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Abstract

We report on results of the fabrication and optical measurements of silicon on insulator (SOI) nanostructures
designed for photonic applications. Patterning has been done by electron beam lithography and reactive ion
etching with an Sk, and CHF; gas mixture. Both one dimensional (1D) and two dimensional (2D) photonic
|attices were studied by measuring dispersion curves above the light cone. Lateral Fabry-Perot resonators were
also fabricated in a waveguide geometry, showing strong dependence of the transmission intensity as a function
of the silicon filling factor and the number of air gaps in the Bragg-like mirrors. [0 2002 Elsevier Science BV.
All rights reserved.
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1. Introduction

Silicon on insulator (SOI) is now used for the fabrication of high performance microelectronic
integrated circuits. Because of the large refraction index difference between silicon and silicon dioxide
(insulator), the SOI structures support pure guided modes without coupling to external radiation field
[1]. For this reason, SOI is also considered as a potential candidate to develop optical functionalities
in the so-called planar photonic integrated circuits (PICs) for advanced telecom applications. On the
other hand, a growing interest has been emerging in the study of photonic crystals based on various
nanofabrication technologies [2]. For example, by using state-of-the-art electron beam lithography and
reactive ion etching techniques, patterning of two dimensional (2D) photonic crystals has succeeded
with GaAs, InP and other semiconductor compounds [3-5]. More recently, investigation has also been
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focused on SOI type structures [6] because of the possibility of making PICs fully compatible with
VLS chips.

In this work, we study both one dimensional (1D) and two dimensional (2D) photonic lattices
fabricated on an SOI substrate. Experimental data of photonic dispersion will be compared to theory
based on a plane wave calculation. We will also show transmission spectra of lateral Fabry-Perot
resonators of different silicon filling factors and numbers of air-gaps in the Bragg-like mirrors.

2. Fabrication

Silicon on insulator wafers used in this work were manufactured by SOITEC. We have chosen to
pattern two SOI layers: L1 consists of a 0.26 wm-thick silicon top layer (waveguide core) and a 1
pm-thick SiO, insulator layer supported by a bulk silicon substrate; L2 is formed by a 0.34 wm-thick
silicon top layer and a 1 wm-thick SIO, layer on a silicon substrate. Patterning has been done by
electron beam lithography with a JEOL JBX5D2U vector scan generator at 50-kéV energy on a single
layer PMMA resist. Several types of photonic structures have been fabricated. For 1D gratings and 2D
graphite lattices of pillars, etching has been done with a nickel mask obtained by lift-off, i.e.
evaporating a thin nickel layer and dissolving the PMMA. Triangular lattice of holes has been
obtained with atri-layer (PMMA/Ge/AZ) process by using AZ (UV photoresist) as etching mask [7].
Reactive ion etching of silicon top layer is performed in a Nextral NE110 system with an SF and
CHF, gas mixture, at a pressure of 10 mT and an RF power of 10 W. The RIE parameters have been
optimized to obtain steeper sidewalls of silicon. After etching, nickel (polymer) masks are removed by
wet chemical etching with NHO, acid (acetone) and all obtained structures are observed by scanning
electron microscopy (SEM) before optical measurements.

Fig. 1 shows SEM pictures of four types of photonic structures: (a) 1D grating obtained with SOI
layer L1 (period a = 650 nm and silicon filling factor f=0.82); (b) graphite lattice obtained with L2
(@=1.133 wm and f=0.35); (c) latera Fabry-Perot resonator in waveguide geometry for 1.55 pum
wavelength which consists of a planar microcavity embedded in two Bragg-like mirrors in the centre
of a 1 mm length silicon waveguide; and (d) a triangular lattice of holes in a suspended silicon
membrane, obtained after wet etching of the SIO, layer with an HF solution.

The optical measurements of samples (8) and (b) have been carried out to obtain specular
reflectance at various angles and propagation directions. Sample (c) has been used to evaluate the
wavelength filtering by measuring transmission spectra along the waveguide, after thinning down the
silicon wafer and cleaving the optical facets.

3. Measurements
3.1. Observation of photonic band structure

We used an optical set-up similar to that proposed by Astratov for the determination of photonic
bands of GaAs/AlGaAs gratings and triangular lattice of holes [8—10]. A collimated white lamp is

used as the incident light, and specular reflectivity spectra are obtained for different incident angles
(6) in respect to the symmetric direction of the photonic lattice. This method is based on the coupling
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(c) (d)

Fig. 1. SEM pictures of (8 grating of 0.65 pm period and 0.82 silicon filling factor made on L1 SOI wafer, (b) 2D graphite
lattice of 1.133 wm period and 0.35 filling factor on L2, (c) a wavelength filter in waveguide geometry made on L2, which
consists of a cavity of 1.4 uwm length and 5 wm width sandwiched between Bragg-like mirrors of four air gaps (270 nm
period and 0.66 filling factor), and (d) a triangular lattice of air holes in a silicon suspended membrane on L2.
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Fig. 2. Specular reflectance spectra of the SOI 1D grating in waveguide configuration (sample &), measured for different
incident angles for TE (odd) polarization.

of the external radiation field to a photonic crystal leaky mode, allowing one to build the photonic
band structure above the light cone defined by the incident material.

Fig. 2 shows the specular reflectivity of the 1D grating (sample @) as a function of incident photon
energy for different angles of incidence (#) on the grating sample in TE (odd) polarization.
Superimposed on the weak interferences of the multilayer system, resonance features can be observed.
Those features occur when the frequency « and the wave-vector component in the plane of the

. @ . . .
waveguide K, =Esm(6) matches those of photonic crystal propagating leaky modes. The form
(magnitude and width) of these resonances depends critically on the strength of the coupling and give
information on the intrinsic radiation losses of the photonic crystal mode [10-12]. Theoretically, all
measured features can be reproduced by calculation based on a scattering-matrix method as proposed
in Ref. [13]. A detailed comparison between theory and our experimental data can be found elsewhere
[12].

By extracting the resonance energies as a function of 6, we can construct the experimental band
structure of the photonic lattice by plotting the energies versus the wave vector component k,,. Fig.
3(a8) shows the experimental band structure (solid dots) of the 1D grating defined earlier (for TE
polarization and along I'-X direction). Curves are obtained theoretically based on the plane wave
model recently developed by Andreani and Agio [14]. This model is believed to be the most reliable
one that allows the calculation of photonic bands above the light cone in a photonic crystal inserted in
a waveguide configuration. As can be seen, the experimental and theoretical results are in good
agreement. We a so note the apparition of the second order photonic bands at 1.04, 1.23 and 1.48 &/
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Fig. 3. Photonic band structures of a grating in TE (odd) polarization (a), and a 2D graphite lattice of pillarsin TM (even)
polarization (b). The experimental data (points) were obtained from reflectance measurements while theoretical curves were
calculated using a plane wave model taking into account the dispersion of the silicon refractive index. The dashed lines give
the dispersion of light in air while the dotted lines show dispersion of light in Si and SiO,,.

near IZ,, = 0. For reasons of symmetry [12], the first and second order photonic bands anticross
resulting in very small gaps.

Fig. 3(b) shows the photonic band structure of the graphite lattice (sample b) along I'-K and I'-M
directions. Here, the agreement between experimental and theoretical calculationsis not as good as for
the 1D system. One possible explanation is that the small matter filling factor (fg, =0.3) of the PC
reduces the effective refractive index of the waveguide core. Then, the resonant features are less
pronounced in the reflectivity spectra due to the increase of the diffraction losses outside the
waveguide and are more difficult to probe.

3.2 Photonic device in waveguide geometry

A Fabry-Perot resonator is one of the key elements in PICs that alows the isolation of a single
channel for a given wavelength. We fabricated a 5 order planar cavity for 1.55-pm wavelength
(L,.=1.4 pm), sandwiched between two etched mirrors (sample c). The mirrors were chosen
considering the fabrication convenience and the diffraction losses (mirrors period a=270 nm). In
addition, silicon filling factor was increased in the mirrors compared to standard first-order Bragg
mirrors to reduce the out-of-plane losses [15].

Fig. 4(a) presents the system response measured with a fiber-to-fiber set-up [16] for SOI
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Fig. 4. Results of transmission measurements obtained with the wavelength filter made on L2 (sample ¢): (8) normalized
transmission spectra of the cavity with Bragg-like mirrors of four (solid dots) and five (open dots) air gaps; (b,c) cavity
quality factor and transmission pesk as a function of the silicon filling factor (b) and the number of air gap (c) of the mirrors.

Fabry-Perot devices with four and five air gaps. Because no numerical treatment has been applied to
the measured spectra, high frequency oscillations are visible, which are related to the interference
between the two cleaved facets of the waveguide. One can note that the quality factor of the cavity
peak defined by Q = A/AA (AA is the width of the resonance) is significantly different in the two
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cases: Q, 4y gap~140 and Qg ;, 4o, ~200. The transmission spectra were then filtered and normalized
to a reference waveguide spectrum. Fig. 4(b) gives the transmission peak intensity and quality factor
as a function of the silicon filling factor in the mirrors with four air gaps, indicating that higher
transmission structures can be achieved by reducing the air gap in the mirrors. The augmentation of
the Q-factor is less clear. Absolute transmission of 0.4 and Q-factor of 140 are possible with the
largest filling factor, because of better modal matching between the waveguide vertical mode and the
photonic Bloch mode. Fig. 4(c) displays the same parameter dependences as a function of the number
of air gaps in the mirrors on each side of the cavity. As the numbers of air gap increase, the quality
factor of the cavity increases (Up to Qg ,;, 4o, ~450). Nevertheless, normalized transmission collapsed.

A possibility to obtain high transmission has been recently proposed [17] based on the modal
adaptation of the photonic crystal Bloch mode and the waveguide mode on one hand, and the cavity
mode on the other hand. According to the authors, better Q-factor and higher transmission can be
achieved. Fabrication and optical characterization of this structures are in progress.

4, Conclusion

We have shown a simple but reliable materia processing for the fabrication of photonic
nanostructures based on SOI systems. Several types of planar photonic structures have been obtained
and studied by optical spectroscopy. In free-space propagation, we obtained photonic band structures
above the light cone on both 1D and 2D lattices inserted in a waveguide and compared them to a
theory based on a plane wave model. By measuring the transmission spectra of an SOI Fabry-Perot
resonator in the waveguide geometry, we have evaluated the cavity quality factor and the peak
transmission intensity as a function of the silicon filling factor and the number of air gaps in the
Bragg-like mirrors.
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