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Abstract: We propose a simple technique of stopping light pulses using a
slow-light device based on photonic crystal coupled waveguide (PCCW).
Dynamically tuning the material index chirp in the PCCW adiabatically
transforms slow-light pulses into stopped ones. We demonstrate this in
finite-difference time-domain simulation assuming ideal and actual tuning
of theindex chirp. Intheideal case, the group velocity of the almost stopped
pulse is reduced to 190 times smaller than that of simple slow light pulse.
The smallest limit is affected by the timing error of the tuning between
wavelengths. Re-ordering and stopping of a pulse train are possible by
optimizing the device length and timing. As a practica tuning method, we
discuss carrier effects induced by photo-excitation. Taking into account
carrier distribution and free carrier absorption, the actual behaviors of
stopped light are estimated. We define and evaluate an effective delay-
bandwidth product, which is affected by free carrier absorption.
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1. Introduction

The dowing and stopping of light pulses have been studied extensively for optical buffer
memory and advanced time-domain signal processing in future photonic networks,
interconnects, and instrumentations. Photonic nanostructures, which show large first-order
dispersion dk/de (k: wave number, o: angular frequency), generate on-chip slow light with a
group velocity vg of typically a hundred times smaller than the light velocity ¢ in vacuum [1].
So far, coupled-resonator waveguides [2,3], all pass filters [2,4], photonic crystal (PC)
waveguides [5-9], and metamaterials [10,11] have been exploited as device structures. Those
except for metamaterials are made of transparent dielectric media and can be low loss devices.
The delay-bandwidth product (DBP) is evaluated as an essential performance factor for these
devices [1]. It indicates that large dk/dw is obtained only in a narrow frequency bandwidth,
and it constrains the maximum buffering capacity, i.e. the number of pulses buffered in the
device, when the pulses are not broadened by group velocity dispersion (GVD). We have
succeeded in experimentally demonstrating a high DBP of 110 in PC coupled waveguide
(PCCW) of 800 um length [8]. However, it is difficult to further enhance the DBP without
increasing the length. The stopping of light, obtained by dynamically tuning photonic
nanostructures, relaxes this constraint [12—-14]. Here, dk/de is enhanced instantaneously by
locally changing the material index of the device in the presence of light pulses. Then, the
device and pulses simultaneously narrow their bandwidths, and consequently the pulses
almost stop. Some studies experimentally demonstrated similar operation by controlling the Q
factor in asingle cavity or coupled cavities [15-18].

In this paper, we propose a simple dynamic tuning in chirped PCCW. In a uniform PCCW,
the photonic band of a waveguide mode becomes flat at a single frequency and dk/dw diverges
to infinity, resulting in zero vg [19]. When some structural parameters are gradually changed
along the device (i.e. chirped structure), the flat band frequency is shifted so that the slow
light effect is averaged over a finite bandwidth and slow light pulses can transmit with a
moderate delay. The large DBP mentioned above is obtained in such a chirped PCCW. If the
chirp range is changed instantaneously from an initial value to zero, slow light pulses with a
wide spectrum are converted to stopped ones at a single frequency. Such dynamic tuning is
possible by some practical methods. In comparison with other methods, it downsizes the
device footprint because incident pulses are pre-compressed in space by the slow light effect
before the tuning. Also, it allows subsequent pulses to pass through and stop in the device,
which enable the re-ordering and stopping of a pulse train, respectively.

This paper first explains the principle of the tuning processin detail in Section 2. Then, the
stopping of a single pulse is demonstrated in finite-difference time-domain (FDTD)

#129879 - $15.00 USD Received 9 Jun 2010; revised 22 Jul 2010; accepted 22 Jul 2010; published 28 Jul 2010
(C) 2010 OSA 2 August 2010/ Vol. 18, No. 16/ OPTICS EXPRESS 17142



simulation in Section 3, assuming idea tuning of material index. Here, we discuss some
fundamental properties and limiting factors. In Sections 4 and 5, the re-ordering and stopping
of a pulse train are demonstrated, respectively. Finally in Section 6, a real operation is
discussed, assuming photo-excited carriers to change the chirp in a semiconductor device.
Here, we take into account nonlinear carrier distribution, carrier plasma and band filling
effects, and free carrier absorption (FCA), and discuss an effective DBP restricted by the
FCA.

2. Principle

Figure 1(a) shows a schematic of the PCCW consisting of two line defectsin atriangle lattice
PC dlab, with lattice constant a and background airhole diameter 2r. The diameter 2r' of the
center row of airholes and the position of other airholes are modified. Figure 1(b) shows the
corresponding photonic band calculated by two-dimensional (2D) FDTD method with the
periodic and absorbing boundary condition. We assume an equivalent slab index ne of 2.917,
normalized hole diameters 2r/a = 0.59, 2r'/a = 0.20, normalized shifts s;/a = 0.10 and s,/a =
0.20, and a polarization paralel to the 2D plane. Two coupled modes appear, and the even
mode exhibits the target flat band at a normalized frequency wa/2nc = a/h = 0.257 (A
wavelength in vacuum). Here we define the flat band as that sandwiched by two white dots in
Fig. 1(b), which are separated by the spectral resolution in this calculation i.e. Awea/2nC =
6.7 x 10™. The band shifts to higher frequencies as Ne decreases along the device. When a
light pulse is incident on the device, each frequency component of the pulse reaches the slow
light condition of the flat band at a different position. This means that, under the slow light
condition, the pulse profile is transformed into a Fourier spectral distribution. Before and after
passing through this condition, it passes GVD(1) and GVD(2) in Fig. 1(b), respectively. Thus,
the total GVD is compensated and the profile of the incident pulse is recovered at the output
end. The bandwidth of slow light is proportional to the chirp range. On the other hand, the
effective length of slow light for each frequency component is inversely proportional to the
chirp range. In consequence, the delay and bandwidth are constrained by the DBP [1,14].
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Fig. 1. Principle of stopping light pulse in chirped PCCW. (a) Structure of PCCW. Dashed
lines show the original position of airholes in a triangular lattice. (b) Photonic band diagram.
Thick black line shows the band of the even mode. Two white dots on this line indicate the
range of flat band. Thick gray region indicate the range of shifted bands due to the initial, fixed
chirp. (c) Schematic of dynamic tuning. Pump light is used to form the dynamic chirp.

Now we propose the dynamic tuning, as shown in Fig. 1(c). Here, the initial, fixed chirp is
formed so that ne, decreases along the device. A control pulse isincident on the device behind
the signal pulse with an appropriate delay and velocity. The control pulse chases the signal
pulse, and successively catches up with each frequency component that is slowing down. By
means of index change induced by the pump pulse, (such as carrier effects, optical Kerr
effect), neg at this position is instantaneously reduced. The amount of index change Ang'
slopes along the device because the control pulse decays due to some propagation losses. In
the ideal case, such dynamic chirp Ang,' cancels the initial fixed chirp Ang, and al frequency
components of the situation when light at the flat-band frequency enters a chirp-less PCCW.
Therefore, the delay is extended dramatically. In the reverse process, Ang,' is removed from
the input to output side, and theinitial pulse profile is recovered.

3. Simulation

In this section, we demonstrate the stopping of light using 2D FDTD simulation. Here, the
model in Fig. 1(a) is used, and ne decreasing linearly from 2.963 to 2.870 (Ang = 0.093) is
assumed as the initial fixed chirp for a device length L = 125a. This leads to a band shift of
Awal2nc = 8.3 x 1073, depicted by the gray region in Fig. 1(b). The signal pulse is launched
in the even mode, at the input end of two waveguides of the PCCW, by in-phase Gaussian
excitation with wya/2rnc centered at 0.263. Normalized time and spectral full widths at half
maximum (FWHM) of the pulse are set at cAty/a = 290 and Awga/2nc = 1.53 x 1073,
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respectively. This spectral FWHM is sufficiently covered by the band shift. These values
correspond to At, = 0.39 ps and wavelength FWHM Al, = 8.7 nm for a = 0.40 um and A, =
1.53 um, which are often seen in experiments. The sguare control pulse forming the ideal
dynamic chirp is incident with a normalized delay cAty/a = 720 and a velocity of ¢/3.25,
which equals the modal group velocity at Awa/2rc = 0.01 higher than the flat band in Fig.
1(b).

Figures 2(a)-(d) compare the propagation of slow light pulse without and with the dynamic
tuning. ((i)-(1) are their animations, respectively.) Without tuning (@), the pulse enters the slow
light region and pauses at ct/a = 300, and exit at 1200. With the tuning at the best timing (c),
the dow light pulse transforms into a stopped pulse, aimost maintaining its profile at least
until ct/a = 3000. We notice through careful observation that a small amount of light escapes
from the stopped pulse in the forward direction. This is dues to dight timing error of the
tuning between different wavelengths against the constant tuning velocity. When the tuning is
early (b), the pulse propagates without pause because the tuning takes place before the light
(particularly high frequency components) reaches the slow light condition. With late tuning
(d), the pulse propagates with dispersion before the dispersion compensation of GVD(1) and
GVD(2) is completed.

To clarify the best timing quantitatively, we estimated the motion of the pulse from the
band curve. In alinearly chirped structure, the band shift with position z can be considered as
the frequency shift along afixed band [19]. Then, zand » arerelated as

(a)_a)s)/Aa)c:(zs_z)/L (1)

where the subscript ‘s denotes the dow light condition. The time t is expressed with respect
tozas
dz _ L

v,(2) Ao,

(2=’ [k(@) ~k(@, + Aw, 1 2)] @)

Since k(w) is equivalent to the photonic band, we can derive the light propagation by applying
Fig. 1(b) and Eq. (1) to (2). The result is shown in Fig. 2(e)-(h). Here, colors represent
different freqguency components overlapping with each other at the input end to form the
signal pulse. Light outside of the pulse duration is neglected as they cancel with each other by
interference. In (), different frequencies branch, and the earliest and latest parts of each
frequency reach the slow light condition on upper dotted and dashed lines, and exit on lower
dotted and dashed lines, respectively. Finally, the different colors overlap again to form the
output pulse. Thus the light propagation in (a) is well explained by (€). The gray region shows
the timing window, in which all the frequency components are lying under the slow light
condition. If the thick blue line indicating the motion of the tuning overlaps with the gray
region, velocities of all the frequencies are fixed by the tuning. If the dynamic chirp
completely cancels the initial chirp under this condition, all the frequencies are blue-shifted to
the same fina frequency and the velocities become almost zero. Figure 2(g) shows a case
close to the ideal one, but small errors occur at edge frequencies, which are caused by the
mismatch between slopes of the blue line and gray region. This is the reason that light partly
escapes from the stopped pulse in (c). At off-timing (f, h), velocities fixed after the tuning are
disrupted, resulting in large dispersion of the pulse.
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Fig. 2. FDTD simulation of dispersion-compensated slow light (a) without and (b)-(d) with
dynamic tuning. Here, cAtga = (b) 420, (c) 720, and (d) 1020. Chirped structureislying at z=
0 — 125a and ne is constant outside of this area. (€)-(h) Corresponding light propagation of
each frequency component estimated from photonic band in Fig. 1(b). Colors indicate different
frequencies. Gray region indicates the slow light condition. (i)-(I) Animations corresponding to
(a)-(d), respectively. (Medial) (Media2) (Media3) (Media4)

Animation

From (2), the delay due to slow light, At, isgiven as
Aty =(L/o,)AK (©)]

where Ak is the shift of k at the flat band (distance between white dots in Fig. 1(b)). To
achieve the stopping of light, the gray region must be opened by the condition Ats — At, > 0.
For a Gaussian pul se satisfying Aty(Awy/2r) = 0.44, this condition is rewritten as

(Ao, / Ao, )(AK, / 27)L > 0.4 4

From Fig. 1(b) and parameters assumed above, Awy/An. = 0.18, AkJ/2r = 0.028/a and L =
125a, which lead to (Any/Awd)(Akd2m)L = 0.63 > 0.44. Here, the spectral efficiency Awy/Aw,
will be enhanced up to 0.5 by narrowing the signal pulse and/or the chirp range. Aks increases
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slightly when the structure is optimized; the maximum Ak42r would be limited to around
0.04/a [19]. Then, the shortest L satisfying (4) is derived as 22a, which is 9 um for a = 0.40
pum.
Figure 3 summarizes velocities at three different parts of the pulse. White circles show the
velocity at the weighted center, which is equivalent to vy Blue and red circles show those at
front and back ends whose intensity is 10% of the pulse peak. Dispersion can be evaluated
from their difference. For example, dispersion is minimum and vg = 4.2 % 10 “c (group index
Ng = Clog = 2400) at cAty/a = 720 when the pulse looks to be almost stopped in Fig. 2(c). From
this value, the normalized DBP, defined as ng(Awy/mp) [1], is evauated to be 14. For slow
light without tuning, it is evaluated from the delay inside the device in Fig. 2(a) and the
spectral FWHM A, to be 0.075. Thus, the tuning provides 190-fold enhancement. Since the
spectral FWHM Aay, is 5.4 times narrower than the slow light band Acw. in this simulation, the
normalized DBP without tuning can be enhanced by expanding Aw, and/or narrowing Acc.
The spectra should be optimized similarly for the stopped pulse to maintain its advantage.
However, if Aw, is comparable to Aw,, the timing error at low frequencies increases and the
stopped pulse is dispersed more severely. If the tuning velocity is not constant but changes
along the device so that the blue line in Fig. 2(e)-(h) is aways included inside the gray region,
the error will be neglected and vy will be minimized closer to zero.

14k Front End

Weighted
8 Center

Back End

Velocity after Dynamic Tuning [cx107]

_2 1 1 1 1 1 1
4 5 6 7 8 9 10 11
Normalized Delay of Dynamic Tuning CAty/a [x102]

Fig. 3. Velocities at three different parts of slow light pulse after dynamic tuning, which is
calculated with normalized delay of the tuning against signal light.

4. Re-ordering of pulses

If the dynamic tuning is performed with cavities, the transmission is limited inside the
resonant spectrum. Therefore, when multiple pulses with the same spectrum are incident on
the device, subsequent pulses cannot pass through the device after an earlier pulse is stopped
by the tuning. In contrast, our method maintains continuous pass-bands around the frequency
of stopped light, and so subsequent pulses can pass while earlier pulses are stopped. The order
of pulses can be changed by releasing the earlier pulse after the subsequent pulses pass by, as
demonstrated in Fig. 4. Here, four Gaussian pulses of cAty/a = 290 are successively launched
with a peak-to-peak interval of cAt/a = 960. The tuning is performed for the second pulse
with cAty/a = 720 and a duration equal to the interval. (b) shows a complicated light intensity
profile due to overlap of pulses, but the corresponding animation (d) displays counterchange
of the second and third pulses. The third pulse incident during the tuning propagates with a
constant vg. As observed in (c), the slow light pulses (first, last), the stopped pulse (second),
and the non-stop pulse (third) almost maintain their initial shape at the output end. Such pulse
re-ordering will be meaningful for some signal processing if each pulse has its own intensity,
phase, quantum information, etc.
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Fig. 4. Re-ordering of pulses demonstrated in FDTD simulation. (&) Profile of input pulses. (b)
Time evolution of pulse intensity distribution. (c) Profile of output pulses. (d) (Media 5)
Animation corresponding to (b).

5. Stopping of pulsetrain

For optical buffering, it is particularly important to stop an entire pulse train simultaneously.
When cavities are used for stopping pulses, it requires many cavities each assigned to one
pulse, and complicated tuning process. Here, we show two different approaches to achieve
this using our simple tuning process.

As noted in Section 2, the pulse incident on chirped PCCW is expanded into a Fourier
spectral distribution due to GVD(1). When a pulse train is incident, pulses do not pause
separately but their spectral distributions overlap and slow down, keeping their initial time
differences. If timing of the tuning is optimized for one pulse, the timing error occurs for other
pulses, resulting in severe dispersion. The key is the blue line of the tuning overlapping with
the gray region Ats — At,. In Fig. 2(e)-(h), the gray region is opened for the FWHM of one
pulse. For densely-packed return-to-zero pattern of M pulses, At, is extended to (2M—-1)At,.
Therefore, Ats must be extended similarly to keep the gray region till opening. Such a
situation is obtainable by elongating the device (2M-1) times without changing the chirp
range Ane, so that the pulses decelerate and accelerate more slowly. For example, let us
consider two pulses and a three-fold longer device, i.e. L = 375a. The second pulse is incident
with an interval of cAt/a = 720. Then, the optimum delay of the tuning becomes cAty/a =
2520. Figure 5 shows the FDTD simulation of stopping two pulses. Incident pulses overlap
and exhibit a complex interference pattern under the slow light condition, which is almost
fixed and stopped after the tuning. It goes into action but does not separate into two pulses
again after the tuning is removed. This is due to the incomplete dispersion compensation of
the first structure. When the interval is slightly extended to cAt/a = 720, clear separation was
confirmed in the same simulation. In Section 3, we discussed the shortest length of the device
required for stopping one pulse with ideal parameters to be 22a. Therefore, M (>>1) pulses
can be buffered in the device of approximately 44aM length, e.g. 1.8 mm with a = 0.4 um for
100 pulsesif the incompl ete dispersion compensation is improved.
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The other method for stopping a pulse train is to divide areas, each of which stop one
pulse. Figure 6 shows the case of stopping two pulses in a double-step chirped structure. Here,
two chirped PCCWs are simply connected in series. Without tuning, pulses repeat slowing
and moving in the PCCWs. If a moderate interval is set between the pulses, they dow
simultaneously. If the tuning is performed at this moment, the pulses are equally stopped.
Ideally, the tuning should cancel Ang, in each PCCW. But it is difficult to form a multi-step
dynamic chirp. Here we use the single-step dynamic chirp with twice larger Ang, i.e. 0.186.
Then, the index slope of each chirp is flattened although their indices after the tuning are not
the same. In the FDTD simulation, delays of the second pulse and tuning are set to be cAty/a =
1440 and 2580, respectively. Figure 7(a) shows the light propagation in a two-step chirped
structure with Ang = 0.093. The tuning at the first chirping does not operate as expected;
strong reflection occurs at the boundary with the index discontinuity. To confirm the expected
operation, the same simulation was performed for a smaller Ang of 0.0093, as shown in Fig.
7(b). Here, two pulses stop simultaneously although weak reflection till remains. After
removing Ane', the two pulses appear at the output end. This approach can be applied to M
pulses using M-step chirp. Two drawbacks are the reflection at the boundary particularly for
pulses with a short interval and N-fold Ang,' required.
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Fig. 7. FDTD simulation of stopped two pulses in two-step chirped PCCW. (@) Light intensity
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6. Practical dynamic tuning using photo-excited carriers

So far, we presented the dynamic tuning with an ideal index change. To realize such index
change, let us discuss carrier effects induced by photo-excitation, i.e. carrier plasma
dispersion and band filling effects. As discussed in Section 2, pump light is incident on the
device in the same manner as signal pulse. We can consider linear inter-band absorption and
nonlinear two-photon absorption [20] of pump light at frequencies higher and lower than the
bandgap frequency of the slab material, respectively. Let us discuss the linear absorption as it
generates a carrier slope closer to alinear one, which is suitable for canceling the initial linear
chirp. It should be noted that FCA cannot be neglected to estimate the real propagation of
signal pulsein this approach.
The totally absorbed power in adistance from 0 to z, P4,(2), isgiven by

P.(2) =P,(1-e"™) ©)

where P is the pump power launched on the device, and T and oy, are the optical
confinement factor and absorption coefficient of pump light in the slab, respectively. The
carrier density distribution N(2) isthen

7,dP,(2)/ dz

N(z) =
(2 ha, S

(6)

where 1. is the carrier lifetime, and we, and S are the angular frequency and modal cross-
section of pump light. The change of material index due to carrier plasmadispersion, Ancpp, IS

#129879 - $15.00 USD Received 9 Jun 2010; revised 22 Jul 2010; accepted 22 Jul 2010; published 28 Jul 2010
(C) 2010 OSA 2 August 2010/ Vol. 18, No. 16/ OPTICS EXPRESS 17150



not sensitive to the signal pulse frequency o,. According to the Drude’s model, Angpp and
FCA coefficient agca are

eN@(1 1 eEN()( 1 1
A =- I} = * * 7
nCPD (Z) 2n80a)§ [ * + * ] aFCA (Z) n[;‘o s Iue 2 + I[,[h 2 ( )

where e is the electron charge, n is the initial index of the slab without free carriers, g, is the
dielectric constant in vacuum, m* and my* are the effective masses of electron and hole, and
pe and py, are their mobilities, respectively. On the other hand, the band filling effect is
sensitive to m,. When ay, is close to bandgap frequency of the slab material, it becomes larger
than Ancpp, as has been studied for GalnAsP semiconductors. Since it depends on N almost
linearly, we roughly express the total index change An as yAncpp, Where y denotes the
enhancement by the band filling effect. The dynamic chirp Angy' is then expressed as

Ang(2) =n, [r%n(zh 1- 1")} —Ng, =TAn(Z)n, /n

ern Mo e %P
2N°eh @, 0, S m,m,
The equivalent FCA coefficient oe(2) is
er Mo e "*p 1 1
Ug(2) =T tpen (2) = ———=—5 = [ 5+ *2] C)
I"I‘C“Och a)abwp S :uerne /uh nll

Now, let us consider a GalnAsP PC dab with m* = 0.045m,, m* = 0.47my, p = 1100
cm?/V's, = 70 cm?Vs [21,22], 1. = 100 ps[23], y = 3[22], n = 3.45, T’ = 0.89, S= 0.3 un?
(typical values for GalnAsP and PCCW at A ~1.55 pm), Ang = 0.0093, a = 0.4 um and L =
500 pm (= 1250a). We can consider o and P, as externally controllable parameters; o can
be controlled by changing the composition of GalnAsP and/or pump frequency near the
bandgap. These parameters are chosen so that the dynamic chirp cancels the initia chirp, i.e.
Ang'(0) — Ang'(L) = 0.0093. We ignored the scattering loss caused by the disordering in
actual devicesto investigate the influence of FCA. Fig. 8 shows the calculated distributions of
N(2), Ang'(2) and aey(2). When ae is small, a high Pe is needed to generate the above
difference in Ang', while a linear distribution is easily formed. But in this case, the carrier
density becomes higher, resulting in large FCA. When o is large, a small Py, is sufficient to
obtain the difference, and so the FCA is small. However, the distribution becomes nonlinear.
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Fig. 8. Distributions of photo-excited carrier density, index change by carrier effects, and FCA.
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The FDTD simulation is performed, assuming At, = 3.9 ps and A, = 1.521 um. For the
long device of L = 500 um, however, a long computation time is necessary even in 2D. To
reduce this load, actual calculation is done by scaling L and t to 1/10 times and oe, Oeg, ANgg,
and Ang' to 10 times. The results are summarized after scaling back, as shown in Fig. 9. At
tex = 50 cm™Y, the pulse stops without dispersion because almost linear distribution in Ang' is
formed. However, the pulse severely decays due to the large FCA; the photon lifetime 1y, after
the tuning is as short as 36 ps. At e = 100 cm™?, the pulse dispersed due to nonlinear
distribution while propagation extends due to the small FCA. A solution for suppressing both
dispersion and FCA is to modify ae, With z so that a linear distribution is formed even for
minimal carrier excitation. Such o, is obtainable when using the selective-area growth of
GalnAsP in metal-organic vapor-phase epitaxy [24]; a sloped bandgap frequency is formed by
shaping the growth mask. If dispersion disappear for oe = 50 cm ™, Ton Will double. To extend
T dragtically, theinitial chirp Ang; must be much smaller than the assumed value. As noted in
Section 2, Ang, determines the slow light band before the tuning; Ang = 9.3 x 107
corresponds to a bandwidth of 760 GHz for the assumed parameters. If a narrower bandwidth
such as 76 GHz is sufficient for one's purpose, Ane can be reduced to 9.3 x 10 In
proportion to this, the FCA is suppressed and t,, will extend by 10 times. This discussion
suggests that the product between the bandwidth limited by Ane and the photon lifetime
limited by the FCA can be defined as an effective DBP for stopping light using carrier effects.
It is calculated to be 27 for the above values. Let us consider a situation that some amount of
loss in the device can be compensated by integrated or external amplifiers. These days,
standard erbium-doped optica fiber amplifiers used for pre-amplification provide a 25 dB
gain. If a—25 dB decay of stopped light is recoverable by such amplification, Ty, extends to
0.2 ns and the effective DBP will be 152. In the case without tuning, the maximum DBP in
experiments is 110 for 800-um long PCCW, suggesting that it will be 69 for 500-um long
device from the linear dependence on L. Therefore, the effective DBP for stopping light can
be larger than simple slow light if such decay is acceptable.

7. Conclusion

We proposed and theoretically demonstrated a method of stopping slow light pulse by
dynamically cancelling the index chirp in photonic crystal coupled waveguide. In the FDTD
simulation, the group velocity of subpicosecond optical pulse is drastically reduced to at least
190 times lower than that of simple dow light when the tuning is performed with the best
timing. The complete stopping will be possible by optimizing the velocity of the pump pulse.
It was al so shown that this method allows the stopping of two continuous pul ses by elongating
the device to three times. This discussion can be extended to stopping M pulses in (2M-1)
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times longer device. Therefore, it has a potential of buffering arbitrary optical signals. Finaly,
carrier plasma and band filling effects induced by photo-excited carriers were considered for
real tuning. The stopping of light is observed for real parameters of GalnAsP device. Here, the
nonlinear distribution of carriers and free carrier absorption enhance the dispersion and loss,
respectively. From their exclusive relation, the effective delay-bandwidth product was defined
and estimated to be 27 (or 152 if arecoverable lossis acceptable). Thisvalue is comparable or
dightly larger than that of simple slow light. To improve this value essentially, investigation
of some other tuning mechanisms such as nonlinear optical Kerr effect and electro-optic
effect, which do not use carrier excitation, will be necessary.
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