping is not very significant if the scale
of the islands remains large.

Note that electron-electron interaction influences the in-
tersubband transitions in n-doped QW’s via depolarization
and exciton effects and renormalization of their conduction
subband energies by Hartree and exchange correlations.>* Al-
though we do not include these issues in this paper, one can
speculate their effects considering the fact that here they
mainly renormalize the one- and two-photon detunings in
Egs. (4)—(6). One can expect, however, that such an energy
renormalization being small* and can be incorporated by
adjusting the control field detuning. Because of the spatial
inhomogeneity of the structure considered in this paper, how-
ever, this can only be done for the specific ML system that
we want resonant enhancement of refractive index with zero
absorption to happen. Under such conditions still different
islands have different detunings and are influenced by the
control field differently. Therefore, the main concept devel-
oped in this paper remains intact.

In the model presented in this paper the signal field is near
resonant with the 1-2 transitions. The absorption coefficient
and refractive index experienced by this field at different
locations of the QW plane (I=19-ML, 20-ML, and 21-ML
systems) are found as follows:

l(w

9], ()

n'(w,) —np = — Re[ sy (@,)]- (8)
ny,

Here n,, is the background refractive index of the QW struc-
ture around the 1-2 transition wavelength. Xlz1(ws) is the sus-
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FIG. 4. (Color online) Absorption coefficient (a) and refractive
index change (b) of the 1-2 transitions in the 19 (dashed lines), 20
(solid lines), and 21 ML systems (dotted lines). The control field
intensity is assumed to be 0.6 MW/cm? and its wavelength is
5.59 pm. The arrows refer to A;=8.58 um.

ceptibility of the system for the 1-2 transitions at the /th
island given by

1 L2 kmax
P kpldak, ©)

7T€Leff ﬁﬂi 0

XIZI(ws) =

Here L. is the effective length over which the 1-2 transi-
tions occur, taken to be the width of the narrower well, and €
is the dielectric constant of GaAs at the signal wavelength.
pllé‘ in Eq. (9) was obtained by solving Egs. (1)-(6) under
steady state conditions.

III. AMORPHOUS OPTICAL LATTICES AND RESONANT
ENHANCEMENT OF REFRACTIVE INDEX

As pointed out in the preceding section, since the detun-
ings of the control field from the g-2 transitions in different
ML systems are not the same the signal field sees these sys-
tems differently. To study this issue and discover its physical
consequences we start here with the case where the control
field intensity (7.) is 0.6 MW/cm? and its wavelength is
5.59 pwm. This means that in the lateral regions where the
wider well has the nominal thickness (the 20-ML system) the
detuning of the control field from the g-2 transitions is about
15 meV. As shown in Fig. 4 (solid lines), under these con-
ditions at the vicinity of 8.58 wm (arrows) the refractive in-
dices of the 1-2 transitions in these regions are enhanced
significantly (n—n,=0.13) while their absorption coefficients
are diminished. In other words, the so-called resonant en-
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hancement of refractive index with zero absorption occurs.?®

Similar to the atomic systems,”-3 here the zero absorption
occurs at the crossing point of the gain and absorption re-
gions (arrow). Note that when the control field is off (I,
=0) the 1-2 transitions are transparent (zero absorption) and
their refractive indices are similar to that of the background
of the QW structure, i.e., n=ny,.

The enhancement of refractive index with zero absorption
seen in Fig. 4 (arrows) is the result of the optimized balance
between quantum interference in the intersubband transitions
and the incoherent pumping of |g) caused by tunneling of
electrons out of |1). The situation is different for the 19-ML
and 21-ML systems if we consider that the control field in-
tensity and wavelength remained unchanged, i.e.,
0.6 MW/cm? and 5.59 um, respectively. Since in such sys-
tems the transition energies are different from those in the
20-ML systems, the control field is detuned from the g-2
transitions by about 30 meV in the 19-ML systems and
—1 meV in the 21-ML systems. Here because of the very
small or large detuning the quantum coherence and its inter-
play with the effects caused by the electron tunneling are
changed to some extent. As shown in Fig. 4 (dashed lines),
the large control field detuning in the 19-ML systems signifi-
cantly changes their absorption and refractive index spectra
compare to those of the 20-ML systems. Despite this still one
can see here an enhancement of refractive index with zero
absorption. This, however, happens at shorter wavelength
with an index augmentation less than half of that seen in the
case of the 20-ML system. As shown in Fig. 4 (dotted lines),
due to the small detuning of the control field from the g-2
transitions, in the 21-ML systems the electron population in
the upper subbands (|2)) is relatively higher than those in the
19-ML and 20-ML systems. As a result, the 1-2 transitions
here show a significant amount of gain. The resonant en-
hancement of refractive index with zero absorption here oc-
curs at a longer wavelength and, similar to the 19-ML sys-
tems, the refractive index increase is less than that seen in the
20-ML system.

The results presented in Fig. 4 show how various ML
systems response differently to a signal field when they are
interacting with an identical intense ir laser field. To study
the lateral response of the QW and formation of an amor-
phous two-dimensional optical lattice we need to include the
effects of the statistical lateral profiles of the ML growth
islands. To do this we assume that the 19-, 20- and 21-ML
systems considered in Fig. 2 have the same lateral morphol-
ogy as that shown in Fig. 3. Under the same conditions as
those in Fig. 4 and when the signal field wavelength (\) is
8.58 um we find the lateral absorption of the QW structure
as shown in Fig. 5(a). This figure visualizes the fact that here
since the nominal regions (the 20-ML systems) have coher-
ently become transparent (a?*ML'=0), the signal field can
propagate through this region without any attenuation. On
the other hand, because their refractive indices are enhanced
more significantly than the other ML systems [Fig. 5(b)], the
signal field can also become optically confined in these re-
gions. As shown in Fig. 5(a), under the same conditions, the
19-ML systems generate isles of gain (a'*Mt~-254 cm™)
with n—ny=0.03 [Fig. 5(b)]. The 21-ML systems, on the
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FIG. 5. (Color online) Lateral response of the 19-, 20-, and
21-ML systems with the interface morphology shown in Fig. 3
when the signal field wavelength is 8.58 um. (a) refers to the ab-
sorption coefficient and (b) to the refractive index change in the
QW plane. All other specifications are the same as those in Fig. 4.

absorption  (a?'™ML

other hand, «create regions of
~246 cm™!) with n—n,=0.06.

Note that in the absence of the control field the 8.58 um
signal field propagating along the QW plane only sees a
transparent medium with a uniform refractive index equal to
ny,. Figure 5 illustrates how this situation changes drastically
in the presence of the control laser as various types of coher-
ent mixing of the conduction subbands in different regions of
the QW plane form an amorphous optical lattice. Although,
morphology of such a lattice is directly influenced by the
statistics of the QW interface roughness, it can be optically
manipulated by varying the intensity and/or frequency of the
control field. In fact by adjusting these parameters one can
decide which regions in the QW plane will become transpar-
ent with very high refractive indices and which regions will
have high absorption or gain with smaller indices. In other
words, one can optically control the morphology of the two-
dimensional optical lattice to a large extent. This is a signifi-
cant feature with useful applications as it can establish a
ground for active control of light propagation in planar struc-
tures. Such a control determines scattering of the light from
the coherently generated isles of refractive index, absorption,
and gain in the QW plane and determines its attenuation and
amplification. This also allows one to change the relative
contributions of these islands, causing a dramatic changes in
the absorption spectrum of the signal field.

To experimentally realize such an optical lattice one can
sandwich the double-QW structure shown in Fig. 2 between
two optical confinement layers, forming a waveguide struc-
ture similar to those in semiconductor lasers. Note, however,
if the number of the double QWs increases the distinct ef-
fects discussed in this section are smeared out to some ex-
tent. In addition, in the absence of the control field, if the
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FIG. 6. (Color online) Absorption coefficient (a) and refractive
index change (b) of the 1-2 transitions in the 19-ML (dashed lines),
20-ML (solid lines), and 21-ML (dotted lines) systems. The control
field intensity is assumed to be 0.6 MW/cm? and its wavelength is
5.23 um. The arrows refer to A;=9.45 um.

signal field becomes near resonant with the g-2 transitions, it
absorption shows some signatures of the growth islands.
These include inhomogeneous broadening of the absorption
spectra and even the possibility of generation of some kind
of ML splitting peaks.'®

IV. AMORPHOUS OPTICAL LATTICES AND RESONANT
SUPPRESSION OF REFRACTIVE INDEX

The coherent processes discussed in the preceding section
was optimized to reach large enhancement of refractive in-
dex with zero absorption in the conduction intersubband
transitions of the 20-ML systems. A distinct feature of the
model proposed in this paper is that one can adjust the de-
tuning of the control field to coherently suppress the refrac-
tive index of these transitions while making them transpar-
ent. To see this, here we employ the same QW system as that
considered in Fig. 2 and assume the lateral morphology of
the ML islands is the same as that shown in Fig. 3. Here we
first consider coherent suppression of refractive indices of
the 21-ML systems while their absorption coefficients be-
come zero. Therefore, we consider the wavelength of the
control field is 5.23 wm, i.e., it is detuned from the g-2 tran-
sitions in these systems by about —16 meV. Under these con-
ditions, as shown in Fig. 6(b) (dotted line), when I,
=0.6 MW/cm? the refractive indices of the 21-ML systems
for A;~9.45 um (arrow) are coherently suppressed well be-
low the background index (n—n,=-0.15). As seen in Fig.
6(a) (dotted line), around the same wavelength this process is
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By 1
y (wm)

X (Lm) 0 3

FIG. 7. (Color online) Lateral response of the QW structure
shown in Fig. 2 with the interface morphology shown in Fig. 3
when the signal field wavelength is 9.45 um. (a) refers to the ab-
sorption coefficient and (b) to the refractive index change. Other
specifications are the same as those in Fig. 6.

accompanied with the reduction of the absorption coeffi-
cients of the 1-2 transitions to zero (arrow). Around the same
wavelength the 19-ML systems (dashed lines) with control
field detuning of about 15 meV show very small amount of
absorption without any significant change of refractive index
from that of the background. The 20-ML systems (solid
lines) here present the resonant case, as the control field in
such systems is resonant with the g-2 transitions. As shown
in Fig. 6, at A\;=9.45 um (arrow) this leads to a slight change
of refractive index and generation of some absorption.

To visualize how these processes lead to the lateral modu-
lation of the near resonant responses of the 1-2 transitions
in the QW plane and formation of an amorphous optical
lattice, here we assume that the control field intensity is
0.6 MW/cm? and its wavelength is 5.23 um, i.e., the same
as those in Fig. 6. An oblique three-dimensional illustration
of the in-plane response of the QW structure when the signal
wavelength is assumed to be 9.45 um is shown in Fig. 7.
Because of the large suppression of refractive index accom-
panied with zero absorption, Fig. 7(b) shows deep valleys
(minima) associated with the 21-ML systems. On the other
hand, since the refractive indices of the 19-ML systems are
nearly the same as ny, they form isles of n—n;, ~ 0 within the
regions with n—n,~—0.04 associated with the 20-ML sys-
tems. Figure 7(a) shows that the 19-ML and 21-ML systems
also form isles of slight gain or nearly zero absorption, re-
spectively, within the highly absorbing regions associated
with of the 20-ML systems. (Note that, for the sake of better
visualization, here the absorption axis is reversed.) Similar to
the previous case, here also one can control the gain and
refractive indices of different regions in the QW plane by
changing the frequency and/or intensity of the control field.

Figures 6 and 7 present the case where optimization of
control field wavelength and intensity led to a dramatic sup-
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FIG. 8. (Color online) Absorption coefficient (a) and refractive
index change (b) of the 1-2 transitions in the 19-ML (dashed lines),
20-ML (solid lines), and 21-ML (dotted lines) systems. The control
field intensity is assumed to be 0.6 MW/cm? and its wavelength is
4.92 um. Thick arrows refer to A\;=8.58 um and thin arrows to
Ng=9.21 pm.

X (um) 03

y um)

FIG. 9. (Color online) Lateral response of the QW structure
shown in Fig. 2 with the interface morphology shown in Fig. 3
when the signal field wavelength is 8.58 um. (a) refers to the ab-
sorption coefficient and (b) to the refractive index change. Other
specifications are the same as those in Fig. 8.
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pression of the refractive index of the 21-ML systems at a
specific wavelength while at the same wavelength the other
systems exhibit much smaller index changes. Inspection of
this Fig. 6 also shows that under the same conditions in the
vicinity of 8 um one can see coherent enhancement of re-
fractive index accompanied with zero absorption in the
19-ML or 20-ML systems. Around this wavelength, however,
the control field does not cause significant refractive index
and absorption contrasts between various islands.

The results presented in Fig. 5 illustrated a case where the
20-ML systems became transparent while their refractive in-
dices were enhanced more than those of the 19- and 21-ML
systems. This case imitates somehow the case of two-
dimensional photonic band gaps formed by putting periodic
air cylinders in a semiconductor slab.>®> A complementary
case happens when one makes the 20-ML systems transpar-
ent while reducing their refractive indices lower than those
of other ML systems, i.e., generating an inverted lattice. To
inspect this case we show in Fig. 8 the responses of these
systems when the wavelength of the control field is adjusted
to 4.92 um and its intensity is kept at 0.6 MW/cm?. Here at
A\,=8.58 um the refractive indices of the 20-ML systems are
suppressed while they become transparent (thick arrows).
The lateral response of the QW at this wavelength shows
formation of the inverted amorphous optical lattice where the
refractive index contrast between the main 20-ML regions
and the 19- and 21-ML systems is about 0.1 [Fig. 9(b)]. Note
also that Fig. 8 shows that under the same conditions at a
longer wavelength (A\;=9.21 um) the resonant suppression
of refractive index with zero absorption occurs for the
21-ML systems (thin arrows).

PHYSICAL REVIEW B 72, 125336 (2005)

V. CONCLUSIONS

In conclusion, we proposed formation of a quantum-well-
based amorphous optical lattice using coherent control of the
absorption and refractive index of the intersubband transi-
tions in the plane of an n-doped double-QW structure. This
was done using the interface morphology of the QW struc-
ture and utilizing coherent optical processes in the conduc-
tion intersubband transitions. These processes, which were
caused by an intense ir field, included resonant suppression
or enhancement of refractive indices of these transitions
while their absorption coefficients were coherently con-
trolled. We used large-scale ML growth islands at the well/
barrier interface to spatially modulate the effects of the in-
tense ir field in the QW plane. The results showed that the
intense ir field can convert the QW plane from being a trans-
parent medium with uniform refractive index in the absence
of this field into regions with different refractive indices and
absorption coefficients. We showed that when the intensity
and frequency of this field are chosen properly some of these
regions could become transparent with very high or low re-
fractive indices while others acquired a large amount of gain
or absorption with different refractive indices. Depending on
the morphology of the growth islands, by changing the in-
tense ir field frequency and intensity one can laterally switch
over these regions in the QW plane, deciding which locations
in this plane become transparent with coherently suppressed
or enhanced refractive indices.
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