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Photonic Bands in Patterned Silicon-on-Insulator
Waveguides

M. Patrini, M. Galli, F. Marabelli, M. Agio, L. C. Andreani, D. Peyrade, and Yong Chen

Abstract—One– and two-dimensional photonic crystals are
obtained by electron beam lithography and reactive ion etching
on silicon-on-insulator waveguides. Variable-angle reflectance is
measured and calculated in the 0.2–2-eV energy range, giving
evidence of the quasi-guided modes of the photonic structure.
Photonic bands in the one-dimensional case are determined and
compare very well to those calculated with an expansion on the
basis of the waveguide modes.

Index Terms—Modeling, optical materials, reflectometry,
waveguides.

I. INTRODUCTION

T HE BEHAVIOR of photonic crystals embedded in planar
waveguides is a key element to be understood for the real-

ization of optical functionalities in photonic integrated circuits
(PICs). The ideal one-dimensional (1-D) and two-dimensional
(2-D) lattice cases are now well understood, but the optical prop-
erties of a thin-layer photonic crystal inserted into a waveguide
are still not completely known and are currently of great in-
terest [1]–[20]. In particular, a precise knowledge of the pho-
tonic bands is essential for any application.

In this work, we investigate the photonic band structure of
photonic crystals fabricated by electron beam lithography and
reactive ion etching techniques on silicon-on-insulator (SOI)
waveguides. The choice of the material and the spectral range
under study (around 1.55m) are motivated by the telecom
application possibilities. The resulting samples consist of 1-D
(stripes) and 2-D (triangular and graphite) lattices of different
periodicities lying on silicon dioxide. Here we focus on two
1-D structures with different air fractions and discuss how the
different optical behavior of the samples may be related to the
topical issue of diffraction losses of quasi-guided modes lying
above the light line.

Our measurements are based on the surface coupling tech-
nique proposed by Astratovet al. [8], [9], [11] on III–V pho-
tonic crystals. The method relies on the observation of sharp
resonances in reflectance () spectra of collimated light inci-
dent on the surface of the photonic crystal. We measure the po-
larized specular spectra of the samples for an incidence angle
varying from near-normal incidence to 70. Resonant structures
due to the coupling of the external radiation to the eigenmodes
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of the photonic crystals are observed, together with interference
oscillations due to the SOI layered structure. We identify several
resonances in the polarized optical spectra and we trace their en-
ergy dependence on the incidence angle. In this way, we are able
to map the bands of these photonic crystals above the light line
in the reduced Brillouin zone.

The experimental results are compared with two comple-
mentary theoretical treatments. The photonic bands of the
waveguide-embedded photonic crystal are calculated by a
newly developed method, which consists of expanding the
electromagnetic field on the basis of waveguide modes coupled
by the off-diagonal terms of the dielectric tensor, where the
waveguide is defined to have an average dielectric constant.
This method yields not only the photonic modes below the
light line [6], which are truly guided modes and have no
diffraction losses, but also the quasi-guided modes (or “guided
resonances”) above the light line which are probed by the ex-
ternal field in a surface reflectance experiment. The reflectance
of the patterned multilayer structure is also calculated by the
scattering matrix method developed by Whittaker and Culshaw
[10]. The resonant structures of thespectra correspond to the
experimentally measured ones and to the calculated energies of
the photonic bands in the radiative region.

II. EXPERIMENTAL DETAILS

The photonic waveguides investigated in this work are ob-
tained by standard electron beam lithography and reactive ion
etching techniques on Smart Cut SOI wafers by SOITEC. The
thicknesses of the silicon and insulator layers were 0.26m and
1 m, respectively. First, the electron beam patterning is per-
formed by a JEOL 5D2U vector Scan generator operating at an
energy of 50 keV on a single layer of polymethylmetacrylate
(PMMA) resist (950 K molecular weight and 150 nm thickness).
After development of the PMMA, a thin nickel layer is evap-
orated onto the silicon surface and lifted off by dissolution of
the PMMA. The reactive ion etching of the Si layer is then per-
formed in a Nextral NE110 system. The etching process uses an
SF /CHF gas mixture at a pressure of 10 mT and an RF power
of 15 W. The etching rate is typically 50 nm/min and reactive ion
etching parameters are optimized for steeper sidewalls. Finally,
the remaining Ni mask is removed in a nitric acid solution.

Several photonic crystals were prepared in this way, including
1-D lattices of stripes, 2-D graphite lattices of pillars, and trian-
gular lattices of holes. In the following we focus our attention
on two different 1-D structures: the first one with lattice con-
stant m and 0.7 air fraction (referred to hereafter as L3)
and the second one with lattice constant m and 0.18
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Fig. 1. SEMs of sample L3 (top view, left; scale refers to upper panel) and L4 (side view, right).

air fraction (L4). Scanning electron microscope (SEM) images
of the two lattices are shown in Fig. 1 and show the excellent
quality of the structures.

Spectroscopic ellipsometry measurements are used in a com-
plementary way to characterize the quality and the thickness of
the waveguides before patterning.

Variable angle specular reflectance is measured in the spectral
range 0.25–2 eV with a Fourier-transform spectrometer (Bruker
IFS66) at a spectral resolution of 1 meV. The plane of incidence
is perpendicular to the sample surface and the angle of incidence

of the collimated beam from the spectrometer varies over the
range 5–75 with a step of 2.5 and with angular resolution
of 1 . A liquid-nitrogen-cooled InSb photodiode is used as
the detector and a silver mirror is the absolute reflectance refer-
ence. Measurements were done for light incident along the–
orientation of the 1-D crystal (i.e., perpendicular to the stripes)
both in transverse electric (TE) and transverse magnetic (TM)
polarizations by means of a calcite Glan–Taylor polarizer.

III. T HEORETICAL SCHEME

Two complementary theoretical approaches are adopted. In
the first one, the photonic bands of the patterned waveguide at
the parallel Bloch vector are calculated by expanding the mag-
netic field as

(1)

where are the guided modes of the
air/Si/SiO waveguide at wavevector and the waveguide
core made of patterned silicon is taken to have an average di-
electric constant. The second-order equation for the magnetic
field is transformed into a linear eigenvalue problem for the ex-
pansion coefficients , with the waveguide modes being
coupled by the off-diagonal components of the inverse dielectric
tensor. Just like in the case without a waveguide, a finite cutoff

must be imposed for the reciprocal lattice vectorsand Ho’s
method of inverting the dielectric matrix has to be used for faster
convergence [21]. This approach yields the energy dispersion of
the guided modes whose energies lie below the light lines of the
upper and lower claddings, as well as of the quasi-guided modes
which lie above the two light lines when folded in the first Bril-
louin zone. It neglects coupling of the latter states to the leaky
modes of the waveguide; therefore, it does not yield the imag-
inary part of the energy that corresponds to intrinsic radiation
losses (out-of-plane diffraction in a transmission experiment).
The resonance energies of quasi-guided modes are of central
interest for the interpretation of the present experiments, since
they correspond to the spectral positions of the resonant struc-
tures in reflectance, which arise when a quasi-guided mode is
excited by the incoming beam.

In the second approach, we calculate the reflectance and
transmittance (and also the diffraction) of the layered system
by a plane-wave expansion in each layer, which yields the
complex photonic bands at a given in-plane wavevectorand
frequency , and by propagating the field along the multilayer
via a scattering matrix [10]. In the present case, we have
four layers: air, patterned silicon, unpatterned SiO, and the
Si substrate. The frequency-dependent complex dielectric
constants of Si and SiOare used in the calculation [22]. This
numerical method is an exact solution of Maxwell’s equations
and contains all radiative effects in the structure.

For a parallel wavevector along a symmetry direction of
the lattice (in the 1-D case, the– direction), specular reflec-
tion with respect to a vertical plane ( ) is a symmetry opera-
tion and the TE or TM polarization of the incident wave is man-
tained in reflectance. Correspondingly, the photonic bands can
be classified as even or odd with respect to vertical mirror sym-
metry. They are probed by a polarized incident wave as follows:
a TM-polarized wave couples to even bands and a TE-polarized
wave couples to odd bands. Note that for the present asymmetric
SOI structure there is no mirror symmetry with respect to the
waveguide plane (unlike in the ideal 1-D or 2-D case).
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(a) (b)

Fig. 2. (a) TE and (b) TM reflectance spectra from� = 5 to 65 in steps of 2.5 for a 1-D patterned SOI structure with lattice constanta = 1 �m and 0.7 air
fraction (sample L3).

IV. RESULTS AND DISCUSSION

The reflectance spectra of sample L3 for TE and TM po-
larized light incident along the– orientation are shown in
Fig. 2(a) and (b), respectively. The angle of incidence is varied
from 5 to 65 in steps of 2.5, and the spectra are shifted ver-
tically (each one by the same quantity) in order to facilitate
viewing.

The analogous reflectance spectra for sample L4 are shown
in Fig. 3(a) and (b), respectively. Here the incidence angle is
varied from 5 to 75 . The corresponding calculated reflectance
spectra are shown for both TE and TM polarizations in Fig. 4(a)
and (b), respectively.

As a first remark, the experimental reflectance curves show
a regular interference pattern resulting from the SOI waveguide
structure. At first, near-normal incidence reflection spectra of
the structure before patterning were well fitted by a multilayer
model taking into account the waveguide structure with the
actual layer thickness values. After patterning of the samples,
the interference fringes are modified and change their period
slightly on increasing the photon energy. This effect arises
from the effective refractive index of the photonic crystal
which increases with increasing energies due to the stronger
confinement of the electromagnetic field in the dielectric
regions with respect to the air ones. Superimposed on this inter-
ference background, several sharp features are observed which
display a well-defined dispersion in their energy positions with
increasing angle of incidence. While sample L3 displays rather
weak and broad features, sample L4 shows more intense and
well-defined structures. The resonant structures are broader in
sample L3 because of the higher air fraction, which implies a
larger coupling of folded guided modes above the light line
to leaky waveguide modes and therefore an increase of the
diffraction losses outside the waveguide. This is in agreement
with recent results obtained by other groups [12], [18]. The
spectra of Fig. 2 suggest that samples with large air fraction
may not be useful for achieving low-loss propagation.

In the following, we perform a detailed analysis only for
sample L4, whose sharp optical features point to the exis-
tence of quasi-guided modes with low losses. Comparing the
reflectance curves of Figs. 3 and 4, there is a good overall
agreement between experimental and calculated spectra. Both
the interference pattern from the core and cladding layers and
the observed resonant structures are well accounted for by
calculations, although the calculated resonances appear to be
slightly sharper than the experimental ones. This is probably
due to some dispersion of the incidence angle which is defined
within a cone of 1 , and possibly also to some disorder
effect coming from the etching process. The intensity and
the lineshape of the spectral structures (both experimental
and calculated) change with the angle, showing a variety of
maxima, minima, and dispersive-like lineshapes.

These resonances are due to the coupling of external radia-
tion to guided modes of the patterned waveguide, as already re-
ported for the GaAs–AlGaAs system [8], [9], [11], [15]. When
the frequency and the wavevector componentparallel to the
waveguide plane match those of a propagating mode, coupling
to the waveguide structure occurs and a resonance appears in
reflectance. When the angle of incidence is varied, the parallel
wavevector changes and the matching condition occurs at a dif-
ferent energy. Therefore, the dispersion of the photonic bands in
a given direction can be extracted from the energy positions of
the resonances versus the wavevector that spans
the first Brillouin zone. This analysis is shown in Fig. 5: the
experimental bands derived from reflectance measurements are
plotted by the dots. Since most structures in reflectance spectra
show a dispersive-like shape, we take the inflection point as the
energy position for the propagating mode (as indicated in Fig. 3
for ).

The photonic bands of the ideal 1-D crystal corresponding to
the L4 structure are reported in Fig. 5(a). The photonic bands
in the waveguide calculated with the method described in Sec-
tion III are also reported, separated in TE (b) and TM (c) modes
according to mirror symmetry with respect to the plane of inci-
dence ( ). The frequency dispersion of the dielectric constant
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(a) (b)

Fig. 3. (a) TE and (b) TM reflectance spectra from� = 5 to 75 in steps of 2.5 for a 1-D patterned SOI structure with lattice constanta = 0:65 �m and 0.18
air fraction (sample L4). Vertical bars mark the position of 1-D photonic modes for 5.

(a) (b)

Fig. 4. (a) Calculated TE and (b) TM reflectance spectra of sample L4 from 5to 75 in steps of 2.5.

(a) (b) (c)

Fig. 5. Photonic bands of sample L4, calculated (solid lines) and determined from the experimental reflectance spectra (dots): (a) ideal 1-D crystal, (b) TE
polarization—odd bands, and (c) TM polarization—even bands. Dotted (dashed) lines: dispersion of light in Si, SiO(in air). The index� in (b) and (c) refers to
the order of the dominant waveguide mode (see text).

is taken into account in an approximate way by calculating each
group of nearby bands with taken at an average frequency;

the same procedure is used for the ideal 1-D and the waveguide
case. Dotted lines represent the dispersion of photons in Si and
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SiO , while dashed lines are thelight linesin vacuum. The pho-
tonic bands in the waveguide are blue-shifted in energy with
respect to the ideal 1-D case due to a confinement effect in the

direction; the effect is stronger for the TM-polarized modes.
We notice that guided modes, i.e., modes whose dispersion is
confined between the Si core and the SiOdispersion lines, are
present both for TE and TM polarizations: they arise from a
first-order waveguide mode. However, as results from the band
diagrams, the lowest band in the guided mode region has a finite
cut-off wavelength imposed by the thickness of the asymmetric
waveguide. The guided modes go over smoothly into the radia-
tive region when crossing the light line and should thereafter be
viewed asresonancesor quasi-guided modes. The first-order
waveguide mode folded in the radiative region has gaps at the
Brillouin zone center and edge; a second-order waveguide mode
is also seen to exist in the radiative region with a cutoff energy
of about 0.8 eV (TE polarization) and 1.1 eV (TM polarization).
The order of the waveguide modes which dominates in the ex-
pansion of (1) is indicated on the curves. Since the waveguide
is asymmetric, there is no parity distinction between first- and
second-order modes and their energy dispersions anticross, al-
beit with very small gaps.

All the calculated TE and TM bands up to 1.6 eV are
recognized in the experimental spectra. In particular, for TE
bands the agreement for the dispersion and the energy values
is very good, while for TM bands small discrepancies occur
which increase with increasing energies. The band diagrams
show that a zone-center gap for TE polarization opens around
0.75 eV (1.65 m) while a gap for TM polarization opens
around 0.9 eV (1.38 m). This can be clearly observed from
reflectance spectra: for TE polarization, no resonant structure
beside interference oscillations is present in the energy interval
0.7–0.8 eV for any angle of incidence. This indicates that no
photonic mode is allowed in this energy range and therefore
propagation through the waveguide is forbidden. A photonic
bandgap in the radiative region is therefore determined in a
more direct way as compared to transmission measurements,
where in-plane and out-of plane diffraction as well as symmetry
mismatch between the incoming and propagating mode may
yield low transmission which is not associated with a bandgap.
The lowest gap at the zone boundary (around 0.45 eV for TE,
around 0.65 eV for TM polarization) is formed in the guided
mode region: this portion of the– space cannot be accessed
by surface reflectance; therefore, here one has to rely on the
calculations. The very good agreement between the measured
and calculated bands for higher energies indicates that the
calculation of the photonic bands in the guided mode region is
accurate.

V. CONCLUSION

Fabrication of photonic crystals on patterned SOI waveg-
uides leads to high-quality structures with well-defined optical
properties, as shown by surface reflectance which displays
a number of resonant structures in correspondence with the
photonic modes. Comparison of two 1-D lattices with air
fractions 70% and 18% shows that the former one has much
broader resonances, indicating that samples with a larger air

fraction have higher diffraction losses of quasi-guided modes.
The measured reflectance spectra are well reproduced by those
calculated with the scattering matrix method. The photonic
bands determined from the spectral positions of resonant
structures agree very well with the results of an expansion into
waveguide modes of the SOI structure. The present structures
are promising in order to obtain a photonic bandgap around 1.3-
and 1.55- m wavelength. Samples with 2-D graphite lattice of
pillars and triangular lattice of holes are also being fabricated
and will be studied in the near future.
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