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Abstract
A two-dimensional silicon photonic crystal (PhC), which is designed to
provide a modified dispersion for photon energies of less than half of the
electronic band gap of silicon, and which has been fabricated by laser
interference lithography (LIL), is studied by angular dependent infrared
reflectivity measurements. The resonance features, which we observe in the
polarized reflectivity spectra, and which arise from resonant coupling of the
infrared radiation to the leaky modes, are used to derive the probed leaky
modes’ quality factor of the PhC fabricated by LIL. We also present photonic
band structure calculations to reveal the bandgaps of the guided modes.

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

1. Introduction

Photonic crystals (PhCs) are composite materials, for which
a large, periodic variation of the dielectric function leads
to a dramatic change of the propagation properties of light
[1]. These crystals can be designed and manufactured to
offer specific propagation properties, as desired to achieve,
e.g. control of spontaneous emission [2], localization of
light [3] or propagation along arbitrary paths [4]. Besides
their remarkable linear properties, out of which the above
mentioned possibilities arise, such crystals also promise to
possess interesting nonlinear properties, many of which are
based on altering the index of refraction through the third-
order optical nonlinearity, χ(3), and which can lead to the

7 Author to whom any correspondence should be addressed.

possibility of tuning the transmission wavelength [5, 6] or
rapidly switching the transmission of PhCs [7] or designing
the spatial and temporal shape of a propagating pulse. The
latter can be used to create spatial or temporal solitons, or a
combination of both, which is often termed light bullets [8,9].

However, despite the high potential, the nonlinear
properties of PhCs are by far less well investigated and
understood than the linear properties. Previous demonstrations
of third-order nonlinear effects in PhCs have been dominantly
accompanied by unwanted linear (absorption) and resonant
third-order nonlinear effects (two-photon losses), which make
the observation of the aimed effects difficult. A first step
towards the application of PhCs to nonlinear propagation
effects would be the transition to the infrared spectral region.
Under such circumstances, i.e. when light with photon energies
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of less than half the electronic bandgap of Si (1.1 eV,
corresponding to a wavelength of 2.1 µm) propagates through
a Si PhC with a designed dispersion for MIR propagation, two-
photon losses will be strongly reduced. As a result, the residual
material effects could thus be neglected, and the unaltered
properties of the structure could be studied.

Leonard and colleagues have demonstrated band-edge
tuning using macroporous silicon, where the near-infrared
wavelength of 1.9 µm used to probe the PhC modes helped
avoiding linear absorption [6], but where the photon energy
was still high enough to allow two-photon absorption. A
designed dispersion in the mid-infrared spectral region, as
would be desirable for the unaltered observation of third-
order nonlinear effects, has not been demonstrated until today,
despite the anticipated advantages when using MIR light, and
despite the propagation properties of visible and near-infrared
light with frequencies relevant for telecommunication being
designed and realized almost routinely.

Here, we present the first, linear characterization of
a PhC, which has been designed to enable the intended
nonlinear experiments, and which has been fabricated using
laser interference lithography (LIL) [10]. In this contribution,
we determine the dispersion curves (optical frequency as a
function of wave vector) in the range from 1.9 to 2.8 µm by
means of reflectance spectroscopy at oblique incidence. We
determine the quality factors of these leaky modes of the PhC
from the bandwidth of the observed resonance features, which
is, to the authors’ knowledge, the first report about the quality
factors of a PhC sample manufactured using LIL. Finally, we
use the experimentally obtained data to reconstruct the band
structure, which indicates the existence of a bandgap and of
the dispersion required for nonlinear experiments in the desired
MIR frequency region.

2. Sample design and preparation

Recently, we have designed a PhC such that it should enable
the study of nonlinear effects in the desired MIR wavelength
range. Specifically, it should offer the possibility of generating
both spatial and temporal solitons by exploiting the third-order
nonlinear Kerr effect. The generation of such spatio-temporal
Kerr-solitons or light bullets has been investigated theoretically
[11]. For this purpose, several requirements must be fulfilled:
first, the material in which the light propagates needs to show a
sufficiently high positive Kerr-coefficient, such that diffraction
can be balanced by Kerr-self-focusing. Furthermore, for
spatial solitons to form, the medium is required to have 2D
or slab geometry, because in 3D or bulk media Kerr-self-
focusing is believed to lead to transverse instabilities and
eventually to beam break-up [12]. Second, a temporal soliton
can form due to the positive Kerr effect, if it travels through a
medium with anomalous dispersion, i.e. through a medium
where the long-wavelength part of the light falls back to
the trailing pulse edge [13]. Anomalous dispersion can be
realized, e.g. in a PhC in close vicinity to either a stop gap or
a photonic bandgap, i.e. to a frequency interval within which
the propagation of light is not possible. In summary, in order
to investigate the formation of spatio-temporal Kerr-solitons, a
PhC slab of highly Kerr-nonlinear material is required, which

shows anomalous dispersion in the MIR spectral region around
2.6 µm.

The PhC designed for this purpose is based on silicon,
which offers a high, positive Kerr-nonlinearity [14], and
which has an electronic bandgap energy of 1.1 eV, such that
illumination with light of a wavelength longer than 2.1 µm
(equivalent to an energy of 0.55 eV) should enable experiments
with strongly reduced two-photon absorption. The structure is
sketched schematically in the upper left graph of figure 1. It is
based on a PhC slab design, i.e. a 0.5 µm thick film of silicon
on a 3 µm thick SiO2 layer (silicon on insulator, SOI), which
separates the waveguide slab from the underlying Si wafer (not
shown in figure 1). In such a PhC slab, standard waveguiding
confines the light to the PhC plane with a higher index of
refraction, i.e. to the silicon layer with n ≈ 3.4 at λ = 2.6 µm
(compared with SiO2 with n ≈ 1.4 on one side and to air
on the other side). The dispersion of in-plane wave vectors
is determined by periodic refractive index modulation in the
silicon plane. Previously, we have calculated that a square
lattice array of air holes with a diameter of around 0.8 µm
and with a lattice constant of 1 µm should offer the required
anomalous dispersion for wavelengths around 2.5 µm. The
upper right part of figure 1 shows the irreducible Brillouin zone
(IBZ) corresponding to this square lattice with the standard
notation of the high-symmetry points, �, X and M.

The crystal has been fabricated using a commercially
available SOI bulk wafer [15] with LIL [16]. In comparison
with other, conventional techniques to fabricate 2D PhCs,
LIL is rather simple and cost-effective, and it allows the
production of large-area 2D PhCs with high periodicity.
For example, e-beam lithography (EBL) [17] or a focused
ion beam (FIB) [18] are sequential techniques, which are
relatively slow and prone to drift. Deep-UV lithography [19]
can be used to fabricate 2D PhCs on a larger scale, but
it requires costly equipment like, for example, a deep-UV
laser for mask fabrication and a waver stepper. The here
implemented technique LIL, on the other hand, enables
the fabrication of large-area 2D PhCs with a well-defined
periodicity following the interference pattern of a standard UV
laser. The interference pattern leads to a limited choice of
2D structures, which can then be combined with a sequential
writing technique, such as FIB, to add defects to a pre-made
periodic structure [10].

The fabrication of the PhC slab under investigation using
LIL and a negative photoresist is described in more detail
in [16]. In order not to alter the properties of the planar
waveguide, the etching process has been carefully controlled,
such that the holes do not penetrate the SiO2 layer. The latter
has been verified with a scanning electron microscope (SEM)
image of the fabricated structure. A second (SEM) image,
which is shown in the lower part of figure 1, has been used
to verify the 1 µm lattice constant of the square lattice and
the high periodicity within the whole 1 × 1 cm2 surface of the
PhC. We believe that this exceptionally large surface of the
PhC is of particular advantage for the study presented in the
following, because the result of a single measurement, where
a large portion of the PhC is illuminated simultaneously, is
equivalent to an average over a number of measurements over
a smaller surface.
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Figure 1. Upper left: schematic of the 2D PhC consisting of a square lattice of holes in silicon. Upper right: corresponding irreducible
Brillouin zone with the high-symmetry points �, X and M. The angle between the �–X and �–M crystal symmetry direction is 45◦. Lower:
SEM micrograph of the PhC, top view. The round holes appear slightly elliptic due to a difference in vertical versus horizontal resolution
(compare also with figure 3 in [16]).

3. Experimental setup

The dispersion of the PhC slab is probed by angle-
and wavelength-resolved reflectivity measurements. This
technique is based on the observation of resonant coupling,
when the in-plane component of the incident wavevector
matches the wavevector of the photonic bands, and has been
applied to PhC slabs earlier [20–22]. Because only the
projection of the wavevector can be coupled to the PhC
modes, this coupled wavevector is reduced with respect to the
wavevector of the light in surrounding air by a factor sin(θ ),
where θ is the angle of incidence. Thus, the magnitude of
the component of the wavevector parallel to the surface can
never match that of a guided mode, as the guided modes
lie below the so-called light line. This excludes the direct
probing of the dispersion of guided modes via simple reflection
measurements. Rather one expects a coupling only to the leaky
(or quasi-guided) modes. In the work described in [20], a high-
index prism has been used to increase the range of accessible
energy-wavevector combinations. In our work, we follow a
different and less involved approach where the dispersion of
the leaky modes is probed experimentally.

Preliminary calculations8 have shown, that for a mapping
of the dispersion curves of the leaky modes of our photonic
structure, we require a light source that covers the range of
photon energies from 0.44 to 0.65 eV, i.e. the wavelength range
from 1.9 to 2.8 µm. Additionally, to provide the proper wave
vector range, the angle of incidence, θ , must be adjustable
from 10◦ to 70◦. The divergence of the incident beam is
then the limiting factor for the precision: a distribution over
a range of angles of incidence will result in a distribution
over a range of projected wavevectors and will thus ultimately
limit the resolution, with which the coupled wavevector can be

8 The calculations were carried out using a 30-day trial version of the
DiffractMODTM software packet. DiffractMODTM is a registered trademark
of the Rsoft Design Group Inc.

determined, and thus the contrast between spectral features in
the reflectivity spectra. Furthermore, the cross section of the
beam should be adapted to evenly illuminate a large portion of
the PhC structure, such that a single measurement represents
the equivalent of averaging over a wide surface area and thus
enhance the obtainable signal-to-noise ratio.

To realize a light source with a small beam divergence
and tunable spectral range, we employ a broad-bandwidth
light source and select appropriate beam shaping, wavelength-
selection and polarization optics. The resulting setup is shown
schematically in figure 2. As a broad-bandwidth light source,
we use a 250 W quartz tungsten halogen (QTH) lamp (Oriel
66995), driven by a stabilized current supply. This white-light
source emits a spectral power of more than 3 mW nm−1 over
the desired wavelength range from 1.9 to 2.8 µm. The white
light is spectrally filtered using a 300 mm monochromator
(Hilger and Watts) with a grating of 750 lines mm−1 and with
blazing for MIR wavelengths. Using a wire-grid polarizer, the
polarization is chosen to be either parallel or perpendicular to
the plane of reflection, i.e. we choose either transversal-electric
(TE) or transversal-magnetic (TM) polarized light. Finally,
a high-pass optical filter is used to remove light transmitted
through the monochromator in higher order.

With this experimental setup, we generate a wavelength
tunable mid-IR light beam, which illuminates the PhC sample
with the following characteristics: the power in front of the
sample is approximately 2 nW, with a spectral bandwidth of
5 nm. The beam divergence is estimated to be 3◦, which
translates into a wavevector error ranging from less than 30%
for the smallest angle of incidence, θ = 10◦, to less than 2%
for θ = 70◦. The beam cross section is of rectangular shape
with 2 mm×5 mm, such that, even at high angle of incidence
(up to 70◦) the projection of the beam cross section is entirely
within the 100 mm2 area of the sample. This represents a
compromise between the wave vector resolution, the spectral
resolution, and the signal-to-noise ratio.

5573



L Prodan et al

Figure 2. Experimental setup for specular reflectivity measurements. The individual components are: 1, QTH light source; 2, lens;
3, monochromator; 4, lens; 5, optical chopper; 6, slit; 7, lens; 8, pinhole; 9, low-pass filter; 10, polarizer; 11, lens; 12, detector;
13, amplifier; 14, lock-in amplifier.

Figure 3. Schematic representation of the projection of the k vector
of the incident light onto the plane of the slab waveguide. The
in-plane wave vector is labelled kII and determined by the angle θ
between the incident light and the normal on the plane.

The sample is mounted on a rotation stage and rotated
around the surface normal, such that the direction of the in-
plane wave vector of the incident light, i.e. the projection of
the wave vector on the sample surface, is along one of the two
symmetry directions �–M and �–X of the quadratic lattice,
i.e. along the directions connecting the symmetry points �

and M, and � and X, respectively. The desired orientation is
verified by inspecting the mounted sample with a microscope.
A second rotation stage allows the variation of the angle of
incidence θ , as required for changing the in-plane component
of the incident wavevector figure 3.

The light reflected off the PhC surface is weak, of only
nW power level, and it is in a spectral region where detectors
with low noise and high quantum efficiency are not readily
available. Nevertheless, even small changes in reflectivity can
indicate coupling to a leaky mode. Therefore, to enable a high
signal-to-noise ratio, a sensitive MIR detector is combined with
a powerful and low-noise amplifier as follows. After reflection
off the surface of the sample, the light passes a rotating-disc
optical chopper with the chopping frequency set to 3.5 kHz, and
is projected using a lens of 100 mm focal length on the detector.
As a detector for the MIR radiation, a photoconductive PbS
detector is used (OEC GmbH, model A5-0-3), which is
carefully protected from surrounding light as well as from
stray light originating from the white-light QTH source. To
maximize detector efficiency, a bias voltage of 110 V is applied.
For a high signal-to-noise ratio, a differential pre-amplifier
is employed, followed by an integrating amplifier, which, by

eliminating the dc component of the signal, ensures that
the differential amplifier operates in the linear regime. The
circuit is designed similar to the one described in [23].
The amplified detector signal is processed using a lock-in
amplifier (Princeton Applied Research Corp., Model 129A).
The described detection scheme enables a signal-to-noise ratio
of 25 at nW power level in the MIR spectral region and is thus
suitable to record even weak changes in reflectivity from the
PhC surface.

4. Results and discussion

4.1. Specular reflectivity spectra

Specular reflectivity spectra are obtained along the �–M
symmetry direction, and along the �–X symmetry direction
for two perpendicular polarizations of incident light, and for
angles of incidence varying between θ = 10◦ and 70◦. The
spectra of the reflected light were normalized to the spectra of
the QTH lamp, obtained by placing the detector on the sample
position. In figure 4, the reflectivity of the PhC slab along
the �–M symmetry direction is displayed as a function of
wavelength by the black curves, for the two cases when the
light was TE polarized (in plane of reflection, figure 4(a)), and
when the light was TM polarized (perpendicular to the plane of
reflection, figure 4(b)). In both figures, the angle of incidence,
θ , increases from bottom (θ = 10◦) to top (θ = 70◦).

Both sets of spectra show sharp features superimposed on
a background, part of which can have originated from residual
light sources in the room and from stray light of the QTH
light source. The sharp features shift in wavelength with the
variation of the incidence angle by more than 200 nm. Upon
a comparison of the two graphs in figures 4(a) and (b), it is
found that the spectra recorded for TE polarization clearly
differ from those recorded for TM polarization, and that there
is no polarization mixing evident.

In order to verify the design parameters of the crystal,
such as hole radius and layer thickness, which are required
to calculate the guided modes band structure and to prepare
the nonlinear experiments, we have compared the measured
reflectivity spectra with theoretical ones. The theoretical
reflectivity spectra are calculated using a commercially
available simulation tool, which solved the Maxwell equations
by rigorous coupled wave analysis8, and which takes into
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(a) (b)

(c) (d)

Figure 4. Reflectivity of the PhC slab as a function of wavelength for propagation along the �–M symmetry direction. The distance
between the large ticks on the vertical axes corresponds to absolute reflectivities between zero and unity for each trace. (a) Measured
reflectivity for TE polarized and (b) for TM polarized light, (c) calculated reflectivity for TE polarized and ( d) for TM polarized light.
The curves are vertically shifted for clarity; from bottom to top, the angle of incidence increases from θ = 10◦ to 70◦.

account Fresnel reflection at the layer interfaces. The result
for �–M symmetry direction is shown in figures 4(c) and ( d),
for TE and for TM polarized incident light, respectively.

Measurements and calculations are also performed
along the �–X symmetry direction for both polarizations.
The measured spectra are displayed in figures 5(a) (TE
polarization) and (b) (TM polarization), while the calculated
spectra are shown in figures 5(c) and ( d) for TE and TM
polarized light, respectively. It can be seen that calculated
and measured reflectivities are comparable. Again, the spectra
display distinct features, which also shift in wavelength, as
the angle of incidence is varied. In figures 4(c) and ( d) and
figures 5(c) and ( d) one can also see some slowly varying,
background-like features (e.g. in figure 4(c) at 10◦, or in
figure 5( d) at 40◦ around 2 µm) which are probably due to
broadband Fresnel reflection or broad Fabry Perot fringes from
the SiO2 layer underneath the periodic structure. For both
polarizations and for both symmetry directions, a hole radius of
0.4 µm and a Si layer thickness of 0.5 mm were found to yield
the best fit with the measured spectra. As a consequence, the

parameters so obtained are used to complement the design
parameters of periodicity of 1 µm and the material refractive
indices in order to calculate the complete guided modes band
structure, which is presented in section 4.4.

4.2. Line shapes of observed features

A closer investigation reveals that the features possess
different line shapes, such as maxima, minima, and dispersive
(asymmetric) forms. Similar asymmetric line shapes have been
observed before for the case of one-dimensional structures [24]
as well as for two-dimensional triangular [21] and square
lattices [22]. In [21], these dispersive line shapes have been
explained by a phase shift of the reflected light when coupling
to a leaky mode occurs, and the dependence of the shape
of the observed features on the depth of the holes structure
could be verified by simulation of the reflectivity. It is evident,
however, that these differences in line shape hamper a direct
extraction of the centre wavelength and the linewidth of the
probed leaky modes, which is crucial for the characterization
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(a) (b)

(c) (d)

Figure 5. Reflectivity of the PhC slab as a function of wavelength for propagation along the �–X symmetry direction. Measured reflectivity
(a) for TE polarized and (b) for TM polarized light. Calculated reflectivity (c) for TE polarized and ( d) for TM polarized light. The curves
are vertically shifted for clarity; from bottom to top, the angle of incidence increases from θ = 10◦ to 70◦ (a) and from 10◦ to 60◦ (b).

of a PhC. Therefore, to enable an accurate determination of
the named values, we adopt an expression to describe the line
shapes, which has been derived in the classical Fano paper
from 1961 [25], and which has been used before to describe
reflectivity features of PhCs [20, 22].

With the energy E = h̄ω of the incident photons, the
energy of the resonant modes E0 = h̄ω0 with centre frequency
ω0, and a linewidth of the resonant mode� = h̄γ , we obtain the
reduced energy variable ε in analogy to equation (19) of [25]:

ε = h̄ω − h̄ω0
1
2 h̄γ

. (1)

The line shape of the features can then be expressed by
(compare equation (21) of [25]):

F(ω) = F0
(q + ε)2

1 + ε2
= F0 ·

[
1 +

q2 − 1 + 4q(ω − ω0)/γ

1 + 4(ω − ω0)2/γ 2

]
.

(2)
Here, F0 is oscillator strength, while the parameter q may
assume values between −1 and +1 and determines the shape of

the resonance. The parameter q can be regarded as a coupling
parameter of the incident photons to the leaky modes of the
PhC (compare equation (22) of [25]).

Equation (2) is fitted to the reflectivity features, which
can be identified in the experimental data, with the centre
frequency, the linewidth of the feature, and the q-parameter
as fitting parameters (two additional fit parameters are an
offset and a scaling factor which are not supposed to be
of much relevance for the centre frequency, linewidth and
q-parameter fits). In some of the spectra, several, partially
overlapping features can be observed. To obtain the centre
frequencies and linewidths of such features, we apply a linear
combination of two or more of such line shapes. We note,
however, that such a superposition can be applied only, if the
two resonances do not couple, for in that case the measured
line shape may differ substantially from a mere superposition
of the two resonance features [26]. As an example, figure 6
displays the experimental data obtained for the �–X symmetry
direction, TM polarization, and for an angle of incidence of 10◦

(measured points displayed as squares), together with three
Fano fits (solid lines, derived from equation (2)). The fits
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Figure 6. Example of a measured reflectivity spectrum with
Fano-like line shapes. Squares: measured reflectivity for the �–X
symmetry direction, TM polarization and 10◦ angle of incidence as
a function of wavelength. Solid lines: Fano-line shapes fitted to
three distinct reflectivity features. Dotted vertical lines: centre
wavelengths of the Fano-line shapes.

yield, in this example, features with centre wavelengths of
2.06, 2.24 and 2.29 µm (indicated by vertical dotted lines).
This example demonstrates the suitability of the Fano function
equation (2) to describe the measured line shapes in the
reflectivity spectra. In the following, we present the results
obtained by fitting the described formula to our experimental
specular reflectivity spectra, i.e. the bandwidth and the centre
frequency of the features observed in the spectra.

4.3. Quality factor

The quality factor, Q, of a photonic structure is a measure for
the lifetime of a PhC mode. The lifetime of the investigated
leaky modes is, on the one hand, intrinsically limited by
radiation losses. On the other hand, fabrication imperfections
such as irregularities regarding the hole size, hole roundness
and hole displacement (i.e. an erratious periodicity) can further
lower the lifetime and thus influence the spectral characteristics
and, specifically, the width of the Fano resonances. The
measurement of Q would thus give a valuable first indication
of the quality, i.e. the regularity of a structure that can
be expected from this novel manufacturing method LIL. In
this contribution, we determine the quality factor Q of the
investigated leaky modes from the ratio of the centre frequency
and the linewidth of the measured features, Q = (ω0/γ ), both
being obtained from fitting the Fano-line shape to the measured
reflectivity spectra.

The quality factor is calculated for each of the reflectivity
features, which could be identified in the measurements
presented in figures 4 and 5. Most of the Q values
obtained lie in an interval between about 20 and 70. Only
for the �–X symmetry direction and TM polarized light,
some exceptionally high values are obtained, which are not
considered for the evaluation in order to avoid statistical
deviation, such that the resulting mean Q value is more likely
to be under-estimated than over-estimated. The Q values
obtained for the �–X symmetry direction yield a mean value
of 46±4 for TM polarized light and of 43±3 for TE polarized
light. For the second symmetry direction, �–M, the mean Q

Figure 7. Calculated dispersion curves of the guided modes for TE
polarized light. Guided modes (coloured symbols) are plotted under
the light line (black squares), revealing a bandgap (grey bar) for
normalized frequencies around 0.36 (grey bar).

Figure 8. Calculated dispersion curves of the guided modes for TM
polarized light. Guided modes (coloured symbols) are plotted under
the light line (black squares), revealing a bandgap (grey bar) for
normalized frequencies around 0.44 (grey bar).

values are 45 ± 4, and 45 ± 5 for TM and TE polarized light,
respectively.

The four mean Q values for the two different symmetry
directions and the two light polarizations hardly vary, such
that we can estimate the quality factor of the leaky modes
of the 2D PhC to be around 45. This Q factor is about two
orders of magnitude lower than what is typically obtained for
comparable, defect-free PhC slabs manufactured using other
methods, such as electron-beam lithography [17]. The effect is
probably intrinsic to the LIL manufacturing process that seems
to produce short-range errors in the hole shape (as can also be
seen by the slightly irregularly shaped holes in the SEM image).
The periodicity, on the other hand, is entering the data as well
due to the large probe beam diameter. The observed Q values
thus form an upper limit also for long-range periodicity errors,
which should be low as compared with other manufacturing
methods, because in contrast to those, LIL does not require a
displacement of the sample and is thus free of stitching errors.
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4.4. Guided modes band structure

With the parameters used to fit the data from the reflectivity
measurements (section 4.1), we can now calculate the
dispersion of the guided modes, i.e. the modes under the light
line based on a plane-wave simulation [27]. Figure 7 shows
the so calculated band structure for TE polarized light [27,28],
which is obtained with the same parameters as used before
for the reflectivity spectra, i.e. a periodicity of 1 µm and a
hole radius of 0.4 µm. In figure 7, the normalized frequency
is plotted as a function of the normalized wavevector along a
path connecting the high-symmetry points �–X–M–�. This
path is sufficient to show all the minima and maxima of all
bands [29] and thus allows for the identification of bandgaps,
i.e. frequency intervals, which are free of guided modes. The
modes are calculated along this path and displayed as solid
black lines. The dispersion of light in air, the light line,
forms a cone in this graph and is displayed as a solid grey
line. In figure 7, one can identify several intervals under the
light cone, which are free of guided modes. One of these
bandgaps is of particular interest for nonlinear experiments,
namely, the bandgap spanning the frequency range from 0.328
to 0.361, i.e. the wavelength range from 2.7 to 3 µm. This
range corresponds to a bandgap for TE polarized light around a
wavelength of 2.8 µm and of a width of about 10% of its centre
wavelength. Close to this bandgap, the PhC guided modes
show the strong anomalous dispersion in the MIR spectral
range we were aiming at when designing this crystal.

The band structure is also completed for TM polarized
light, which is displayed along a path connecting the high-
symmetry points �–X–M–� in figure 8. The guided modes for
TM polarized light, i.e. the modes lying under the light cone
in figure 8, also show a gap, in the range of interest: a gap for
light frequencies between 0.42 and 0.466, or for wavelengths
in the range from 2.17 to 2.38 µm. We thus expect a bandgap
for TM polarized light around a wavelength of 2.2 µm and of
a width of about 8% of its centre wavelength.

For both polarizations, the 2D PhC thus offers a bandgap
at photon energies, which are less than half the electronic
bandgap of silicon, i.e. at wavelengths longer than 2.1 µm. In
the vicinity of this bandgap, the PhC shows a strong anomalous
dispersion in a material with a positive Kerr-coefficient, as it is
required for spatio-temporal solitons to form. In conclusion, a
prerequisite for performing nonlinear experiments is fulfilled
with the fabrication of this PhC.

5. Summary and conclusion

In summary, we have presented the first, linear characterization
of a square lattice PhC slab based on Si. The PhC has
been designed to provide strong anomalous dispersion in the
MIR wavelength range above 2.1 µm in order to enable the
formation of spatio-temporal solitons and study nonlinear
effects, and has been fabricated using LIL. We have obtained
the energy against wave vector dispersion curves in the range
from 1.9 to 2.8 µm by means of reflectance spectroscopy at
oblique incidence and have, for the first time, determined the
quality factors of the leaky modes observed for the PhC sample
manufactured with LIL. From our results, it seems that LIL, in
comparison with other commonly used processes, enables the

manufacturing of large structures of rather poor short-range
quality, but of excellent long (mm-) range periodicity.

The dispersion curves of the guided modes have been
calculated, and the existence of a bandgap could be verified
for both polarizations. In the vicinity of the bandgaps, regions
of anomalous dispersion could be identified as required for
nonlinear experiments in the MIR spectral region.

In conclusion, we have designed, manufactured and
calculated the dispersion properties of a PhC slab using cal-
culations complemented by specular reflectivity experiments.
The highly nonlinear Kerr material with modified dispersion
in the MIR should enable us to perform nonlinear experiments
at high intensities of light, such as on the formation of spatio-
temporal solitons, while the nonlinear, i.e. two-photon losses
are reduced due to the low photon energies.
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