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Compact and Tunable Slow and Fast Light
Device Based on Two Coupled Dissimilar
Optical Nanowires

Lei Shi, Xianfeng Chen, Liang Xing, and Wei Tan

Abstract—We propose a novel and compact all-optical device for
tunable slow and fast light propagation in parallel coupled struc-
tures consisting of two dissimilar optical nanowires. Advancement/
delay tunability is achieved by varying the spacing between two
nanowires. We develop a simplified analytical model to describe
the dependence of achievable time advancement/delay and pulse
broadening on the diameter of optical nanowires and it is indicated
that this model agrees well with numerical results. Simulation re-
sults show that achievable maximum group-index change is about
1.4 and a 10-mm-long device can advance/delay a 2-ps pulse by 15.9
ps with pulse broadening factor equaling to 2.

Index Terms—Optical delay lines, optical fiber devices, optical
fiber dispersion, propagation.

I. INTRODUCTION

ECHNIQUES of controlling the group velocity of a light
T pulse propagation in optical materials are very significant
for their important applications in all-optical signal processing
[1], [2], such as data synchronization, variable optical delay
lines, and optical switching. Corresponding techniques in-
clude electromagnetically induced transparency (EIT) [3], [4],
coherent population oscillations (CPO) [5], [6], stimulated
scattering (stimulated Brillouin scattering (SBS) and stimulated
Raman scattering (SRS)) [7]-[10], optical parametric ampli-
fication (OPA) [11], [12], wavelength conversion combining
fiber dispersion (WCCFD) [13], coupled-resonator-induced
transparency (CRIT) [14]-[16], photonic crystal-based reso-
nance structures [17], [18], and other schemes [19]. However,
these works have respective limitations, e.g., extreme condition
(extremely cold or hot gases) for EIT, large pulsewidth (ms)
for CPO, narrow bandwidth (tens of MHz) and small temporal
delay (1 bit period) for SBS, large bandwidth but small temporal
delay (smaller than SBS) for SRS, dependent on single mode
sources at very long wavelength (out of the 1.55-ym window)
and relatively small temporal delay for OPA, large temporal
delay but a complicated hybrid system for WCCFD, highly
compact size but likewise small temporal delay for CRIT, and
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tunable only by heating (not all-optical tunable) for photonic
crystal-based resonance structures.

Recently optical nanowire-based photonic devices have
attracted much attention [20]-[27] for their wide applications
due to their large nonlinear coefficient, strong evanescent field,
and superiority in fabrication, manipulation and integration
[28]-[36]. In this paper we propose a novel compact and tunable
slow and fast light device based on asymmetric parallel coupled
structures consisting of two dissimilar optical nanowires. For
two dissimilar nanowires have strongly different dispersion
behavior the supermodes in the coupled structure may exhibit
giant group velocity dispersion (GVD), and consequently
generate considerable group-index change corresponding
to the group indexes of guided modes in individual optical
nanowires. Advantages of the proposed device are: 1) highly
compact; 2) simple configuration; 3) suited to advance/delay
ps and sub-ps pulses; 4) capable of achieving relatively large
time advancement/delay; 5) needless to change the signal
wavelength and bandwidth; and 6) capable of generating time
advancement/delay at any common transparent wavelength of
SiO2 and Si materials. We numerically and analytically study
the evolution of group indexes and GVD of the supermodes
with the tunable parameter-the spacing between two nanowires
and the optimized parameter-the diameter of two nanowires and
the input pulse width, and the results show that a 10-mm-long
device can advance/delay a 2-ps pulse by 15.9 ps with pulse
broadening factor equaling to 2.

II. DEVICE PRINCIPLE

A. Supermode Theory

A parallel coupled structure consisting of two dissimilar
optical nanowires with uniform diameters is shown in Fig. 1(a).
Here we choose silica (SiOz) and silicon (Si) as typical
nanowire materials [37]-[41] for our simulations, and the
coupled structure is placed in a homogeneous medium. The
coupling of two individual modes generates two supermodes,
Be is the propagation constant of even supermodes, and [, is
the propagation constant of odd supermodes. They are given
by [42]
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Fig. 1. (a) Cross section of a parallel coupled structure. (b) Two supermodes in
the parallel coupled structure. d; and d» are the diameters of SiO» nanowires
and Si nanowires, respectively. S is the spacing between SiO, and Si nanowires.

where (31, (B2 are the propagation constant of the individual
guided modes in SiO3 nanowires and Si nanowires, respectively,
and K12, ko1 are the mode coupling coefficients. Equation (1) is
also applicable to pulsed light propagation in the coupled struc-
ture when the device length L is satisfied with L. < Lp1 2,
where Lp1 o is the dispersion length of nanowaveguides 1 and
2, respectively.

For asymmetric coupled structures +15 and k21 can be derived
strictly [43].

B. Tunable Slow and Fast Light in Parallel Coupled Structures
Consisting of Two Dissimilar Optical Nanowires

According to v, = —(2mc/A?)(d)\/d3) [44], group indexes
of individual guided modes and the supermodes are given by

C )\2 dﬂl 2
= - 2
nng ’09172 2 d)\ ( a)
c A2 d,@e/o
Mge/o Vge/o 21 d\ (2b)

where n41 2 and vg1,2 correspond to group indexes and group
velocities of individual guided modes 1 and 2, respectively, and
Nge/os Vge/o COITespond to group indexes and group velocities
of the even supermode and the odd supermode, respectively.

For the parallel coupled structures consisting of two
dissimilar optical nanowires, of which individual guided
modes have strongly different dispersion behavior (3 2(A),
the phase-matching may holds at a certain wavelength g,
B1(Xo) = B2(Ao)- The strongest coupling effect happens at Ao,
and we call \( the resonant wavelength. Wavelength-dependent
propagation constants of individual guided modes and the
supermodes are shown in Fig. 2. Note that two supermodes
may generate large GVD, namely considerable group-index
variation.

The time advancement/delay AT for a light pulse passing
through a material with propagation length L can be written as

2]
AT = % Ang(A) 3)

where Angy(\.) is the group-index change at the center wave-
length A.. Based on the group-index change generated by the
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Fig. 2. Propagation constants of individual guided modes (black lines) and the
supermodes (colored lines) for three different spacings. The diameter of SiO»
and Si nanowires used for the simulation are 729 and 277 nm, respectively.
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Fig. 3. Diameter of Si nanowires versus the diameter of SiO> nanowires, which
make phase-matching hold at Ap = 1.55 pm.

supermodes we can obtain slow and fast light propagation by
adjusting light propagation into the coupled structure, and tune
the achievable time advancement/delay by varying the spacing
between SiO» and Si nanowires in real time.

III. NUMERICAL RESULTS

All numerical results displayed in following figures are ob-
tained by an exact solution of eigenvalue equation for the cou-
pled structure with ambient refractive index ng = 1.

A. Diameters of Optical Nanowires for Phase Matching

We suppose that phase-matching holds at Ay = 1.55 pm and
investigate the optical nanowires which are satisfied with the con-
dition for single-mode operation. At the wavelength of 1.55 ym
corresponding critical diameters of SiO2 and Si nanowires for
single-mode operation are 1139 and 356 nm, respectively. For a
given SiO2 nanowire, only the Si nanowire with a specified di-
ameter can make phase-matching hold at the appointed resonant
wavelength. The corresponding relation between the diameter of
SiO5 nanowires and Si nanowires is shown in Fig. 3, where d;,
ds are the diameters of SiO5 and Si nanowires, respectively.

In following simulations we refer to calculate the evolution
of several key parameters (including group indices, GVD of the
supermodes, generated group-index change, pulse broadening,
and time advancement/delay) with the transverse size of the de-
vice, namely the diameter of optical nanowires which constitute
the coupled structure. For each couple of diameters of SiOy and
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Fig. 4. (a), (b) Group indexes of the individual guided modes. (c), (d) GVD of

the individual guided modes.

Si nanowires used in our calculations the phase matching should
be satisfied and from Fig. 3 it is clear that there is a one-to-one
correspondence between the diameter of SiO, and Si nanowires,
accordingly we choose the diameter of SiO2 nanowires to char-
acterize the transverse size of the device in our simulations.

B. Group indexes and GVD of Individual Guided Modes

The group index of individual guided modes is defined as (3),
and GVD of individual guided modes is given by [44]

d 1
Dios=— . 4
B2 <vgl,2) @

We can obtain diameter-dependent n41 » and D, » at the res-
onant wavelength Ay = 1.55 pm, and the results are shown in
Fig. 4. Results in Fig. 4(a)—(b) show that both 1,1 and n42 in-
crease with the diameter of optical nanowires respectively, and
there is a large group index difference between them. Results in
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Fig. 5. (a), (b)Wavelength-dependent group indexes of the supermodes for six
different spacings. (c) Group-index change versus the spacing. (d) GVD of the
supermodes versus the spacing.

Fig. 4(c)—(d) show that both diameter-dependent D; and D, are
normal dispersion, and D1 < Ds.

C. Group indexes and GVD of Two Supermodes

First we consider the effect of the spacing S between SiO-
nanowires and Si nanowires on group indexes and GVD of two
supermodes. The diameter of SiO» and Si nanowires are fixed at
729 and 277 nm, respectively. Results in Fig. 5(a) and (b) show
the wavelength-dependent group indexes of two supermodes for
six different spacings. As the spacing gets smaller the curves of
wavelength-dependent group indexes get gentler. We pay atten-
tion to group indexes of the supermodes at the resonant wave-
length \¢ = 1.55 pm, and from Fig. 5(c) we know that the
group indexes of two supermodes at the resonant wavelength
are higher than the group index of individual modes in SiO»
nanowires and lower than the group index of individual modes
in Si nanowires. It is clear that we can tune the group-index
changes generated by two supermodes at resonant wavelength
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by varying the spacing. The tuning range of group-index varia-
tions is about +0.08 corresponding to the tuning range of S =
4.4 pm for the given device size. However, the evolution tenden-
cies of group-index change generated by two supermodes with
the spacing S are opposite. GVD of the supermodes is given by

d 1
D.,,6 = — . 5
efo =T\ (vge/o) (5)

Results in Fig. 5(d) show that D (Ag) and D, () are normal
and anomalous dispersion respectively, and both D.(Ag) and
D, (o) increase with the spacing. From Fig. 5(c)—(d) it is indi-
cated that for slow light propagation when the odd supermode
is excited the smaller spacing corresponds to the smaller disper-
sion and larger group-index change, and for fast light propaga-
tion when the even supermode is excited the smaller spacing
corresponds to the smaller dispersion and larger group-index
change. That is, excitation of the odd supermode can achieve
optimum performance for slow light, and excitation of the even
supermode can achieve optimum performance for fast light.

Then, we investigate the effect of the diameter of SiO, and Si
nanowires on group indexes and GVD of the supermodes. When
the spacing S is fixed at 2.5 pm, the results are shown in Fig. 6.
Fig. 6(a) and (b) show the evolution of wavelength-dependent
group indexes of two supermodes with the diameter of optical
nanowires. With the diameter of optical nanowires getting small
the curves of wavelength-dependent group indexes get gentle.
We pay attention to group indexes at the resonant wavelength
Ao = 1.55 pum, and it is shown in Fig. 6(c) that corresponding to
the individual modes guided in SiO, nanowires two supermodes
generate slow light propagation and corresponding to the indi-
vidual modes guided in Si nanowires two supermodes generate
fast light propagation. The evolution tendencies of diameter-de-
pendent group indexes of two supermodes are nearly the same,
and the smaller diameter corresponds to the smaller group-index
change. Finally as to GVD results in Fig. 6(d) show that the
sign of D.(\g) and D,(\g) are opposite, and both D.()g) and
D, (o) increase with the diameter of optical nanowires.

IV. PREDICTION OF THE TIME ADVANCEMENT/DELAY AND
PULSE BROADENING

A. Analytical Model of Group indexes and GVD of the
Supermodes

Here, we develop a simplified analytical model to calculate
the evolution of the time advancement/delay with the diameter
of optical nanowires that constitute the coupled structure.

We ignore the dependence of s on the wavelength, and, at the
resonant wavelength g, we obtain

ngejo(No) = (6a)

. /\_[2) dﬂp/a()‘)
2w dA A=

110 (30) = 1o (Ao) 2 = (1191 (M) + 1242(Ao)

2
Angl(/\()) :nge/a()‘o) - ngl(/\O)
1

= (ngQ()\o) — ngl(/\[))) > 0

3 (6b)
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Fig. 6. (a), (b) Wavelength-dependent group indexes of two supermodes for
coupled structures with different diameters. (c) Generated group-index change
versus the diameter of optical nanowires. (d) GVD of two supermodes versus
the diameter of optical nanowires.
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We define Ang(Ao) = |Angi(Xo)| = |Anga(Ao)|, and the
diameter-dependent An,(A¢) is shown in Fig. 7(a). The result
shows that Ang(\o) increases monotonically with the diameter
of optical nanowires, and, compared with the numerical result
shown in Fig. 6(d), the resulting An (o) is comparative exact.

Based on the same assumption GVD of the supermodes has
the form
D1(Xo) + Da(Ao)
2

De/o()\O) - +ADe/o()\0) (78.)

where

gﬁ (vglz)m) - vg?b\O))Z'

From Fig. 4(c) and (d) and (8), we can obtain the diameter-de-
pendent total dispersion D, /0()\0) and the results are shown
in Fig. 7(b). It is shown that D.(\g) and D,(\) are normal
and anomalous dispersion respectively, and both D.(\g) and
D,(\g) increase monotonically with the diameter of optical
nanowires. Compared with Fig. 6(e) it is indicated that the re-
sulting D/, (o) agrees with the numerical result very well.

As mentioned above, the simplified analytical model for
Ang(Xo) and D./o(Ao) we develop here is effective enough.

™
AD. jo(M0) = F53 (7b)

B. Simulation of the Time Advancement/Delay and Pulse
Broadening

Achievable time advancement/delay AT is defined as (4), and
the pulse broadening factor for the Gauss pulse is given by [42]

1/2

T _ l“’ (21n2 . De/o()\;)L,\g>2] N

e )
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where 77, and 7 are the full-width at half-maximum (FWHM)
of the input pulse and output pulse, respectively. From
Figs. 5(d), 6(d), and 7(b), it is clear that

[De(Ao)| = [Do(Ao)] ©

and we use D,(\g) for our calculations.

SiO2 nanowires with length up to ~ 10 cm and uniform di-
ameter have been fabricated [23], [24], [26], [27], but available
Sinanowires based on existing fabrication techniques with max-
imum length up to 2 cm and uniform diameter [39] are not so
long as Si0Oy nanowires. Accordingly, for 7y = 2 ps, we set the
device length L. = 1, 2, 5, and 10 mm, and for 7p = 0.5 ps
we set the device length L = 100, 200, 500, and 1000 pm in
order that L is satisfied with L. < Lpj . Then based on the
results in above section we can calculate achievable time ad-
vancement/delay and corresponding pulse broadening.

If pulse broadening is relatively too large after transmission of
the input pulse through the device the time advancement/delay
is insignificant. Here, we choose 71, /79 = 2 as the limitation for
propagation of the input pulse through the device. In considera-
tion of the limitation, we calculate the corresponding achievable
AT, and the results are shown in Fig. 8. For 7y = 2 ps corre-
sponding to four different device lengths the achievable AT is
3.1,5.1, 9.8, and 15.9 ps, respectively. For 7y = 0.5 ps corre-
sponding to four different device lengths, the achievable AT is
0.27, 0.45, 0.85, and 1.38 ps, respectively.

From Fig. 8(a)—(d), it is indicated that, for a given device
length (e.g., L = 1 mm) and pulse broadening factor, the ratio
of the time advancement/delay to the input pulse width-AT'/7q
is dependent on the input pulse width, and this dependence re-
lation is shown in Fig. 8(e). We find that, for . = 1 mm and
71./To = 2, the narrower the pulse is, the larger corresponding
advancement (delay)-to-pulse-width ratio is.

When the device is fabricated for practical applications, the
device length L should be equal to an even multiple of coupling
length L. = 7/2k()\g) in order to make the resonant center
wavelength export from the input optical nanowire.

V. DISCUSSION AND CONCLUSION

There are still a few challenges for this scheme we propose
here. One issue is that this scheme requires the diameter of
SiO9 and Si nanowires could be controlled exactly enough to
make the resonant wavelength equal to the specified center
wavelength. If the diameter of fabricated nanowires deviates
from the theoretical value or the resonant wavelength needs
to be shifted we may change the ambient refractive index or
waveguide structure [37], [45] to make the phase-matching
hold at the appointed center wavelength. Another issue is the
tuning range of temporal advancement/delay is relatively small.
When the nonlinearity should be considered we can tune the
temporal advancement/delay all-optically.

The consequent subject which deserves researchers’ efforts
(common to all slow and fast light systems) is how to obtain
larger time advancement/delay. For this scheme due to the lim-
itation of fabrication technologies of optical nanowires on the
device length achievable maximum time advancement/delay
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Fig. 8. (a)-(d) Achievable time advancement/delay corresponding a
fixed broadening factor 7, / 7o = 2 versus the diameter of optical
nanowires. (e) Dependence of the time advancement/delay and advance-
ment(delay)-to-pulse-width ratio on the input pulsewidth for a given device
length and pulse broadening factor.

is restricted. Recently, Sazio et al. demonstrated a novel fabri-
cation technology of semiconductor nanowires and nanotubes
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[46], and, to date, the longest nanotubes with length up to
30 cm have been fabricated. It may provide a way to obtain
longer Si nanowires. An alternative scheme can be based on
the silicon-on-insulator (SOI) platform [47] in consideration
of the mature fabrication technology of longer Si nanowaveg-
uides. The coupled structure consisting of a free-standing SiO»
nanowire and a SOI channel nanowaveguide may also provide
tunable slow and fast light propagation. Moreover, in this paper
we only consider the coupling between fundamental modes of
optical nanowires with single-mode operation, and the coupling
between high-order modes of optical nanowires with multi-
mode operation may provide larger time advancement/delay.
In summary, we have presented a novel scheme based on
parallel coupled structures consisting of two dissimilar optical
nanowires for tunable slow and fast light propagation. We can
tune the achievable time advancement/delay by varying the
spacing between two nanowires and can obtain relatively large
time advancement/delay. A simple analytical model is developed
to describe its physical mechanism and it is useful to design
the device for optimum performance. Compared with existing
techniques for achieving tunable slow and fast light this scheme
has several unique advantages, and it is significant for the devel-
opment of nano-scale all-optical signal processing devices.

APPENDIX

We can use a mode selector to excite the desired supermode.
The mode selector is also a parallel coupled structure which is
connected to our device. We can fabricate the mode selector
by changing the diameter of one waveguide of our device and
remain the diameter of the other waveguide of the device un-
changed. We set A (z) and A5(z) as the mode field amplitudes
in the individual waveguides constituting the mode selector, and
we get

A1) = | (costi) 2 sin(o2) ) 200

— jE sin(¢z)A2(0) | exp(—jbz)
®

As(z) = <cos(cpz) - jg sin(<pz)> A»(0)
- jg sin(¢z)A1(0) | exp(jbz)

where ¢ = VK2 + 62,6 = (B2 — $1/2), k = \/K12ka1. We set
A1(0) = 1, A2(0) = 0, and the length of the mode selector is
L. Then at L, we have

Aqi(Ls) = (cos(goLS) —i—Jg sin((pLS)> exp(—jéLs)

Ko .
As(Ly) = — ]; sin(¢Ls) exp(joLs).

The even supermode could be excited corresponding to
A1(Ls) = Asz(Ls), and the odd supermode could be excited
corresponding to A1 (Ls) = As2(Ls). When the corresponding
condition in the mode selector is satisfied we can make the
desired supemode propagate in the device.
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