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ABSTRACT

We experimentally demonstrate a simple but more efficient technique to modulate and multiplex multiple WDM
channels. Our design is based on a bus waveguide vertically coupled to multiple Photonic Crystal (PhC) resonator, each
of which modulates an individual channel in place. The Photonic crystal resonator modulator provide very low switching
energies (~fJ) while the bus waveguide can be made from a material with a low refractive index thereby allowing very
efficient coupling with an optical fiber.
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1. INTRODUCTION

Wavelength division multiplexing (WDM) is a key technique for optical communications, maximizing the bit rate that
may be transmitted over a single link. Due to its low cost and CMOS compatibility, silicon is a particularly attractive
material for the implementation of WDM, enabling mass market applications such as fiber to the home and active optical
cables.

Monolithic silicon based WDM systems typically consist of banks of components, e.g. modulators®or laser/modulator
combinationss®, which are linked together by a wavelength multiplexer for coupling to a fiber. Such schemes suffer high
losses at the interfaces between sections and the complexity, of the multiplexor in particular, requires very precise
fabrication- both of which problems arise from the high refractive index of silicon. Coupled with the high power
consumption of the Mach Zehnder Interferometer modulator, this makes the realization of Thit/s systems very
challenging.

Here, we demonstrate the principle of a much simpler yet more powerful system. Our design is based on a low index
contrast bus waveguide (e.g. Silicon Oxynitride) vertically coupled to multiple Photonic Crystal (PhC) resonators, each
of which modulates an individual channel. The PhC resonator has a very small mode volume, on the order of a cubic
wavelength, and thus requires very little power to operate and occupies very little space. Additionally, due to the
wavelength selective nature of the resonator, the channel may be modulated while in the bus, avoiding the need for
complex multiplexors/demultiplexors. This allows everything to modulate an individual channel to be contained in an
area of approximately 20um x 20um. As large arrays of single mode PhC cavities can be made, this system is very
scalable and has potential for 1 Thit/s data transmission.
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Crucially, the vertical coupling technique reduces the problem of light insertion to that of coupling from a fibre into a
large area, low refractive index waveguide. This circumvents the high insertion losses that are typical of high refractive
index contrast nanophotonics, which otherwise require spot size converters or grating couplers. In this work, we achieve
insertion losses of less than 3dB using tapered fibers. By using techniques developed for Planar Lightwave Circuits, sub
1dB insertion losses are possible*®.

2. FABRICATION

The devices were fabricated in SOltec Silicon on Insulator material consisting of a 220nm top silicon layer on a 2000nm
buried oxide layer. Using electron beam lithography the PhC designs are defined in the ZEP-520A layer and the pattern
transferred into the silicon layer by reactive ion etching with a SF6/CHF3 gas mixture. To create the pin junction, doping
windows were defined with “fingers” extending into the photonic crystal, similar to Ref. 6, see figure 1, and doped using
the ion implantation of boron and phosphorous (~10™ /cm®). The gap between the p and n region is approximately 2um.
This separating region is slightly p-type doped with ~10* B/cm® (background doping of the as- bought SOI wafer).
Alignment between the steps is carefully carried out by means of electron beam lithography. Doped silicon is known to
be a source of optical losses; however, doping has been shown to be relatively insignificant in this system with Q-factors
up to 40,000 observed for carrier densities of 10*¢/cm?”.

Figure 1 Image of the PhC resonator embedded in a pin junction. The p-doped region is shown schematically in red and
the n-doped region in green. The PhC resonator is based on a width modulated line defect.

A SEM image of the device is shown in Fig. 1. The entire device is then covered with spin-on-glass FOx-14
(commercially available from Dow-corning) cladding. Although this process reduces the index contrast, it improves the
CMOS compatibility of the final device. The design of high quality photonic crystals becomes somewhat more
challenging® but high Q resonators have be realized®. The oxide layer thickness is then reduced to 200nm by RIE with
CHF; gas, which is found to be the optimum thickness for efficient coupling while maintaining high Q. In this work we
used two different waveguide materials, Vias were etched through the oxide and Aluminum contacts are added using
photolithography and thermal evaporation. Finally, 3x2um SU8 bus waveguides were defined that run directly above the
cavities, see figure 2.
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Figure 2: Schematic of the PhC resonator and bus waveguide (pin junction not shown).

3. COUPLING

To couple efficiently between two modes, two conditions must be satisfied- a spatial overlap must exist and their phases
must match. The first is relatively easy to attain, but the second is very restrictive, generally requiring modes of similar
effective refractive indices, as is used in most directional couplers. A solution lies in the small mode volume of a
photonic crystal resonator. As this decreases, the corresponding k-vector distribution expands- an initial obstacle to the
creation of high Q-factor resonators'’- and the problem of coupling reduces to that of matching the k-vector space of the
waveguide to that of a portion of the resonators. With a suitably designed PhC cavity, a low effective index mode may
thus be matched to that of a silicon based resonator.
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Figure 3: Illustration of the principle of k-space matching. The E, field plot of the photonic crystal cavity is shown in a)
and the corresponding k-space in b). The E, field plot of the SU8 and corresponding k-space is shown in c) and d)
respectively. To achieve coupling, there must be k-space overlap, i.e. the distribution in c) and d) should overlap.

This is a particularly powerful means of coupling to a photonic crystal resonator. Following the analysis of™, 30dB
extinction ratios may be expected for a resonator with a Q —factor or 10,000- to date.

Not only may very high efficiencies be attained, but the bus waveguide creates the minimum perturbation to the
resonator mode. In contrast, the popular in-plane bus PhC waveguides introduce boundaries to the resonator that
introduce additional k-vector components that lie inside the light cone’, comprising the resonator Q-factor.
Furthermore, efficient channel dropping is generally a difficult operation in PhCs, requiring an undesirable design
complexity, such as the heterostructure mirror™> which limits the useable wavelength range. Vertically coupling to single
mode cavities potentially allows the use of 100s of channels over the full C and L bands. Fluctuations in resonance
wavelength due to disorder have been shown to be within acceptable limits™.

Photonic crystal resonators are particularly attractive for the creation of high speed optical modulators®. The ultra-small
mode volume makes them one of the most power efficient types of modulator. By using Q-factors greater than 10,000, it
will be possible to achieve modulation with the small refractive index changes that available with carrier depletion, the
fastest and most efficient mechanism available.

Figure 5 shows the modulation of a vertically PhC modulator. In this case, carrier injection is used to produce the high
speed change in refractive index. As may be seen in fig. 5b, this is sufficient to shift the PhC resonator on and off
resonance with the light source. As this is a CW measurement, carrier injection results in heating that redshifts the cavity
resonance. Figure 5b shows the high speed modulation of this device. The maximum modulation speed was 1GBit/s,
which was limited by the design of the electrical contacts. Further optimization will increase the electrical efficiency of
the device. The ultimate limit on the modulation speed will be given by the photon lifetime in the cavity. For a Q-factor
of 10,000, this limit is well in excess of 25Gbit/s.
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Figure 5 a) CW measurement of a PhC resonator modulator. The resonator Q-factor is 10,000. The estimated An is
4x10™. The extinction ratio is relatively low due to non-optimum coupling. b) Eye diagram corresponding to modulation
at 1Gbhit/s. On this device, the modulation is limited by the contact design.

As a result of the relatively large dimensions of the bus waveguide (3x2um) and the low refractive index (n=1.56) of
SUS8, very efficient coupling is possible using a lensed fibre. In this initial demonstration, the fiber-to-fiber insertion loss
was 2.8dB. Using more advanced techniques such as cantilever couplers™, significant reductions are possible.

4. CONCLUSION

We demonstrate the operating principle of a new configuration for optical modulators. Through the use of photonic
crystal modulators vertically coupled to a low index contrast bus waveguide- high speed, low power consumption, low
insertion loss modulation may be achieved on a very small footprint. The technique of vertical coupling is the key
breakthrough that eliminates the need for complex, fault intolerant components such as Arrayed Waveguide Gratings
while simultaneously providing highly efficient coupling to an optical fiber. This compares very favorably with
modulation systems reported in the literature and marks an important breakthrough in this field.
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