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ABSTRACT

Scaling photonics devices in silicon on insulator (SOI) substrates has the potential to address important issues in the
fields of optical telecommunications and optical interconnects. Silicon, is highly transparent in the infra-red spectral
region and etching ribs or rectangular channels can create the condition for single-mode low-loss waveguiding. The high
index difference between silicon and the surrounding media, typically SiO, or air, is extremely favorable for the
development of ultra-compact photonic devices. Active functionality can be performed by free charge injection in the
waveguide resulting in a phase shift of the propagating fundamental mode. Moreover this technology is fully CMOS
compatible allowing a low-cost monolithic integration of control electronics. Limitations deriving from an aggressive
scaling of SOI waveguides are a lowered efficiency in the in-out coupling of light and higher propagation losses due to
increased roughness scattering.

We report on the perspectives and issues of scaling SOI photonics devices for both passive and active functionality.
Results show that scaled waveguides can have very low bending radii down to the micrometer range. We also propose a
new method and architecture for light phase modulation based on a Schottky barrier diode; a process flow will be
analyzed and validated experimentally.

Keywords: silicon optoelectronics, photonic wires, scaled waveguides, optical switch, charge injection, optical
interconnects, optical clock distribution, Schottky diode.

1. INTRODUCTION

Next generation photonics require active switching to achieve advanced functionalities and a proper processing of the
optical signal. Ideally the switching time should be much below 1us for many present and future applications. Existing
devices are either slow (MEMS, silica on silicon) or expensive (LiNbO;, III-V semiconductors), and their co-integration
with control logics is still an open issue.

To simultancously address these challenges, silicon-on-insulator (SOI) is a very promising substrate. Several research
works have shown positive results in the last years' * concerning waveguides in SOI; the approach used for those
purposes was the etching of a rib structure in the crystalline silicon film of a SOI wafer allowing for large waveguides
with dimensions in the 5 to 10 um range (see fig. 1). These waveguides are single-mode provided that the following
geometrical approximated condition is established:’
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In order to achieve active operation both thermal effect and plasma dispersion effect (injection of free carriers) have
been largely investigated in the past® ® and both have shown their limitations: the first one is clearly appropriate only to
slow applications and the second one, which is typically based on p-i-n diode injection is in principle limited by the
recombination time (see figure 2). Among the best published results are modulators in the 10 MHz range.
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Figure 1. SOI rib waveguide. Single-mode propagation can be granted with specific restrictions on the geometrical parameters.
Part of the fundamental optical mode propagates in the intinite slab below the waveguide rib.

More recently the first device based on a capacitive effect'® has been presented showing a record modulation frequency
of 1 GHz; though this device clearly indicated a new possible very fast modulation principle, its suffers from rather low
efficiency due to the poor overlap between the propagating optical field and the surface of the cumulated charge.
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Figure 2. Schematic principle of a transversal p-i-n diode plasma dispersion effect light phase modulator in SOL

Sub-micron waveguides, also photonics wires (PW), in silicon technology have also been investigated'' ** and results
are very promising; single-mode propagation can be obtained in etched rectangular waveguides, allowing extremely high
index difference between the propagating media and the surrounding cladding. Figure 3 shows typical SOI PWs in deep
or shallow etching configuration respectively.
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Figure 3. SOI sub-micron waveguides (photonic wires). a) Deep etch. b) Shallow etch.

It has been shown'* that shallow etching can be useful for reducing the residual surface roughness. On such small
waveguides, in fact, the surface roughness becomes the dominant propagation loss limitation and a specific surface
smoothing process is required to reduce it to acceptable valuables. In recent publications this method has been used to
show propagation losses as low as 2.4 dB/cm in ref. 11 and 0.8 dB/cm in ref. 15. A record value of 0.5 dB/cm has been
shown with a numerical study'® in the smallest PW considered up to date, having H = W = 150 nm.
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Very interesting engineering solutions have also been proposed for efficient light in/out coupling from a standard optical
fiber to sub-micron silicon waveguides, the most promising are grating couplers'’, silicon based tapers'™ '* and polymer
mode size converters™.

Scaling SOI waveguides to sub-micron dimensions has raised new very interesting challenges also in the field of
nonlinear optics. The extremely high light intensities arising in such compact structures, can give rise to third order non
linear phenomena, second order ones being absent due to the centro-symmetric silicon crystalline structure. The first
encouraging results on this subject have been published very recently and pointed out Kerr effect’’, two-photon
absorption®” and Raman spontaneous and stimulated scattering® "> as the most interesting effects for future all-optical
silicon active devices.

In this paper we show, by theoretical analysis and by numerical simulations, the effects of waveguide scaling to sub-
micron dimension in SOI substrates on the device compactness and bend losses. We also propose a process flow for the
fabrication of those waveguides which is comprehensive of a light phase modulator based on a Schottky barrier diode.
Schottky diodes have recently found new applications within silicon optoelectronics, where they are used for their speed
advantages in photo detectors™ or charge injection based light modulators®’. A Schottky diode is advantageous with
respect to scalability compared to a pn-diode, as the latter requires a diffused or implanted junction. Thus, Schottky
diodes are more suited to sub-micron technologies. We will put in evidence critical fabrication points for the proposed
Schottky phase modulator and discuss solutions together with preliminary measurement results.

2. SOI WAVEGUIDES SCALING

In rib waveguides (as shown in figure 1) very interesting performances have been demonstrated in the past, in particular
in terms of high efficiency of light in/out coupling with standard optical fibers (especially for H and W > 5 um), due to
the favorable mode matching, and also in terms of easiness of co-integration with standard CMOS electronics. These
elements made of SOI rib-based waveguides a very promising platform for silicon optoelectronics.
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Figure 4. Index difference between the guiding layer and the cladding of the 2D equivalent model of rib waveguides
for different height H and etching ratio ». For each case the largest possible value of / has been considered.

On the other side, single-mode operation in such large waveguides requires the waveguide design to satisfy equation (1),
and, as a consequence, the rather low confinement of the propagating optical mode, due to the presence of the infinite
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silicon slab below the waveguide rib, is a serious limitation in the development of compact devices. With the use of the
approximated effective index method we have calculated 2D models of rib waveguides for different values of height H
and etching ratio r, taking each time the highest possible width #. The resulting index difference AN between the
waveguide medium and the cladding medium of the 2D model is presented in figure 4. It appears that for » =0.5,
corresponding to the situation in which the portion of the optical mode propagating in the infinite slab is the smallest, the
index difference is higher and the propagating mode is more confined, consequently. It is also clearly visible in figure 4
that large ribs can have 2D equivalent index differences as low as 107 and shall than be considered as poorly suitable for
complex functionalities. For »=0.5, then we have performed simulations of the fundamental optical mode for the
equivalent 2D model waveguide for different values of the height A and width W. Results are shown in figure 5, the
index difference, effective index and confinement factor are also presented in the figure, showing that, in the single-
mode propagation region the most scaled waveguides have the largest index difference (and hence the smallest
exponential tail in the cladding). Moreover, it is possible to say that, for a given height, the largest possible waveguide is
the one which has the higher confinement factor.
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Figure 5. Simulated fundamental modes in 2D equivalent models of rib waveguides with different heights H.
The index difference, confinement factor and modal index are calculated for each case.

Following Marcuse’s theory”, the extent of the exponential tail of a propagating optical mode in the cladding medium is
responsible for bending losses. It appears then clear from our previous analysis that only very small rib waveguides can
have low bending radii. To validate this hypothesis we have calculated and plotted bend losses as a function of the
bending radius, for different waveguide heights. For each curve the etching ratio is »= 0.5 and the width is the widest
possible with respect to the single-mode propagation condition. Results are shown in figure 6. It is evident the large
increment in bend losses from small rib waveguides to large rib waveguides; if bend losses are required to be inferior
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than 0.1 dB/cm, for example, bends can have radii as small as 150 um for 1 pm height ribs, while radii larger than few
centimeters are needed for ribs higher than 6 pm.
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Figure 6. Bend losses for rib waveguides with height between H = 1um and H =10 um respectively plotted from left to right.
For each curve » = 0.5 and W is the largest possible respecting eq. (1).
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Figure 7. Bend losses comparison between small rib waveguides and photonic wires.

To be able to access smaller bending radii and hence extremely compact devices further scaling towards sub-micron
photonic wires is required. In this case the single mode propagation condition can be obtained in rectangular channels,
and, as a consequence, the resulting index difference will be much higher than any possible rib waveguide. It shall be
pointed out also that since one of the key elements in SOI optoelectronics is its capability of co-integration with CMOS
electronics, scaling towards thin sub-micron films is a fundamental element in providing valuable state of the art
electronics on the same chip. CMOS electronics is evolving in the direction of fully depleted thin film and multiple gate
configurations, and keeping pace with this trend, also from the optical point of view, will make possible co-integration of
best performances in terms of both optical and electronic device progress.
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Figure 8. Zoomed portion of figure 7 evidencing the differences between the three diftferent considered PWs.
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Figure 9. FDTD simulations ot bends for PWs and rib waveguides. The white line sketches the simulated circuit. a) Time domain
simulation for a PW with H# = 200 nm and # = 500 nm, bend radius is R = 1lum. b) Filed amplitude for the device in a). ¢) Time
domain simulation for a rib waveguide with # = W' = 1um, » = 0.5, R = Sum. d) Field amplitude for the device in ¢).
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To clearly show the difference between rib waveguides and photonic wires we have performed bend loss simulations
with an FDTD algorithm in small PWs with different height and width (see figure 3) and compared them with the results
for the 1um high rib waveguide previously calculated. Results are shown in figure 7 and a zoomed portion of this graph
is plotted in figure 8. It is clear from figure 7 and figure 8 that bending losses in the micrometer range are accessible for
PWs and that while the differences between the three photonic wire geometrical configurations are quite modest, for
given required bend losses, PWs can have two orders of magnitude lower bending radii than rib waveguides. This result
is also confirmed by the FDTD simulations that we have performed on both PWs and rib waveguides, and presented in
figure 9. The PW structure is a 200 x 500 nm® channel waveguide and the simulated circuit is composed of two
symmetrical quarter arcs of circle with radius R = 1um, as sketched by the white line. Simulations in the time domain,
figure 9 a) and of the field amplitude, figure 9 b) put in evidence very modest losses in the range of 0.3 dB. On the other
hand, the simulated rib waveguide has H= W= 1lum, » = 0.5, and the simulated circuit is composed of two symmetrical
quarters arcs of circles with radius R = 5 um. It is evident both from the time domain simulation, figure 9 ¢) and from the
simulated field intensity, figure 9 d), that the propagating energy is entirely irradiated in the infinite slab below the rib.
From these results it has been shown that a dramatic increase of performance in terms of compactness is expected from
scaling further towards PW based SOI.

3. SCHOTTKY DIODE PHASE MODULATOR

We propose a fabrication process in order to develop Schottky-contact light phase modulators in small rib waveguides
and photonic wires. The process flow for a small rib waveguide is presented in figure 10; with a single additional step
this process can be adapted to sub-micron waveguides, provided the adequate lithography resolution. A hard mask is
used to etch the waveguide structure, figure 10 a), then the ohmic contact of the diode is opened, and implanted,
figure 10 b). The surface treatment required for roughness smoothness is then applied, figure 10 ¢) and, finally, the
Schottky barrier contact is opened and fabricated by metal deposition, figure 10 d).
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Figure 10. Proposed process flow for the fabrication of Schottky diodes light phase modulators in micrometric rib waveguides
and sub-micrometric photonic wires. a) Rib or channel etching. b) Surtace roughness reduction.
¢) Ohmic contact fabrication. d) Schottky contact fabrication.

The fabrication of good quality Schottky contacts is very sensitive to the different process parameters and hence, we
have carried out an extensive study of Schottky diodes on silicon, using metals compatible with standard microelectronic
processing, and having an approximately mid-gap barrier, which is suitable for optoelectronic purposes. Generally, good
quality Schottky diodes and ohmic contacts were obtained, with currents in the mA range. It was found that the silicon
surface preparation before the metal deposition is a critical point in the fabrication of Schottky diodes; standard RF-
etching cleaning before metal deposition, in fact, caused surface damage, which increased the barrier height as well as
the contact resistance for Schottky diodes on p-type Si. This is in line with previous reports of the effect of surface
damage by RIE etching®®, where a positive charge at the metal semiconductor interface, was found to increase the barrier
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height on p-type diodes. In order to avoid a barrier shift and increased resistance we developed a process step especially
conceived not to damage the Si surface before metallization (see figure 10 and 11); after dry etching of the waveguide,
and consequent oxidization to reduce the surface roughness, immediately before metal deposition, we used an HF-dip to
remove the native oxide. The benefit of this process step is visible in figure 12, which shows current-voltage
measurements of Mo-Si Schottky contacts fabricated with three different process conditions. It is clear that the use of RF
etch before Mo metallization is rather detrimental for the resulting resistivity of the diode contact, even though this
negative effect can be partially recovered with the use of a post metal deposition anneal at 550°C, on the contrary, the
quality of the Mo-Si Schottky contact fabricated with the use of HF-dip immediately before Mo metallization is very
good even without post-metallization anneal, which has shown to leave the diode characteristics unchanged in this case.
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Figure 11. Scanning electron microscope picture of a fabricated Mo-Si Schottky contact.
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Figure 12. Current-Voltage characteristics of Mo-Si Schottky diodes fabricated with three different process steps,
to put in evidence the issue of silicon surface cleaning before metal deposition.
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4. CONCLUSION

In conclusion we have shown by theoretical calculations and numerical analysis the rationale for scaling SOI
optoelectronics towards very small ribs and photonic wires. Despite the requirements for deep-UV or e-beam
lithography, an increase in the complexity of the process and the need to develop efficient in/out light couplers, the
advantages in terms of compactness and hence functionality density makes this technology very attractive for the
development of a new class of optoelectronic devices with co-integrated state of the art CMOS electronics, capable to
address challenging issues in the field of optical telecommunications and on-chip clock/signal distribution.

Moreover, we have proposed a process flow in order to develop active devices in SOI based on a Schottky diode light
phase modulator. Fabrication of devices based on this process are on going in a small rib architecture, but the process is
easily modifiable for photonic wires. We have put in evidence a typical issue in the fabrication of Schottky diodes
caused by the silicon surface damage before metallization and found and validated experimentally an appropriate
solution.
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