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Abstract
In this paper, we report our experimental study on two-dimensional photonic
crystal slabs embedded inside parallel-plate metal waveguides, using
terahertz time-domain spectroscopy. We observe that the temporal response
of the photonic crystal slabs is significantly dispersed, indicative of strong
dispersion near the edges of the photonic band gap. In the frequency domain,
we observe several gaps whose sizes compare well with those from transfer
matrix calculations. The group velocity and group velocity dispersion are
characterized using a short-time Fourier transform analysis, and the results
are consistent with the predictions from the photonic band structure. We
have also measured reflection spectra using the photonic crystal as a 90◦
turning mirror, and in this way demonstrated frequency-selective
components for quasi-optic guided wave propagation of terahertz pulses.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Much interest in terahertz (THz) radiation has been inspired
recently by demonstrations of a variety of possible applications
[1]. In particular, THz techniques offer the possibility for
extremely broadband and secure communication channels.
For these and other uses, new methods for manipulation
of terahertz signals are required. One promising candidate
is photonic crystals. Photonic crystals are materials that
exhibit periodicity in the dielectric function in one or more
dimensions [2, 3]. Because of the spatial periodicity, the
dispersion relation for electromagnetic radiation, ω = ck/

√
ε,

is modified. Certain frequencies of light may be forbidden to
propagate in certain directions, leading to a gap in the photon
density of states. By selectively disrupting the dielectric
periodicity, one can introduce propagating modes into these
gaps. This effect can be exploited for switching, adding or
dropping wavelength channels, or multiplexing operations.
Such localized modes can also be the basis for wavelength-
scale cavities and novel compact waveguide structures [4].

Although the majority of work on photonic crystals has
been directed towards their eventual use at telecommunications

wavelengths, there have been several examples of terahertz
photonic crystals. Initially, these studies were motivated
by the desire to understand the optics of periodic media.
Larger structures, designed for longer wavelengths, can act
as useful models of the behaviour to be expected when the
equivalent design is fabricated for shorter wavelengths. Both
two-dimensional [5, 6] and three-dimensional [7–13] photonic
crystals have been described. Recently, the value of optical
components specifically for THz applications has become a
more compelling factor, leading to an increasing interest in
the THz properties of periodic systems [14–23].

In this work, we focus our interests on two-dimensional
photonic crystals, of the type most commonly envisioned for
optical telecommunications applications. The specific design,
illustrated in figure 1, consists of a hexagonal lattice of air holes
in a dielectric slab. In this photonic crystal, propagating waves
are confined in two dimensions by the periodic modulation of
the dielectric, and in the third by conventional waveguiding.
The use of this geometry is motivated by several factors.
First, it is among the most thoroughly studied photonic crystal
systems [24]. We can take inspiration from these earlier works
for the design of specific waveguide or resonator structures.
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Figure 1. Top: a schematic of the photonic crystal slab, consisting
of an array of holes etched through a 300 µm thick silicon wafer.
Only half of the area of the wafer is etched, so that the unetched
portion can be used as a reference. Bottom: a schematic of the
optics used to couple the THz radiation into and out of the
parallel-plate metal waveguide, into which the photonic crystal can
be inserted. The polarization of the THz beam is perpendicular to
the plane of the slabs, so only TM modes are excited.

Second, this planar design permits us to exploit recent
advances in terahertz quasi-optic waveguide development. In
a series of recent experiments, Grischkowsky and co-workers
have demonstrated low-loss, low-dispersion guiding of single-
cycle terahertz pulses in parallel-plate metal waveguides
[25–27]. By sandwiching a patterned dielectric slab between
two parallel metal plates, we can achieve guiding in a system
for which the only significant attenuation and dispersion arise
from the photonic band structure. This unique configuration
permits the direct study of the transmissive and dispersive
properties of photonic crystal structures, without the need to
correct for the loss or dispersion associated with the planar
waveguide.

Here, we describe the characterization of a two-
dimensional photonic crystal using terahertz time-domain
spectroscopy (THz-TDS) [28, 29]. Comparing with other
techniques, THz-TDS has its own advantages, especially in
the characterization of dispersion properties. To date, most of
these investigations use interferometric techniques [30–33],
which compare the pulse transmitted through a photonic
crystal and a reference pulse. These methods could be
challenging if the transmitted pulse is substantially reshaped,
due to the nature of the correlation method. However, in
a terahertz time-domain spectroscopy system, one measures
E(t) with a temporal resolution which is less than one cycle of
the optical field. As a result, pulse reshaping and chirp can
be characterized with very high accuracy. Using THz-TDS,
we have directly measured both the amplitude and phase of
the transmitted radiation, along two different high symmetry
axes of the crystal. These results are compared to simulations
based on a transfer matrix method [34, 35]. By displaying
the results on a time–frequency plot, we can directly visualize
the dispersive characteristics near the edges of photonic band
gaps. These results can be obtained both in transmission and
in 90◦ reflection, in a quasi-optic-coupled planar waveguide.

2. Experiment

A schematic representation of the experimental set-up is shown
in figure 1 [23]. Broadband single-cycle terahertz pulses

Figure 2. A top-down image of a portion of one sample fabricated
using deep reactive ion etching, as described in the text. In this
image, the diameter of the air holes is 360 µm.

are generated and detected using ultrafast photoconductive
antennas. The terahertz radiation is first collimated and
then focused into the waveguide by a plano-cylindrical lens.
An identical set-up is used at the output facet to collect
the transmitted radiation. The waveguide consists of two
parallel copper plates, which provide a nearly perfect metallic
boundary for the guided wave. When the electric field of the
input pulse is linearly polarized in the direction perpendicular
to the plane of the plates, only the TM modes are excited inside
the waveguide. The spacing between the waveguide plates is
kept fixed at 300 µm.

The photonic crystal slabs consist of a hexagonal array of
circular holes etched all the way through a 300 µm thick high-
resistivity silicon wafer, using deep reactive ion etching [21].
The holes have vertical sidewalls with diameters of 360 µm,
and the lattice has a pitch of 400 µm. High-resistivity (greater
than 104 � cm) silicon is chosen because the absorption is low
enough to be negligible, and the refractive index is essentially
dispersionless (n = 3.418) over the entire bandwidth of the
THz pulses [36]. This index contrast (silicon versus air) is
large enough to open a sizeable complete band gap for both
TE and TM polarizations. In the long wavelength limit, the
photonic crystal behaves like a homogeneous dielectric with
a refractive index of 1.96, the volume-weighted average. We
have prepared one sample with 4 unit cells for propagation
along the �–K direction, and three additional samples with
5, 10, and 20 unit cells oriented along the �–M direction.
As shown schematically in figure 1, each has been etched
over only half of the area of the wafer. We may use either
the unetched portions or simply an air-filled waveguide as a
reference for our transmission measurements. A top-down
image of a portion of one sample is shown in figure 2.

3. Results and discussion

3.1. Band structures

Using an available software package based on the plane-wave
expansion method, we calculate the band structures for TM
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Figure 3. Left: band structure for TM modes of the photonic crystal,
with infinite thickness in the direction parallel to the axes of the air
holes. This is computed using a plane-wave expansion method
[37, 38]. A complete band gap is denoted by the grey region. Dotted
lines represent bands whose fields are anti-symmetric with respect
to the �–K direction, and which therefore cannot be efficiently
excited by the symmetric input field [5, 6]. The inset shows the
two-dimensional Brillouin zone, with high symmetry points
labelled. Right: vertical components of the electric fields for bands
between the � and K points. Those of bands 1, 3 and 5 are
symmetric with respect to the �–K direction (denoted by the black
line), while those of bands 2 and 4 are anti-symmetric. The key at
the lower right indicates which image corresponds to each band.
This figure is best appreciated in colour in the electronic web
version of this article.

modes of our photonic crystal, assuming the thickness of the
photonic crystal slab to be infinite [37, 38]. We note that the
finite thickness of the slab leads to systematic shifts between
the calculation and the experiment, as detailed further below.
The calculated band structures are shown in the left side of
figure 3. A complete gap is predicted between 0.30 and
0.33 THz. At the right side, we show the calculated vertical
(parallel to the centre axis of air holes) component of the
electric field, for the lowest five bands between the � and K
points. Since the input fields are TM polarized, the vertical
component is the only non-zero part of the electric field. As
can be seen, the fields of bands 1, 3 and 5 are symmetric
with respect to the �–K direction (denoted by the black lines),
while those of bands 2 and 4 are anti-symmetric. Since the
input waves are symmetric, these anti-symmetric bands cannot
be efficiently excited by the input field. Thus, although the
complete band gap covers only a small region of frequency,
we expect much larger regions of low transmission due to
uncoupled modes [5, 6]. In the band structure diagram,
the uncoupled modes are shown as dashed lines, indicating
the larger regions of low transmission. For example, the
apparent gap along the �–K direction extends from 0.22 to
0.33 THz, although only the high-frequency portion of this
region corresponds to the complete gap. A similar analysis for
the �–M direction indicates that band 3 is an anti-symmetric
(uncoupled) band in that direction.

3.2. Time-domain waveforms

Figure 4 shows several typical detected waveforms, measured
in transmission through the waveguide. When there is no
silicon wafer inside the waveguide, we detected a single-
cycle terahertz pulse consistent with the previously reported
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Figure 4. Typical measured time-domain waveforms, for the
situations when the metal waveguide is filled with air, silicon and
the photonic crystal slab, from top to bottom, respectively. The air
signal shows no dispersion, and the silicon signal shows a little
dispersion resulting from multimode excitation of the waveguide.
The photonic crystal signal is significantly dispersed, extending to
hundreds of picoseconds. This dispersion results from the band
structure of the photonic crystal, in particular near the edges of the
band gap.

results on parallel-plate metal waveguides [26, 39]. The
small irregular oscillations which follow the main pulse are
characteristic of the system response of the THz spectrometer,
arising from electrical and optical reflections. When the
unetched silicon slab is inserted into the waveguide, the pulse
is no longer a single cycle. This dispersion results mainly
from multimode propagation inside the waveguide. When the
high-index material is placed inside the waveguide at the fixed
separation of 300 µm, it is possible for the incoming wave to
excite not only the TM0 (TEM) mode, but also several higher
even-parity TM modes [40]. Odd-parity modes cannot be
excited by the input beam, and so do not contribute. Since
these TMn modes each have different propagation constants,
the result is a net dispersion of the THz pulse.

When the photonic crystal is placed into the waveguide,
a much larger dispersion results. In contrast to the case of
the solid silicon wafer, this is primarily not due to waveguide
dispersion. The lower average index of the photonic crystal
pushes the cutoff frequency of higher order TM modes to larger
frequencies. As a result, a second even-parity waveguide mode
(the TM2 mode) is only excited by spectral components in
the high-frequency portion of the THz pulse spectrum where
the spectral intensity is quite low. Instead, the dispersion
is primarily the result of the dispersive effects of the photonic
band structure, discussed further below. Incidentally, the effect
of the lower average index can also be seen in the transit time
of the earliest arriving portion of the THz signal through the
waveguide, intermediate between the cases of air and solid
silicon. As we have noted before [23], the maximum of this
earliest arriving signal can be used to estimate the effective
refractive index of the photonic crystal structure. The result is
in good agreement with the value computed using the known
filling fraction of the sample.

3.3. Frequency response

In order to characterize the effects of band gaps and
uncoupled modes, we plot in figures 5 and 6 the normalized
transmission spectra in the frequency domain. Figure 5(a)
shows the transmission coefficient of the sample in the �–K
direction, relative to those of an air-filled waveguide. Two
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Figure 5. (a) Measured power transmission spectrum of the
photonic crystal inside the metal waveguide, for the �–K direction,
along which the sample has 4 unit cells. This is computed using the
Fourier transforms of the time-domain waveforms, with the air-filled
guide as a reference. (b) �–K transmission spectrum computed
using a transfer matrix method, for comparison with the
experimental result. The comparison is quite good, except for a
systematic redshift of about 0.025 THz, attributed to the finite
thickness of the photonic crystal, which is not considered in the
numerical calculation.

low-transmission regions can be observed. For comparison,
we also compute the transmission spectrum using a transfer
matrix method [34], which again assumes an infinite thickness
for the photonic crystal slab. The result, as shown in
figure 5(b), shows almost the same gap widths as those from
the experimental result, except there is a systematic redshift
of about 0.025 THz. This shift has previously been attributed
to the finite thickness of the photonic crystal slab [21, 24, 41].
Interestingly, the experimental transmission in the first gap
is somewhat larger at the low-frequency side of the gap (near
0.27 THz) than it is at the high-frequency side (near 0.32 THz).
This difference may be due to the fact that only the higher
frequency portion of this region corresponds to the complete
photonic band gap, while the lower portion corresponds to
the region of uncoupled modes. A small residual amount
of radiation may be coupled into these modes due to
imperfections in the wave front of the focused THz pulse,
leading to a slightly higher transmission coefficient. This
phenomenon is also seen in the second gap (near 0.42 THz),
which also results from the anti-symmetric modes, and has
transmission coefficients of the same order as those for the
low-frequency portion of the first gap. We note that the
transmission coefficients in the region of the complete gap
are not as small as the theoretically computed transmission.
This residual transmission reflects the noise floor of the
measurement.

Figure 6 shows the measured and calculated transmission
coefficients for the �–M direction. Once again, we observe
a similar degree of correspondence between the two results,
along with a similar redshift due to the finite thickness of the
photonic crystal.

3.4. Group velocity

As noted above, propagation through the photonic crystal
leads to substantial dispersion of the time-domain waveforms,
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Figure 6. (a) Measured power transmission spectrum of the
photonic crystal inside the metal waveguide, for the �–M direction,
along which the sample has 10 unit cells. This is computed using
the Fourier transforms of the time-domain waveforms, with the
air-filled guide as a reference. (b) �–M transmission spectrum
computed using a transfer matrix method, for comparison with the
experimental result. A redshift of the theory with respect to the
experiment is observed, similar to the results of figure 5.

due to the strong group velocity dispersion associated with
the band structure. This dispersion can be used for ultrafast
pulse manipulation, including for example pulse compression
[42, 43] and optical delay lines [44, 45]. There have been a
few reports on using ultrafast pulses to probe the dispersion
at or near the band gaps of photonic crystals by measuring
the difference of arrival times between one pulse transmitted
through a photonic crystal and the other through a reference
sample [46–49]. Others have used interferometric techniques,
comparing the pulse transmitted through a photonic crystal
and a reference pulse [30–33]. Direct measurements of pulse
group velocity have also been realized using non-linear effects
[50, 51].

Here, we take advantage of the coherent nature of the
THz-TDS measurement to investigate the dispersion
associated with the photonic band structure. Because this
technique permits sub-cycle temporal resolution of the electric
field, even strongly distorted or chirped terahertz pulses can be
accurately characterized. Since the bandwidth of our terahertz
pulse is much broader than the size of the stop-gap, it permits
us to extract information over a broad spectral range, giving a
complete description of the properties of photonic crystals in
the frequency range of interest.

To better illustrate the effects of dispersive propagation,
we present the measured signals in both time and frequency
domains. We accomplish this using a short-time Fourier
transform (STFT) [52, 53]. This procedure is widely used
for time–frequency analysis of non-stationary signals. In
STFT, the signal is multiplied by a window function, and
is then Fourier analysed to determine the spectral content of
the signal within the specified window. By sliding the window
along the signal, one obtains the temporal evolution of the
frequency content. The spectrogram computed in this way
can be represented as

S(ω, t) =
∫ +∞

−∞
f (τ)w(τ − t) e−iωτ dτ

where f (τ) is the measured waveform and w(τ − t) is a
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Figure 7. Short-time Fourier transform plots of typical waveforms
for air, silicon, and photonic crystal samples. Here, red indicates
high amplitude and blue indicates low amplitude. In the upper plot,
the air-filled waveguide is dispersionless, so all of the spectral
components of the THz pulse arrive at the same time. In the middle
plot, the small dispersive effects arise from multimode excitation of
the waveguide. In the lower plot, large dispersion is observed near
the edges of the band gaps in the photonic crystal. The photonic
crystal signal is for propagation along the �–K direction. This
figure is best appreciated in colour in the electronic web version of
this article.

Hamming window centred at t. The duration of the window
function determines the time and frequency resolution. Here,
we choose the duration to be 30 ps, which gives a frequency
resolution of 0.03 THz. In order to display the results, we first
normalize each spectral component of S(ω, t) of the photonic
crystal data to that of the corresponding frequency in the
spectrogram of the waveform taken with an empty waveguide.
Then, in order to avoid dynamic range problems in the false-
colour plot for the photonic crystal data, we normalize S(ω, t)
at each frequency by dividing by the maximum value for that
frequency. If, for certain values of frequency, the maximum
value is smaller than a critical value, which we set as 10%
of the maximum value among all those maximum values, this
is an indication that this frequency falls within a stop band,
and the normalization factor is increased accordingly. The
threshold value of 10% is chosen based on the experimental
transmission spectra (e.g. figures 5 and 6). It permits us to
clearly distinguish between spectral regions inside and outside
of the stop bands.

The spectrograms computed in this way are shown in
figure 7. All frequency components in the air signal emerge
from the waveguide at almost the same time, indicative of
zero dispersion. For the silicon signal, the transit times vary
slightly due to the aforementioned multimode excitation of the
waveguide. In contrast, both the band gaps and the striking
dispersion of the photonic crystal signal become very clear in
this false-colour plot. Similar results for propagation along
the �–M direction are shown in figure 8. Here, spectrograms
are displayed for the three different photonic crystal samples,
identical except for the propagation lengths.

We can directly compare these results with the computed
band structure. For light propagating in a given band, the
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Figure 8. Short-time Fourier transform plots of the THz pulses
transmitted through three different samples along the �–M
direction. In these samples, the thicknesses are 5, 10 and
20 unit cells, from top to bottom, respectively. As a result of the
increasing propagation distance inside the dispersive medium, both
the transit times and the dispersion increase. The solid black lines
are calculated as described in the text. These are plotted using only
one adjustable parameter: the frequency shift due to the finite
thickness of the crystal, mentioned in the context of figures 5 and 6.
This parameter is the same for all three panels. This figure is best
appreciated in colour in the electronic web version of this article.

transit time through the photonic crystal can be expressed as

�t(ω) = L

vg(ω)

where L is the length of the slab and the group velocity vg(ω)

is calculated numerically from the band structure using the
Hellman–Feynman theorem [37]. The transit times computed
in this fashion, for �–M, are shown as black curves
superimposed on figure 8. The computed curves have been
shifted along the frequency axis, to account for the finite
thickness frequency shift mentioned above, in the context
of figures 5 and 6. In addition, the calculated results must
be shifted along the time axis, since in these measurements
the zero of the time is arbitrarily chosen. We determine the
absolute time shift by referencing the calculations to the zero
of time defined by transmission through an air-filled guide
(as in figure 7). Thus, apart from the aforementioned finite
thickness frequency shift, the black curves in these plots are
computed with no adjustable parameters. The correspondence
is extremely good, indicating the high quality of the photonic
crystals which can be fabricated for THz applications.

3.5. Reflection spectra

Using terahertz time-domain techniques, it is also generally
possible to measure reflection spectra. However, in the present
case, this presents a special challenge. Because we are
coupling terahertz waves from free space into the waveguide,
it is difficult to couple 100% of the input beam into the
waveguide. Part of the beam is inevitably reflected from
the copper plates above or below the dielectric slab. This
reflected beam can be significant compared with the reflection
from the thin photonic crystal slab. Because the two reflections
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Figure 9. Upper: time-domain waveforms reflected from an
unpatterned silicon reference slab (solid) and a photonic crystal
(dotted). The inset shows a schematic of the reflection geometry. In
these measurements, the �–M direction is perpendicular to the
incident surface of the photonic crystal. Lower: the power spectra of
the two waveforms shown in the upper plot, on a log scale. The
photonic crystal result (squares) exhibits enhanced reflection in
certain spectral regions (indicated by arrows), due to the high
reflectivity of band gap regions.

overlap in the time domain, it can be difficult to experimentally
distinguish them from each other. So, instead of measuring the
reflected beam at normal incidence, we employ a 90◦ set-up,
as shown in the inset of figure 9. Here, the photonic crystal
is used inside the metal waveguide as a quasi-optic turning
mirror [27]. We obtain a reference signal by replacing the
photonic crystal with a silicon slab of the same thickness.
Typical detected waveforms are shown in figure 9(a), where
the reference signal keeps its single-cycle property while the
signal reflected by the photonic crystal slab is significantly
extended in duration. We then calculate the power spectra via
Fourier transform of the two measured signals. The results
are shown in figure 9(b). We observe that, in certain spectral
regions near the complete band gap, the reflection from the
photonic crystal is significantly enhanced relative to that from
the un-patterned silicon wafer. This result demonstrates that
photonic crystals can be used in combination with quasi-optics
for a variety of functions such as frequency selection and pulse
shaping.

4. Conclusion

In conclusion, we have studied the optical properties of two-
dimensional photonic crystal slabs with copper claddings,
using terahertz time-domain spectroscopy. The transmission
coefficients in the frequency domain match well to those from
transfer matrix calculations, except that there is a systematic
shift of the band edges due to finite thickness effects. Using
short-time Fourier transform, we can display the data in
both time and frequency domains, which gives a useful

intuitive picture of the propagation characteristics near the
band edges. We can also measure reflection spectra, and in
this way construct frequency-selective components for quasi-
optic guided wave propagation of terahertz pulses. Such
components are in principle tunable by varying the angle of the
photonic crystal slab. Finally, we note that the long wavelength
(compared to visible and near-infrared optics) permits the
easy fabrication of photonic crystals, which are essentially
ideal, with no defects or disorder of any kind. As a result,
these experiments are extremely well described by theoretical
models, and it may be possible to observe subtle effects which
would otherwise be obscured by the disorder present in less
perfect samples.
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