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Abstract:  We show the successful fabrication and operation of photonic 
crystal waveguides on SOI, with lower silicon dioxide cladding remaining, 
using 193 nm DUV lithography. We demonstrate that 193 nm lithography 
gives more process latitude, allowing a wider range of periods and hole 
diameters to be printed, as well as reducing the optical proximity effect to a 
minimum. The smallest period /hole size variation printed successfully was 
280 nm and 150 nm, which is very promising for ambitious future designs. 
Lowest losses obtained were 14.2 ± 2.0 dB/cm for a W1 waveguide in a 400 
nm lattice with an r/a of 0.25 at a frequency of 0.257 a/λ, which approaches 
the best losses reported for air-bridge type W1s. 
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1. Introduction 

The miniaturization and mass-manufacture of photonic integrated circuits, with the aim of 
emulating the success of the microelectronics industry, is one of the key objectives of the field 
of Silicon Photonics. Silicon-on-Insulator (SOI) material is the preferred platform on which to 
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build such photonic circuits due to its compatibility with CMOS processing tools and its 
favorable optical properties at 1.55 µm wavelength. Photonic crystals (PhCs) realized on SOI 
offer additional opportunities for functional devices within these circuits due to their rich 
dispersive properties and their ability to strongly confine light.  Using e-beam lithography, 
NTT have reported losses in W1 waveguides of 15dB/cm and 5dB/cm [2] for SiO2-clad and 
air-clad devices respectively [1].  IBM has also reported low loss air-clad waveguides (8 ± 
2dB/cm) [3]. High Q cavities [4], and significant reductions in group velocity [5] have now all 
been realized in SOI-based structures. While these developments clearly underline the 
potential for ultra compact functional devices, the best results rely on electron-beam 
lithography and use the theoretically favorable “air-bridge” geometry. In order to comply with 
mass-manufacturing requirements, optical lithography is preferable and the structures should 
remain on a solid substrate.  In this paper, we report the realization of low loss PhC SOI 
waveguides fabricated using 193 nm deep-UV (DUV) lithography that fulfill these 
requirements. 

Pioneering work at IMEC, Belgium , using 248 nm DUV lithography, has shown the 
viability of the DUV process for photonic crystal manufacture [6]. The researchers 
demonstrated large-scale printing of photonic crystal devices with high fidelity and report 
losses on W1 SiO2-clad waveguides of 75dB/cm [7]. Since the requirements for photonic 
crystal manufacture (approx. 400 nm period structures with 200 nm diameter holes) push 248 
nm lithography to its very limits, however, the process window is small and optical proximity 
correction (OPC) is critical. Moving on to 193 nm lithography should relax the tolerances, 
allow printing of variable size holes within a circuit (as required for optimized waveguides 
devices [8] and cavities [9]) and considerably reduce the impact of the optical proximity 
effect.     

W1 waveguides, consisting of a single line of missing holes, are commonly used for 
assessing the propagation loss and thereby the processing quality of a PhC. Although 
intrinsically lossless in the regime below the light line where no radiation modes are available, 
PhC waveguides suffer from wall roughness and non-verticality, randomization of the hole 
position, size and shape, all of which are lithography and processing related; in fact, they 
respond very sensitively to any such deviation from the ideal lattice due to the high index 
contrast (>3:1) between the silicon matrix and the air hole lattice. The ultimate loss achievable 
is therefore technology-limited.  Design aspects also play a role, however. Using a solid 
substrate rather than the air-bridge geometry, while having practical advantages, causes 
additional mode conversion losses; due to the asymmetry between the silica bottom cladding 
and the air top cladding, TE and TM modes are no longer decoupled and can interact 10]. 
Furthermore, operating on an SiO2 cladding severely reduces the available bandwidth for low-
loss operation compared to an air cladding. We demonstrate the limitations imposed by this 
additional boundary condition. 

2. Fabrication 

The devices were fabricated on Smart Cut, 8-inch SOI wafers with a 240 nm Si layer on a 
2µm buried oxide (BOx). Etching was carried out using a two stage etch process: the 
hardmask was etched in a TEL Unity II etcher, and the deeper silicon etching in a Hitachi 
M511 ECR deep etcher.   

For the hard mask etch, C4F8/O2 chemistry was used, whereas the silicon etch was based 
on HBr/Cl2 chemistry. The silicon etch recipe was optimized for minimal footing and minimal 
retrograde sidewall profiles, particularly at the Si/SiO2 interface. In contrast to air-bridge 
structures, where the BOx is removed after dry etching, the etch floor is critical to device 
performance and has to be as square as possible. In addition, there were difficulties etching 
through the isolated ridge waveguides and the PhC holes simultaneously, because the different 
pattern densities across the die cause local etch rate variations. The etching process was 
optimized for the hole profiles and angles of 87-90° were achieved, even for structures with 
holes down to 150 nm (Fig. 1).  
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Fig. 1.  Cross section of PhC crystal holes, period 280nm and diameter 152nm. 

 
Previous work by Bogaerts et al. at IMEC, Belgium, has highlighted the need to account 

for optical proximity effects [7]. These are due to optical interferences between neighboring 
holes, and critically depend on the exposure wavelength and process window. The more the 
exposure wavefunctions overlap, the stronger the effect. For 248 nm exposure, for example, 
variations in hole size from 350 nm to 420 nm have been reported [7]. Optical proximity 
correction (OPC) is needed to pre-compensate for this effect and to ensure that holes situated 
at exposed places (e.g. corners, borders) are printed at the same size as those in the middle of 
the lattice. As a starting point for our experiments, we therefore used similar biasing as 
described by the IMEC-group. The results were surprising, however, as the uncorrected 
patterns printed using our 193 nm process showed virtually no proximity effect (Fig. 2). 

 

 
Fig. 2. Top view of a photonic crystal lattice printed without proximity correction using 193 
nm lithography. The top line of holes constitutes a row of border holes; where as the rest of the 
holes can be considered as bulk lattice. Image analysis conducted by fitting a best circle to each 
hole yielded a size of 194.3 ± 2.3 nm for the border holes, and  195.3 ± 2.0 nm for the bulk 
lattice holes. The optical proximity effect is therefore smaller than the hole size variation and 
thus negligible.  
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3. Optical characterization and results 

W1 waveguides were fabricated with a wide range of periods (280nm – 460nm) and hole 
diameters (r/a=0.25 – 0.4). Access waveguides of 5 µm width were used to connect the 
photonic crystal waveguides to the cleaved facets, using adiabatic tapers.  Typical sample 
length was 5 mm.  An Erbium fiber amplified spontaneous emission (ASE) source with 
λ=1525-1575 nm useful wavelength range and an optical spectrum analyzer (OSA) were used 
to record the output with a resolution of 0.01nm.The light was launched into the access guide 
using free-space optics.  This allowed the launched polarization to be controlled with a 
polarizer and  half-wave plate.  An analyzer was placed at the output before the OSA. The 
propagation loss for the W1 waveguides was calculated using the cut-back method using six 
lengths of PhC ranging from 30um to 1000um. For a lattice of a=400 nm with an r/a of 0.25, 
we found a minimum loss of 14.2 ± 2.0 dB/cm at a frequency of 0.257 a/λ (Fig. 3). Although 
the insertion loss is of order 10 dB, the repeatability of the transmission measurements was 
very good. The typical error resulting from the measurement of 6 devices per length resulted 
in an error of 2dB/cm or better. The loss of the access waveguides was determined, using 
Fabry-Perot type measurements, to be well below 1 dB/cm and is therefore smaller than the 
measurement error. 

 

 
Fig. 3. Propagation loss for W1 PhC waveguide determined by the cut-back method. 

 
Within experimental error, this result is close to the best reported value for e-beam 

fabricated, but otherwise comparable PhC waveguides [1]. The small bandwidth of the low-
loss window is a combination of the light line limitation and the cladding asymmetry caused 
by the presence of the silica cladding. The bandstructure shown in Fig. 4 highlights the small 
width of the low-loss window between 0.255 and 0.260 a/λ, corresponding to 30 nm at 1550 
nm. This is further reduced by an interaction between the TE and TM-like waveguide modes, 
which leads to a transmission dip just above the low-loss peak at 0.257 a/λ. Whereas the TE-
like mode experiences the photonic bandgap, the TM-like mode is index guided.  
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Fig. 4. Bandstructure and corresponding transmission window of the asymmetric oxide-clad 
W1 waveguide. The spectrum corresponds to the loss determined by the cut-back method 
across seven lengths.  

 
The TE/TM mode mixing is further confirmed by measurements through crossed 

polarizers (Fig. 5). For TE excitation and TM detection, we obtain distinct peaks in 
transmission that correspond to the dips for TE detection. This clearly demonstrates that a 
degree of polarization conversion takes place in the waveguide. 

 

 
Fig. 5. TE transmission (in dB/cm) and corresponding TM conversion (in arb. units). Both 
traces were obtained for TE excitation. 
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4. Conclusion 

While the best results with photonic crystal waveguides reported thus far have been obtained 
with air-bridge type devices, it is worth exploring the alternative of structures with the bottom 
cladding remaining. Air-silicon-oxide waveguides have clear advantages in terms of 
manufacturing, integration with non-PhC devices and thermal dissipation. We have found 
losses in this type of PhC waveguide to be 14.2±2 dB/cm, which corresponds to only a 
threefold increase compared to the best air-bridge data available. Considering the short size of 
a typical PhC device, however, this type of loss is clearly acceptable for many applications. 
The bandwidth of these waveguides is reduced to only a few nm due to a combination of the 
light line limitation and TE/TM coupling. While the light line limitation can be reduced by 
using smaller holes [3], the polarization coupling can only be improved by further 
optimization of the fabrication process, although some of it appears intrinsic due to the 
inherent asymmetry of the structure.   
Fabrication using 193 nm DUV lithography has shown clear advantages over the previously 
reported 248 nm process, both in terms of process latitude and proximity correction. We have 
successfully printed periods down to 280 nm with hole sizes as small as 150 nm. Considering 
that many novel PhC designs incorporate smaller holes to improve functionality, e.g. at bends 
and Y-junctions, this is a milestone for DUV lithography, and the performance gap to e-beam 
lithography has been further reduced. The negligible proximity effect demonstrated in Fig. 2  
is another major improvement reported, as both e-beam and optical lithography typically 
suffer from proximity effects that require considerable pre-compensation of the pattern files. 
The increased process latitude of the 193 nm process has clearly addressed this.  
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