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a b s t r a c t

Slow light effect in a dielectric slab waveguide with a negative refractive index photonic crystal substrate
is numerically investigated. The guided modes are confined in the core layer by total internal reflection.
Dispersion and wave propagating properties are explored in details. The result demonstrates that light
speed can approach zero at two adjacent frequencies, which is also verified by finite-difference time-
domain (FDTD) simulation. Calculated Q-factors both exceed several thousand. The structure has the
potential to be used as high-Q open cavity for dual-wavelength lasers or traveling wave amplifiers.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The research of slow light has captured significant interests
from many researchers of physics and optical engineering in recent
years. There have been several ways to achieve the purpose of
slowing down the speed of light, e.g., electromagnetically induced
transparency (EIT) [1], coherent population oscillations (PO) [2,3],
stimulated Brillouin scattering [4], coupled resonator optical wave-
guides [5,6], and photonic crystals [7–11]. Moreover, theoretical
research shows that a layered structure with left-handed materials
(LHM) can both support negative giant Goos–Hänchen shift [12,13]
and slow light propagation [14,15]. However, realization of LHM in
visible frequency range with reasonable loss is still a big challenge.
Previously, we achieved a negative giant Goos–Hänchen shift by
replacing the LHM in the layered structure with a photonic crystal
of negative effective refractive index [16]. The structure is made of
a dielectric slab layer and a negative refractive index photonic
crystal substrate. The negative giant Goos–Hänchen shift of the
structure is mainly determined by the energy flux of a backward
wave along the slab layer. Actually, by choosing the incident angle
and slab width, both forward and backward waves along the slab
layer can be excited and controlled simultaneously, which results
in the change of the total energy flux along the slab layer. If this
kind of structure is used for waveguiding purpose, it may achieve
slow light effect when the forward and backward waves are bal-
anced, but with much lower loss compared with its counterpart
with LHM.

In this paper, a slow light waveguide made of a dielectric slab
with a negative effective refractive index photonic crystal
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substrate is proposed and numerically investigated. Two adjacent
frequencies with zero group velocity are obtained, and their reso-
nant properties are demonstrated with FDTD simulation.

2. Structure, dispersion and slow light analysis

The structure of a dielectric slab waveguide with a negative
refractive index photonic crystal substrate is shown in Fig. 1a.
The whole structure is constituted of two parts. The upper part is
a homogeneous GaAs slab layer with width w. The lower part is
a two dimensional (2D) photonic crystal which is the same as
the one investigated by Notomi [17]. It is a hexagonal lattice of
air holes in a GaAs background. The radius of the holes is
r = 0.4a, where a is the lattice constant. The top interface of the
photonic crystal is truncated in a direction perpendicular to the
C � V direction. The whole structure is surrounded by air. The
refractive indices of air and GaAs are nair = 1 and nGaAs = 3.6,
respectively.

In our calculation, only transverse electric (TE, in a direction
parallel to the axes of air holes) polarization is considered. The
effective refractive index of the photonic crystal substrate (ns) is
negative and nearly isotropic in a frequency range from 0.29 � 2
pc/a to 0.345 � 2pc/a, which varies from �1.2 to �0.2 (see
Fig. 1b). Our analysis here will be confined in this frequency range.
The slab layer forms the core layer of the waveguide, of which the
refractive index is ncore = nGaAs. Considering ncore > nair and
ncore > |ns|, if self-consistent condition in z direction is satisfied,
guided modes propagating along x direction and localized mainly
in this layer can be found. The confinement is achieved by total
internal reflections at the core-substrate and core-air interfaces,
which is similar to an asymmetric LHM waveguide [14], but differ-
ent from a conventional photonic crystal waveguide.

mailto:hongzhi@cjlu.edu.cn
http://www.sciencedirect.com/science/journal/00304018
http://www.elsevier.com/locate/optcom


Fig. 1. (a) Schematic diagram of the waveguide structure with slab width w. A
photonic crystal with hexagonal pattern of air holes is used as the substrate. The
radius of the air holes is 0.4a, where a is the lattice constant. (b) Effective refractive
index of the photonic crystal substrate in the considered frequency range.

Fig. 3. Group velocity vs normalized propagation constant for a slab width of
w = 2.9a.
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A two dimensional layer Korringa–Kohn–Rostoker (2D layer-
KKR) method [18] with interface boundary conditions described
in [19] is used to find the guided modes of the structure with dif-
ferent slab widths. The mode dispersion curves for a structure with
width w = 2.9a are given out in Fig. 2, they show characteristics of a
mini-stop band, which should be a result of refractive periodic dis-
tribution of photonic crystal along the light propagating direction
[20]. Furthermore, the four curves all have some regions with a rel-
ative flat slope, which means a relative slow speed of light propa-
gation, it makes the structure possible to be used as slow light
waveguide.
Fig. 2. Dispersion diagram of guiding modes for a slab width of 2.9a, both of the
frequencies and propagation constants are normalized.
Light speed can be described by group velocity, and it is given as
vg = dx/db, where x is angular frequency, b is propagation con-
stant. Corresponding to the four dispersion curves in Fig. 2, we plot
the calculated group velocity as a function of propagation constant
in Fig. 3. Except curve a, which is not complete because part of its
frequency is out of the considered frequency range, there are two
zero group velocity points at each curve, one of them is at the edge
of Brillouin region. For light of frequencies near these zero group
velocity points, its field energy can be trapped effectively by the
waveguide structure. Considering curve d, for propagation con-
stant in the range of 0.443 � 2p/a and 0.5 � 2p/a, group velocity
does not exceed a value of c/160. This level of light speed is enough
for devices like optical buffer or delay line.

We also calculated the dispersion characteristics for structures
with different slab widths near 2.9a, and find out that the curves
are all very similar compared with that of width 2.9a, but shift to
a lower position with the increase of w. Thus the light frequency
with zero group velocity can be easily tuned by changing the slab
width, but the difference of the two zero group velocity frequen-
cies is not sensitive to it.

The two points at curve d denoted by A and B in Fig. 3 corre-
spond to the two zero group velocity frequencies of 0.34138 � 2
pc/a and 0.34161 � 2pc/a, respectively. Propagating light energy
of the guided mode at these two frequencies can be stopped and
trapped effectively. The structure may be used as an open cavity
with two resonant frequencies. FDTD simulation will be used to
verify the predication and show energy trapping ability of the
structure.

In our FDTD calculation with perfectly matched layer (PML)
boundary condition, a point Gaussian pulse expressed as Eq. (1)
is used to excite the light field. It is positioned at the center of
the core dielectric layer, which is marked as P in Fig. 4a.

EðtÞ ¼ E0e�t2=s2
sinðx0tÞ ð1Þ

where angular frequency x0 is 0.34148 � 2pc/a between the two
frequencies with zero group velocity, pulse width s is 200T
(T = 2p/x0). A monitor at the same position as the source is used
to record the electric field as a function of time. The whole calculat-
ing time is 60,000T. In Fig. 4a, we give out a slice of electric field dis-
tribution after 36,000T, it is clear that the light field is trapped by
the waveguide. Moreover, the light energy is mainly confined in
the uniform dielectric layer, while a small part of energy extending
into the photonic crystal is localized in the first two layers of holes.
There is no reflection at the two ends of the waveguide, so the trap



Fig. 4. (a) A slice of transverse electric field distribution after 36,000T. (b) Magnitude of the transient electric field (the whole recorded time is 60,000T), the lower subplot is a
magnification of the signal after 20,000T; the upper is the frequency spectrum of power density, shows the two resonant frequencies of the trapped field.
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of light should be the slow light effect of our waveguide structure
completely.

The evolution of transient electric field at the position of the
point source in the whole calculating time range is shown in
Fig. 4b. The beginning irregular waveform attributes to the super-
imposition of source excitation, leaky and confined waves. After
2600T, the waveform becomes regular and elapses slowly. The res-
onant characteristic of the wave envelope seems to be an interfer-
ence pattern of light wave of two frequencies.

By fast Fourier transform (FFT) of the time-domain signal (ex-
clude the beginning 2600T of irregular time), we give out the fre-
quency spectrum of power density in Fig. 4b (normalized to the
second peak). Both of the two peaks are in a form of Lorentz type,
just as the line shape of resonant frequency of a conventional cav-
ity. Thus, fitting with Lorentz function, we can get the two resonant
frequencies of 0.34140 � 2pc/a, and 0.34156 � 2pc/a, respectively,
both deviate a little from the values calculated by the 2D layer-KKR
method. The deviation may be caused by calculating errors in FDTD
simulation due to the limited spatial mesh. Also we obtain their
linewidth (full width at half maximum, FWHM) of 9.97 � 10�5 �
2pc/a and 5.52 � 10�5 � 2pc/a, respectively. According to equation
Q = f0/Df [21] (where f0 is the resonant frequency, and Df is the
FWHM of power density distribution.), Q-factors of the two
trapped frequencies can be calculated as high as 3424 and 6188,
respectively. The structure may be used as open cavities for lasers
or traveling wave amplifiers. For the characteristic of two resonant
frequencies, it has the potential to be used as cavity for dual-wave-
length lasers [22,23], which is an important device for the genera-
tion of terahertz wave by photon mixing.
3. Conclusion

Slow light effect in a slab waveguide with a photonic crystal
substrate has been studied. In a frequency range where the effec-
tive refractive index of the photonic crystal substrate is negative
and nearly homogeneous, guided modes are found with a 2D
layer-KKR method. The confinement is achieved by total internal
reflection similar to an asymmetric LH waveguide, but different
from that of a conventional photonic crystal waveguide. Both light
stop and slow propagating can be achieved with our structure, and
the corresponding frequencies can be easily tuned with the change
of core width. Characteristic of two-frequency resonance makes
the structure potential as a high-Q open cavity for dual-wavelength
lasers.
Acknowledgement

This work was partly supported by the National Natural Science
Foundation of China (Nos. 60576042 and 30672017).

References

[1] L.V. Hau, S.E. Harris, Z. Dutton, C.H. Behroozi, Nature 397 (1999) 594.
[2] M.S. Bigelow, N.N. Lepeshkin, R.W. Boyd, Science 301 (2003) 200.
[3] P.C. Ku, F. Sedgwick, C.J. Chang-Hasnain, P. Palinginis, T. Li, H. Wang, S.W.

Chang, S.L. Chuang, Opt. Lett. 29 (2004) 2291.
[4] Y. Okawachi, M.S. Bigelow, J.E. Sharping, Z. Zhu, A. Schweinsberg, D.J. Gauthier,

R.W. Boyd, A.L. Gaeta, Phys. Rev. Lett. 94 (2005) 153902.
[5] A. Yariv, Y. Xu, R.K. Lee, A. Scherer, Opt. Lett. 24 (1999) 711.
[6] J.K.S. Poon, J. Scheuer, Y. Xu, A. Yariv, J. Opt. Soc. Am. B 21 (2004) 1665.



656 H. Chen et al. / Optics Communications 282 (2009) 653–656
[7] M. Notomi, K. Yamada, A. Shinya, J. Takahashi, C. Takahashi, I. Yokohama, Phys.
Rev. Lett. 87 (2001) 253902.

[8] M.F. Yanik, S. Fan, Phys. Rev. Lett. 92 (2004) 083901.
[9] H. Gersen, T.J. Karle, R.J.P. Engelen, W. Bogaerts, J.P. Korterik, N.F. van Hulst, T.F.

Krauss, L. Kuipers, Phys. Rev. Lett. 94 (2005) 073903.
[10] Y.A. Vlasov, M. O’Boyle, H.F. Hamann, S.J. McNab, Nature 438 (2005) 65.
[11] T. Baba, D. Mori, J. Phys, D: Appl. Phys. 40 (2007) 2659.
[12] I. Shadrivov, A. Zharov, Y.S. Kivshar, Appl. Phys. Lett. 83 (2003) 2713.
[13] I. Shadrivov, R. Ziolkowski, A. Zharov, Y. Kivshar, Opt. Express 13 (2005) 481.
[14] J. He, S. He, IEEE Micro. Wireless Compon. Lett. 16 (2006) 96.
[15] K.L. Tsakmakidis, A. Klaedtke, D.P. Aryal, C. Jamois, O. Hess, Appl. Phys. Lett. 89
(2006) 201103.

[16] J. He, Y. Jin, S. He, Opt. Express 14 (2006) 3024.
[17] M. Notomi, Phys. Rev. B 62 (2000) 10696.
[18] K. Ohtaka, T. Ueta, K. Amemiya, Phys. Rev. B 57 (1998) 2550.
[19] E. Istrate, E.H. Sargent, IEEE. J. Quantum Electron. 41 (2005) 461.
[20] M. Agio, C.M. Soukoulis, Phys. Rev. E 64 (2001) 055603.
[21] J.D. Jackson, Classical Electrodynamics, third ed., Wiley, New York, 1999.
[22] C.L. Wang, C.L. Pan, Appl. Phys. Lett. 64 (1994) 3089.
[23] T. Hidaka, S. Matsuura, M. Tani, K. Sakai, Electron. Lett. 33 (1997) 2039.


	Slow light in a dielectric slab waveguide with a negative refractive index photonic crystal substrate
	Introduction
	Structure, dispersion and slow light analysis
	Conclusion
	Acknowledgement
	References


