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Slow and fast light processes, based on both structural and material dispersions, are realized in a wide tuning range
in this article. Coherent population oscillations (CPO) in electrically tunable quantum dot semiconductor optical amplifiers
lead to a variable group index ranging from the background index (7pgq) to ~ 30. A photonic crystal waveguide is then
dispersion engineered and a group index of 260 with the normalized delay-bandwidth product (NDBP) of 0.65 is achieved
in the proposed waveguide. Using comprehensive numerical simulations, we show that a considerable enhancement of slow
light effect can be achieved by combining both the material and the structural dispersions in the proposed active QDPCW
structure. We compare our developed FDTD results with analytical results and show that there is good agreement between
the results, which demonstrates that the proposed electrically-tunable slow light idea is obtainable in the QDPCW structure.
We achieve a total group index in a wide tuning range from npgq to ~ 1500 at the operation bandwidth, which shows a
significant enhancement compared with the schemes based only on material or structural dispersions. The tuning range and
also NDBP of the slow light scheme are much larger than those of the electrically tunable CPO process.
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1. Introduction

Light velocity control has become one of the most im-
portant topics in optical engineering. “Slow light” refers to a
significant decrease in light velocity whereas “fast light” refers
to its velocity greater than the speed of light in vacuum (¢). To-
day, optoelectronics plays the most important role in modern
communication and information technologies, whereas there
still exist some challenges such as the ability to store an optical
signal in the optical domain without converting to the electri-
cal format or in brief the optical buffering.!!! By realizing opti-
cal buffers, there would be no need to optical/electrical/optical
conversions!?! and as a result, routing delay will significantly
be reduced due to the complexity of protocols, size, and power
of the routers. Data packets’ collision is one of the still re-
maining challenges in optical networks. To solve this, one
needs a controllable amount of delay or advance. Therefore,
we are interested in tunable speed for light signal. Tuning
ability is a critical feature of slow light schemes and in gen-
eral, the range in which light speed can be tuned is of great
importance. Light signal velocity is the same as group ve-
locity and has been defined by vy = dw/dk which can be
expressed by [c — wdn(k, w)/dk]|/|n(k, ®) + @dn(k,®)/dw],
where n is the real part of the refractive index and k is the
propagation constant. Two terms in the group velocity re-
lation are capable of controlling the group velocity. The
first term is dn(k,®)/dk (structural resonances), also called
waveguide dispersion which utilizes the frequency-dependent
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phase variation created by strong transmission or reflection
characteristics, which results in a constant group index that
cannot be tuned actively by the bias current. The second
term, dn(k,®)/d® (material resonances), also called mate-
rial dispersion, utilizes the refractive index change created by
a narrow resonance in the absorption or gain spectra of the
medium. The later can be controlled and then tuned electri-
cally or optically. On the other hand structurally engineered
slow light demonstrates a very larger group index than that
from the material dispersion method and then, is very effec-
tive in slow light generation. Initial experiments were based
on electromagnetically induced transparency (EIT) to achieve
a large group index (low group velocities). In an EIT scheme,
a narrow transmission window is created due to the destruc-
tive interference between a strong pump beam and a weak
probe one, therefore, a large group index can be obtained
over this transmission window. Using EIT, the light veloc-
ity decreased to ¢/165 in a 10-cm lead vapor cell.’) Later,
by utilizing sodium atoms at low temperatures, group veloc-
ity decreased to 17 m/s.[*l Coherent population oscillations
(CPO) is also utilized in an alexandrite crystal to realize a
low group velocity of 91 m/s at room temperature.®! When
a strong pump field and a weak signal beam co-propagate
in a semiconductor structure, the beating between these two
fields causes the carrier density to oscillate. These oscillations
then lead to the scattering of pump beam into the signal beam
which in turn results in a refractive index change for the sig-
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nal. Several schemes have been proposed to achieve a large
delay-bandwidth product (DBP) including stimulated Raman
scattering!® and stimulated Brillouin scattering.!”-8! Also, the
generated light is delayed compared with the reference us-
ing a four-wave mixing experiment in a hot rubidium atomic
vapor.l?! On the other hand, structural resonances in photonic
crystals (PCs) have been widely used to achieve the slow light
effect. Due to the photonic band gap (PBG) property of PCs,
the slow light phenomenon is investigated theoretically and
experimentally near the Brillouin zone edge of the photonic

10111 Tn addition, the problem of

crystal waveguide (PCW).!
pulse broadening due to group velocity dispersion (GVD), re-
duces the peak intensity of a pulse!'?! and thus makes it less
effective for nonlinear applications. In general, a trade-off has
to be made between the bandwidth and effective group index
of the slow light.['3] Therefore, it is critical to linearize the
dispersion relation of PCW over a large range, which corre-
sponds to the regime of slow light with a wide band and low
GVD, but more importantly, we also need to enhance the slow-
down factor (ng) of slow light as much as possible. Very re-
cently, a number of methods have been proposed to optimize
the slow light features of PCWs, such as modifying the waveg-
uide width,!"#! varying the hole size,!'’! adjusting the hole

17} and varying the hole

position, % changing the hole shape,
refractive index through infiltrating a liquid.!'8! For appropri-
ate optimization, the realization of slow light with enhanced

group index, enhanced NDBP, and reduced GVD is required.

The aim of this article is to use both mechanisms simul-
taneously in the same device to achieve a large group index
in a wide tuning range. This device should be compatible and
easy to be integrated with other optical subsystems and should
be also GVD-engineered and loss-engineered for practical ap-
plications. In Section 2 of this paper, a theoretical model
is presented for slow light generation based on three differ-
ent schemes including optimized PCW, QD medium, and the
novel QDPCW structures. The PCW is also dispersion and
loss-engineered using elliptical air holes and adjusting some
structural parameters of the waveguide. In Section 3, the group
index, bandwidth, and NDBP of the optimized PCW are calcu-
lated using the finite difference time domain (FDTD) method.
Slow and fast light generations based on the phenomenon of
CPO in the QD semiconductor optical amplifier (QD-SOA)
are demonstrated using rate equations coupled with the den-
sity matrix formalism. Electrically tunable slow and fast light
results are achieved, then the combined waveguide/material
dispersion system is discussed and compared with the two in-
dividual systems in Section 3. Finally some conclusions are

drawn in Section 4.

2. Theoretical model

In the following subsections, a theoretical model is devel-
oped to investigate the effect of both waveguide and material
dispersions on the total group index.

2.1. Optimized PCW slow light

The 2D PC slab has been widely used for slow light gen-
eration due to the easy fabrication process and some excellent
characteristics. This PC slab includes two types: the air holes
in the dielectric slab and the dielectric rods in the air. The for-
mer exhibits a transverse electric (TE) band gap and the latter
shows a transverse magnetic (TM) band gap.!'”! The TM-like
and TE-like polarizations can approximately be distinguished
by observing whether an electric field is perpendicular to or
parallel with the surface of the wafer, respectively. The waves
whose frequencies are within the photonic band gap (PBG)
cannot propagate through the structure, and as a result when
these waves are incident on the PC, they will be rejected back
due to the absence of the corresponding mode. The most im-
portant parameter for slow light generation is the group index

ng which can be written as?!
c dk
Nog = — =C— 1
£y, de’ M

where £ is the wave vector and v, is the group velocity in the
PC waveguide. Assuming that the group index is much larger
than the background index of the material, equation (1) can
be written in the form of ny = a/2x(dk/df). Therefore, we
could expect low dispersion slow light (nearly constant ) in
specific frequency regions where f varies linearly with k.

Fig. 1. (color online) Optimized PCW with ellipse-shaped air holes and
structural optimization parameters.

Ellipse shaped holes are probably one of the easiest air
hole shapes for practical fabrication. The scheme showing this
optimized PCW can be seen in Fig. 1. The letters A and B
denote the lengths of the holes along the x and y-axis, respec-
tively. Due to the deformation of the elliptical unit cell, the
periodic symmetry of the structure breaks and waves which
satisfy the Bragg criterion do not resonate in various direc-
tions. This results in less energy leaking in turn. Therefore,
an improvement in power transmission of the PCW consisting
of the elliptical unit cell is observed in comparison with the
circular unit cell.
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2.2. CPO slow light

Realization of the CPO phenomenon in the QD medium
can be described as follows. In the presence of an intense opti-
cal pump field with the photon energy adjusted to the transition
energy of a two-level system, saturation of absorption occurs
since the population of the lower state depletes. If a weak and
slightly detuned signal beam is present as shown in Fig. 2(a),
the excited state population will oscillate at the frequency de-
termined by the pump-signal detuning. Significant population
beating occurs if the population can closely follow the inten-
sity profile due to the time-dependent interference between the
optical fields of the pump and the signal beams. The coupling
between the strong beam and the oscillation of the population
results in a reduction in the absorption of the probe beam as
shown in Fig. 2(b), which then leads to a rapid index variation
around the resonant frequency through the Kramers—Kronig
relations. If frequency of the probe beam fits in the spectral
hole, the probe beam will propagate subluminally along the

medium.
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Fig. 2. (color online) (a) Band diagram in the presence of a resonant
pump and a detuned signal, (b) Top: absorption spectrum of the signal
in the absence (dash curve) and presence (solid) of a strong pump. The
spectral hole (dotted curve) is caused by the CPO produced by the pump
and probe beams. Bottom: the corresponding refractive index spectrum
in the presence of CPO.

Coupled rate equations have been used for studying and
calculating the optical properties and carrier dynamics of QD
SOAs.2122] Ty our model, electrical current is injected into the
barrier and the pump and probe beams are applied to the QD
ground states as shown in Fig. 2. In the self-assembled quan-
tum dots, carriers are injected into the barrier states. Then,
they are captured by the wetting layer (WL) followed by relax-

ing to the excited state (ES) and the ground state (GS). Then,

the carrier population dynamics of the barrier states nﬁ(v), the

wetting layer nf;v(v>, the excited state ng(v)

n;(V)

, and the ground state
are described by the following rate equations (2)—(5).
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Here, J is the injection current density, e is the unit charge,
and A is the active region cross section. fg(v), fvi(v)7 fe (v),
and fg ™) are the electron occupation probabilities, respec-
tively, in the barrier, WL, ES, and GS, which are defined
BY fotree = Momes/Nooue in which Ny

W weg 18 the number

of carriers in the barrier, WL, ES, and GS, and is given by
Ngf\;?e,g = NDVdDg%)’e’g. The terms I" and L are the optical

confinement factor and the cavity length, respectively. The op-
tical power and photon energy of the pump and signal beams
are Fy(s) and i), respectively. The transition time constants

v)

of carriers are denoted by ’L}fy where the superscript ¢(v) rep-

resents the electron (hole) band and the subscript xy refers to
the transition from state x to state y (e.g., réév) determines the
relaxation time from the excited state to the ground state). The
T4 and Ty, are the recombination time constants in dot and
wetting layer, respectively. After the occupation probabilities
are obtained from the rate equations, we use the density ma-
trix formalism to calculate the susceptibility, absorption, and
refractive index of the medium. The dynamic equations of the
density matrix elements associated with the transition between
the two energy levels of conduction and valence bands, shown

in Fig. 2(a), can be expressed as

apcc - apcc i
7 = ( o1 )inc+ 7 [_ercv'E(t)pvc'f'ervc'E(t)pcv}a (6)
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8pm
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where p.. and p,, are the state populations in the conduction

and valence band, respectively; p., are the corresponding off-
diagonal density matrix elements; er,, = |Mp| - |Meny| is the
corresponding dipole moment; E(¢) is the optical field con-
taining different frequency components. The Rabi frequency
corresponding to the frequency component a and defined as
Q4L = (erey - E,
tween the two states. The subscript inc means the incoherent

)/2h, is the angular frequency difference be-

process and I5 ., is the dephasing constant. We need the off-
diagonal density matrix elements ﬁc(f,) (ws) because they are re-
lated to the linear signal response which is directly connected
to the susceptibility of the signal. The linear polarization den-

sity P1) (@) of the signal can be evaluated as

n Foe (s
PY (@) = /TZ//, My - [Meny |8 () GGy dE AW

= eox"¥ ()Es, (10)

where G and Gy are the probability density functions which
are assumed to have Gaussian distributions for simplicity. The
integration is done to take into account the effect of inhomo-
geneous broadening. Then we can calculate the susceptibility
29 (@;), through the following expression:

teo My |* - |Meny|? —1
): nq / dEGEX(| b‘ ‘ env| (]'Cc+fh ))
&hq e ho, —E + lﬁl—i,cv

2
X (1 +2‘-Qc<5) ) X [(ws - wcv‘i‘iré,cv)71

4
(-t irm)ﬂ) : (an

Then, the absorption coefficient, o(@;), and the corresponding
variation of the refractive index, An(w), of the signal beam
can be obtained from the following equations:

(X((DS) = 2% Im |:\/£bgd +1—éonfx(s)(ws):| ) (12)

An(ws) =Re |:\/8bgd +Ez0nfx(s>(ws):| — 4/ Ebeds (13)

where I qpnr is the confinement factor. The group index can be
defined as

dAn(ay)

J0, (14)

Ng = Npgd + 05

2.3. Active QDPCW structure

We consider the optimized PCW slab geometry with QDs
embedded in the core region of the structure as illustrated in
Fig. 3. The active region of this waveguide consists of a num-
ber of self-assembled InAs/GaAs QD stacked layers where
QDs are covered with an Ing ;5Gag gsAs layer with a thick-
ness of 5 nm which serves as a strain reducing capping layer.
The sheet density of QDs is 500 um~2. The cavity length is
assumed to be 500 um and the photonic crystal slab thickness
supports the single mode operation of the waveguide. Increas-
ing the thickness of the capping layer and indium composition
can red shift the resonance wavelength of QDs to communica-
tion wavelengths. In this structure, the electrical tuning is im-
plemented by passing a current, using p—n contacts, through a
laterally doped pT—p—n structure which can be formed by ion
implantation.[>3 In fact, to minimize the voltage drop across
the PC cladding regions, these regions are doped heavily with
pT-type and n™-type impurities.

n contact

nt PC cladding p* PC cladding
v /

p contact

4 quantum dot core

——

pr——
Ssessang

InGaAs capping layer

air gap GaAs spacer

Fig. 3. (color online) Schematic diagram of the active QDPCW system. The
purple shading illustrates the QDs in the waveguide region.

As mentioned before, our approach involves the tailoring
of both the material and structural dispersions. The engineer-
ing of the material dispersion curve involves the using of the
semiconductor QDs under the CPO mechanism. The material
dispersion at the probe wavelength is affected by the optical
transition of the carriers of QDs. When the intense optical
pump depletes the population of the QD ground state (GS), the
absorption of the probe beam with frequency of @; is saturated
(transitions from the valence band GS to detuned conduction
band GS). Since the pump and probe beams are slightly de-
tuned, the population of the GS will oscillate. This population
beating results in absorption reduction of the probe beam (a
hole in the absorption spectra). By the Kramers—Kronig re-
lation, the induced absorption reduction leads to a rapid in-
dex variation (the dn/d® term in the group velocity relation,
which is known as the material dispersion).

On the other hand, the mechanism behind the designed
waveguide dispersion assigned to the periodic PC structure can
be explained as the fact that the holes form the boundary of the
waveguide. The waveguide is narrow where there is a hole and
is wider in the absence of holes. The described narrow-wide-
narrow periodic geometry forms a Bragg mirror. Provided that
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the Bragg condition is fulfilled (i.e., A /2 = na with a being the
period of the structure), a standing wave is created. Otherwise,
the light coherently scattered by the mirror plane forms an in-
terference pattern along with the incoming light which moves
slowly (proportional to dn/dk). This term is also known as
the structural dispersion.

Since the structural dispersion depends both on the geom-
etry and on the background index and considering the fact that
the material dispersion is proportional to the CPO process in
QDs, both the material and structural dispersion affect the total
index of the structure. It is difficult to calculate the group index
analytically in this combined structure since both material and
structural resonance are utilized simultaneously, as in general
the waveguide dispersion features will be affected by the ma-
terial dispersion. The group velocity can be calculated in such
a PCW structure by assuming linear constitutive relations for
the material. The H, as a harmonic magnetic eigenmode, is
(H,0H)/(H,H) in which
OH =V x &(r,0) 'V x H. The group velocity (the derivative
of @ with respect to k) can be expressed as[?4

the solution to equation ®*/c* =

20 d (H,®0H)

20 d (H,0H)
2 8T Ak (H.H)

~ ok (H,H)

.. 9¢ 9 (H,0H)
" 9wae (H.H)

5)

where d /dk represents the derivative with respect to k regard-
ing a fixed dielectric function €. Also d/dk refers to the
derivative which involves the dependency of € with respect to
frequency. Since @ is Hermitian with H being its eigenstate,
one can write

88/800

v x H>
vg. (16)

Here, the Hellman—Feynman theorem has been considered.

Re([E* xH).) & <H’V
“TWHH 20

e <H,H>

Regarding Maxwell equation V x H = —i(®/c)D and the Her-
miticity of the curl operator and considering a low-loss dielec-
tric, one may obtain the group velocity as

20y = 25 — WE4 [91In(e) /@] vy, a7

gc is the PC waveguide group velocity without con-

sidering the material dispersion. Also, Eq = (D,E)qp / (D,E)
denotes the amount of electric energy in the dielectric region
and is calculated from Eq = [ dt (D,E)qp/ [ dt (D,E). Using
2
E€=n

where v

, the partial derivative of In(€) can be written in terms
of ngc, and the total group index may be expressed as

nCPO
14+ Eq4 < —1)] . (18)
Nbed

It is clear that the total group index depends linearly on the

PC
product of n,

CPO
ng

and ngPo_ Also, the QD ensemble group index,
, and the filling factor, Ey4, affect the total group index.

3. Simulation results and discussion

By simply adjusting the structural parameters in the PCW
structure, flat and wideband slow light with a large ng is ob-
tained. The group velocity dispersion also becomes zero since
it benefits an S-shaped dispersion curve which prevents the
signal from being distorted during propagation. A constant
group index changing from 41 to 265 is obtained by optimiz-
ing the major and minor axes of the bulk elliptical holes and
adjusting their positions and sizes in the first row adjacent to
the defect (see Fig. 1). Figure 4 shows the relationship be-
tween f and k for the TE even mode whereas parameters A
and B are adjusted for optimization. The linear region of each
curve corresponds to a flat slow light region with a specific ng
determined by its slope.
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0.34 0.36 038 040 042 0.44 0.46 048

Wavevector ka /2w

Normalized frequency f(wa/2mc)

Fig. 4. (color online) Relationship between f and k of PCW by chang-
ing the optimization parameters.

As depicted in Fig. 5, A, B, and y; can be adjusted prop-
erly to yield high NDBP (n;AA/A = 0.577) with the band-
width (AA) of about 17.2 nm and the group index of ny = 52
at A = 1550 nm. It is noteworthy to mention that the narrower
the bandwidth, the larger the achieved group index is.

For the CPO-based slow light in OQ-SOA, we assume
that the probe signal is a small signal. First, the coupled
rate equations are solved to determine the bias condition of
the SOA. Then, using density matrix formalism, small signal
analysis for the signal beam is done and the CPO effects on
the refractive index, absorption, and group index spectra are
demonstrated and plotted in Fig. 6. Since we are interested
in a large and tunable group index in a large bandwidth, we
should control the depth and width of the dip in the absorp-
tion spectrum to achieve a tunable group index and then a tun-
able delay/advance. In a practical system, electrical control of
delay/advance is preferable due to easy implementation. For
this purpose, the SOA bias current is varied for investigating
its effect on the group index and the resulting time delay. If
electron—hole pairs are injected into QDs, they will saturate
the background absorption. Thus, the depth and width of the
absorption dip created by CPO is limited and reduced and the
corresponding variation of the refractive index is also reduced
which then can be utilized to tune the slowdown factor ().
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As illustrated in Fig. 7, the group index of the signal is varied
in the range of around 70 from the background refractive in-
dex of 3.4 by tuning the input current source value. Figure 7
also shows switching between fast (negative group index) and
slow light by changing the SOA bias condition from the gain
to the absorption region. By increasing the bias current, more
carriers enter into the dot states which results in reducing the
absorption and then, increasing the gain for the probe signal.
So, a dip in the gain spectrum yields the fast light effect. A
negative group index yields a condition where the group ve-
locity is greater than the speed of light in vacuum.[>> Such
a condition is achieved when the bias current of the SOA in-
creases as shown in Fig. 7. In such a regime, the pulse appears
to leave the medium at exactly the same time as it enters. It
should be noted that fast light propagation is entirely within
the bounds of causality and special relativity. 26!

300 | A TR ‘
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Fig. 5. (color online) Calculation results of the optimized PCW struc-
ture consisting of elliptical holes, where sizes (A1, B1) and positions (y;)
of the holes in the first rows adjacent to the core region are changed.
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/cm™!

Group index
=

800
Phoon energy/meV

Fig. 6. (color online) Variation of refractive index (top) creation of
absorption dip (middle), and resulting group index (bottom) whereas
Npgd = 3.4
It should be mentioned that the magnitude of the slow
light and fast light increase by increasing the o factor of SOA.
This can be understood by noting that the population pul-
sations in SOA create gain and index gratings. The pump
and signal traveling through SOA scatter energy through these
gratings. When the linewidth enhancement factor is very large,

the contribution due to index gratings dominates which results
in a large group index variation for the signal.
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Fig. 7. (color online) Controllable group index via CPO, both slow
light and fast light (negative group index) are simultaneously achieved
in QD-SOA by changing the bias condition of the SOA.

To investigate and compare the total group index, ng, of
the QDPCW structure according to both material and struc-
tural dispersions, three different schemes of the passive PCW
structure, the QDs taking part in the CPO configuration, and
the active QDPCW structure are discussed. To further inves-
tigate the obtained results of the group index calculations, we
note the signal pulses whose spectral width coincide with the
absorption peak. Figure 8 demonstrates the group index of
the pulses which propagate in the PCW structure, QD-SOA
CPO system, and the QDPCW structure considering different
applied intensities of the pump I, = cenbgd|Ep|2. It is clear
from Fig. 8 that the PCW group index is constant and does
not depend on the power intensity. As discussed before, in-
creasing the number of carriers reduces the group index of the
CPO system and saturates and reaches to the background in-
dex npgq at high intensity. The total group index of the active
QDPCW system, which tracks both the structural and mate-
rial resonances, increases dramatically as /;, is lowered and it
also presents a dependency just similar to what the mere CPO
system presents. It is demonstrated that the group index in-
creases significantly for the QDPCW scheme in comparison
with for the pure CPO or PCW subsystem. As shown in Fig. 8,
a small variation in the pump intensity causes a large variation
in the group index of the joint system in comparison with of
the pure CPO system. Thus, by utilizing both the structural
and material resonances in the novel structure, it is possible
to dramatically increase the group index, leading to a tunable
group index active control in a very small waveguide struc-
ture. The prediction of Eq. (18) is also plotted for E4 = 0.535
and n;© = 185 in Fig. 8, in which an acceptable accordance is
achieved between the numerical results and the theory. As pre-
dicted before, the novel structure has the advantages of wide
range tuning and very high group index in comparison with
the single CPO or PCW schemes. Active control of the group
index is not possible for the pure PCW scheme.
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Fig. 8. (color online) Group index variations versus pump power inten-
sity for the active QDPCW (pink crosses), analytic CPO in QDs (red
dotted line), and the PCW structure (black dash line). The blue dash
curve presents the results obtained from Eq. (18) with E4 = 0.535.

To give an acceptable justification for the pulse propa-
gation in a diffractive medium such as the PCW structure, a
full vectorial study of the electromagnetic fields is required.
Therefore, a semi classical approach is used here for light-
matter interaction where the FDTD method!?’! is combined
with the density matrix method to investigate pulse propaga-
tion in the QD slow light medium. In this case, propagation
of the electromagnetic wave is affected by the microscopic
polarization. Furthermore, the Liouville equation is numer-
ically solved on FDTD grids considering the grid points of
the QD carrier dynamics. The polarization density then en-
ters into the Ampere’s law through the calculation of the ex-
pectation value of the macroscopic polarization. For achiev-
ing the FDTD results, at first, the group index caused by the
CPO process (ng™°) is calculated in a specific bias condition
through solving the coupled rate equations along with the den-
sity matrix formalism. The corresponding ng™ is then sub-
stituted as the new background index into the FDTD simula-
tion of the PC structure. The boundary conditions required
for the FDTD simulation should guarantee the reduction of
reflections from the computational window edge. Hence, we
use perfectly matched layer (PML) boundary condition sur-
rounding the structure. The utilized parameters in the FDTD
simulations include grid sizes of Ax = Az = a/32 (with a be-
ing the period of the structure). The thickness of the PML is
assumed to be 500 nm. Then, simulation is repeated for each
bias current to obtain the results presented in Fig. 8.

For the CPO based slow light the tuning range is very
small (from npgq to ~ 30). It can be seen (from Fig. 8), as pre-
dicted by Eq. (18), that the slow light realized in the active QD-
PCW can be tuned in a wide range from nygq to ~ 1500. The
background index of the material which is assumed to be 3.4
increases due to both the structural and material dispersions
(as discussed before) and according to relation vy = ¢ / ng, tun-
able group index ng of 3.4 ~ 1500 results in slow propagation
of light with the corresponding group velocity. It should also
be mentioned that the tunability feature of the combined sys-
tem arises from tunability of the CPO scheme and the NDBP

factor is significantly enhanced with respect to the pure tun-
able CPO system.

4. Conclusion and perspectives

A novel scheme is proposed for light speed control utiliz-
ing both material and waveguide dispersions simultaneously in
the electrically pumped active QDPCW. We introduce a loss-
engineered slow light waveguide which reduces the propaga-
tion loss and GVD by an appropriate waveguide design. A
flat band slow light PCW is designed for the 1.55-um operat-
ing wavelength, and a theoretical model is developed for the
active QDPCW. It is found that the length and dimension of
the active QDPCW can be highly integrated due to the signif-
icantly enhanced figures of merit of this novel structure. In
brief, the slow-down factor ng, NDBP, GVD, and other slow
light parameters may be significantly improved compared with
those of the systems utilizing only material or structural reso-
nances. This could be very important for realizing the efficient
and tunable control of propagation of the pulses in compact
semiconductor devices.
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