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SUMMARY 

A combination of conventional optical lithography and focused ion beam etching provides a novel method for 
fast and precise (10 nm accuracy) prototyping of planar photonic crystal structures having submicron features, in 
silicon on insulator wafers.  
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ABSTRACT 

INTRODUCTION 
The main goal of integrated optics is to achieve a full 3D control of light propagation. Functional devices based 
on classical planar optical waveguiding in low to moderate refractive index contrast systems are reaching the 
limits of achievable complexity due to the necessarily large bend radii [1]. One possible route towards increasing 
integration density by many orders of magnitude which has recently received much attention is using so-called 
‘photonic crystal slabs’ (PCS) that are compatible with existing planar technology [2].  
A typical PCS structure consists in a high-refractive index layer (e.g. Si, GaAs) perforated with a 2D periodic 
lattice of air holes and having a thickness of approximately half a wavelength. The layer is sandwiched between 
two semi-infinite regions that can be either homogeneous or patterned. There are two coexisting confinement 
mechanisms in a PCS: in-plane confinement, resulting from the photonic bandgap effect [3], and vertical 
confinement, given by the refractive index contrast between the PCS and its claddings. The air-bridge PCS has 
the best theoretical performance for the following reasons [3]: (a) it has mirror symmetry with respect to the 
middle plane bisecting the slab, thus providing a large gap in even modes;  (b) the air light cone gives the largest 
frequency range available for lossless wave propagation. From a practical point of view, air-bridge PCS can have 
a few shortcomings: (i) the membrane structure is relatively fragile, thus it cannot cover a large area and might 
need supporting beam structures; (ii) optical transitions between dielectric channel waveguides with and without 
a supporting substrate might give undesired reflections and mode conversions. However, by limiting the 
membrane sections to the small areas that are needed for functional PCS devices, and carefully designing the 
waveguide transitions, these problems can be overcome.  
By introducing ‘defects’ in a PCS in a controlled manner, one is able to implement passive and active building 
blocks (e.g. filters [4], lasers [5]). Exploiting the versatility of the PCS, these building blocks can then be 
combined to form large-scale complex architectures. The fabrication of such structures requires lithographic 
technology with accuracy at the 10 nm level.  
Several fabrication techniques for photonic crystals have been proposed. Deep UV laser lithography [6], as used 
in microelectronics, is parallel, fast (once a suitable mask is obtained) and expensive (large masks, and 
equipment like wafer steppers). However, it cannot reproduce sharp corners (because of optical diffraction), and 
proximity effects need to be compensated at the mask design level. Some novel PCS structures using non-circular 
holes [7], that can have enhanced properties with respect to PCS structures based on circular holes require a 
resolution that cannot yet be provided by current deep UV lithography. Laser interference lithography (LIL) [8] 
is fast, low cost, and suitable for large area PCS. On the downside, it is difficult to introduce defects precisely 
aligned with other integrated optical components (e.g. ridge waveguides used for light in/out coupling). Direct 
writing E-beam lithography [9] is the most popular method for fabricating PCS. It is very precise (typical 
resolution 5 nm) but it is serial, hence slow, and needs proximity correction. For large design areas, stitching 
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errors may become noticeable. Usually it is necessary to transfer the pattern from resist to another material, more 
resistant to reactive ion etching (RIE). Focused ion beam (FIB) processing is a well-established technique with 
the unique capabilities to locally sputter etch, ion implant, and deposit metals and insulators with a feature size on 
the order of nanometers, without the need of a mask [10]. FIB has a resolution close to E-beam, and does not 
need proximity correction if used on conducting surfaces. Moreover, FIB provides direct transfer of the pattern 
either into the target layer or into an etch resistant mask, and can be integrated with conventional optical 
lithography. Its local processing capabilities make FIB a valuable tool for process characterization, since the 
inaccurate and destructive cleaving or sawing of wafers in order to get access to a wafer cross-section can be 
avoided by local deep FIB-etching at precisely defined locations, without damaging the rest of the wafer, thus 
preserving the remaining structures for further processing and characterization. In optoelectronics, FIB has been 
applied for fabrication of micro-optical components with low surface roughness [11], for defining the end facet 
mirrors for conventional semiconductor lasers [12], for micromachining of macroporous silicon in order to 
fabricate 3-D Yablonovite-like photonic crystals [13], and for fabricating 2-D plasmonic crystals of which the 
shape of the primitive unit cell was varied [14]. Another recent application of FIB has been the fabrication of 
quasi-1-D photonic crystals by etching gratings with one-dimensional periodicity into freestanding multilayer 
membranes [15]. However, FIB usually has a few disadvantages: side-wall tapering, especially noticeable for an  
aspect ratio of the etched features larger than one, and damage to the structure due to the Ga+ ion bombardment  
(e.g. contamination by Ga-implantation). For certain structures and using careful process design, these problems 
can be avoided.  
Practical photonic crystal-based photonic integrated circuits would contain both broad and fine features: 
waveguides (few millimetres long and microns wide) and fiber coupling sections on the one hand and photonic 
crystal arrays (with lattice constants around 500 nm) on the other hand.  
The aim of this paper is to introduce a novel method of fast and precise prototyping based on a combination of 
conventional optical lithography and focused ion beam (FIB) etching, exploiting the unique FIB property of 
combining three process steps in one: lithography, etching and sample inspection. The fabrication results 
presented in this paper refer to hexagon-type PCS [7] and demonstrate the capability of FIB to reproduce sharp 
features. We also show the FIB capability for repairing or trimming the optical waveguides in order to improve 
the optical coupling, similar to one of its applications in microelectronics. Important applications are the fine 
polishing of end-facets and tapering of conventional channel waveguides where they connect to a photonic crystal 
structure.  

EXPERIMENTAL & RESULTS 
We have investigated two fabrication approaches: (A) FIB etching of the desired pattern into a thin metal layer 
which subsequently serves as a hard mask for RIE to transfer the pattern into the device layer, and (B) directly 
etching of the PCS area with FIB into a free-standing thin silicon membrane. Approach A is applicable for 
fabricating asymmetric PCS’s (with either solid [16] or patterned bottom cladding [17]), while approach B is 
applicable for symmetric air-bridge type PCS [2]. In both cases, FIB can be considered as a ‘lithographic’ tool 
because only shallow holes need to be etched. The damage issue is avoided as the ‘contaminated’ layer is 
removed during the dry etching process (RIE in approach A and FIB –completely etched through– in approach 
B). Since in our case, FIB is applied to conducting substrates (Cr or Si) only, the charging effect is not an issue 
with proper grounding. If needed, the technology presented in this paper can be applied also for dielectric 
materials by using an additional charge-neutralizing device (such as an electron gun) or by applying a very thin 
carbon film that can be easily removed [18]. 
We use commercially available SOI wafers [19] with a 340 nm Si device layer on top of a 3.3 µm SiO2 layer. 
The fabrication steps for each of our approaches A and B, combining the definition of a coarse pattern (input and 
output waveguides and the areas where the PCS is to be produced later) and the fine structure (PCS, consisting of 
sub-micron holes aligned with the coarse pattern) are outlined here: 

Approach A (1) sputtering of a thin chromium layer; (2) optical lithography for defining the coarse pattern;  
(3) pattern transfer into the chromium layer by wet chemical etching; (4) FIB etching of sub-
micron holes; (5) RIE of the Si and SiO2 layers using a two-step process; (6) removing the 
chromium mask; 

Approach B (1) optical lithography for defining the coarse pattern; (2) RIE of top Si layer; 
 (3) optical lithography for defining the etch window for the PCS area; (4) sacrificial etching the 

bottom SiO2 layer by buffered HF; (5) FIB etching of sub-micron holes. 
The FIB system is a FEI FIB 200 single beam workstation with Ga+ liquid metal ion source. The ion 
acceleration energy is 30 keV. A lower beam current gives a smaller beam diameter, hence a better resolution, at 
the expense of a longer processing time. A beam current of 70 pA –which gives a beam diameter of 
approximately 12 nm (full width at half maximum)– has been used for milling pixel-by-pixel at a resolution of 
4096 × 4096 pixels. The magnification used was 5000×, leading to a pixel size of approximately 10 nm. In our 
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experiments, a dwell time of 10 µs has been found to provide a good trade-off between high sputtering yield and 
minimum re-deposition (this is relevant for approach B, where the aspect ratio of the holes is close to one). The 
pattern to be milled was programmed in an input file specifying the pixel coordinates and corresponding dwell 
times. Milling times for the patterns shown in Figs. 1 and 3 are 7-10 minutes. End-point detection, i.e. stopping 
directly after milling through a layer, is not critical in approach A, because the Si material will be removed 
anyway in the subsequent RIE. On the other hand, the end point is easily detectable in approach B: the secondary 
electron current suddenly changes as soon as the ion beam breaks through the membrane and propagates through 
empty space shielded by the remaining membrane.  
Figure 1 shows a structure where a conventional mask with about 1 μm resolution and wet chemical etching have 
defined the outlines of the dielectric access waveguides and PCS areas in a metal layer. The FIB-etched hole 
pattern is aligned with respect to the access waveguides, and the figure shows that FIB resolution is suitable for 
defining non-circular holes. RIE has been performed in an Electrotech Plasmafab 310-340 parallel-plate system 
with an RF generator operating at 13.56 MHz. For etching Si, we applied a recipe based on SF6/CHF3/O2 gas 
mixture and a pressure of 100 mTorr, tuned for high anisotropy and low roughness, by using the ‘black silicon 
method’ [20]. Etching SiO2 was performed in a CHF3/O2 gas mixture and 10 mTorr pressure. It turned out that 
RIE of SiO2 using the available gases through the Cr mask, which was fabricated by FIB milling, caused an 
unexpected roughening of the Si sidewalls and even sputtered the Cr mask at the holes’ edge. Figure 2 shows 
how this has led to an unintentional hole enlargement and shape distortion. Comparing  Figs. 1 and 2 it is evident 
that the RIE step led to a sidewall roughness that is much larger than the roughness in the Cr mask. This 
phenomenon is caused by the high DC-bias (above 600 V) generated in the plasma during SiO2 etching, which 
produces sputtering of the Cr mask. Because sidewall roughness and accuracy in the hole-size are critical issues 
in photonic crystal applications, approach A, involving RIE of SiO2 was discarded. However, approach B was 
found to yield excellent results.  

  

Figure 1. Left: FIB-etched hexagon-type photonic crystal pattern, aligned with waveguide pattern defined by 
conventional lithography in chromium; Right: detailed view (high-resolution SEM) 

 
Figure 2. SOI-PCS detailed view after a two-step RIE 
process; etching SiO2 with a combination of gases CHF3/O2 
roughened the sidewalls of the Si layer and sputtered the Cr 
mask at holes’ edge, leading to a hole enlargement and shape 
distortion. 

 
Figure 3. Freestanding Si membrane with PCS area 
directly etched through it by FIB; the projection of the 
PCS structure onto the substrate is clearly observable. 
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In Fig. 3 a freestanding Si membrane is shown with the PCS area directly etched through by FIB. The projection 
of PCS onto the substrate is clearly observable, demonstrating that the etching has been completed. Moreover, 
the projected holes exhibit only small distortions with respect to the designed hole shapes. The sidewalls are 
straight and very smooth. Unlike other lithographic techniques, in the present scheme the PCS holes are created 
in a single step. Therefore, the control over the hole sizes and shapes is significantly improved (the only source of 
error is the finite size of the ion beam).  

CONCLUSION 
Fast prototyping of planar photonic crystal components can be achieved through a combination of optical 
lithography and FIB high-resolution etching. By using FIB, one can combine three process steps in one: 
lithography, etching and sample inspection. This opens avenues for the fabrication of photonic structures with 
details on a 10-nm scale that cannot be fabricated with other lithographical techniques. The method offers 
additional benefits, as the FIB can be used for polishing the waveguide end-facets and tapering the waveguides in 
order to improve the optical coupling. All these features make FIB a valuable fabrication tool in integrated 
optics. 
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