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Photonic valence/conduction subbands in optically generated photonic quantum wells:
Tunable optical-delay line application
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It has been shown that, in the absence of a control laser field, functional photonic superstructures can act as
homogeneous photonic band gap structures formed via uniform corrugations of their background refractive
indexes. When some sections of these structures are illuminated with such a laser, those sections become
resonant (active) photonic band structures with higher refractive index contrast, forming photonic heterostruc-
tures. In this paper we study how by controlling the phase of quantum interference processes in such structures
one can control alignment of such heterostructures, coherently generating photonic quantum wells with either
conduction- or valencelike subbands (resonant transmission states). We show the energies of these subbands
can be tuned by the control laser and demonstrate that their longitudinal mode profiles follow one-by-one
correspondence with the envelope functions of the electron or hole subbands in electronic quantum well
structures. In particular, we show how such photonic quantum wells can act as optically tunable time-delay
lines, capable of increasing delay of a signal passing through them significantly via laser-induced control of

optical confinements of the photonic subbands.
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I. INTRODUCTION

Photonic structures can confine photons similar to the
ways semiconductor (electronic) quantum wells (QWs),
wires or dots confine electrons. This is an appealing subject
of research as it can have numerous applications, both from
practical and fundamental point of views. These applications
are ranging from super small laser cavities to quantum elec-
trodynamics of quantum dots.!? Construction of a photonic
quantum dot has already been reported via patterning a pla-
nar optical microcavity structure.> Decrease of the lateral
size of such structures can shift the optical modes of these
structures to higher energies, analogous to what one expects
in semiconductor quantum dots.* It has also been shown that
by bringing two of such photonic quantum dots together one
can also form a “photonic molecule.” In such a structure
reduction of the length of the channel connecting the two
dots can in fact increase energy splitting of the confined pho-
tonic modes. This is in close analogy to the emergence of
electronic bonding and antibonding modes in diatomic mol-
ecules. Photonic quantum wells have also been studied by
sandwiching a medium between photonic barriers. The pres-
ence of quantized confined states in such structures due to
the photonic confinement effect, similar to that in the semi-
conductor quantum wells, has been investigated.®’

Photon confinements in the cases mentioned above were
generated by spatial variation of semiconductor materials,
either by etching or forming heterostructures of semiconduc-
tor materials. In a recent paper we proposed a special type of
photonic structures, called photonic superstructures (Fig. 1),
that allow photonic barriers and confinement happen via co-
herent processes caused by a laser beam (control field).?
These structures are in fact functional semiconductor
waveguides that in the absence of the control field act as
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passive photonic band gap structures characterized by their
background refractive index corrugations. When the control
field illuminates one or several parts of such waveguides,
those parts are transformed into active photonic band gap
structures with much higher refractive index contrast. In
other words, as shown in Figs. 1 and 2, the structure coher-
ently becomes a monolithic tandem of passive and active
PBG structures. Obviously the active PBG structures can be
created at any location of the waveguide or can be moved
from one location to another.

One of our objectives in this paper is to study how one
can coherently control band alignment of passive and active
photonic band gaps in photonic superstructures. In other
words, we will study the unprecedented capability of such
structures to form different types of optically generated pho-
tonic QWs. In semiconductor (electronic) structures align-
ment of electronic band gaps is an important issue, as it
relates to whether a QW structure is type I or II, and deter-
mines its conduction and valence band offsets, transport
properties, etc. In contrast to electronic heterostructures
where band alignment is a rather predetermined structural
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FIG. 1. (Color online) Overall concept of a photonic superstruc-
ture. Here the structure is a ridge waveguide that can be illuminated
from the side by the control laser (horizontal arrows). The illumi-
nated regions become active PBG with enhanced band gaps while
the unilluminated region remains passive PBG with smaller band
gap. The thick arrow along z refers to the signal beam.
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FIG. 2. (Color online) Schematic illustration of the coherently
generated photonic QW with conductionlike band. In (a) the arrows
refer to the control field beam illuminating the functional super-
structure from the side in two locations. Ly, refers to the length of
the illuminated region (barrier), and L,, represents the width of the
unilluminated region (well). (b) shows the band alignment of the
passive and active PBGs when the infrared laser suppresses low
refractive index regions [stepped line in (a)].

feature, in functional photonic superstructures we can adjust
the control laser to set up specific forms of photonic band
gap alignment. In one limit this can lead to formation of
photonic QW structures with valencelike band.® In this case
the photonic well is formed similar to a type I semiconductor
QW with zero conduction band offset. As discussed in this
paper, the other limit includes generation of photonic QW
structures with conductionlike bands. The counterpart of this
case in electronic structures includes type I QW structures
wherein their valence offsets are zero (Fig. 2). Such photonic
QWs support resonant transmission states or photonic sub-
bands very similar to those in the conduction or valence band
of semiconductor QWs. As shown in this paper, for example,
the longitudinal mode profiles of the photonic conduction
subbands (PCBs) introduced in this paper (Fig. 2) resemble
consistently with the envelope functions of the conduction
subbands in electronic QW structures.

Another objective of this paper is to show how photonic
subbands (or resonant transmission states) studied in this pa-
per allow us to use photonic superstructures as efficient tun-
able optical time-delay lines or optical buffers. Such appli-
cations are related to one of the main challenges existing
today in optical communication, i.e., the ability to store an
optical signal in optical format and being able to keep the
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data in optical domain during the routing process. Tunable
optical-delay lines have recently been discussed extensively
using slow light. In these cases one uses variation of group
velocity of light mostly by application of another light.*!? In
this paper we show that optical-delay lines based on photonic
subbands discussed in this paper allow one to increase delay
of a signal passing through a photonic superstructure signifi-
cantly, going from picosecond delay range in the absence of
the control field to nanosecond range when the photonic
quantum well is formed. The results also show that one can
spectrally tune the delayed signal. Such a significant delay is
reached based on the fact that in the optically induced pho-
tonic QW presented in this paper, the width of the QW can
be continuously controlled by changing the lengths of the
two illuminated regions (photonic barriers). As a result, we
not only can adjust the number of the photonic subbands and
their energies, but also their linewidths.

II. COHERENTLY GENERATED PHOTONIC
HETEROSTRUCTURES: REVIEW OF THE THEORY

The main idea in this paper is based on application of a
laser field to spatially change the contrast of refractive index
in designated regions of a functional waveguide. The ridge of
such a waveguide (Fig. 1) contains a periodic corrugation of
several periods of a semiconductor QW (SQW) structure
along the z axis [Fig. 2(a)]. Because such a structural corru-
gation is considered uniform, in the absence of the control
field it leads to a uniform refractive index perturbation and
coupling coefficient. In other words, the whole waveguide
structure contributes to the formation of a single PBG. When
the control field influences a portion of this waveguide, how-
ever, the refractive index perturbation in that region in-
creases. This changes the light scattering along the wave-
guide, setting up a photonic barrier or heterostructure.® As
shown in Fig. 2 the increase of index perturbation here hap-
pens via coherent reduction of lower refractive index regions
(SQW regions). As we will show in following this could lead
to a specific photonic band gap alignment, generating a pho-
tonic QW structure as depicted in Fig. 2(b). Using a similar
waveguide structure, or photonic superstructure, one can
generate a different type of photonic band gap alignment,
forming valencelike conduction bands. For this one needs to
adjust the duty cycle of the corrugated SQW regions and use
coherent effects to enhance their refractive indexes.® Note
such enhancement and suppression of refractive index pro-
cesses happen in the presence of electromagnetically induced
transparency (EIT). Therefore, these processes occur without
adding any loss to the photonic waveguide structures.

The SQW structure considered in this paper is an n-doped
double structure as that shown in the inset of Fig. 3. The
control laser field is near resonance with the 1-3 transition of
this structure. In the presence of this field and the probe field
near resonant with the 2-3 transition, quantum interference
happens, increasing or decreasing the refractive index of this
transition while allowing it to remain transparent at a given
frequency range via formation of EIT. To study these issues
we consider the double SQW structure contains a populated
ground subband (|1)) and two upper subbands (|2) and |3))
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FIG. 3. (Color online) Absorption coefficient (solid line) and
refractive index change (thick dashed line) of the 2-3 transition
when 1,=0.7 MW/cm? and A,=-4.1 meV. The stars indicate the
wavelength where EIT happens. The horizontal dotted and dashed
lines refer, respectively, to absorption and refractive index of this
transition when /.=0. The inset schematically shows the double
semiconductor QW, wherein the double sided arrow refers to the
coupling field and the one-sided one to the probe field.

(Fig. 3 inset). This structure contains 4 and 2 nm In, sGay sAs
wells separated by 1.5 nm Al, sGay sAs barrier. The left and
right barriers are, respectively, Aly4GagcAs and
Al 55Gag 45As. Including the effects of strain and energy-
dependent electron effective mass, we find a relatively large
dipole moment for the 2-3 transition (u,3=2.7¢ X nm) with a
transition wavelength of about 5.2 um.!'! The 1-3 transition
occurs at 3.17 um with p;3=0.8¢ X nm. We considered the
electron-electron scattering rate in the ground subband (I'“~)
was 4 ps~! and the energy relaxation times of electrons from
the third subband to the second and first subbands (1/I;)
were, respectively, 2 and 3 ps.'?>!3 In addition, considering
the 1-2 transition energy (152 meV) and the carrier density
(7% 10" cm™), we assumed the tunneling time (1/T,) from
|2) to |1) was roughly 2.5 ps. The response of such a QW
system at the vicinity of the 2-3 transition was obtained by
solving the optical Bloch equations. In these equations the
polarization dephasing rates (y;;) associated with the inter-
subband transitions were y;3=(I3+1,+1°7)/2=241, v,
=([+1°¢)/2=2.2, v,;=([,+15+I,)/2=0.64 ps'. This
suggests that the coherent processes discussed in this paper
can happen in sub-ps scales.

When the control field is off the 2-3 transition is basically
transparent (Fig. 3, dotted line) with a refractive index equal
to that of the background index of the QW structure (n;,)
(horizontal dashed line). In the presence of this field the ab-
sorption coefficient (solid line) and refractive index (thick
dashed line) of this transition can change dramatically. In
particular if we consider the intensity of this field (7,) is set
to 0.7 MW/cm? and its detuning from the 1-3 transition
(A,) is —4.1 meV, as shown in Fig. 3, absorption of this
system develops EIT around 5.1 um (star). At the same
wavelength the refractive index of the 2-3 transition is sup-
pressed significantly.

To numerically treat coherent formation of photonic QW,
note that the slowly varying part of the light wave in the
structures considered here can be expressed as
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Ej (0,2) = F (0,2)e 777+ R (0,2)/. (1)

Here the indices emphasize on the fact the optical field
propagation along the functional waveguide structure consid-
ered in this paper is strongly influenced by the intensity (7,)
and frequency (w,) of the control field. For the first order
corrugation with period A considered here we have S,
=7/ A. Ffu" (w,z) and Rfu" (w,z) refer to the forward and back-
ward waves with frequéncy o along z. To find these func-
tions we adopt a transfer matrix method including the effects
of the control field. The details of calculations are presented
in Ref. 8. Briefly, using this method we have

F (w,L,)
R (w,L,)

F’ (w,0)

R’ (0,0) @

= Til”c(a),L,)

Here Tfu" (w,L) refers to the total transfer matrix. For coher-
C

ently induced photonic QWs considered in this paper this is
given by

T (@,L) = Tl (0, L) Ty(0,L)TG (0. Ly).  (3)

Here ng.(w,Lb) refer the transfer matrices of the exposed
regions forming the barriers. The unilluminated region forms
the well is described by 7),(w,Ly,). Here Ly, refers to the
length of the unilluminated region. L,=2L;+Lyy is the total
length of the waveguide. The elements of the transfer matrix
were calculated using a set of frequency-dependent coupled
mode equations describing propagation of light wave in a
medium with perturbation of complex susceptibilities.®!41
The susceptibility in turn was obtained by solving optical
Bloch equations under steady state condition. Having real
and imaginary parts of the susceptibility we calculated
K{;‘.(w), i.e., the field-dependent complex coupling coefficient
of the structure. Obviously this parameter is different in dif-
ferent part of the structures, depending on whether it is in-
fluenced by the control field or not. Note that in this paper
we used optical Bloch equations within relaxation time ap-
proximation. In general, however, when relaxation processes
involve with significant changes in the transition energies,'®
or when the applied field is so strong that these processes
become field dependent,'” these equations may not be valid.

III. CONDUCTIONLIKE PHOTONIC BANDS

To study coherent generation of photonic QWs with con-
ductionlike bands, we consider the waveguide structure con-
tains 80 periods of the double SQW structure etched periodi-
cally with 813 nm period. The trenches are then refilled
epitaxially with In,Al;_.As. The In content (x) is adjusted
such that the effective refractive indices of these regions
(trenches) are more than those of the QW regions in the
absence of the control field. The substrate is GaAs and the
lower confinement layer is a graded In,Al;_,As layer, allow-
ing accommodation of high strain and providing the optical
confinement needed for the waveguide structure. The upper
confinement layer is also taken to be In,Al;_,As with an
average refractive index of 3 in the vicinity of 5 um, similar
to that of the lower confinement layer.'® We consider the
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FIG. 4. (Color online) Reflection of the waveguide structure
when two regions of the waveguide are illuminated by the control
field [Fig. 2(a)]. The intensity and wavelength of the laser are con-
sidered to be similar to those in Fig. 3. The numbers on the left top
corners refer to the width of the unilluminated region (L, in um).

facets are AR coated and the double SQWs are located a
narrow-width ridge illuminated from the side by the control
field (Fig. 1). This allows us to ignore variation of the control
field intensity.

In this section the widths of the barriers formed by the
coherent effects are considered to be the same. We vary the
magnitudes of these barriers (L;,) by controlling the widths of
the illuminated regions. The intensity of the control field is
considered 0.7 MW/cm? and we assume it is detuned from
the 1-3 transition by —4.1 meV. The results of calculations
are rather unique. For L,=1200 wm, as shown in Fig. 4(a),
when L,=0 (or I,=0), we have a well-developed PBG. When
the width of each barrier L,=300 um (L,=600 um) we see
significant changes in the band gap. These include enhance-
ment of the band gap from the shorter wavelength side and
formation of some very sharp resonances within that region
[Fig. 4(b)]. The larger L, becomes, i.e., the smaller L,, is, the
number of these ultrasharp transmission resonances are re-
duced while they undergo blue energy shifting. For L,
=440 um or L,=320 wm [Fig. 4(c)], there exist basically
two transmission resonances in the band gap. For L,
=500 wm or L,=200 um [Fig. 4(d)], the number of reso-
nances is reduced to one.

Figure 5 shows the corresponding transmission of the sys-
tem. Note for L, =0, we have a homogeneous passive PBG.
Therefore, as shown in Fig. 5(a), except around the band gap
where Bragg scattering happens, transmission is frequency
independent. When the infrared laser illuminates the wave-
guide, the illuminated parts form resonant PBG structures.
Such structures are only lossless around the main frequency
where EIT happens. Therefore, the reduction of transmission
around the band gap in Figs. 5(b)-5(d) is due to the absorp-
tion of the 2-3 transitions away from the minimum absorp-
tion of EIT (Fig. 3, star).

The results presented in Figs. 4 and 5 are analogous to the
conduction subbands of single electronic QW structures. In
such structures the number of the subbands depends on the
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FIG. 5. (Color online) Corresponding transmission of wave-
guide structure studied in Fig. 4. All parameters are the same as
those in Fig. 4.

width and the band offset of the QW. The transmission reso-
nances seen in Figs. 4 and 5 are formed inside the shorter
wavelength transparent region of the passive region. As one
can see, under no condition any state is formed inside the
longer wavelength region of the band gap. The number and
energies of such photonic conduction subbands (Fig. 4) also
seem to follow the same rules as the conduction subbands of
semiconductor QWs. The blue shift of the photonic reso-
nances (subbands) toward shorter wavelengths is particularly
consistent with this argument. Note that using similar wave-
guide structure but with slightly different duty cycle for the
corrugated SQW, one can generate valencelike photonic
band. This happens when the control laser field causes en-
hancement of refractive index accompanied by EIT.® In such
a case the photonic subbands happen at the longer wave-
length side of the passive PBG and with the decrease of L,,
they are pushed toward lower energies.

The longitudinal profile at each transmission resonance in
Figs. 4 or 5 provides a consistent picture of formation of
laser-induced photonic subbands. To see this in Fig. 6 (solid
lines) we plot the squared values of combined forward and
background waves (|F 23“+Rijc|2) or longitudinal mode profile
associated with each pLhotonic conduction subband for the
case of L,=600 um (L,=300 wm). For such a photonic
QW the three bound conduction subbands (PCB1, PCB2, and
PCB3) are located at 5121.0 (a), 5116.75 (b), and 5112.4 nm
(c), respectively. Figure 6(a) (PCB1) shows significant con-
finement with near zero leakage of light outside of the struc-
ture. The second and third subbands, however, are less con-
fined, as one expects. These results are very similar to the
envelope functions of electrons in electronic QW structures.
This becomes more obvious if we consider the real (dashed
lines) and imaginary (dotted lines) of F’c +R’ for each pho-
tonic conduction subband. Note that, afthouéh F{;L+R{5€ is
complex, both its real and imaginary parts show significant
similarities with the wave functions of conduction subbands
in single SQW, even in terms of their parties.
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FIG. 6. (Color online) Longitudinal mode profiles (|F. +R’|?)
associated with the three transmission resonance peaks in Fig. 4(b)
(solid lines). The dashed and dotted lines refer, respectively, to the
real and imaginary parts of Ffu+Rfo. \; (in nm) refers the wave-
length of the ith photonic subband.

IV. TUNABLE OPTICAL DELAY LINE BASED
ON PHOTONIC SUBBANDS

The results presented in Fig. 4 not only predict formation
of photonic QW with optically tunable conduction subbands,
but also reveal some other unique features. These include
optical control of the photonic confinements of these sub-
bands. Combination of these features allows one to envision
various device applications. As an example in this section we
study application of photonic superstructures as tunable
optical-delay lines. As mentioned in the introduction, tunable
optical-delay lines are of significant interest in optical com-
munications. Optical time delays have been conventionally
generated by varying a free-space or optical waveguide
propagation path, choosing from a combination of prede-
signed optical path lengths.'® Recently, however, delay based
on slow light has also captured much attention for achieving
continuously tunable optical delays.>!® In principle, slow
light is achieved by tailoring an enhanced group index reso-
nance within a given nonlinear medium. The delay line pre-
sented in this paper is based continuous control of photonic
confinement and provides significant delay by just adjusting
the control field illuminating the superstructure.

To start in Fig. 7 we present the results of calculations for
the time delay of light passing through similar waveguide
structure as that considered in Fig. 4. Here, however, we
consider L,=1000 wm to avoid numerical implications

PHYSICAL REVIEW B 80, 045316 (2009)

500
L =0
w

0
5.1 5.11 512 513 5.14

500
L =500
w
51 511 512 513 514
2 500
= L =300
> w
®©
[0]
(]
0 A S,
51 511 512 513 514
500
L =200
w
o —— N
51 511 512 513 514
500
L =100
w

I

0
5.1 5.11 512 513 5.14
Wavelength (um)

FIG. 7. (Color online) Time delays associated with the coher-
ently generated photonic subbands in Fig. 5.

caused by the very narrow transmission lines when L, is
small. As one can see here when L,=0 (or I.=0) for wave-
lengths around 5.12 um and shorter the time delay is very
small (about 10 ps). In the presence of control field (I,
=0.7 MW/cm?) and for various values of L, (or L) the
results in Fig. 7 show that formation of photonic conduction
subbands come with significant increase of time delay. In
fact tracking the first subband (PCB1) suggests that for L,
=300 um the time delay can reach over 400 ps. The overall
results also show continuous tuning of the wavelength of the
delayed signal. This also suggests ultranarrow wavelength
selectivity for functional optical filters, ultrafast switches,
and midinfrared spectroscopy.

Figure 7 shows that as L, increases the amount of delay
reaches a maximum and then starts to decrease. This issue
can be related to the optical confinement of the mode causing
the delay (PCB1). To see this in Fig. 8 we show the corre-
sponding longitudinal profiles of this mode for three values
of L, considered in Fig. 7. As seen here, PCB1 has the
maximum optical confinement when L, is around 300 um.
For much larger L., the barrier width is small and for smaller
L,, the photonic subband is very close to the edge. Therefore,
in both of these cases we see less optical confinement and
time delay.

To see the impact of total length of the waveguide (L,) in
Fig. 9(a) we show variation of the time delay of the photonic
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FIG. 8. (Color online) Variation of longitudinal mode profiles
associated with Fig. 7 for three different values of L, in um (num-
bers in legends).

QW for L, =200 wm and narrower when L,=800 um. Here
one can see that the amount of delay is dropped drastically,
compare to Fig. 7. Additionally, this figure shows how PCB1
can dominantly determine the overall time delay of the
waveguide. The results also show that as the delayed signal
is continuously detuned toward shorter wavelengths with re-
duction of L, the width of the transmitted spectrum in-
creases. In other words, the photonic subband becomes
broader. As shown in Fig. 9(b), such a broadening can be
consistently related to the fact that with the decrease of L,
the mode associated with this subband becomes less local-
ized.

Note also that the results presented in Fig. 3, and therefore
in Fig. 4, are the results of quantum interference caused by
the both probe and control fields. In fact these interference
processes are very similar to those in systems exhibiting
EIT.?° Here, however, the interfering 1-3 (indirect) and 2-3
(direct) paths deal with significant electron population in the
states mixed by the control field. One major feature, how-
ever, here is that the change of the control field detuning sign
acts as a change of a phase in the interference process. As
shown in Fig. 3, this leads to suppression of refractive index
of the 2-3 transition.
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FIG. 9. (Color online) Time delay of the photonic superstructure
considered in Fig. 7 but for L,=800 wm (a). Peaks indicated with 1,
2, 3, and 4 refer, respectively, to L,,=200, 150, 100, and 50 um. (b)
shows their corresponding longitudinal mode profiles.

V. CONCLUSIONS

We studied coherent formation of photonic quantum wells
using an infrared laser field. This laser was responsible for
coherent formation of active photonic band gaps with rela-
tively wide band gaps, acting as electromagnetically induced
photonic barriers. The well was a passive PBG with smaller
band gap. The barriers were the parts of a functional wave-
guide structure that were illuminated with a laser field, while
the unilluminated part acted as the well. We showed that the
photonic subbands were either conduction- or valencelike,
i.e., with narrowing the well their subband energies blue- or
redshifted, respectively. The widths of the photonic quantum
wells discussed in this paper can be dynamically varied by
just changing the lengths of the illuminated regions of the
waveguide. This allows us to tune photonic subbands and
changing their widths or numbers.
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