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Defect modes in photonic crystal slabs studied using terahertz
time-domain spectroscopy
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We describe broadband coherent transmission studies of two-dimensional photonic crystals consisting of a

hexagonal array of air holes in a dielectric slab in a planar waveguide.

By filling several of the air holes in

the photonic crystal slab, we observe the signature of a defect mode within the stop band, in both the amplitude

and phase spectra.
the transfer matrix method.
OCIS codes: 320.7100, 230.7400, 260.3090.

Recent years have seen increasing interest in the use
of terahertz (THz) radiation for a variety of applica-
tions.! This trend has led to an increasing need for
quasi-optical components that can be used to manipu-
late THz beams. One promising candidate is pho-
tonic crystals. Early research on photonic bandgap
materials used THz radiation to probe millimeter-
and submillimeter-scale structures as a means for
understanding the properties of periodic media in
a regime where the fabrication was less challeng-
ing than at optical frequencies.?® More recently,
the motivation has shifted toward the optimization
of structures specifically intended for use at THz
frequencies.’ ! These experiments have primarily
focused on defect-free photonic crystals. Only a few
studies of the properties of THz defect modes have
been reported.**!"® However, it is clear that, just
as at optical frequencies, the utility of THz photonic
crystals relies on the incorporation of defect struc-
tures to disrupt the periodicity and thereby introduce
propagating modes within the bandgap.®

Here we report measurements of a two-dimensional
(2D) photonic crystal slab in which functional struc-
tures (such as resonant cavities or waveguides)
can be incorporated and removed, reversibly. As
with several previous authors, we employ THz
time-domain spectroscopy for transmission mea-
surements.”®'** This technique provides a direct
measurement of the THz electric field, which is gener-
ated in the form of a single-cycle pulse. As a result,
both the amplitude and the phase of the radiation can
be determined experimentally.

As a first demonstration, we study a 2D planar
waveguide with a periodic dielectric modulation in the
plane. Specifically, we have used deep reactive-ion
etching to pattern a high-resistivity silicon wafer with
a hexagonal array of circular holes.’* The holes have
diameters of 360 um, with a pitch of 400 um. The
calculated 2D band structure for this photonic crystal
is shown in Fig. 1.

This slab geometry mimics the most commonly
employed configuration used in near-infrared appli-
cations, in which light is confined in two dimensions
by the photonic crystal and in the third by wave-
guiding.” In our samples the 300-um thickness
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The experimental results are in reasonable agreement with theoretical calculations using
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of the slab is large enough to support not only the
fundamental TEM mode but also one set of higher
modes (the Eqi9 and Hj;y modes?') at the highest
frequency of interest (the top of the bandgap, near
0.4 THz). We have chosen to operate in this multi-
mode regime to optimize the coupling efficiency of
radiation from free space into the slab waveguide.
We note that undistorted single-mode propagation can
still be achieved, even at frequencies above the cutoff
of higher-order modes, if the incident beam is mode
matched to the (dispersionless) TEM mode.?? In the
situation described here the higher modes are of odd
parity?’ and therefore are not efficiently excited by
the incident wave.

The experimental setup (Fig. 1) is similar to pre-
vious THz waveguide measurements.” Broadband
single-cycle THz pulses are generated and detected
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Fig. 1. Top, 2D band structure (TM polarization) of
the photonic crystal used in these measurements. This
band structure is computed assuming an infinite slab
thickness.? The shaded boxes indicate the full gap
(darker) and the pseudogap (lighter), and the dashed
bands are antisymmetric and therefore do not couple to
the incident beam. Bottom, schematic of the experimental
setup. The photonic crystal is placed within the copper
waveguide for transmission measurements.
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with photoconducting antennas.! The THz radiation
is focused into a parallel-plate copper waveguide by
a plano—cylindrical lens. The incident field is polar-
ized perpendicular to the plane of the waveguide (TM
polarized). An identical setup is used at the exit facet
to collect the transmitted radiation. The photonic
crystal slab is sandwiched inside the metal waveguide,
which provides a nearly ideal lossless boundary for
the guided wave.?? We have etched the wafer over
only half of its area, leaving an unetched portion that
we use to collect a reference transmission spectrum.

Figure 2 shows several typical measured wave-
forms, probing the I'-K direction of the 2D hexagonal
lattice. When there is no silicon wafer inside the
waveguide, we observe the expected distortionless
propagation, as reported previously for broadband
pulses.???* When the unetched silicon wafer is in-
serted into the waveguide, the cutoff wavelength for
each waveguide mode shrinks by a factor of the refrac-
tive index, n = 3.42.2' As a result, a larger fraction
of the input pulse energy (which extends to beyond
1 THz) overlaps the dispersive modes, so we observe
some pulse dispersion as well as an overall delay of
the signal. However, when the etched portion of the
wafer (the photonic crystal) is illuminated, the wave-
form is substantially dispersed, extending to hundreds
of picoseconds. This dramatic dispersion results from
sharp spectral features in the photonic band structure
such as the edges of the stop band.??-?® We observe
that the earliest peak of the signal arrives roughly
19 ps earlier than the corresponding peak in the case
of the solid silicon waveguide (bottom inset of Fig. 2).
Given the propagation distance (four unit cells along
I'-K), we compute a mean dielectric of 3.9 for the
photonic crystal, which is close to the volume-weighted
average value of 3.86.

We introduce a defect structure into the otherwise
perfect photonic crystal by filling several of the air
holes with a finely ground powder of high-resistivity
silicon. The grain size of this powder (~10 um) is
much smaller than the shortest wavelength used in
our measurement, so it acts as a homogeneous medium
with a dielectric somewhat smaller than that of bulk
crystalline silicon. Figure 3(a) shows the transmis-
sion spectrum of the photonic crystal, referenced to
that of the unetched silicon slab, in the vicinity of
the photonic bandgap. The addition of the three-point
defect gives rise to an enhanced transmission in the
middle of the gap, near 0.28 THz. On removal of the
defect, this resonance vanishes.

Figure 3(b) shows a calculated transmission spec-
trum for these two experimental situations (with and
without defect), obtained using the transfer-matrix
method (TMM).?*?° We note that these simulations
assume a 2D lattice with infinite extent in the third
dimension. So we do not expect perfect correspon-
dence with the experimental results. However, we
note that the metal cladding in our structures elimi-
nates the light cone states, extending perpendicular
to the slab.?’ As a result one might expect these 2D
simulations to be more accurate than in the case of
dielectric-clad slabs. We also note that the dielectric
constant of the composite material filling the three
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holes is not known with any precision. We use a
representative value of € = 5.0 for these illustrative
calculations.

The TMM spectra contain many features similar to
those observed in the data. We observe a systematic
shift between the experimental and the computed loca-
tions of the band edges of ~0.025 THz. This shift was
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Fig. 2. Typical time-domain THz waveform measured in
transmission through the photonic crystal slab. Insets,
waveform when the waveguide contains air (top) and a
solid silicon slab (bottom). In all three cases the distance
between the two copper plates is 300 um, the thickness of
the photonic crystal slab.
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Fig. 3. (a) Experimental transmission spectrum for the

photonic crystal, relative to a solid silicon slab of equal
thickness. Filled squares, perfect lattice; open circles,
the same lattice but with three holes filled in the pattern
shown in the inset. A defect mode appears at ~0.28 THz.
(b) Solid curve, TMM calculation for a perfect photonic
crystal; dotted curve, lattice with a three-point defect.
The material filling the holes is assumed to be a uniform
dielectric with € = 5.0. (c¢) Difference in the spectral
phases of the two measured waveforms that gave the
spectra in (a). The signature of the defect mode is evident
at 0.28 THz. The shaded area denotes the region of the
full photonic bandgap, where the transmitted intensity is
not large enough for accurate determination of the phase.
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previously attributed to the finite thickness of the pho-
tonic crystal slab,'*33? an effect that is not accounted
for in the TMM simulation. The calculation also pre-
dicts narrow enhanced transmission peaks similar to
the one observed in the data. Several defect modes,
near the upper and lower edges of the complete gap,
are not observed in the experiment. Finally, we note
that the high-frequency portion of the stop band corre-
sponds to the full 2D gap for TM polarization, whereas
the lower portion corresponds only to a pseudogap,
in which the bands support antisymmetric mode pat-
terns that do not couple strongly to the incident ra-
diation.?!” As a result the transmission coefficient is
somewhat higher in this low-frequency region, a result
echoed in our experimental findings.

We take advantage of this somewhat larger trans-
mission to obtain the dispersion associated with
the defect mode. The time-domain spectroscopy
technique provides a direct measure of the spectral
phase of the THz wave. Ordinarily, obtaining this
spectrum would be quite challenging for radiation
inside the stop band, since the transmitted intensity
is so small. However, the combination of the slightly
higher transmission (resulting from the fact that the
defect mode lies in a pseudogap rather than inside
the complete gap) with the excellent dynamic range
of the measurement permits us to extract phase in-
formation across the defect mode. Figure 3(c) shows
the phase difference (dgefect — Pno defect) Obtained from
the measured waveforms. Because the defect mode
introduces both amplitude and phase changes for
propagation near the resonance frequency, we expect
to see a signature of the defect at ~0.28 THz in this
difference spectrum. This feature is indicated by an
arrow in Fig. 3(c).

In conclusion, we have studied transmission prop-
erties of a two-dimensional photonic crystal slab with
metal cladding, using terahertz time-domain spec-
troscopy. By filling several holes with a fine powder,
defect modes are reversibly introduced to the photonic
crystal lattice. These modes can be characterized in
both amplitude and phase. The amplitude transmis-
sion spectra are in reasonable agreement with TMM
calculations. These results highlight the power of
time-domain spectroscopy for characterizing photonic
lattices.
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