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Photonic Bands in Patterned Silicon-on-Insulator
Waveguides
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Abstract—One— and two-dimensional photonic crystals are of the photonic crystals are observed, together with interference
obtained by electron beam lithography and reactive ion etching oscillations due to the SOl layered structure. We identify several
on silicon-on-insulator waveguides. Variable-angle reflectance is ro5onances in the polarized optical spectra and we trace their en-
measured and calculated in the 0.2-2-eV energy range, giving . )
evidence of the quasi-guided modes of the photonic structure. ergy dependence onthemmdence_ angle. In this way, We_are gble
Photonic bands in the one-dimensional case are determined and t0 map the bands of these photonic crystals above the light line

compare very well to those calculated with an expansion on the in the reduced Brillouin zone.

basis of the waveguide modes. The experimental results are compared with two comple-
Index Terms—Modeling, optical materials, reflectometry, mentary theoretical treatments. The photonic bands of the
waveguides. 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
HE BEHAVIOR of photonic crystals embedded in planagyaveguide is defined to have an average dielectric constant.
waveguides is a key element to be understood for the reghjs method yields not only the photonic modes below the
ization of optical functionalities in photonic integrated circuitgght line [6], which are truly guided modes and have no
(PICs). The ideal one-dimensional (1-D) and two-dimensiongiffraction losses, but also the quasi-guided modes (or “guided
(2-D) lattice cases are now well understood, but the optical Prassonances”) above the light line which are probed by the ex-
erties of a thin-layer photonic crystal inserted into a waveguigrnal field in a surface reflectance experiment. The reflectance
are still not completely known and are currently of great inof the patterned multilayer structure is also calculated by the
terest [1]-{20]. In particular, a precise knowledge of the ph@gattering matrix method developed by Whittaker and Culshaw
tonic bands is essential for any application. [10]. The resonant structures of tiespectra correspond to the
In this work, we investigate the photonic band structure @perimentally measured ones and to the calculated energies of

photonic crystals fabricated by electron beam lithography aggk photonic bands in the radiative region.
reactive ion etching techniques on silicon-on-insulator (SOI)
waveguides. The choice of the material and the spectral range
under study (around 1.5bm) are motivated by the telecom
application possibilities. The resulting samples consist of 1-D The photonic waveguides investigated in this work are ob-
(stripes) and 2-D (triangular and graphite) lattices of differef@ined by standard electron beam lithography and reactive ion
periodicities lying on silicon dioxide. Here we focus on twetching techniques on Smart Cut SOI wafers by SOITEC. The
1-D structures with different air fractions and discuss how ttibicknesses of the silicon and insulator layers were pragind
different optical behavior of the samples may be related to thgum, respectively. First, the electron beam patterning is per-
topical issue of diffraction losses of quasi-guided modes lyirfgrmed by a JEOL 5D2U vector Scan generator operating at an
above the light line. energy of 50 keV on a single layer of polymethylmetacrylate
Our measurements are based on the surface coupling tgghMMA) resist (950 K molecular weight and 150 nm thickness).
nique proposed by Astratost al. [8], [9], [11] on IlI-V pho- After development of the PMMA, a thin nickel layer is evap-
tonic crystals. The method relies on the observation of shagmted onto the silicon surface and lifted off by dissolution of
resonances in reflectanc&) spectra of collimated light inci- the PMMA. The reactive ion etching of the Si layer is then per-
dent on the surface of the photonic crystal. We measure the pgrmed in a Nextral NE110 system. The etching process uses an
larized speculaft spectra of the samples for an incidence anglr,/CHF, gas mixture at a pressure of 10 mT and an RF power
varying from near-normal incidence to%@Resonant structures of 15 W. The etching rate is typically 50 nm/min and reactive ion
due to the coupling of the external radiation to the eigenmodggning parameters are optimized for steeper sidewalls. Finally,
the remaining Ni mask is removed in a nitric acid solution.
Manuscript received August 31, 2001; revised March 1, 2002. Several photonic crystals were prepared in this way, including
b 0 e s " 1-D latices of strpes, 2-D graphite latices ofpillrs, and trian-
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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) imagesust be imposed for the reciprocal lattice vectérsand Ho's
of the two lattices are shown in Fig. 1 and show the excellemtethod of inverting the dielectric matrix has to be used for faster
quality of the structures. convergence [21]. This approach yields the energy dispersion of
Spectroscopic ellipsometry measurements are used in a céhe-guided modes whose energies lie below the light lines of the
plementary way to characterize the quality and the thicknessugiper and lower claddings, as well as of the quasi-guided modes
the waveguides before patterning. which lie above the two light lines when folded in the first Bril-
Variable angle specular reflectance is measured in the spect@4in zone. It neglects coupling of the latter states to the leaky
range 0.25-2 eV with a Fourier-transform spectrometer (Bruk@odes of the waveguide; therefore, it does not yield the imag-
IFS66) at a spectral resolution of 1 meV. The plane of incident#a7Y part of the energy that corresponds to intrinsic radiation
is perpendicular to the sample surface and the angle of incidetfeses (out-of-plane diffraction in a transmission experiment).
§ of the collimated beam from the spectrometer varies over th@€ résonance energies of quasi-guided modes are of central
range 5—75 with a step of 2.5 and with angular resolution interest for the interpretation of the _p_resent experiments, since
of +£1°. A liquid-nitrogen-cooled InSb photodiode is used a@ey correspond to the spectral positions of the resonant struc-

the detector and a silver mirror is the absolute reflectance refgf‘[e_s n reflectgnce, Wh'Ch arise when a quasi-guided mode is
L excited by the incoming beam.
ence. Measurements were done for light incident alongjthé
) . : ; : In the second approach, we calculate the reflectance and
orientation of the 1-D crystal (i.e., perpendicular to the stripe . . :
. : . nsmittance (and also the diffraction) of the layered system
both in transverse electric (TE) and transverse magnetic (Tb

larizati b ; \cite Glan—Tavl lari a plane-wave expansion in each layer, which yields the
polarizations by means of a caicite tlan—{aylor polarnzer. complex photonic bands at a given in-plane wavevektand

frequencyw, and by propagating the field along the multilayer
Hl. THEORETICAL SCHEME via a scattering matrix [10]. In the present case, we have
Two complementary theoretical approaches are adopted fg4r layers: air, patterned silicon, unpatterned §i@nd the
the first one, the photonic bands of the patterned waveguide>t Substrate. The frequency-dependent complex dielectric
the parallel Bloch vectdk are calculated by expanding the magconstants of Si and SiQare used in the calculation [22]. This

netic field as numerical method is an exact solution of Maxwell's equations
and contains all radiative effects in the structure.
Hy(r) = Ck+G,aei(k+G)'rhk+G,a 2 (1) For a pa'raIIeI wavevectdk along'a symmetry direction of
(x) %a: =) the lattice (in the 1-D case, the-X direction), specular reflec-

tion with respect to a vertical plank ( z) is a symmetry opera-
wherehy g, «(2), @« = 1, 2, ... are the guided modes of thetion and the TE or TM polarization of the incident wave is man-
air/Si/Si0, waveguide at wavevectdér+ G and the waveguide tained in reflectance. Correspondingly, the photonic bands can
core made of patterned silicon is taken to have an average lig-classified as even or odd with respect to vertical mirror sym-
electric constant. The second-order equation for the magnetietry. They are probed by a polarized incident wave as follows:
field is transformed into a linear eigenvalue problem for the exTM-polarized wave couples to even bands and a TE-polarized
pansion coefficientsy ¢, , With the waveguide modes beingwave couples to odd bands. Note that for the present asymmetric
coupled by the off-diagonal components of the inverse dielect@®®©I structure there is no mirror symmetry with respect to the
tensor. Just like in the case without a waveguide, a finite cutaffaveguide plane (unlike in the ideal 1-D or 2-D case).
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Fig. 2. (a) TE and (b) TM reflectance spectra frén= 5° to 65° in steps of 2.5 for a 1-D patterned SOl structure with lattice constart 1 zm and 0.7 air
fraction (sample L3).

IV. RESULTS AND DISCUSSION 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

The rgflec.tan'ce spectra of sar;nplg L3 f_or TE and TM_p‘?éflectance curves of Figs. 3 and 4, there is a good overall
larized light incident along th&—X' orientation are shown in ;4 eement between experimental and calculated spectra. Both
Fig. 2(a) and (b), respectively. The angle of incidence is Va”%‘?e interference pattern from the core and cladding layers and
from 5° to 65’ in steps of 2.5, and the spectra are shifted very,o ohgerved resonant structures are well accounted for by
tically (each one by the same quantity) in order to facilitatg, o jations, although the calculated resonances appear to be
viewing. slightly sharper than the experimental ones. This is probably

The analogous reflectance spectra for sample L4 are show(ie to some dispersion of the incidence angle which is defined
in Fig. 3(a) and (b), respectively. Here the incidence anglegthin a cone of+1°, and possibly also to some disorder
varied from 5 to 75°. The corresponding calculated reflectancgffect coming from the etching process. The intensity and
spectra are shown for both TE and TM polarizations in Fig. 4(@le lineshape of the spectral structures (both experimental
and (b), respectively. and calculated) change with the angle, showing a variety of

As a first remark, the experimental reflectance curves shonaxima, minima, and dispersive-like lineshapes.
aregular interference pattern resulting from the SOI waveguideThese resonances are due to the coupling of external radia-
structure. At first, near-normal incidence reflection spectra tibn to guided modes of the patterned waveguide, as already re-
the structure before patterning were well fitted by a multilaygyorted for the GaAs—AlGaAs system [8], [9], [11], [15]. When
model taking into account the waveguide structure with thhe frequency and the wavevector compondaparallel to the
actual layer thickness values. After patterning of the samplegveguide plane match those of a propagating mode, coupling
the interference fringes are modified and change their peritmithe waveguide structure occurs and a resonance appears in
slightly on increasing the photon energy. This effect arisesflectance. When the angle of incidence is varied, the parallel
from the effective refractive index of the photonic crystalvavevector changes and the matching condition occurs at a dif-
which increases with increasing energies due to the stronderent energy. Therefore, the dispersion of the photonic bands in
confinement of the electromagnetic field in the dielectria given direction can be extracted from the energy positions of
regions with respect to the air ones. Superimposed on this intire resonances versus the wavevekter (w/c) sin 6 that spans
ference background, several sharp features are observed whiehfirst Brillouin zone. This analysis is shown in Fig. 5: the
display a well-defined dispersion in their energy positions witkxperimental bands derived from reflectance measurements are
increasing angle of incidence. While sample L3 displays rathglotted by the dots. Since most structures in reflectance spectra
weak and broad features, sample L4 shows more intense ahdw a dispersive-like shape, we take the inflection point as the
well-defined structures. The resonant structures are broadeeirergy position for the propagating mode (as indicated in Fig. 3
sample L3 because of the higher air fraction, which impliesfar 6 = 5°).
larger coupling of folded guided modes above the light line The photonic bands of the ideal 1-D crystal corresponding to
to leaky waveguide modes and therefore an increase of the L4 structure are reported in Fig. 5(a). The photonic bands
diffraction losses outside the waveguide. This is in agreemeéntthe waveguide calculated with the method described in Sec-
with recent results obtained by other groups [12], [18]. Thion IIl are also reported, separated in TE (b) and TM (c) modes
spectra of Fig. 2 suggest that samples with large air fractiagcording to mirror symmetry with respect to the plane of inci-
may not be useful for achieving low-loss propagation. dencek, z). The frequency dispersion of the dielectric constant
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Fig. 3. (a) TE and (b) TM reflectance spectra fréne 5° to 75° in steps of 2.5 for a 1-D patterned SOI structure with lattice constant 0.65 pm and 0.18
air fraction (sample L4). Vertical bars mark the position of 1-D photonic modes°for 5
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Fig. 4. (a) Calculated TE and (b) TM reflectance spectra of sample L4 ffoto B35 in steps of 2.5.
1.6 1.6 1.6
o =.2
12 12
dosr ] gos 5
Q@ (5}
G 4 =
04 \ 04
0.0 (a) ideal 1D 0.0 '
T X T X T X

@) (b) (©

Fig. 5. Photonic bands of sample L4, calculated (solid lines) and determined from the experimental reflectance spectra (dots): (a) ideal, XH) TEystal
polarization—odd bands, and (c) TM polarization—even bands. Dotted (dashed) lines: dispersion of light in €ih 8i€). The indexx 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 eatife same procedure is used for the ideal 1-D and the waveguide
group of nearby bands wit{w) taken at an average frequencyrase. Dotted lines represent the dispersion of photons in Si and
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SiOy, while dashed lines are tlight linesin vacuum. The pho- fraction have higher diffraction losses of quasi-guided modes.
tonic bands in the waveguide are blue-shifted in energy witthe measured reflectance spectra are well reproduced by those
respect to the ideal 1-D case due to a confinement effect in tteculated with the scattering matrix method. The photonic
z direction; the effect is stronger for the TM-polarized modesands determined from the spectral positions of resonant
We notice that guided modes, i.e., modes whose dispersiorstgictures agree very well with the results of an expansion into
confined between the Si core and the Sifispersion lines, are waveguide modes of the SOI structure. The present structures
present both for TE and TM polarizations: they arise from are promising in order to obtain a photonic bandgap around 1.3-
first-order waveguide mode. However, as results from the baadd 1.55xm wavelength. Samples with 2-D graphite lattice of
diagrams, the lowest band in the guided mode region has a finiidars and triangular lattice of holes are also being fabricated
cut-off wavelength imposed by the thickness of the asymmetaad will be studied in the near future.

waveguide. The guided modes go over smoothly into the radia-
tive region when crossing the light line and should thereafter be
viewed asresonance®r quasi-guided modes. The first-order
waveguide mode folded in the radiative region has gaps at thelhe authors acknowledge Prof. G. Guizzetti for useful sug-
Brillouin zone center and edge; a second-order waveguide m@®stions and for the critical reading of the manuscript.

is also seen to exist in the radiative region with a cutoff energy
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