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ABSTRACT

A method for suspending micro-ring resonators in a silicon-on-insulator
substrate was developed. Due to the low insertion loss of the suspension mechanism
and high confinement of the resonant cavity, quality factors exceeding 15,000 of
micron-size suspended rings were achieved. Often, applications of such resonant
cavities require tunability of its resonant wavelength. In this work, we also present two
methods of tuning the cavity, one by thermal stimulation and the other by MEMS
electrostatic actuation.
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CHAPTER I
INTRODUCTION

Silicon micro-photonics based on Silicon-on-Insulator (SOI) technology has
been an area of intense research mainly because of the possibilities for integration of
optical and electronic devices into a single monolithic chip [1, 2]. With the invention
of the SOI wafer, CMOS circuits have benefited from reduced parasitics and absence
of latch up, enabling high-speed operation at low power. These represent key
requirements in many modern telecommunication and computation systems. The SOI
structure also possesses unique optical properties owing to the large refractive index
difference between silicon and silicon dioxide [3-5]. Silicon as an optical material also
has unique advantages. Silicon is transparent in the range of optical
telecommunications wavelengths, and is extremely mature in terms of processing [6].
As a result of the aforementioned benefits of using SOI technology as a platform for
micro-photonic circuits, the work in this thesis is based on such technology.
Recent interest in the enhanced light-matter interaction enabled by SOI based
micro and nano scale resonant cavities has been the driving force behind this thesis.
Enhanced spontaneous emission (Purcell effect), strong coupling, two photon
absorption, and Raman scattering are a few examples of phenomena which can be
greatly enhanced in a high quality factor (Q) optical resonant cavity [7-12]. The size of
the cavities for on-chip applications can be greatly decreased in a high index contrast
system due to increase in mode confinement [6]. Recently, in order to benefit from the
ultra high index contrast between silicon and air, suspended disk resonators have been
demonstrated by [13, 14]. In these works the disk is suspended by a post beneath its
center and the whispering gallery modes (WGM) propagate in the boundaries of the
disks. Because of the low overlap between the optical mode and suspension
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mechanism, radiation losses are not inherent to these devices and therefore very high
Q’s can be achieved; however, the limitation of these disks lies in their multi-mode
nature, and therefore low degree of confinement.
Ring resonators have a much higher degree of confinement due to their single
mode nature. Several rings resonators have been demonstrated in Si/SiO2 platforms
with radii as small as 3µm [15-17]; however, suspended ring resonators have not yet
been demonstrated. The difficulty in demonstrating suspended high Q ring resonators
is due to the high overlap of the small mode with the suspended arms, which introduce
reflections and radiation losses in the system.
In this thesis I discuss the associated challenges to design and fabricate a
highly confining cavity and low loss suspension mechanism; two ways of tuning the
resonant cavity are also analyzed.
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CHAPTER II
DEVICE DESIGN AND SIMULATIONS

The design methodology used to achieve high confinement, high Q devices
was to achieve the highest possible refractive index contrast between waveguide core
and cladding by suspending the resonant cavity while introducing little to no loss to
the cavity. To make this possible, a very low loss suspension bridge has been
developed. The bridge has minimal impact on the optical mode so as to minimize
reflections and scattering losses. Here, we will also discuss the methodology employed
in the development of the electrostatically actuated beam which will be used for tuning
the resonant cavity.
For the rest of this chapter, we shall assume that we will be working with a
wavelength λ0 = 1.55um and a quasi transverse electric (TE) polarization. The
refractive indices used for silicon, air and silicon dioxide are 3.46, 1.00, and 1.46
respectively. All optical simulations were performed using Arsoft’s Fullwave 3D
FDTD and BeamProp software, unless otherwise noted.
The first step in the design of the system was to design a wave guiding
structure that could guide light over millimeter distances without significant losses.
Using the effective index method described in [18], we find that a waveguide width
and height of 450nm by 250nm respectively meet the single mode criteria. These
dimensions are also convenient to prevent coupling between TE and transverse
magnetic (TM) modes. In order to effectively couple light to the waveguide from the
outside world, we use nanotapers developed by [19]. The nanotapers work by
expanding the optical mode to match that of the tapered optical fiber used to couple
the light in. Another advantage of using the nanotapers is that they allow for almost
2um of misalignment without inducing significant coupling losses.
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Suspension Mechanism and Resonant Cavity
In this section we will discuss the design of the low loss s-bend suspension
bridge and its advantages over a standard waveguide bridge. We will also discuss the
waveguide-ring coupling.
Throughout this thesis, several references will be made to the s-bend and
waveguide suspension bridges. To distinguish between the two, both suspension
mechanisms and their accompanying resonant cavity are depicted below in Fig 2.1 and
Fig 2.2.
Waveguide

RB
Suspension Posts

WA

LP
LB
WB

RR

Ring Resonator

LA
S-Bend Suspension Bridge

LS

Figure 2.1. Schematic representation of s-bend bridge and resonant
cavity with corresponding dimensions LA=0.8µm, LB, RB=8µm, LP,
LS, RR=5µm, WA=0.2µm, and WB=1.4µm

Waveguide
Suspension Posts

WA

LP
LB
WB

Ring Resonator

RR

LA
Waveguide Suspension Bridge

LS

Figure 2.2. Schematic representation of waveguide bridge and
resonant cavity with corresponding dimensions LA=0.8µm;
LB=8µm; LP, LS, RR=5µm, WA=0.2µm, and WB=0.45µm
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The difficulty in achieving high confinement suspended ring resonators lies in
the suspended mechanism itself. When suspension arms are used to support the
waveguide bridge, the tightly confined mode experiences a large index change in that
region. This change in effective index is responsible for the reflections and radiations
losses which essentially destroys the Q of the device. Fig. 2.3, shows these effects for
the waveguide bridge. In Fig 2.4. the effective refractive index is plotted along the
waveguide bridge; a large index variation can be seen at the point where the
suspension arms intersect the waveguide.

Reflections/Scattering

Figure 2.3. Left: Waveguide bridge simulation showing the reflections and scattering
from the suspension arms. Right: Power monitor showing the transmitted vs. input
power of the waveguide bridge. Losses of 0.15dB per bridge are shown.
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Figure 2.4. Plot of refractive index along the waveguide suspension
bridge. A sharp change in index is seen midway due to the high mode
overlap with the suspension arms.
In order to minimize the losses due to the suspension arms, we expand the
waveguide so that the overlap between waveguide mode and suspension mechanism is
minimal [20]; we use a gradual s-bend profile for the increase in the waveguide
geometry, so that reflections at the ring-bridge boundary are minimized. This
improvement can be seen in Fig. 2.5.
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Insignificant Reflections/Scattering

Figure 2.5. Left: S-bend bridge simulation showing insignificant reflections and
scattering from the suspension arms. Right: Power monitor showing the
transmitted vs. input power of the s-bend bridge. Losses of 0.02dB per bridge are
shown.
The optimal dimensions of the s-bend bridge were chosen based on those
presented in [20] for the elliptical bridge, but with minor changes in length (LB) and
width (WB) due to our s-bend geometry. The width (WA) of the suspension arms was
also decreased to further reduce mode distortion, while maintaining mechanical
stability. By using an s-bend bridge, the mode experiences an adiabatically increase in
effective index as seen in Fig. 2.6. Midway through the bridge, where the effective
index is at a maximum, the suspension arms have a negligible effect on the already
delocalized mode.
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Figure 2.6. Plot of refractive index along the s-bend suspension
bridge. A slight change in index is seen midway due to the small
mode overlap with the suspension arms.
To further analyze the impact of introducing a suspension bridge, we
implement a distributed loss model which accounts for all loss mechanism in the
resonant cavity. Using this model and making some reasonable assumptions from
simulation data, we can predict an upper value for the Q of the device.
We use the following definition of Q, this definition is derived in [21]:

ωι
λ0
Q = 0 RT =
α eff L ∆λ FWHM
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(1)

where ω0, τRT, αeff L, λ0 and ∆λFWHM are the resonant frequency, round trip time,
distributed loss per round trip, resonant wavelength, and linewidth at half maximum,
respectively. The distributed loss term is given by:

α eff L = α scat (2 LS + 2πRR ) − 2 ln(TB ) − 8 ln(TJ ) − ln(1− | κ |2 )

(2)

where αscat, LS, RR, TB, TJ, and κ are the losses due to scattering in the straight and
curved sections of the ring resonator, length of straight sections, ring bend radius,
bridge transmission, curved-straight section junction transmission, and coupling
coefficient. In order to obtain an estimate for the distributed loss term, we simulated
the s-bend bridge as well as the coupling section, and obtained a transmission TB of
0.995 (losses of 0.02dB per bridge) for the s-bend bridge and 0.965 for a waveguide
bridge (losses of 0.15dB per bridge). From simulations, we calculated a coupling
coefficient κ of 0.038 and assumed a reasonable value for αscat of 10dB/cm. The
junction losses due to the modal mismatch of a straight waveguide and a curved one
were calculated by using the mode-field overlap integrals [18] given by:

TJ =

4βi βt

[∫ E E dS]
*
t i

2

(βi + βt )

∫

2

Et Et*dS Ei Ei*dS

∫

(3)

where Ei, Et, are the incident and transmitted fields and βi, βt, are the propagation
constants for the incident and transmitted fields, respectively. Using (3), TJ was found
to be 0.998. One can see from (1) that in the case of the waveguide bridge, TB
dominates over all other loss mechanisms. Plugging values back into.(1) and (2), we
find the upper value of Q to be around 16,000. In comparison, if we use a waveguide
bridge which has transmission TB of 0.965, the maximum possible Q becomes
approximately equal to 6,000.
A significant improvement of the resonant cavity quality factor can be
achieved by minimizing the losses due to the junction of a straight and a curved
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waveguide and by decreasing the circumference of the entire ring. To minimize the
losses from the straight-curved waveguide junction, one can offset the two segments in
such a way that their optical modes completely overlap. This work has been
demonstrated by [22] for optimization of racetrack resonators.
MEMS Electrostatic Actuation
Previous attempts to locally tune a resonant cavity have been achieved by
using resistive heating elements [23, 24]. Although this method works well for certain
applications, it consumes large amounts of power and as a result heat dissipation
becomes an issue. This method is similar to the thermal stimulation method used in the
experimental section of this thesis, except resistive heating is a more localized effect.
The drive behind using an electrostatically actuated approach for tuning a ring
resonator lies in the fact that there is no power consumption in the process; therefore,
no heat is generated. Below we shall discuss the design methodology and simulation
results.
The method proposed here makes use of an electrostatically actuated beam
which when brought close to the resonant cavity; it slightly changes the effective
index of the cavity. Since the light remains in the cavity for several round trips, this
effect is enhanced by approximately the Q of the cavity.
The proposed device is depicted below in Fig. 2.7.
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Contact Pads

Actuated Beam

Suspension Bridge

Waveguide

Figure 2.7. Schematic of the proposed electrostatically tunable
suspended ring resonator
A relationship of the resonance shift versus gap between the small silicon
segment and the ring resonator was obtained by Christina Monolatou. The simulation
results are plotted in Fig 2.8 for different size racetrack resonators. Since the area of
interaction between our proposed cavity and the racetracks simulated is the same,
these results are still valid.
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∆λ (nm)

Separation (um)
Figure 2.8. Resonance shift as a function of separation between
the silicon segment and ring resonator
By applying this scheme, the system should be able to compensate for
approximately 6°C of thermal fluctuations. The dimensions of the silicon segment
were chosen to be equal to those of the straight section of the ring resonator. The
curved endings were introduced to minimize the possibility of reflections.
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CHAPTER III
DEVICE FABRICATION

A CMOS compatible process was developed for the fabrication of the devices
proposed in this work. This fabrication method could later be used for the purpose of
creating a monolithic chip encompassing photonics and electronic elements. Only the
fabrication process for the passive ring resonator without MEMS actuation is
described below, the additional processing steps required for the implementation of
the MEMS actuator can be found in appendix A.
To accommodate the waveguide dimensions required for guiding of 1.55um
light, we chose a SOI wafer with a top silicon layer of 250nm and a buried oxide layer
(BOX) of 1um. The BOX layer will serve as the released structures support as well as
a bottom cladding layer for the waveguides.
The first step in the fabrication process is to prepare the wafer; this consists of
etching the native oxide in a buffered oxide etch (BOE) solution until the surface dewets, implying hydrophobic silicon is now exposed. After drying the sample, we
quickly transfer it to a spinner where FOX-12, a negative electron beam (E-Beam)
resist, is spun on the wafer. At this point, the sample is transferred t the JEOL-9300 EBeam system to expose the designed structures. A step size of 2nm and dose of
1150uC/cm2 is used as the exposure parameters of the system. Once the exposure is
complete, the wafer is placed in 300-MIF water based developer to remove the
unexposed areas. Now that we have an etch mask in place, we transfer the sample to
the PT-770 Inductively Coupled Plasma (ICP) etcher to etch away the exposed silicon.
Since we etch the entire thickness of the silicon (250nm), the only remaining silicon
will be that which was covered by the FOX-12 mask (tapers, waveguides, rings, etc.).
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The next step, ignoring doping, is to deposit 1um of SiO2 over the entire wafer. This
layer will form the upper cladding of our devices. Plasma Enhanced Chemical Vapor
Deposition of Oxide (PECVD) is performed in the GSI PECVD system at a rate of
about 110nm/min. Fig. 3.1 shows a schematic representation of what the sample looks
like at this point in the fabrication process.

Silicon
Oxide

Figure 3.1. Schematic view of a waveguide
surrounded by silicon dioxide
The wafer is now ready to be diced and the individual samples can be polished. The
wafer is coated with photoresist before the dicing process in order to minimize
accumulation of dirt on the sample surface. After dicing, the resist is stripped and
polishing of the sample facets is carried out. Due to the thick oxide present in our
devices, it is not convenient to cleave the wafer. Finally, to suspend the devices, a
photolithographic step is performed which opens a window over the desired region.
About 500-800nm of the oxide present in this exposed region is etched away in the
Oxford 80 PlasmaLab system. This dry etch step is done in order to minimize the wet
etching time which follows. Further explanation of why we would like to minimize the
wet etch time will follow the process flow. Now that we have a thin oxide layer over
the desired area, we perform a similar photolithographic step to expose the same
region as before. The edge of the die must also be covered at this point to avoid

14

release of the nanotapers. A schematic view of the die up to this point is shown in Fig
3.2.

Silicon
Oxide

Figure 3.2. Schematic view of a waveguide
showing remaining oxide layer after the
selective dry oxide etch.
The sample is now ready for the wet etch phase of the suspension process. We now
place the die in a BOE 6:1 solution for ten minutes to allow undercut of the exposed
silicon. Ten minutes is long enough to isotropically remove over 1um of oxide around
all exposed silicon areas. The only oxide remaining in the exposed region after ten
minutes will be that below the 5um by 5um silicon pads which are used as the resonant
cavity supports. A schematic view of this step is shown in Fig. 3.3.

Silicon
Oxide

Figure 3.3. Schematic representation of
post formation after wet oxide etch
After completion of the wet etch step, the sample is quickly transferred to acetone in
order to remove the photoresist. It is imperative that air contact with the sample be
minimized; otherwise, surface tension could easily destroy the fabricated devices. The
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die will now have to undergo a series of baths in ultra-pure alcohol to remove any
water remaining in the device before being placed in the Critical Point Dryer (CPD).
The CPD will ensure that the sample is dried safely by heating and pressurizing LCO2
to its critical point. Upon completion of the CPD, the die is ready for use. Several
Scanning Electron Microscope (SEM) and optical images of fabricated devices are
shown below. Fig. 3.4 and Fig. 3.5 are SEM images of the initial devices fabricated.
Transmission spectra of these racetrack resonators could not be measured due to the
high loss induced by the suspension arms.

Figure 3.4. SEM Image of suspended racetrack resonator
with MEMS actuation. 240nm coupling gap
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Figure 3.5. SEM Image of suspended racetrack resonator
with MEMS actuation. 300nm coupling gap

Figure 3.6. Optical microscope image of MEMS tunable device
before the release step
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Figure 3.7. SEM Image of proposed resonant cavity
with low loss suspension bridges and MEMS
actuation.

Figure 3.8. Magnified view of gap
between MEMS actuated beam
and ring

Figure 3.9. Magnified view of bridge

Figure 3.10. SEM Image of passive suspended ring
resonator
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By examining these images, one can see that the devices were well mechanically
supported and no visible sagging occurs in beam lengths of around 50-60um.
Referring back to the issue of why we would like to minimize wet etch time; if
one were to look at Fig. 3.7, it is obvious that the waveguide is suspended over a
longer length than that patterned. This problem occurs due to non-conformal oxide
cladding. Fig 3.11 shows a cross-sectional view of a large waveguide depicting the
problem with oxide conformality.

Figure 3.11. SEM image of waveguide cross-section
showing non-conformal oxide deposition.
Any air gaps captured beneath the oxide cladding serve as a channel for the BOE
solution to travel. Since these channels seem to be formed along the waveguide, it
increases the length by which the waveguide is suspended. Although this is not a
major issue for these devices, it is a factor which can be quite tricky to control. One
way of avoiding this situation is to deposit a thermal oxide instead of the PECVD
oxide.
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CHAPTER IV
EXPERIMENTAL RESULTS

In order to measure the transmission spectra of a fabricated device, light from a
tunable laser is passed through a polarization controller and TE-like polarized light is
then coupled into the optical chip by means of a polarization maintaining tapered lens
fiber and on-chip nanotapers. Output collection is achieved by collimating the
transmitted light, passing it through a polarizer and directing it to a Indium Gallium
Arsenide (InGaAs) photodetector. The photodetector’s output is collected by a power
meter which transmits the information to a computer. The chip being measured sits
atop a Peltier thermoelectric pad so that the temperature can be controlled. The
schematic and images below show in more detail, the experimental setup.

Tunable Laser

Polarization
Controller

Optical
Chip and
Peltier Pad

Polarizer

Collimating
Lens

Optical
Fiber

Photodetector

Computer
Temperature
Controller

Figure 4.1. Schematic view of experimental setup.
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Power Meter

Figure 4.2. Overall view of the optical measurements setup

Figure 4.3. Zoomed view of the optical measurements setup
Transmission Spectra
To measure the transmission spectra, the optical chip was held at a constant
temperature while the tunable laser was swept from 1520nm to 1620nm. Fig. 4.4
shows the transmission spectra of three devices with slightly different ring
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dimensions. One can clearly see that the resonators exhibit strong spectral features.
The resonance for the measured Q of approximately 15,000 is shown in Fig. 4.5.

FSR ≈ 10nm

Figure 4.4. Output spectra for three different fabricated
resonators

∆λFWHM ≈ 0.1nm

λ0 ≈ 1573.255nm

Figure 4.5. Resonance showing a Q of approximately
15,000
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Resonance Tuning by Thermal Stimulation
It is important, with ring resonators, that the resonant wavelength be tunable.
Many experiments require a fixed resonance, and with slight variations in temperature
this becomes almost impossible to do. By being able to tune the resonance of the
device, one could essentially overcome this problem.
In order to evaluate the temperature dependence of the resonator, we measured
the resonant wavelength shift due to a temperature change. The sample was mounted
on a thermo-electric cooler which maintained a stable temperature to within +/0.05°C. Fig. 4.6 illustrates the measured results.

Figure 4.6. Resonance shift due to the thermo-optic effect.
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Fig 4.7. shows a linear fit of the resonance temperature dependence. The value of
dλ/dT = 0.1203nm/°C for the devices fabricated in this work agrees closely with dλ/dT
= 0.1072nm/°C of previously fabricated standard cladded ring resonators.
1593.4
1593.3

Wavelength (nm)

1593.2

d λ/dT = 0.1203

1593.1
1593.0
1592.9
1592.8
1592.7
1592.6
29.7

31.7

33.7

Temperature (C)

Figure 4.7. Linear fit of the resonance temperature dependence.
Resonance Tuning by MEMS Electrostatic Actuation
Although the tuning technique described above provides a long range of
tunability, it is not a localized tuning method and therefore not very feasible to
implement if a large number of resonant cavities are present in the optical chip. In a
system where each resonant cavity has to be tuned independently, thermal tuning
would not work.
Tuning the resonance by using the electro-statically actuated beam provides a
means to separately control each resonant cavity. Fig. 4.8 shows the resonance shift as
a function of applied voltage for one device. To measure the dependence of the
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resonance with applied voltage, we maintain the sample at a constant temperature and
sweep the voltage from 0V to 50V while looking at the transmission spectra.

Figure 4.8. Resonance shift due to MEMS tuning
Note that these results were only seen in one device out of the approximately thirty
devices measured. We believe that part of the problem in obtaining repeatable results
was the fabrication of the electrostatically actuated beam. Since the thickness of the
beam was bounded by the thickness of the waveguides, an optimal clamped-clamped
beam was not designed. According to the ANSYS simulations, the beam would have
to be about 100um in length for the devices to operate at decent voltages; however, the
beam would significantly sag at this length.
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Another issue related to the beam fabrication which also contributed to
inconclusive results was the use of undoped contact pads and beam. We decided to not
dope the beam since the spacing between the resonator and beam itself was too
narrow. If we were to dope this region, the resonator would experience a significant
increase in doping after the activation and diffusion phase of the dopants; thus
absorption would have destroyed the Q of the device. Doping of the beam would have
also damaged the crystalline lattice and the mechanical properties of the beam would
have degraded. Not doping the contact pads and beam; however, create a Schottky
barrier as well as a large field gradient along the beam. Both of these effects are
deleterious to the device performance and seemed to have played a role in the lack of
results obtained.
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CHAPTER V
CONCLUSION

We show, for the first time, suspended silicon ring resonators in an SOI
platform. A novel suspension method was developed in order to minimize losses
created by abrupt changes in effective refractive index, thus allowing us to achieve
simulated losses of less than .02dB per bridge and quality factors exceeding 15,000.
These devices due to their high confinement in both planar and transverse direction,
offer opportunities in applications requiring highly integrated active devices such as
optical filter elements, modulators and all optical switches on Silicon. Two cavity
tuning methods have also been demonstrated and experimental results for the thermal
tuning show that the resonator in fact behaves like previously fabricated cladded ring
cavities. The MEMS tuning method was investigated for the compensation of local
thermal effects.
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APPENDIX A
FABRICATION PROCESS OUTLINE

1. Sample Preparation
•

Etch native oxide using BOE 6:1 till surface de-wets before spinning e-beam
resist.

2. E-Beam Lithography
•
•
•
•
•
•
•
•

Define structures using e-beam lithography.
FOX-12
Dehydrate bake: 115C to 130C for 2min
Spin resist: 2250rpm for 60sec
Pre-bake: 225C for 2min
Expose: Dose 1150µC/cm2. Use JEOL9300 system for high quality patterns
with beam step size of 2nm
Develop: MIF 300 for 3min with constant stirring
Rinse thoroughly.

3. ICP Etch
•
•
•

Machine: PT-770
Recipe: CLNP6 (Etch rate: 150-200nm/min)
Etch all the way down to buried oxide, approx. 250nm

4. n+ Doping
Optical lithography
•
•
•
•
•
•
•

Shipley 1818
Dehydrate: 115C for 2-3min
Spin P-20 primer at 4000rpm for 30sec
Spin S1818 resist at 3000rpm for 30sec
Prebake: 115C for 60sec
Expose: 1.8sec in EV620 or 5.5s in HTG
Develop: MIF 300 for 60s in Hamatech

n+ Implant
•

As 1x1014cm-2 at 5KeV
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•

As 5x1015cm-2 at 10KeV

Resist Strip
•
•
•
•

Resist strip bath: 75C for 10min
Glen 1000 plasma de-asher: Recipe #5: Power 400W in 20sccm Oxygen
plasma for 5min.
Resist strip bath: 75C for 10min
Glen 1000 plasma de-asher: Recipe #5: Power 400W in 20sccm Oxygen
plasma for 5min.

Diffusion + Activation + Re-crystallization Anneal
•

1050C for 60min in a Nitrogen atmosphere

5. Cladding
Oxide Deposition
•
•

GSI PECVD: Low Deposition Rate Oxide (Deposition rate: 110nm/min)
Deposit 1um SiO2

6. Metal Pad Formation
Optical lithography
•
•
•
•
•
•
•

Shipley 1818
Dehydrate: 115C for 2-3min
Spin P-20 primer at 4000rpm for 30sec
Spin S1818 resist at 3000rpm for 30sec
Prebake: 115C for 60sec
Expose: 6.6sec in EV620
Develop: MIF 300 for 60s in Hamatech

Oxide Etch
•

Etch 1um SiO2 in Oxford 80

Resist Strip
•
•

Glen 1000 plasma de-asher: Recipe #5: Power 400W in 20sccm Oxygen
plasma for 5min.
Acetone 5 min.
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Optical lithography
•
•
•
•
•
•
•

Shipley 1818
Dehydrate: 115C for 2-3min
Spin P-20 primer at 4000rpm for 30sec
Spin S1818 resist at 3000rpm for 30sec
Prebake: 115C for 60sec
Expose: 6.6sec in EV620
Develop: MIF 300 for 60s in Hamatech

Metal Evaporation
•

Ti: 500A in SVC4500

Lift-off
•
•

Leave sample in acetone overnight
Clean in IPA after lift-off is complete

Ti-Silicide Formation
•

RTA 750°C 60s in Argon atmosphere

Optical lithography
•
•
•
•
•
•
•

Shipley 1818
Dehydrate: 115C for 2-3min
Spin P-20 primer at 4000rpm for 30sec
Spin S1818 resist at 3000rpm for 30sec
Prebake: 115C for 60sec
Expose: 6.6sec in EV620
Develop: MIF 300 for 60s in Hamatech

Metal Evaporation
•
•

Ti-Al-Ti-Au: 500/10000/500/1000A
Load new crystal in evaporator. This is a long evaporation with high density
materials. Crystal life will run up to 15-17% during run.

Lift-off
•
•

Leave sample in acetone overnight
Clean in IPA after lift-off is complete
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7. Dice and Polish Sample
Optical lithography
•
•
•
•
•

Shipley 1818
Dehydrate: 115C for 2-3min
Spin P-20 primer at 4000rpm for 30sec
Spin S1818 resist at 3000rpm for 30sec
Prebake: 115C for 60sec

Dice wafer
Resist Strip
•
•

Glen 1000 plasma de-asher: Recipe #5: Power 400W in 20sccm Oxygen
plasma for 5min.
Acetone 5 min.

Polish sample
8. Structure Release
Optical lithography
•
•
•
•
•
•
•

Shipley 1818
Dehydrate: 115C for 2-3min
Spin P-20 primer at 4000rpm for 30sec
Spin S1818 resist at 3000rpm for 30sec
Prebake: 115C for 60sec
Expose: 6.6sec in EV620
Develop: MIF 300 for 60s in Hamatech

Oxide Etch
•

Etch 500-800nm of SiO2 in Oxford 80

Resist Strip
•
•

Glen 1000 plasma de-asher: Recipe #5: Power 400W in 20sccm Oxygen
plasma for 5min.
Acetone 5 min.

Optical lithography
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•
•
•
•
•
•
•
•
•

Shipley 1818
Dehydrate: 115C for 2-3min
Spin P-20 primer at 4000rpm for 30sec
Spin S1818 resist at 3000rpm for 30sec
Prebake: 115C for 60sec
Coat sides of sample with resist using q-tip
Prebake: 115C for 60sec
Expose: 6.6sec in EV620
Develop: MIF 300 for 60s in Hamatech

Buffered Oxide Etch
•
•
•
•
•
•
•
•

Dip sample in BOE 6:1 (120nm/min) for 10min while slightly agitating.
Setup 3 DI water containers and rinse sample in first 2 containers for 2min, do
3 times in each of the 2 containers (alternate).
Move sample to last DI water container and rinse 3 times 2min each
In Base hood, place sample in acetone container for 10min
Setup 3 Methanol containers – 50/50 Meth/Water – 75/25 Meth/Water – 100
Meth
Let sample sit in each container for 5min
Before transferring sample to CPD, fill CPD w/ Methanol and quickly transfer
the sample. Minimize sample exposure to air!
Perform CPD
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High confinement suspended micro-ring resonators in
silicon-on-insulator
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Department of Electrical and Computer Engineering, Cornell University, Ithaca, New York 14850
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Abstract: We demonstrate suspended micrometer-scale ring resonators with Q’s
exceeding 15,000. The high Q is achieved by using a suspension method where the
disturbance of the optical mode due to the support arms is minimized. We show an
insertion loss of less than .02dB per suspension bridge.
© 2006 Optical Society of America
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1. Introduction
Optical micro and nano scale resonant cavities have received much attention recently due to the
enhanced light-matter interaction within these systems. Enhanced spontaneous emission (Purcell
effect), strong coupling, two photon absorption, and Raman scattering are a few examples of
phenomena which can be greatly enhanced in a high Q optical resonant cavity [1-6]. The size of the
cavities for on-chip applications can be greatly decreased in a high index contrast system due to
increase in mode confinement [7]. Recently, in order to benefit from the high index contrast between
silicon and air, suspended disk resonators have been demonstrated [8, 9]. In these works the disk is
suspended by a post beneath its center and the whispering gallery modes (WGM) propagate in the
boundaries of the disks. Because of the low overlap between the optical mode and suspension
mechanism, radiation losses are not inherent to these devices and therefore very high Q’s can be
achieved; however, the limitation of these disks lies in their multi-mode nature, and therefore low
degree of confinement.
Rings resonators have a much higher degree of confinement due to their single mode nature. Several
rings resonators have been demonstrated in Si/SiO2 platforms [10-12] with radii as small as 3µm [13];
however, suspended ring resonators have not yet been demonstrated. The difficulty in demonstrating
suspended high Q ring resonators is due to the high overlap of the small mode with the suspended arms,
which introduce reflections and radiation losses in the system.
2. Analysis of suspension mechanism
The difficulty in achieving high confinement suspended ring resonators lies in the suspended
mechanism itself. When suspension arms are used to support the waveguide bridge, the tightly confined
mode experiences a large index change in that region. This change in effective index is responsible for
the reflections and radiations losses which essentially destroys the Q of the device.
In order to minimize the losses due to the suspended arms, we expand the waveguide so that the
overlap between waveguide mode and suspension mechanism is minimal [14]; we use a gradual s-bend
profile for the increase in the waveguide geometry, so that reflections at the ring-bridge boundary are
minimized. The optimal dimensions of the s-bend bridge were chosen based on those presented in [14]
for the elliptical bridge, but with minor changes in length (LB) and width (WB) due to our s-bend
geometry. The width (WA) of the suspension arms was also decreased to further reduce mode distortion.
By using an s-bend bridge, the mode experiences an adiabatically increase in effective index. Midway
through the bridge, where the effective index is at a maximum, the suspension arms have a negligible
effect on the already delocalized mode.
Waveguide

RB
Suspension Posts

WA

LP
LB
WB

Ring Resonator

RR

LA
Suspension Bridge

LS

Figure B1.1. Layout of suspended ring resonator with corresponding dimensions
LA=0.8µm, LB,RB=8µm, LP,LS,RR=5µm, WA=0.2µm, and WB=1.4µm

3D FDTD simulations were used to calculate the transmission characteristics of a waveguide bridge as
well as the s-bend bridge proposed in this work. All the simulations were performed for TE-like
polarization. Indices used in the simulations were 3.46 and 1.0 for Si and air, respectively.
The suspension mechanism strongly impacts the losses per pass of the device. The distributed loss
term is given by:
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α eff L = α scat (2 LS + 2πRR ) − 2 ln(TB ) − ln(1− | κ |2 )

(1)

where αscat, LS, RR, TB, and κ are the losses due to scattering in the straight and curved sections of the
ring resonator, length of straight sections, bend radius, bridge transmission, curved-straight section
junction transmission, and coupling coefficient. In order to obtain an estimate for the distributed loss
term, we simulated the s-bend bridge as well as the coupling section, and obtained a transmission TB of
0.995 (losses of 0.02dB per bridge ) for the s-bend bridge and 0.965 for a bridge with no s-bend (losses
of 0.15dB per bridge). We calculated a coupling coefficient κ of 0.038 and assumed a αscat = 5dB/cm.
One can see from (1) that in the case of the waveguide bridge, TB dominates over all other loss
mechanisms.
3. Device fabrication
The device was fabricated using a CMOS compatible process thereby making monolithic integration
with electronic chips feasible. FOX-12, a negative e-beam resist was used to coat a Silicon-on-Insulator
(SOI) wafer with a 250nm top Si layer and a 1µm Buried Oxide (BOX) layer. The desired pattern was
written using a JEOL 9300 e-beam system and then etched in a PT770 Inductively Coupled Plasma
(ICP) etcher. A 1µm SiO2 cladding was deposited using a plasma-enhanced chemical-vapor deposition
(PECVD). We then selectively etch a 30µm2 area above the device by reactive ion etching (RIE) in an
Oxford PlasmaLab 80 system to remove approximately 500nm of the SiO2 cladding. The coupling
waveguide will be suspended over this 30µm length, but note that due to a non-uniform oxide cladding,
the waveguide tends to be suspended over a 40-50µm length. The non-uniform oxide layer causes the
buffered oxide solution, used in the under-etch step of the release process, to propagate along the
corners of the waveguide and therefore suspend a longer region of it. This effect is shown in Fig. B1.2.
Waveguide lengths of up to 60µm have been suspended with no noticeable sagging.

Figure B1.2.SEM image showing the effect
caused by non-conformal oxide cladding.

Figure B1.3 SEM image showing a fully fabricated device

Following the polishing of the dies, the dies are placed in a 6:1 buffered oxide etch (BOE) solution for
approximately ten minutes in order to release the devices. The devices are then transferred to a critical
point dryer (CPD) to prevent damage from surface tension. Fig. B1.3 shows an SEM of the fabricated
device.
4. Experimental Results
Fig. B1.4 shows the transmission spectra of three devices with slightly different ring dimensions. One
can clearly see that the resonators exhibit strong spectral features. The resonance for the measured Q of
approximately 15,000 is shown in Fig. B1.5.
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∆λFWHM=0.10nm

λ0=1573.255nm

Figure B1.4. Output spectra for three different fabricated Figure B1.5. Resonance showing a Q of approximately 15,000.
devices.

5. Conclusions
We show; for the first time, suspended silicon ring resonators in an SOI platform. A novel suspension
method was developed in order to minimize losses created by abrupt changes in effective refractive,
thus allowing us to achieve losses of less than .02dB per bridge. These devices due to their high
confinement in both planar and transverse direction, offer opportunities in applications requiring highly
integrated active devices such as optical filter elements, modulators and all optical switches on Silicon.
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1. Introduction
Optical micro and nano scale resonant cavities have received much attention recently due to the
enhanced light-matter interaction within these systems [1]. Enhanced spontaneous emission (Purcell
effect), strong coupling, two photon absorption, and Raman scattering are a few examples of
phenomena which can be greatly enhanced in a high Q optical resonant cavity [1]. The size of the
cavities for on-chip applications can be greatly decreased in a high index contrast system due to
increase in mode confinement. Recently, in order to benefit from the high index contrast between the
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Silicon and air, several disk resonators suspended in air have been demonstrated [2]. In these works the
disk is suspended by a post beneath its center and the mode propagates in the boundaries of the disks.
The spatial separation between the suspended mechanisms and the mode prevents coupling of the TE
mode to the substrate and therefore enables high Qs; however, the limitation of these disks lies in their
multi-mode nature, and therefore low degree of confinement. Rings resonators have much higher degree
of confinement due to their single mode nature. Rings resonators have been demonstrated in Si/SiO2
platforms; however, suspended ring resonators have not yet been demonstrated. The difficulty in
demonstrating high Q ring resonators in air is due to the high mode overlap between the propagation
mode and the suspension mechanism, which induces a high degree of radiation losses.
2. Simulations
Our approach to achieving high Q suspended resonators consists of a ring resonator suspended by two
bridges depicted in Fig. B2.1. It consists of two straight waveguide sections of 5 micron lengths
connected to 2 suspension bridges by waveguides with a 5 micron bend radius. The waveguide width
and height are 450 and 250nm, respectively. The circumference of the modified ring is equal to
approximately 57 microns, equivalent in size to a 9 micron radius ring resonator. In order to achieve
high Q devices, we ensure that there is a minimal overlap between the guided mode and the suspension
arms. This is achieved by delocalizing the field distribution in the waveguide using tapers that slowly
converts the highly confined waveguide mode into a less confined mode, so that the actual field
amplitude is low at the boundaries.
Waveguide

.80 µm by .25 µm

8.0 µm

(a)

5.0
µm

(b)
5.0 µm Radius

1.4 µm

Figure B2.1. Modified ring resonator and suspension
Bridge

Figure B2.2. Image of suspended ring
resonator and waveguide

The mode field distribution of the waveguide and suspension bridge was calculated using the Beam
Propagation Method (BPM). 2D FDTD simulations were performed in order to minimize mode overlap
with the suspension arms while still keeping the device compact. All the simulations were performed
for TE-like polarization. The optimal length and width for the suspension bridge were found to be 1.4
µm and 8.0 µm respectively. In Fig. B2.3 we show the mode profile of the waveguide used in the ring.
One can see that the field amplitude, at the edges of the waveguide where the suspended arms are to be
introduced, is high. This would introduce a large amount of radiation losses which would reduce the Q
of the device. In contrast Fig. B2.3 shows a much lower field amplitude at the boundaries of the
waveguide bridge inducing a low mode overlap with the suspended arms and therefore low radiation
losses. Fig. B2.3 also shows the field propagation along the bridge. One can see that there are only
negligible losses due to the presence of the suspension mechanism. The calculated losses per bridge are
less than .01%
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(c)

(a)

(b)

Mode overlap with suspension arm

Figure B2.3. Left: Profile of the TE waveguide mode Middle: Profile of the TE mode at the
center of the suspension bridge Right: Transmission of the suspended bridge

3. Fabrication
The device was fabricated using a CMOS compatible process thereby making monolithic integration
with electronic chips feasible. To begin, FOX-12, a negative e-beam resist is spun on a Silicon-onInsulator (SOI) wafer with a 250nm top Si layer and a 1 µm Buried Oxide (BOX) layer. The desired
pattern is then written in a JEOL 9300 e-beam system. Following the exposure, the wafer is developed
and the exposed top silicon layer is etched in a PT770 Inductively Coupled Plasma (ICP) etcher. After
the silicon etch, we deposit 1 µm of PECVD SiO2 in order to form a cladding layer and to protect the
waveguides and tapers.. We then perform a photolithography step and selectively open approximately a
50 µm square around the devices to be suspended. The wafer then undergoes a Reactive Ion Etch (RIE)
step in an Oxford PlasmaLab 80 system to remove approximately 800-900 nm of SiO2. At this point, the
wafer is diced and the individual samples are polished. Following the polishing of the dies, the wafer is
placed in a 6:1 Buffered Oxide Etch (BOE) solution for 9.5 minutes in order to release the devices.
Quickly after the wet etch, the devices are transferred to a Critical Point Dryer (CPD) to prevent
damage from surface tension. Fig. B2.2 shows an SEM of the fabricated device.
4. Experiment
To test the devices, light from a tunable laser was coupled to the waveguides by means of a 4 µm
tapered lens fiber. The output of the waveguides was collimated and directed towards an InGaAs
detector. Fig. B2.4 shows the transmission spectra of the device for TE polarization. One can see that
the resonator exhibits strong spectra features. The Q of the device, defined as Q = λ ∆λ is 13,000.

FWHM = .12
nm
Q ≈ 13,000

10
nm

Figure B2.4. Output response of a suspended ring resonator

5. Conclusions
We demonstrate for the first time suspended silicon ring resonators in air. The high
Qs (~13,000) were achieved using a novel suspension mechanism. These devices due
to their high confinement in both planar and transverse direction, offer opportunities
in applications requiring highly integrated active devices such as modulators and
switches on Silicon.
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