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Time-domain measurement of picosecond light-pulse propagation
in a two-dimensional photonic crystal-slab waveguide
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The optical properties of line-defect waveguides in two-dimensional photonic crystal slabs are
investigated using picosecond light pulses. Time-domain waveforms of the light pulse propagating
through the waveguide are successfully observed using an autocorrelation method. The group
velocity of the waveguide is directly determined from the group delay time for light pulses reflected
back and forth along the waveguide. A small group velocity of one-twentieth the speed of light in
vacuum is observed at a frequency near the edge of the waveguide mode. The frequency dependence
of the group velocity is also measured, and the group-velocity dispersion is found to be larger than
that of normal single-mode optical fibers by a factor of40°. © 2004 American Institute of
Physics. [DOI: 10.1063/1.1760224

A photonic crystal(PC) is an optical material with a cally in Fig. 1(b). Three samples with different lattice con-
periodically varying refractive index, in which a gap in fre- stantsa (420, 415, and 410 njnwere prepared. Silicon-on-
quency, known as a photonic band g&BG), is created in  insulator (SOI) substrates were used for the fabrication of
the photonic mode spectrum. It is expected that the control cdamples, which consisted of a 0.2Ba-thick Si slab on top
photons in PCs can be realized by introducing artificial de-of a 1.5.um-thick SiG, layer formed on a 70@em-thick Si
fects that locally disturb the PBG. Line and point defects insubstrate. Electron-beam lithography and induction-coupled
PCs have previously been utilized as waveguidesnd  plasma-reactive ion-etching techniques were used to con-
cavities?® respectively. Unique characteristics have beerstruct the PC patterns on the upper Si slabs. The radius of the
predicted, such as a low group velocity in line-defectair holes was 120 nm and the line-defect waveguide was
waveguides and the ability to trap photons for long periodformed by removing a row of air holes along theJ direc-
of time in point-defect cavities. Although such characteristicgtion. After the PC patterns had been created, an air-bridge-
result from the dynamics of light pulses or wavepacketstype structure was formed by removing the underlying,SiO
within the defects, experimental results reported so far in thisayers using a selective wet-etching technique. The samples
field have been based on measurements using continuougere then cleaved, giving waveguides with lengths ¢f
wave light®® Such wavelength-domain measurements are-250 um. Optical measurements were carried out using a
considered to be important, but do not give a fully adequatgassive mode-lock fiber laser as a light source, in which the
description of the dynamic behavior of photons in artificial time width and center wavelengtf\{) of the pulses were
PC defects. Time-domain experiments utilizing considerabljtunable in the range 0.6—3.0 ps and 1530-1555 nm, respec-
shorter light pulses are indispensable for this purpose. Fdively. The repetition frequency of the laser was 50 MHz and
bulk PCs containing no artificial defects, there have been &ence the interval between the output pulses was 20 ns. Light
few reports of the direct measurement of the propagation opulses were injected into the waveguide through an objective
light pulsest®~**The change in shape or the time delay oflens, and pulses emitted from the opposite end of the wave-
light pulses propagated through three-dimensit¥rfdland  guide were collected by a second objective lens. The col-
two-dimensiondf'® PCs have been investigated. However,lected light was collimated into a single-mode fiber and am-
there are no reports on the dynamics of wavepackets in artplified by an Er-doped fiber amplifier. An optical
ficial PC defects, the study of which is of great importanceautocorrelation method using second harmonic generation
for the development of practical devices. In this report, wewas utilized to analyze the time-domain waveform of the
present the results of time-domain measurements of theutput light.
propagation of picosecond light pulses along line-defect Typical results of our measurements are shown in Fig.
waveguides in a two-dimensional PC slab. The group delayi(a); in this case, the lattice constant of the sample is 420
for pulse propagation along the waveguide is successfullym, and the time width ana. of the input light pulses are
obtained, from which the group velocity is directly deter- 0.6 ps and 1530 nm, respectively. The obtained waveform is
mined. The group-velocity dispersion is also discussed. = symmetric about the time origin as it is detected by the au-

We investigated line-defect waveguides that were introtocorrelation method. The figure shows a pulse train with
duced in air-bridge-type two-dimensional PC slabs in whichdecreasing intensities and constant intervals-8f5 ps be-
air holes form triangular lattice patterns, shown schematitween pulses, which is much smaller than the pulse interval
of the light sourcg20 ng. The observed pulse train can be

3Electronic mail: tasano@Kkuee.kyoto-u.ac.jp explained as follows$see Figs. (b) and ]((_:)]. The first pulse
YElectronic mail: snoda@kuee.kyoto-u.ac.jp passes directly through the waveguide, and subsequent
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) ) ) guency of the light pulséopen symbols The theoretically calculated group
FIG. 1. (a) Autocorrelation signal of a pulse propagating through a Samplevelocity is also shown for comparisgdotted ling; (b) theoretical disper-
with lattice constant 420 nm. The center wavelength and time width of thesion curve of the sample waveguide
injected light pulse are 1530 nm and 0.6 ps, respectividy;schematic ’
drawing of the sample configuration and propagation path of the light pulse;
(c) schematic drawing of the relationship between group velocity and th - : - -
interval of output pulses. Sty, whm_h was obtained from the slope of the dlsperspn

curve. Figure Pa) shows that the experimental and theoreti-

. _cal group velocities agree well with each other. By compar-
pulses . correspond to those that experience addltlonqt,hg Figs. Za) and 2b), it is found that the group velocity
roundtrips back and forth along the waveguide due to reflechecomes small as the frequency approaches the lower edge
tion at the waveguide edges. The interval between individught the waveguide mode. The time-domain waveform for the
pulses Qt) represents the group delay for a single roundtrip,,ropagation of the light pulse with the lowest normalized

and hence the group velocity §) of the waveguide can be frequency is shown in Fig. 3. It is seen that the light pulse

directly obtained: takes up to 32 ps to complete a roundtrip along a waveguide
2] of length 250um. The corresponding group velocity is the
Vo= At (1) smallest observed in our series of experiments, reaching a
minimum value of 0.0%.
In the case of Fig. 1, in which the observed pulse interval is We have also investigated the group-velocity dispersion
8.5 ps and the waveguide length is 2afn, the group ve- (GVD) and the energy loss involved in the propagation. In
locity is found to be 0.2@ (c is the speed of light in the case of Fig. 1, in which the frequency of the injected
vacuumn).
We next investigated the group velocities for samples
with different lattice constant®10—420 nm by varying the
\. of the light pulse between 1530 and 1555 nm. The group
velocity is plotted in Fig. 2a) as a function of the center
frequency of the light pulsef, which has been normalized
by the unit frequency of the PCc{a). Here, we have ex-
panded the normalized frequency range of the measurement
by employing the fact that the normalized frequency varies
with the lattice constant of the PC, even though the fre- |
quency of the light is congaﬁ‘l. It is clearly seen in the 10-6|0 30 0 30 60
figure that the group velocity rapidly decreases as the fre- Delay (ps)
guency is reduced. For comparison, the dispersion curve of
the waveguide is theoretically calculated using the threeFIG. 3. Autocorrelation signal of a pulse propagating through a sample with

dimensional finite-difference time domaifDTD) method. lattice constant 410 nm at a frequen_cy near the Iower_ e_dge of _the waveguide
. . . mode. The center wavelength and time width of the injected light pulse are
Figure 2b) shows the calculated dispersion curve and thesss nm and 3 ps, respectively. The group delay for one roundtrip is 32 ps
dotted line in Fig. Pa) represents the calculated group veloc-and the calculated group velocity is as small as @.05
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light pulse is relatively high (0.27&a), the pulse shape is sion was found to be larger than that of conventional single-
maintained for two roundtrips along a 2%0n waveguide. mode fibers by a factor of 6 1. Our results indicate that
This implies that the effect of GVD at=0.275c/a is so  time-domain measurements are useful for the investigation
small that it cannot be observed under the conditions utilizeaf the dynamic characteristics of artificial defects in PCs. We
here (pulse width=0.6 ps and propagation lengtdi mm). expect that line-defect waveguides in two-dimensional PC
As the pulse shape is maintained, the decrease in the pulstabs will find applications in the near future as dynamic
intensity, which is~10 dB per roundtrip, originates from pulse-control devices such as ultracompact delay lines and
propagation loss and reflection loss at both ends of the wavelispersion compensators.

guide. The reflection loss calculated by the three-dimensional )

FDTD method is~4 dB per reflection and, as a result, the Th.|s wor!< was partly supported by Core Resegrch for
propagation loss might be roughly estimated-a2 dB per Evolution Science and Teghnolo@@RES‘D, Japan _Suence
500 «m. By contrast, in the case of Fig. 3, in which the @1d Technology CorporatioJST) and Grant-in-Aids for
frequency of the injected light pulsd €0.263c/a) is near Scientific Research from the Ministry of Education, Culture,

the edge of the waveguide mode, the second pulse is broadgPOt Science, and Technology of Japan.
than the first pulse. Therefore, the deformation of the pulse
shape makes it impossible to estimate the intensity loss for
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