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Abstract—The dispersion of photonic modes in one-dimensional
(1-D) and two-dimensional (2-D) patterned silicon-on-insulator
(SOI) waveguides, also containing line defects, is fully investigated
both above and below the light line. Quasi-guided (radiative),
as well as truly guided modes are probed by means of angle-
and polarization-resolved microreflectance and attenuated total
reflectance measurements. For the 1-D case, the sharp resonances
observed in reflectance spectra are analyzed in terms of the
Airy-Fano model, and the measured linewidths are shown to be
very close to theoretical predictions. In the 2-D lattices containing
W1 line defects the presence of a supercell repetition leads to
the simultaneous excitation of defect and bulk modes which are
folded in a reduced Brillouin zone. The measured dispersion is
in very good agreement with full three-dimensional calculations
based on expansion on the waveguide modes, indicating that a
deep understanding of the propagation properties of patterned
SOI waveguides is achieved.

Index Terms—Dispersion, optical spectroscopy, photonic crys-
tals (PhCs), waveguides.

I. INTRODUCTION

PERIODICALLY patterned planar waveguides are
emerging as one of the best performing structures for

the control of light propagation in three dimensions (3-D)
[1]–[4]. This is obtained by means of a two-dimensional (2-D)
photonic lattice embedded in a slab waveguide, which provides
additional confinement in the vertical direction by means of
total internal reflection. These structures support two kinds
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of modes; quasi-guided (leaky) and truly guided. The former
modes can couple to external radiation and posses an intrinsic
linewidth related to out-of-plane radiation losses, while the
latter modes are Bloch states whose energy lie below the light
line of the cladding material and propagate with very low
losses. In this respect, truly-guided modes are more suitable for
microphotonic applications.

The existence of truly guided modes in photonic crystal
(PhC) slabs requires a high dielectric contrast between core and
cladding materials. For this reason, silicon-on-insulator (SOI)
patterned waveguides has become one of the preferred systems
for the study and design of micro-optical devices, as well as for
the very well developed silicon technology.

The experimental determination of photonic band dispersion
both above and below the light line is extremely important for
fundamental research, as well as for applications, as it contains
full information on the propagation properties of these systems.
In the following, we show that a deep understanding of pho-
tonic mode dispersion over the whole reciprocal space can be
obtained by optical spectroscopy means, especially by attenu-
ated total reflectance (ATR), which is applied here for the first
time to these systems.

II. SAMPLE FABRICATION

One- and two-dimensional PhC structures were patterned in
commercial silicon-on-insulator wafers (SOITEC) by means
of electron beam lithography (EBL) followed by reactive ion
etching (RIE). The waveguides consisted in a 260-nm-thick
Silicon core on a 1- m-thick SiO cladding grown on a sil-
icon substrate. EBL was performed on PMMA resist using a
JEOL JBX5D2U vector scan generator at 50 keV energy. After
developing the PMMA, pattern transfer to the waveguide core
was realized through a liftoff process for 1-D samples, and a
three-layer process for 2-D samples, respectively. In the liftoff
procedure, a thin nickel layer is evaporated onto the silicon
surface and lifted off by dissolution of the PMMA. RIE is then
performed in a Nextral NE110 system by means of a SF6/CHF3
gas mixture at a pressure of 10 mT and a radio frequency (rf)
power of 15 W. The etching rate is typically 50 nm/min and
RIE parameters are optimized for steeper sidewalls. Finally, the
remaining Ni mask is removed in a nitric acid solution. For the
three-layer process, the system consisted of a 500-nm-thick S18
optical resist bottom layer, a 50-nm-thick Ge middle layer and
a 150-nm-thick PMMA top layer. The top and middle layers
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Fig. 1. Scanning electron micrographs of SOI PhC slabs. (a) 1-D array of air stripes. (b) 2-D triangular lattice of air holes. (c) 2-D triangular lattice of air holes
containing W1 line defects repeated with supercell periodicity d = 5

p
3a.

were etched by standard RIE techniques, while the silicon top
layer is etched by RIE using a SF and CHF gas mixture.
Also, in this case, the RIE parameters were optimized to obtain
vertical sidewalls in silicon [5].

Several different samples were fabricated in this way: 1) a 1-D
array of air stripes with lattice constant nm and 0.18
air fraction; 2) a 2-D triangular array of air holes with lattice
constant nm and hole radius ; and 3) a 2-D
triangular array of air holes with lattice constant nm
and hole radius containing W1 defects (a missing
lines of holes along the -K direction). In this latter case, W1
defects were repeated with different supercell periodicities

along the -M direction. Scanning elec-
tron micrographs of the samples are shown in Fig. 1.

III. OPTICAL CHARACTERIZATION

The optical response in the radiative region, i.e., above the
light line, has been probed by means of angle-resolved specular
reflectance from the sample surface. This technique has been
applied before to measure the band dispersion of 1-D and 2-D
PCs [6]–[8]. It relies on the observation of resonant structures
in the polarized reflectance spectra that exhibit a well-defined
dispersion as a function of the angle of incidence. These can be
ascribed to excitation of photonic modes of the system, which
occurs whenever the energy and the wavevector of the incoming
beam match those of an allowed propagating mode. By varying
the angle of incidence and energy of the light, the photonic band
dispersion of the sample can be experimentally determined in
a large part of the Brillouin zone. The major drawback of this
technique is that only radiative modes, which lie above the light
line, can be excited, while it is not suitable to probe the disper-
sion of the truly guided modes, which extend in the cladding
regions and are evanescent in air. This limitation can be over-
come by means of angle-resolved ATR. By placing a high-index
prism at a small distance from the surface of the sample, efficient
coupling between the evanescent fields at the air-prism-sample
interfaces can be achieved, therefore allowing the excitation of
truly guided modes that lie below the light line. This way, the
energy-wavevector range accessible in the experiment is greatly
enhanced, and detailed information on the dispersion of guided
photonic modes can be obtained up to the edge of Brillouin
zone. The experimental configuration for ATR measurements
is shown in Fig. 2: a ZnSe hemisphere, acting as a prism with

Fig. 2. Experimental configuration for the measurement of attenuated total
reflectance.

refractive index , is kept close to the sample surface
leaving a very thin air layer in between. The thickness of the air
layer, which determines the coupling strength between evanes-
cent fields at the sample-prism interface, is found to be a critical
parameter in the experiment. For this reason, the ZnSe prism
is mounted on three piezoelectric actuators which allow a fine
control of the separation and alignment with the sample surface.

Angle-resolved specular reflectance and ATR from the
sample surface are measured in the spectral range 0.3–1.8 eV,
at a spectral resolution of 0.5 meV, by means of a microreflec-
tometer coupled to a Fourier-transform spectrometer (Bruker
IFS66s). The angle of incidence is varied in the range of
4 –75 with an angular resolution of 0.5 set by the very small
but finite-numerical aperture of the beam that is focused on
the sample. Transverse-electric (TE) and transverse-magnetic
(TM) polarizations with respect to the plane of incidence are
selected by means of KRS5 wire-grid and calcite Glann–Taylor
polarizers.

IV. THEORETICAL TREATMENT

In order to calculate the photonic band dispersion of the
patterned waveguides, a method has been used [9] in which
the magnetic field is expanded onto the basis consisting of the
guided modes of a homogeneous air/Si/SiO waveguide, and
the core layer is taken to have an average, uniform dielectric
constant. The second-order equation for the magnetic field
is transformed into a linear eigenvalue problem, which is
solved by numerical diagonalization, like in usual plane-wave
calculations. The guided modes of the effective homogeneous
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Fig. 3. Reflectance measurements along the �-X orientation for TE
polarization on the 1-D sample. The curves are vertically shifted for clarity.
Only a selection of curves from 5 to 55 with step of 5 are shown.

waveguide are folded in the first Brillouin zone and are coupled
by the off-diagonal components of the inverse dielectric tensor,
leading to band splittings. 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
modes that lie above the two light lines when folded in the
first Brillouin zone. Coupling of the latter states to the leaky
modes of the waveguide is taken into account by first-order
perturbation theory [10], [11] and yields the imaginary part of
the energy that corresponds to intrinsic radiation losses, i.e.,
out-of-plane diffraction. The spectral linewidths of resonant
structures in reflectance spectra are given by twice the imagi-
nary part of the corresponding photonic mode.

As a complementary approach, we calculate the reflectance
and transmittance spectra of the layered system by the well-
known scattering-matrix method [12]. This numerical method
is an exact solution of Maxwell equations and it contains all ra-
diative effects in the structure. In the present case, we have four
layers: air, patterned silicon, unpatterned SiO , and Si substrate.
The frequency-dependent complex dielectric constants of Si and
SiO are used in the calculation. The extension to ATR spectra
is performed by taking the incoming beam in the prism material
and introducing an additional air layer between the prism and
the patterned silicon layer.

V. RESULTS AND DISCUSSION

A. 1-D Array of Air Stripes

The angle-resolved reflectance spectra of the sample with 1-D
array of air stripes are shown in Fig. 3, for TE polarized light
incident along the -X orientation. The angle of incidence is
varied from 5 to 65 with steps of 2.5 , and the spectra are
shifted vertically (each one by the same quantity) in order to fa-
cilitate viewing. Only a selection of spectra is shown in Fig. 3.
Fig. 4 shows the corresponding photonic bands as extracted
from experimental data and compared with calculated bands for

Fig. 4. Measured dispersion (full circles) compared with calculated bands
(solid lines) for the 1-D sample. The index � indicate the order of photonic
modes, while the light lines of air (Si and SiO ) are represented by dashed
(dotted) lines.

this structure. A detailed discussion of the spectra and photonic
bands for the same sample has already been published [13]. In
the following, we recall the main features of this system, and
then turn to the analysis of the spectral resonances appearing in
reflectance curves.

As it is immediately evident from Fig. 4, there is a fairly good
agreement between measured dispersion and calculated bands.
Even though small discrepancies arise for bands at high energy,
all the peculiar characteristics of the band diagram such as en-
ergy gaps and band crossings are well reproduced by experi-
ments. A second-order waveguide mode appears for energies
above 0.8 eV (the order of guided modes is indicated on each
curve by the index ).

By looking at the band diagram reported in Fig. 4 we notice
that guided modes, i.e., modes whose dispersion is confined
between the Si core and the SiO dispersion lines, are present
for TE polarization. Moreover, we notice that the lowest band
in the guided mode region has a finite cutoff wavelength
imposed by the thickness of the asymmetric waveguide. The
guided modes go over smoothly into the radiative region when
crossing the light line and are thereafter viewed as resonances
or quasi-guided modes in reflectance spectra, as appears in
experiments. Due to radiation losses, such quasi-guided modes
have a finite lifetime, which means that resonances observed
in reflectance spectra are expected to exhibit an intrinsic
linewidth. For a sample where broadening effects due to dis-
order or imperfections may be neglected, it is therefore of great
interest to study the evolution of the intrinsic linewidths in
the energy-wavevector space, since they are directly related to
radiation losses suffered by the photonic modes during prop-
agation along the waveguide. This can be done by evaluating
the full-width-half-maxima (FWHM) of the narrow resonances
observed in the experimental spectra. However, by looking at
the measured resonances, we notice that they may assume very
different shapes (i.e., maxima, minima, or even a dispersive-like
shape) depending on their position relative to the interference
background, which is always present in the spectra due to the
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Fig. 5. Best fit according to the Airy–Fano model for the first three resonances
observed in the 10 reflectance spectrum of the 1-D sample. Notice the high
quality of the fit regardless of the resonance shape (i.e., maxima, minima, or
dispersive-like).

multilayer structure of the SOI waveguide. For this reason, a
best fit procedure should be applied to each resonance in order
to extract an appropriate FWHM without ambiguity. In our
case, we adopted the Airy–Fano model [8], [14], where the
reflectivity of the sample is expressed by

Here, is the Airy function, which describes the back-
ground interference pattern, while is the Fano term

where is the frequency of the resonance, is the FWMH,
and an oscillator strength. The factor may assume values
between and and determines the shape of the resonance.
Very good fits to experimental data are obtained by means of
this model, as shown in Fig. 5 for the lowest energy resonances
corresponding to the second, third, and fourth photonic bands
in Fig. 4. By applying this fitting procedure to reflectance
spectra for each angle of incidence, we trace the evolution of
the linewidths in the -space. This is shown in Fig. 6, where the
measured linewidths are compared with FWMH calculated as
twice the imaginary part of the photonic mode’s energy. There
is an overall good agreement between measured and calculated
FWMH.

The only noticeable discrepancy is observed at
in Fig. 6(b), where the experimental FWHM goes in the oppo-
site direction as compared with the theoretical prediction. This
is probably due to crossing of bands 3 and 4 around 0.9 eV
and to the strong mixing in the crossing region, which makes it
very difficult to separate contributions from the third and fourth
bands in the measurement. Notice that a small (2 meV) instru-
mental broadening has been added to the calculated linewidths

Fig. 6. Measured (full circles) and calculated (gray lines) FWHM for the
second, third, and fourth band of Fig. 3. An instrumental broadening of 2 meV
has been added to the calculated linewidths in order to account for the small
spread in the wavevector caused by the small numerical aperture of the light
beam incident on the sample.

in order to account for the small spread in the wavevector of
the incident light caused by the small numerical aperture of the
measuring beam. At the point, bands 2 and 4 are theoretically
lossless, while only band 3 has a finite-imaginary part of the
frequency. This indicates that besides the truly guided modes,
also some radiative modes could be of interest for applications
requiring relatively low losses, as previously noticed [15], [16].
A complete theoretical analysis of radiative losses in 1-D PhC
slabs is presented elsewhere [17].

B. 2-D Triangular Lattice of Air Holes

Angle-resolved reflectance spectra for the 2-D l bulk sample
(without linear defects) were measured along both symmetry
orientations and for both polarizations. Results obtained along
the -K orientation for TE and TM polarizations are shown
in Fig. 7(a) and (b), respectively. Angle- and polarization-re-
solved spectra were also measured for light incident along the

-M orientation (not shown). Similarly to what observed for the
1-D sample, the curves display a prominent interference pattern
due the multiple interference occurring at the core-cladding and
cladding-substrate interfaces. Superimposed to the interference
fringes, several sharp features that mark the excitation of pho-
tonic modes are clearly visible in the spectra. A comparison
between measured and calculated photonic bands is shown in
Fig. 8. Notice that an incident field with TE (TM) polarization is
odd (even) with respect to the plane of incidence. The photonic
modes in Fig. 8 are also classified according to mirror symmetry
with respect to the plane of incidence, which is a good symmetry
operation along the directions -M, -K, and which we call

. Therefore, modes which are excited by TE-polarized light
are compared to photonic bands having symmetry ,
and modes which are excited by TM-polarized light are com-
pared with bands having symmetry . We notice also
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Fig. 7. Reflectance spectra measured along the �-K orientation for (a) TE and (b) TM polarizations on the 2-D sample. Measurements are performed from 5 to
55 with step of 5 and the curves are vertically shifted for clarity.

Fig. 8. Measured dispersion (full circles) compared with calculated bands of the 2-D sample for (a) TE and (b) TM polarizations. Light lines of air, Si, and SiO
are represented by thin dotted lines.

that some modes change parity on changing the symmetry di-
rection of the Brillouin zone. This is evident for the photonic
mode around 1.4 eV in Fig. 8, which changes from TE to TM
on changing from the -M to the -M orientation, respectively.
This apparent discontinuity in the band diagram can be under-
stood by considering that the vertical mirror plane changes when
turning from the -K to the -M orientation, i.e., TE and TM
modes change parity with respect to the operator, as already
shown by measurements on macroporous Si PhCs [18].

Rather good agreement between theory and experiment is ob-
tained for the dispersion and energy of photonic bands for both
TE and TM polarizations. In particular, the dispersion of the
lowest bands up to eV is fairly well reproduced, whereas
small discrepancies between experiment and calculations can

be seen for higher energy bands. This may be attributed to the
dispersion of the refractive index of the layers, which has not
been included in calculations, and to effects of disorder that be-
come more important on increasing the energy.

It is interesting to compare the bands of the PhC slab with
those of an ideal 2-D structure. For a 2-D PhC, the photonic
bands are usually classified according to mirror symmetry with
respect to the 2-D plane, which we call , and are often named
H or TE modes ( , electric field in the plane) and
E or TM modes ( , electric field along ). The SOI
PhC slab is not symmetric with respect to an horizontal mid-
plane, thus, its photonic modes cannot be rigorously classified
according to the operator [19]. In order to facilitate the com-
parison, we have calculated the band dispersion of a PhC slab
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Fig. 9. Photonic bands calculated for (a) the PhC slab in the symmetric approximation and (b) for the ideal 2-D PhC. Bands are classified according to mirror
symmetry with respect to the xy plane. Thin dotted lines in (a) are the light line of Si core and the average cladding material.

Fig. 10. (a) and (c) Reflectance measurements along the �-M orientation for TE and TM polarizations on the 2-D sample with W1 line defects. The spectra are
taken at steps of 1 and are slightly shifted with respect to each other for clarity. (b) and (d) Corresponding photonic bands folded into a reduced Brillouin zone
due to supercell periodicity. The defect modes at 0.73 and 0.89 eV for TE and TM polarizations, respectively, are indicated by arrows. (b) TE. (d) TM.

whose upper and lower claddings have the same dielectric con-
stant , which is the average between the values for air
and SiO . These bands are shown in Fig. 9(a) being classified
with respect to (notice that or modes are
sometimes referred to as TE-like or TM-like, respectively) and
are seen to be almost identical to those of the SOI PhC slab
shown in Fig. 8. The photonic bands of the ideal 2-D struc-
ture are then shown in Fig. 9(b) for comparison. It can be seen
that the bands of the PhC slab differ from those of the ideal
2-D system in two respects: 1) the photonic bands of the PhC
slab are blue-shifted due to vertical confinement in the slab and
2) the PhC slab becomes multimode above a cutoff energy of
about 0.95 eV. From the point of view of polarization properties,
it can be seen from Figs. 8 and 9 that an incident field with def-

inite polarization with respect to the plane of incidence couples
to both and modes. This effect, which
is sometimes referred to as polarization mixing [6], indicates
that the classification of the photonic modes according to sym-
metry is the appropriate one when comparing with surface
reflectance experiments, as already discussed [18].

C. 2-D Triangular Lattice of Air Holes With W1 Line Defects

Fig. 10(a) and (c) shows experimental reflectance spectra of
sample W1 line defects shown in Fig. 1(c) measured along the

-M direction, i.e., orthogonal to the line defects, and for both
polarizations. Also, in this case, resonant features corresponding
to the excitation of photonic modes, which exhibit a marked dis-
persion with the incidence angle are clearly observed. Besides



1408 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 23, NO. 7, JULY 2005

Fig. 11. (a) Experimental reflectance and (b) ATR spectra measured along the �-K orientation for TE polarizations on the sample with W1 line defects.
(c) Measured (circles) and calculated band dispersion for TE or � = �1 (lines); the defect mode is indicated by full circles.

these, two dispersionless resonances occur at 0.73 and 0.89 eV
for TE and TM polarizations, respectively. They correspond to
the defect modes localized at the missing rows of holes, which
act as cavities for propagation direction perpendicular to the line
defect. A comparison with calculated dispersion is presented in
Fig. 10(b) and 10(d). Excellent agreement is found between ex-
perimental and calculated bands. Notice that for this sample ori-
entation the wave vectors of the modes are perpendicular to the
line defects, and the photonic bands are folded into a reduced
Brillouin zone due to the new, longer periodicity of the system.
As a result, most of the bands fall above the light line and are
observed in angle-resolved reflectance spectra.

The optical response of sample containing W1 line defects
along the -K direction were thoroughly studied by means of
both angle resolved reflectance and ATR. The wavevectors of
the photonic modes are in this case parallel to the line defects,
which provides additional waveguiding of radiation along the
defect: no localization of light is expected and the defect mode
is, therefore, dispersive due to its finite group velocity, as ob-
served from reflectance spectra shown in Fig. 11(a). Fig. 11(b)
shows ATR spectra measured for the same sample orientation.
In this case, excitation of guided modes appears as “absorp-
tion-like” dips on a flat, almost unitary background, which cor-
respond to the total internal reflection regime. Notice that while
resonances observed in reflectance spectra have amplitudes of
the order of 0.05, those observed in ATR geometry can be deep
as 0.8. This means that as much as the 80% of the incoming
energy can be transferred to the PC slab by the prism-coupling.
Such a highly efficient energy transfer is attributed to the overlap
of the evanescent tails of the modes freely propagating in the
ZnSe prism with those of the PC guided modes. This overlap
mostly occurs in air spacer between the prism and the surface of
the sample and the coupling is, thus highly dependent on their
distance. When the prism is placed very close to sample sur-
face, the modes are strongly affected by its presence and broad
features appear in the spectra. The band dispersion is also af-
fected and the energies of the features are slightly shifted. By

increasing the width of the air spacer, the resonances become
sharper and their energy positions stick with the values expected
for the SOI PC slab. For the measurements in Fig. 11(b), the
separation distance is nm, as obtained from a comparison
with calculated ATR spectra (not shown here).

The combination of results obtained from normal reflectance
and ATR spectra yields a very precise experimental reconstruc-
tion of the band dispersion of the sample, along the whole ex-
tent of the Brillouin zone. As a matter of fact, in the consid-
ered spectral range, the value of wavevectors obtained by means
of the high-index prism are greater than and the experi-
mental points must, therefore, be reported in the first Brillouin
zone by subtracting a reciprocal lattice vector. Excellent agree-
ment is found between the experimental dispersion and the full
3-D calculations for TE polarization , as shown in
Fig. 11(c). Analogous results are obtained for TM polarization
and the dispersion of the TM defect mode is found
to be strongly different as compared with the TE defect mode
[20].

Notice that the defect mode in Fig. 10(d) along the -M orien-
tation corresponds to the mode at in Fig. 11(c) along the

-K orientation. The polarization character of the defect mode
changes on turning from the -M to the -K orientation: this
behavior corresponds to a change of the mirror plane of the
PhC structure, like for the case of the triangular lattice previ-
ously discussed. Analogously, the defect mode around 0.73 eV
in Fig. 10(b) corresponds to a defect mode measured in TM po-
larization along -K (not shown here).

The dispersive behavior of the defect modes is traced in the
reciprocal space from the low- region across the light line up
to the edge of the Brillouin zone. We emphasize that the combi-
nation of standard and attenuated total reflectance allows mea-
suring the frequency-wavevector dispersion in a direct way, as
both quantities are fixed by the experimental configuration. We
observe that the defect mode is characterized by a
very unusual behavior of the dispersion, which is pronounced in
the radiative region and becomes very flat in the guided region,
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where the mode propagates with low group velocities [21]. Such
unique dispersion characteristics are substantially different as
compared with conventional waveguides and PhC fibers, and
are peculiar to the photonic confinement achieved in W1 line
defects.

VI. CONCLUSION

One- and two-dimensional SOI PhC waveguides have been
successfully fabricated by means of EBL and RIE. Quasi-guided
and truly guided modes of the photonic structures have been di-
rectly probed by means of angle- and polarization-resolved re-
flectance and ATR measurements, leading to the determination
of photonic bands dispersion both above and below the light
line. For the 1-D sample, a linewidth analysis of the guided
resonances observed in experimental spectra has been applied
according to the Airy–Fano model. Good agreement with the-
oretical predictions has been obtained and it has been shown
that quasi-guided modes with low losses may exist in the ra-
diative region. The propagation characteristics of linear defects
embedded in 2-D lattice have also been investigated in details.
The resulting dispersion is in very good agreement with full 3-D
calculation based on the expansion of the magnetic field on the
guided modes. The ATR technique has proven to be a very pow-
erful mean to probe the guided modes of PC slabs.
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