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By introducing multiple defect layers in one dimensional (1D) photonic crystal (PC), the broadband slow light with

low dispersion is obtained. The slow light pass band is smoothed by adjusting the spacing and the number of cavities.

In the optimized structure, the bandwidth is 8.556 1 nm with flatness below 8.8052x10*, the group velocity is in the

range from 0.029¢ to 0.0424c, and the group velocity dispersion (GVD) parameter D is in the range from -14.4103

ps/(mmnm) to 15.124 ps/(mm-'nm). Moreover, by material optimization, the slow light properties can be improved
further. With suitable materials, the slow light pass band can be broadened to 20.057 8 nm with flatness of 5.4x107,
and the GVD parameter D decreases to the range from -4.657 8 ps/(mm-nm) to 4.790 4 ps/(mm-nm).
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Slow light is a key technology in optical buffering,
time-domain processing of optical signals, optical logic
and switch for the next-generation photonic network
trafficl'>). It also offers the possibility for spatial com-
pression of optical energy and the enhancement of linear
and nonlinear optical effects!®. As an artificial nanos-
tructure, photonic crystal (PC) is one of the most prom-
ising methods to generate slow light with more advan-
tages than others” . Unfortunately, PC slow light en-
counters issues of the narrow delay-bandwidth and large
group velocity dispersion (GVD).

In order to eliminate this distortion and maintain
broadband slow light with high group index n,, many
researches have been done!'*'”). Most of these researches
mainly focus on two dimensional (2D) slow light PC
structure. One dimensional (1D) PC, as the simplest
structure, is easy to be fabricated and has also been pro-
posed to realize slow light'*”). However, most of 1D PC
slow light researches mainly focus on the band edge slow
light®?*!, which usually suffers from large GVD, and
causes strong signal distortion””. Recently, using dis-
persion compensation principle, by introducing circular
holes or grating waveguide into the 1D grating, flat band
slow light with a wide bandwidth has also been re-
ported®**. But in these two methods, holes have to be
introduced into the center of the 1D grating waveguide,
which increases the complexity of design and fabrication
process.

In 1D PC structure, the ultra low group velocity exists
at the photonic band gap (PBG) edge and defect mode, but
the slow light bandwidth is too small to be utilized for
practical devices. Inspired by the slow light transmission
in coupled resonator optical waveguide (CROW)>2°|
which is achieved through weak coupling between adja-
cent localized high-Q cavities mode, we design CROW
by inserting multiple defect layers as micro-cavities into
1D perfect PC structure to broaden the slow light band
and reduce the GVD. The dependences of slow light
properties on the cavities spacing and number are inves-
tigated. To further improve the slow light properties, the
refractive index effects of fundamental layer and cavity
layer are discussed.

The structure of 1D PC CROW can be depicted as
Mnd/C/M;,/C/M;p+++/C/Mepng, Where C means the half-
wavelength defect layer as micro-cavity, and Mg,q and Mj,
denote the quarter-wave stack with high and low refractive
index dielectric layers alternatively at the end of structure
and micro-cavities spacing within the CROW, respec-
tively. Meyq and My, are formed as (AB)NA and (AB)MA,
where A and B mean the high and low refractive index
layers, respectively, and N and M are the numbers of
fundamental periods (AB). Fig.1 shows the basic struc-
ture of 1D PC CROW, where we set N=2, M=4, and the
number of cavities is 7. In our simulation, the refractive
indices of A and B are 2.8 and 1.5, respectively. The
material of cavity layer is the same as that of B layer.
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The compared single defect 1D PC structure can be de-
picted as (BA)°C(AB)’, and the simulation results are
obtained by transfer matrix method (TMM)?".
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Fig.1 Schematic diagram of 1D PC CROW used in the
simulation

Fig.2 shows transmission spectrum, group velocity v,
and GVD parameter D as a function of wavelength for
1D PC CROW and 1D PC with single defect. The trans-
mission spectra of the pass band in PBG are shown in
Fig.2(a). It is found that seven transmission peaks appear
in the pass band of spectrum of CROW. The number of
peaks is in accordance with the number of cavities. The
bandwidth of pass band is AA=37.9 nm (1531.3-1569.2
nm). The full width half maximum (FWHM) of transmis-
sion peak of single defect structure is 0.8 nm (1549.6—
1 550.4). Compared with that of single defect 1D PC
structure, the transmission band of CROW is broadened
by 47.375 times. However, although the band is broad-
ened, the transmission band is uneven because of the
appearance of multiple peaks. It should be smoothed.

The group velocity of transmission spectrum can be
evaluated as v,=dw/dk=c/n,, where w is the angle fre-
quency of incident light, £ is the wavevector in the
propagation direction, and 7, is the group index, which
can be depicted as'*®!

dk dn

ng(a))zca:nm.+a)d—;f, 1)
where ng is the effective index of 1D PC structure. The
GVD parameter D is given as>”

d 1. 1dn
b dﬂ(vg) cddl’ @)

The group velocity v, and GVD parameter D are plot-
ted as a function of wavelength in Fig.2(b) and (c). It is
found that in the pass band of CROW, the group velocity
is in the range of 0.010 5¢—0.182 1¢. While for single
defect PC, the group velocity has a minimum of 0.005 3c,
the transmission peak is very narrow with 0.8 nm, and
correspondingly, the GVD parameter D is changed

sharply from -982.077 ps/(mm-nm) to 981.5 ps/(mm-nm).

In the pass band of CROW, at band edge the parameter
D sharply changes from -743.87 ps/(mm-'nm) to 740.66
ps/(mm-nm). However, it is around the zero dispersion
point in the range from -65.837 to 63.407 within the pass
band. Furthermore, the closer to the pass band center, the
smaller the GVD parameter D is. Fig.2(c) shows that
there is a flat region with small GVD in the slow light
region of pass band. This simulation results indicate that
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the introduction of multiple cavities makes pass band
broaden effectively and maintain very low group velocity.
Simultaneously, the GVD maintains a relatively small value.
On the other hand, the pass band needs to be flattened.
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Fig.2 Transmission properties of 1D PC CROW with
multiple cavities and 1D PC with single defect

In order to demonstrate the broadband slow light
transmission in 1D PC structure, we investigate the elec-
tric field distribution in 1D PC CROWP**!, Fig 3 illus-
trates the electric field distribution of seven peak wave-
lengths shown in Fig.2(a) in 1D PC CROW. It shows
that the energy is mainly confined in defect cavities, and
the fields of different wavelengths are confined in dif-
ferent cavities. Furthermore, the simulation demonstrates
that the electric field distributions of the symmetrical
peaks on both sides of center wavelength 1550 nm in the
pass band are the same. It’s well known that the energy
localization forms slow light transmission. The single
defect layer in 1D PC only confines the energy of narrow
frequency band of defect peak in PBG. However, multi-
ple cavities can confine energy of broadened band, so it
can support wide band slow light transmission.

At first, we analyze the bandwidth variations of slow
light in the 1D PC CROW with different cavities spacing
M. Fig.4(a) shows the transmission spectra with M=4, 5
and 6, and the corresponding bandwidths of slow light
are 37.9 nm, 20.2 nm and 10.7 nm, respectively. Obvi-
ously, with the increase of cavities spacing, the band-
width of slow light pass band is narrowed and flattened.
Moreover, When M=6, three peaks in the center of pass
band are combined to one broadened peak. Fig.4(b) de-
picts the transmissions of spectrum trough with M=3, 4,
5 and 6, and the inset depicts the flatness of transmission
spectrum versus cavities spacing M. It is shown that
when M increases, the transmission peaks are close, and
transmission of trough is higher. Results show that the
minimum of transmission in the pass band is increased
from 0.132, 0.288, 0.380 with M=4 to 0.299, 0.636,
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0.829 with M=5 and 0.385, 0.810 with M=6. Simultane-
ously, the flatness of (Tjax-Tmin)/2 decreases with the
increase of M, i.e., the pass band is smoothed effectively,
but the bandwidth becomes narrow. Therefore, while
choosing suitable cavities spacing, there is a tradeoff
between flattening and broadening of slow light.
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Fig.3 The electric field distributions in 1D PC CROW
structure at different wavelengths in the slow light
pass band

Fig.4(c) shows the variation of group velocity v, with
wavelength as M=4, 5 and 6, and in the pass band, v, is
in the range of 0.0106¢-0.1821¢, 0.0106¢—0.077 7¢ and
0.008 6¢—0.044 8c, respectively. v, gradually decreases as
M increases. The curves clearly show that v, slightly
changes in the slow light pass band, and this change is
corresponding to uneven transmission spectrum. When
the pass band is flattened and narrowed, the group veloc-
ity is decreased and smoothed. According to the coupled
mode theory™®®, the wider the cavities spacing is, the
more tightly the mode is confined, and the mode cou-
pling between adjacent defect cavities becomes weaker,
then the propagation velocity of light becomes slower.

In Fig.4(d), GVD parameter D is shown as a function of
wavelength with M=4, 5 and 6. At the band edge, the
GVD parameter D changes sharply; in the center of the
pass band, D is smaller and varies slightly. In the smooth
center, when M=4, GVD parameter D is in the range from
-62.598 7 ps/(mm'nm) to 63.407 4 ps/(mm-nm), when
M=5, D=-61.6385-60.3012, and when M=6, D=-79.561—
78.909 2, which is much smaller than that at the band
edge, where D=777.0659, 812.8795 and 1325.9. In short,
with the increase of the cavities spacing, the broadened
slow light band is obviously smoothed, and group veloc-
ity v is also slow down. At the same time, the bandwidth
becomes narrow and GVD parameter D deteriorates
slightly.

Micro-cavities in CROW confine most of the energy
of slow light mode'™!. It determines the properties of the
slow light transmission. The slow light properties with
the variation of cavities number C are discussed when
M=5 and N=2. Fig.5(a) shows the transmission spectra of
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1D PC CROW with C=4, 5, 6 and 7. When the number
of cavities increases, the bandwidth of pass band changes
slightly. Fig.5(b) depicts the change of full width of half
maximum (FWHM) bandwidth and the bandwidth of
smooth GVD within the pass band as a function of cavi-
ties number. Compared with Fig.5(a), the flatter the
transmission spectrum is, the smaller the GVD parameter
D is. As shown in Fig.5(a), the pass band is flattened
clearly when C decreases. The flatness almost linearly
decreases as C changes from 7 to 3. Fig.5(c) plots the
transmissions of trough in the pass band when C=3, 4, 5,
6 and 7. The inset of Fig.5(c) depicts the flatness of
transmission spectrum versus cavities number C.
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Fig.4 (a) Transmission spectra, (b) transmissions of
spectrum trough, (c) group velocities and (d) GVD
parameters D of pass band of 1D PC CROW with dif-
ferent cavities spacings (The inset of (b) depicts the
flatness of transmission spectrum versus M.)
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Fig.6 shows the group velocity variations of pass band
with different cavities numbers as a function of wave-
length. When C increases from 4 to 7, v, in the pass band
varies slightly. Fig.7 shows the variations of GVD pa-
rameter D as a function of wavelength with different C.
Clearly, there is a serious oscillation and large dispersion
at the band edge. In the middle of the slow light band,
the GVD parameter D is relatively flat, and when cavi-
ties number C decreases from 7 to 4, the parameter D
also decreases. But the width of flat D region becomes
narrower than the bandwidth of FWHM as shown in
Fig.5(b).
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Fig.6 Group velocities of pass band as a function of
wavelength as C=4, 5,6 and 7
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Fig.7 GVD parameters D of pass band as a function of
wavelength as C=4, 5,6 and 7

Tab.1 summarizes the slow light parameters of 1D PC
CROW with different cavities numbers C. From Figs.5—7
and Tab.1, the results show that both of flatness and
GVD parameter D are improved with the decrease of
cavities number. But the pass band bandwidth of FWHM
and flat D become narrow, group velocity v, worsens at
the same time, and the change of v, is slight. The band-
width of flat D is smaller than that of FWMH, because
there is serious GVD at the band edge of FWMH. So
there is a tradeoff between flatness, GVD and bandwidth
of slow light as adjusting the cavities number.

In the practical application, it is desired to obtain wide
and smooth slow light pass band with low GVD. Based
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on the discussion above, here we improve the slow light
properties by optimizing the 1D PC structure. We in-
crease the cavities spacing, and decrease the number of
cavities to smooth the slow light pass band with consid-
erable width, low group velocity and GVD. We set M=6,
C=3 and N=2, and then the 1D PC structure can be de-
picted as Mend/(C/Min)2CMend. Fig.8 shows the transmis-
sion spectrum, group velocity and GVD parameter D
after structure optimization. The transmission spectrum
shows that an extremely flat pass band with trough
transmission more than 0.998 1 is obtained. The flatness
is smaller than 9.5x10™*, which is smooth enough to carry
broadband conformal slow light transmission. The pass
band width of FWHM is 8.556 1 nm with group velocity
from 0.029¢ to 0.0424c. The GVD parameter D is in the
range from -14.4103 ps/(mm-nm) to 15.124 ps/(mm-nm)
around the zero dispersion point within the pass band.

Tab.1 Slow light properties of the 1D PC CROW with
different cavities numbers

M- M-
C T Flatness Ve (€) D [ps/(nmkm)] FWHM D
(nm) (nm)

3 0.7661-1.0 0.1170 0.0308-0.0736 -6.2339-6.3050 169 8.8
4 0.6169-1.0 0.1916 0.0231-0.0754 -9.4097-9.567 183 129
5 04816-1.0 02592 0.0175-0.0764 -16.545-16.0791 193 15.5
6 03769-1.0 03116 0.0135-0.0772 -33.9266-32.6848 19.8 17.3

7 0.2993-1.0 03504 0.0106-0.0777 -57.0212-58.3934 202 184
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Fig.8 Transmission properties of 1D PC CROW after
structure optimization with M=6, N=2 and C=3

In order to further broaden the slow light pass band,
the refractive index of PC fundamental material is dis-
cussed. Firstly, we set the defect cavity material to be the
higher refractive index, i.e., n.=n,=2.8. Fig.9 shows the
transmission properties compared with those of the opti-
mized 1D PC CROW mentioned above with n=n,=1.5.
Increasing the refractive index of cavity layer, the slow
light pass band is broadened from 8.556 1 nm to 10.8965
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nm, the flatness decreases to 8.805 2X10’4, and is smaller
than that of the former one, the GVD parameter D de-
creases to the range of -9.2908-9.6752 ps/(mm-'nm). But
the performance of group velocity becomes worse slightly:
it increases from 0.029¢-0.0424c to 0.034 8¢—0.0509c¢.

Secondly, we set n,=1.5 and n,=n., adjusting n, and »,
from 2.8 to 2.3 at interval of 0.1, and the transmission
properties are shown in Fig.10. The pass band is gradu-
ally broadened as n, and . increasing step by step. The
GVD parameter D is also improved, and it decreases to
the range of -2.520 1-2.598 9 ps/(mmnm) gradually.
However, the flatness decreases slightly, and the mini-
mum transmission on trough decreases from 0.9982 to
0.9765. At the same time, the group velocity v, worsens
with the decrease of n,.
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Fig.9 Transmission properties of the optimized 1D PC
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The properties of bandwidth, flatness, group velocity
and GVD parameter D curves versus n, are shown in
Fig.11. As n, decreasing, the bandwidth, flatness and
group velocity all increase exponentially. In addition, the
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GVD parameter D almost linearly decreases. Consider-
ing the practical application of slow light, the group ve-
locity can not be too large. So, in our optimized structure,
n, should not be larger than 2.5. As n,=2.5, v, is from
0.054¢ to 0.083¢, and bandwidth is 20.057 8 nm in the
wavelength range of 1540.0-1560.1 nm. The bandwidth
increases by about 2.3 times than that of structure with
n,=2.8 (8.8052 nm), and by 25.07 times than that of sin-
gle defect transmission peak. The flatness is 5.4x107,
and GVD parameter D is from -4.657 8 ps/(mm--m) to
4.7904 ps/(mm-nm). It can support slow light pulse with
sufficient bandwidth and acceptable distortion.
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Fig.11 (a) Bandwidth, (b) flatness, (c) group velocity
and (d) GVD parameter D as a function of n,

In summary, by introducing multiple defect cavities,
flat broadband slow light transmission with low disper-
sion in 1D PC CROW structure is investigated. By tun-
ing the spacing and number of cavities, the pass band of
slow light is smoothed. At the same time, the GVD is
also obviously improved. Using optimized structure of
M=6, C=3 and N=2, the bandwidth of slow light pass
band can be broadened to 8.556 1 nm, the flatness is less
than 8.8052x10™, GVD parameter D decreases to the
range of -14.4103-15.124 ps/(mm-'nm), and group ve-
locity is v4=0.029¢—0.0424c. Moreover, by material op-
timization, the slow light properties are improved further.
With n,=n=2.5 and ny=1.5, the flat slow light bandwidth
can reach as wide as 20.057 8 nm, and the GVD parame-
ter D decreases to -4.657 8—4.7904 ps/(mm-nm). It can
support slow light pulse with sufficient bandwidth and
acceptable distortion.
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