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Abstract 

This thesis explores the integration of an optical device within a micromechanical 

structure to enhance its performance and enable behaviour it would otherwise be 

incapable of. Thermo-mechanically tunable Bragg grating filters on silicon-on-insulator 

rib waveguide bridges have been designed, fabricated and characterised to demonstrate 

what happens when an optical device, and the actuator used to tune its optical response, 

are physically the same structure. The process flow developed to fabricate the device 

was a five mask process that included a bridge waveguide, integrated filter, and 

integrated heater. A surface micromachining technique was developed to release up to 

4000 /am long, 5 /um thick waveguide bridges. 

The device has three distinct operating regimes: pre-buckle, buckle, and post-

buckle. The pre-buckle experimental thermal sensitivity of the filter was 76 pm/°C and 

the theoretical sensitivity was 83 pm/°C. During the transient buckle regime, the Bragg 

filter wavelength was measured to shift 0.95 nm, and theorised to shift 0.55 nm. The 

post-buckle experimental thermal sensitivity of the filter was 88 pm/°C and the 

theoretical sensitivity was 99 pm/°C. 

The rib waveguide bridge was observed to possess a meta-stable regime between 

the pre- and post-buckle regimes. Before the critical buckle temperature could be 

attained, the bridge deflected 0.5 /jm out-of-plane and remained static over a range of 

7.5 °C, whereupon it deflected to its full 15.1 /jm buckling mode height. This meta-

stable deflection caused a Bragg wavelength shift of 0.39 nm. The thermal sensitivity of 

the Bragg filter wavelength in this meta-stable regime was 62 pm/°C. Rectangular cross-

section beams did not produce this behaviour. 
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Mechano-optical bi-stability was also observed. In this bi-stable regime there 

would be two possible Bragg wavelengths for a given temperature, depending on whether 

the device was in a forward or return path. The bi-stable regime occurred over a span of 

15 °C. The Bragg wavelength difference at the start of the post-buckle regime was 

0.95 nm, while the Bragg wavelength difference at the return to the pre-buckle regime 

was 0.77 nm. 
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1 Introduction 

Producing three dimensional integrated devices in the field of microsystem technology 

(MST) draws upon a wide variety of sciences that interact with the physical world. These 

devices are either the microscopic equivalent of a macroscopic structure [1,2,3], or the 

enabling component of a larger system [4,5,6], The processes used to fabricate these 

devices are generally called micromachining or nanomachining. Depending on the scale, 

the devices themselves are known as microelectromechanical systems (MEMS) or 

nanoelectromechanical system (NEMS). MEMS refer to device structures that measure 

on a scale in the millimetre to micron range, while NEMS describes structures scaled to 

the nanometre range. When a microsystem incorporates optical elements into its 

functionality, the device is referred to as a Microoptoelectromechanical system 

(MOEMS). 

Integrated optics and micro-optics make use of many of the same fabrication 

processes that MEOMS based devices do. They can be considered to be "solid-state" in 

the sense that there are no moving or mechanical elements to the design. This class of 

devices can include such microstructured geometries as Bragg gratings, photonic crystals, 

ring resonators, arrayed waveguide gratings (AWG) or Mach-Zehnder interferometers 

(MZI). 

When choosing a micro-optics approach the engineer must consider such factors 

as desired range of performance and relative simplicity of process flow in the design 

process. It is also possible to take a proven micro-optic device and enhance its 

performance by introducing MOEMS device elements with functionality such as 

environmental isolation [7] or greater tunability such as the mechanically actuated anti-



reflection switch (MARS) [8]. 

The bulk of MOEMS based devices can be arranged into the following categories: 

sensors and actuators, optical scanners, communications, display and imaging, and 

adaptive optics [9]. In addition to these specific device categories, there can also be 

considerable "cross-pollination" between them. For example, the tilting mirror design 

responsible for the functionality of the Lucent Lambda Router all-optical cross-connect 

communications device is essentially the same enabling element as the seminal TI DMD 

(Texas Instruments Digital Micromirror Device) display and imaging system. 

This section has thus far dealt mainly with the structural element of MOEMS 

devices. Materials are just as important to the design process and device performance. In 

the field of MEMS and MOEMS, silicon, particularly single crystal silicon, is an ideal 

material for device fabrication [10], Included in its many advantages are its mechanical 

properties. Single crystal silicon has a similar stress to strain ratio, also known as 

modulus of elasticity, as steel. It is also only elastically deformed at low temperature and 

thus has no mechanical hysteresis in this regime. This is demonstrated in figure 1.1 

where a deflected silicon cantilever will return to its original shape when the probe tip is 

removed [11], This is an important property when considering the stability of a device 

whose mechanical component will be cycled over a regular interval. 

There are a variety of fabrication process options available, due to silicon's 

anisotropic wet etch characteristics, in addition to the more complicated dry etch 

processes. Figure 1.2 demonstrates that by choosing the proper wafer and mask 

alignment, an optical rib waveguide can be defined by anisotropically wet etching a 

trench on either side of the rib [12]. With proper mask alignment the sidewall of the 
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waveguide will be nearly, in theory, atomically smooth. 

Figure 1.1. Deflection of silicon micromachined cantilever to demonstrate its mechanical 
properties [11]. 

Figure 1.2. Anisotropic wet etch of (110)/(111) silicon at 55° from the (100) flat. The 
trenches define a rib waveguide [12]. 

As a semiconductor, silicon is also a natural match when the electronic properties 

of the material or the integration of electronic components are important to the design. 

Well established process flows also allow for the integration of such electrical 

components as resistors and capacitors into MEMS and MOEMS devices made of 

silicon. These elements can be added monolithically to the silicon platform as shown in 

figure 1.3. One example is the previously mentioned TI DMD. Each micro-mirror pixel 

is monolithically integrated on top of the electronic CMOS bit that controls that mirror 
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[13]. Another example is the family of Analog Devices accelerometers. These devices 

are fabricated using both their iMEMS and SOI-MEMS processes [14]. Within the 

sensor, the micromachined proof-mass structure is integrated with the signal process and 

control circuitry on a single silicon substrate. The MEMS component of each device is 

realized through the surface micromaching fabrication process. 

Mirror -lOdeg 

Yoke 

Landing Tip 

Figure 1.3. The TIDMD and Analog Devices Accelerometer [13,14] 

The optical properties of silicon are such that the absorption band edge of silicon 

occurs at a wavelength of 1.1 jum as shown in figure 1.4 in comparison to other direct and 

indirect band gap materials [15]. The absorption of shorter wavelengths makes silicon 

useful for photodetectors, while its transmission in the near-IR wavelengths makes silicon 

suitable for photonic devices in the optical communication bands. The high thermo-optic 

coefficient of silicon also makes it an excellent material candidate for thermally tuned 

MOEMS and micro-optic devices. 

Since silicon will be the substrate for integration of the MEMS, micro-optic, and 

electrical elements of the device presented in this thesis; the sacrificial material to release 

the microstructures will be silicon dioxide. Silicon-on-insulator (SOI) fits this profile and 

is a convenient platform that will be ideal for development of the device. 

4 



Wavelength [fim] 

Figure 1.4. Absorption coefficient for silicon [15]. 

SOI was introduced to improve isolation of the n and p doped structures in an 

integrated circuit, as well as to help isolate the circuit from the bulk of the silicon to 

improve power consumption. Composed of three material layers, as shown in figure 1.5, 

the top film is called the device layer. It is generally single crystal silicon with some 

degree o f p or n doping. Under the device layer is the buried oxide (BOX) layer. This is 

generally amorphous silicon dioxide and its formation depends on how the SOI is 

produced. The final layer, called the handle layer, is a standard silicon wafer. It accounts 

for the bulk of the SOI material and has a thickness similar to a bare silicon wafer of the 

same diameter. 

There are numerous ways to prepare SOI for commercial use. The performance 

characteristics of the device to be fabricated will determine the composition of the device 

layer and BOX layer, as well as their respective thicknesses. One technique of SOI 

preparation is a method whereby oxygen is implanted into the silicon and then diffused to 
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a depth that will define the thickness of the device layer. This is called SIMOX 

(Separation by Ion Implantation of Oxygen) SOI. Another method involves the use of 

two silicon wafers. A layer of thermal oxide is grown on either or both silicon wafers 

and the wafers are fused together. The wafer that will ultimately form the device layer is 

then chemo-mechanically polished (CMP) back to the desired device layer thickness. 

This is called BESOI (Bonded and Etched-back SOI). An SOI fabrication technique that 

also makes use of thermal oxide for the BOX layer is the "Smart Cut" process. Instead of 

CMPing the device wafer to its desired thickness from the original wafer, hydrogen is 

implanted to a depth that forms a plane of micro cavities. This plane separates under a 

heat treatment, removing the bulk of the material with only a minor CMP to finish the 

surface. The manufacturer of this type of SOI, SOITEC, claims greater device layer 

uniformity than current BESOI wafers. This uniformity is an important factor to consider 

should the device proceed to the manufacturing process development stage. 

Device layer Si 

Buried oxide layer SiOz 

Handle layer HBMBjll l 

Figure 1.5. Cross-section of silicon-on-insulator (SOI) wafer. 

Using the implantation method, there is a limited depth the oxygen can penetrate 

in the silicon to form the BOX. The BOX thickness itself will also be limited. The 

fusion method can produce a device layer thickness limited only by the source wafer 

itself. The BOX can be grown to a much greater thickness as well. The desired SOI 

characteristics will depend on the class of device to be fabricated. MEMS devices that 
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are easier to process on thicker device and BOX layers might conflict with thinner films 

that are ideal for the electronic or optical components of a device. As is often the case, a 

successful device will depend on whether the design rules can be reconciled within the 

tolerance of each component of the device. 

Fabrication of a MOEMS on an SOI platform provides much potential to develop 

a device that combines material properties and structural design in interesting and novel 

ways. MEMS/MOEMS is often considered to be the enabling element within a system 

and not a device unto itself. To explore how material and structure can be synergistically 

combined, an enabling component must be considered. 

In the context of optical devices, the enabling component can include such 

elements as a filter, grating, lens, mirror, or waveguide, to name a few. The use of 

material properties to control these elements include thermo-optic, electro-optic, or 

stress-optic effects; and in more exotic devices, magneto-optic effects. The mechanical 

means of controlling the optical behaviour of the component can include the use of 

electro-static, thermal, shape memory alloy, magnetic and piezo-electric actuation on 

such structures as cantilevers, bridges, membranes, suspended plates, and interdigitated 

comb structures. 

When using these various material and structural elements in the design of a 

MEMS/MOEMS device, the philosophy is often to use the MEMS actuator to separately 

manipulate the material of the enabling optical element. This design strategy can have 

two drawbacks. The first involves the use of space on the device substrate. For example, 

in the case of an electrostatic comb actuator that moves a guillotine shutter to switch light 

[16], much space could be saved if the mirror and actuator were physically the same 
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structure. The same problem is seen with an electrostatic comb actuator that is used to 

buckle a fixed-fixed bridge structure [17] . These devices are shown in figure 1.6. If the 

bridge were to be its own actuator, the design would be much more compact and space 

would be saved on the substrate. 

Figure 1.6. Examples of large actuator structures used to tune small enabling 
components [16,17]. 

An equally important concept when considering design philosophy is the potential 

for performance enhancement if the material property effects of the optical element can 

be coupled to the tuning action of the actuator. This potential can be wasted if the 

actuator is used to manipulate the optical element separately. One example is the case of 

actuating a micro-mirror for scanning or switching light by attaching it to an electro-

thermally buckled bridge [18,19]. While this design strategy deals with the real estate 

issue by thermally actuating the bridge, the optical device is still separately attached to 

the actuator. An example of this design concept is shown in figure 1.7. 

The key to reducing the use of space on the die, and taking advantage of potential 

coupled material effects to enhance the performance of the device, is to incorporate the 

mechanical and optical functionality into a single structure. One example is an electro-
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static comb actuator which is itself the waveguide for a 1 X 2 switch [20]. Another 

example is an electro-statically actuated cantilever in which the cantilever itself is the top 

half of a distributed Bragg reflector (DBR) [21]. 

lifting torque 

Figure 1.7. Buckle beam thermal actuator to deflect mirror [18]. 

Figure 1.8. Examples of MOEMS in which the actuator is the optical component [20,21]. 

1.1 Objectives 

This thesis will explore what happens when an optical device, and the actuator used to 

tune its response, are physically the same structure. A Bragg filter will be used to 

9 



investigate the anticipated benefits of coupling the material and structural effects of the 

actuator to the optical behaviour of the device. A tunable optical filter is an important 

optical element that will be straightforward to characterise. The actuating structure that 

the optical device is integrated into will be a bridge. A bridge actuator lends itself 

naturally to waveguide integration so that light can be guided to the filter. The method of 

structural actuation will be thermal. Of the previously listed mechanical means to tune 

the behaviour of an optical element, thermal actuation will allow both integrated and 

external control. This flexibility is an important factor when developing a novel device 

that will bring together many elements in the design, fabrication, and characterisation 

process with as yet to be determined consequences. 

Specific objectives have been defined to organize the investigation of a thermally 

tunable filter in which the actuator that tunes the filter is the filter itself. They are: 1) to 

develop a sacrificial release process for a fixed-fixed waveguide bridge with a high 

length to thickness aspect ratio; 2) to develop a prototype packaging technique that will 

allow for confidence and repeatability in the characterisation process; 3) to measure a rate 

of tunability before the bridge buckles that matches literature for similar non-MEMS 

thermo-optically tuned devices to establish a baseline optical performance; 4) to 

characterise the mechanical behaviour of the bridge waveguide filter as it deflects out-of-

plane along with the corresponding optical response; 5) to confirm that when the bridge 

buckles, the wavelength of the Bragg grating filter will discontinuously shift by an 

amount that is in agreement with theory and; 6) to determine the difference, if any, of the 

Bragg filter wavelength sensitivity in pm/°C before and after the bridge buckles. 

The device will have three separate operating regimes that will be studied in order 
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to characterise the result of coupling the thermal, mechanical and optical effects on the 

shift in the Bragg filter wavelength. In the first regime, the pre-buckle regime, the 

waveguide bridge will be heated, but not actuated out-of-plane. As the temperature 

increases, the effective index of the Bragg grating will change as a result of 1) the change 

in temperature, and 2) the stress resulting from constrained thermal expansion. The shift 

in the Bragg wavelength is sensitive to temperature and stress. Since the stress results 

from a temperature change, the total pre-buckle sensitivity of the Bragg wavelength can 

be expressed as a thermal sensitivity in pm/°C. The other element contributing to the 

Bragg wavelength, the grating pitch, will not change in this regime because there is no 

axial strain. 

Figure 1.9 shows a diagram of the device in the pre-buckle configuration. The 

device as it is shown consists of a rib waveguide in SOI. The waveguide has been 

facetted so that light from input and output fibres (not shown) can be coupled into the 

waveguide. The centre region of the rib is patterned with the Bragg grating filter. 

Heaters on either side of the waveguide rib provide thermal tuning and are powered 

through wires at each end. The sacrificial buried oxide of the SOI is exposed through the 

bridge etch and wet-etched away to create the suspended rib waveguide with integrated 

filter. 

In the second regime, the buckle regime, the bridge deflects through a transient 

condition to a stable buckling mode shape. As the bridge expands to this shape, the stress 

is released, removing the influence of the stress-optic effect. This buckle expansion also 

results in strain on the Bragg grating pitch, rendering the Bragg wavelength sensitive to 

changes in both the stress and strain within the rib waveguide filter. The buckle regime 
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occurs at a characteristic temperature that results from a combination of the bridge 

material and geometry. Figure 1.10 depicts a cross-section of the suspended rib 

waveguide filter, deflected to its buckling mode shape, showing the optical mode profile 

confined within the rib waveguide [22], The vertical deflection has been exaggerated to 

show its shape. A realistic view of the deflection height to bridge length ratio is shown in 

figure 6.17 of chapter 6. 

Figure 1.9. Bragg grating filter on SOI rib waveguide in pre-buckle configuration. 

In the third regime, the post-buckle regime, the bridge continues to deflect 

steadily out-of-plane as the temperature of the bridge waveguide filter continues to 

increase. The effective index of the Bragg grating will once again be sensitive to 

temperature change. Since thermal expansion is no longer constrained, the Bragg pitch 

will continue to expand with a thermal sensitivity to strain. The total sensitivity of the 
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Bragg wavelength in this regime is again expressed as pm/°C. 

Figure 1.10. Cross-section of Bragg grating filter on SOI rib waveguide bridge in buckle 
mode configuration. The vertical deflection has been exaggerated to show its shape [22], 

With the large number of design, fabrication, and characterisation elements at 

play in this thesis, the research will be an exercise in verifying the theorised behaviour 

from the experimental results, and not optimising those results. Chapter 5 will outline the 

process flow that was developed to fabricate the device shown in figure 1.9 and 

figure 1.10. 

1.2 Thesis Organisation 

This thesis will use the principles of photonics, optical waves in crystals, and beam 

mechanics, in the context of thermal excitation, to describe a thermo-mechanically 

tunable suspended waveguide filter on SOI; with a focus on analytic modelling, 

fabrication and characterisation. Following the introduction in chapter 1, chapter 2 will 
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describe the operational space the device will function in, including a survey of devices 

in its class, along with characteristic performance. Chapter 3 will define the theoretical 

elements of the device such that its performance can be reliably predicted given a set of 

material properties, design parameters and boundary conditions. These elements will 

include optical, electrical, thermal, and mechanical theory. The chapter will also begin 

the process of identifying ideal materials supplemental to the silicon, and geometries for 

the device; a process that will be finalised in the subsequent chapter. Chapter 4 collects 

the theory detailed in chapter 3 to generate an analytic model of the device performance 

and develop a design for the device. Chapter 5 documents the process flow developed to 

fabricate the device. Chapter 6 describes the test apparatus and experimental procedures 

developed to characterize the electrical, thermal, mechanical and optical performance of 

the device. Chapter 7 contains a discussion of the results, future work and applications. 
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2 Review of Tunable Waveguide Filters 

This survey will review research relating to waveguide filters and the spectral response 

that can be modified by a mechanical alteration of the Bragg grating or a physical 

alteration of the waveguide index itself. Devices designed from a tunable filter perform 

such functions as add/drop filters, dispersion compensators, noise filters, gain flatteners, 

sensors, spectroscopic devices and distributed-feedback lasers. 

Six of the most common methods to tune the spectral response of an optical filter 

will be examined in this chapter. These include filters tuned by 1) piezoelectric; 

2) electrostatic; 3) electromagnetic; 4) shape memory alloy (SMA) and bi-metal; 

5) thermo-optic; and 6) thermo-mechanic techniques. The first four effects are 

mechanical in nature. Elastic stress can cause both mechanical and optical alteration in 

the device to achieve its tuning effect, depending on the method of actuation. The fifth 

effect involves optical tuning via the thermal properties of the material the device is made 

from. The sixth method of tuning results in a photo-elastic influence on the spectral 

response of the device similar to the first four, via thermal actuation. Since the device in 

this thesis is integrated within a thermal actuator, it will simultaneously make use of the 

fifth and sixth tuning methods. 

2.1 Piezoelectric Tuning 

The piezoelectric effect occurs in crystals where mechanical strain in the material 

produces an electric field. The change in volume (or length) caused by the strain disturbs 

the symmetry of the crystal and the resulting redistribution of positive and negative 

charges within results in a voltage being developed across the bulk of the material. 
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Conversely, an applied electric field produces a mechanical strain in the structural lattice 

of the crystal, which in turn changes the dimensions of the crystal and produces actuation. 

This form of actuation applies a fast and precise displacement to the structure that the 

crystal has been deposited onto. 

Piezoelectric tuning of optical devices has been attempted on fibre Bragg gratings 

(FBG) [23,24] by A. Iocco, with a design detailed in figure 2.1. The device allows both 

traction and compression in a fibre and can be used in both transmission and reflection. 

The design combines the actuated change in the grating period of the FBG, AA, with the 

photo-elastic effect caused by the strain of a compressed fibre, An. This combination of 

effects shifts the Bragg wavelength peak, AAg. The device was able to achieve a linear 

tuning range of 45 nm with a maximum tuning speed of 21 nm/ms. 

Another more conventional use of piezoelectric based optical design is an 

acousto-optic device called a surface acoustic wave (SAW) filter. By using the vibration 

of a piezoelectric element to set up a wave of alternating densities of compression and 

rarefaction, a Bragg grating is created in the material. This is due to the fact that from the 

point of view of the propagating light wave, the SAW appears stationary [25,26]. 

An -> via stress optic effect Bragg gfaling 

Figure 2.1: Piezoelectric axial compression of fibre Bragg grating [23]. 
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2.2 Electrostatic Tuning 

Electrostatic actuation occurs as a result of the interaction of two charged plates. When 

oppositely charged, the attraction is a nonlinear force-to-voltage relationship that includes 

the area of the plates, the voltage, and the plate separation [27] . Electrostatic actuation is 

a mature technology in the realm of MEMS. A variety of structures and design 

techniques accomplish a relatively large range of motion, in the order of microns, over a 

high frequency of actuation. The technique of electrostatic tuning has been applied to a 

variety of optical components such as filters, grating light valves, tunable cavities, and 

vertical-cavity surface-emitting lasers (VCSEL) [21,28,29,30]. 

A widely tunable torsional optical filter with a range of 100 nm, over 1500 nm to 

1600 nm, with a bandwidth of 1 nm, was developed by Carlos Mateus et al. [31]. This 

"see-saw" design uses one side of the cantilever as a counterweight and the other side to 

house two distributed Bragg reflectors (DBRs). As the pull-in force causes the counter-

weight to shift position, there is a corresponding change in the gap between the DBRs, 

changing the Bragg wavelength of reflection. 

Figure 2.2. MEMS structure - DBR housed in a torsional arm cantilever [31] 

An over-and-under suspended bridge design of a Fabry - Perot cavity was used 
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by LeDantec et al. in InP to achieve a bandwidth of 0.6 nm and a tuning range of 62 nm 

[32]. The bandwidth was kept below 1 nm over a 40 nm tuning range. Essentially, this 

design is an elongated double pinned variation of the "suspended plate" Mechanical Anti-

Reflection Switch (MARS) design invented by K. Goossen. 

Figure 2.3: Over-and-under bridge forms Fabry - Perot cavity [32], 

Tilting micro-mirrors is another design strategy that makes use of electrostatic 

tuning. J. Ford et al. developed a 40 Gbit/s DWDM transmission system with OADM, 

capable of switching 64 * 40 Gbit/s wavelengths using a switching fabric of over 1000 

mirrors [33], The Lucent Lambda Router is an example of a commercially developed 

high capacity optical cross-connect (OXC) whose core enabling technology is 

electrostatically actuated micro-mirrors [34]. Their approach physically resembles the 

communications switching fabric of an electronic digital cross-connect, in which 

electricity is replaced with light. 
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Figure 2.4: Wavelength add-drop switching using tilting micro-mirrors [33]. 

Figure 2.5. Commercial example of an OXC; Lucent's "Lambda Router" [34]. 

2.3 Electromagnetic Tuning 

Electromagnetic tuning generates comparatively stronger and longer ranging forces than 

other methods of actuation. In general, this approach passes current through a 

micromachined element that generates a magnetic field. The proof mass or structure that 

will be actuated is normally made from, or is attached to, a ferro-magnetic material. This 

approach lends itself to tuning the response of an optical device that works with longer 

wave radiation. For example, Ohnstein et al. [35,36] have developed a large period, high 

aspect ratio bellows-like grating, shown in figure 2.6, that tunes over a range of 24 /an 

from eight to 32 /an. 

Jin et al. [37] used the strong active force of electromagnetic actuation to strain-
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tune a FBG. Through this method they were able to shift the Bragg wavelength in the 

communications C band by 15.7 nm. This shift took place in the time frame of 

milliseconds. 

Side Spiing 
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Figure 2.6. Electromagnetically tunable IR filter [36] 

2.4 Shape Memory Alloy Tuning 

Alloy combinations such as Au/Cu, In/Ti, and Ni/Ti exhibit a repeatable contraction 

effect when heated, due to the thermal transition from one crystal phase to another. 

These materials are known as shape memory alloy (SMA). Thin film Ni/Ti is commonly 

used as an actuator by passing a current though the alloy to cause a thermal joule effect. 

SMA actuators are known to generate high displacement and large force to mass ratios 

under low voltage. Process flow can be challenging however, with common problems 

including difficult annealing treatments and adhesion problems of thin films. 

Nevertheless, designs that are compatible with a thermally tunable grating assisted optical 

waveguide have been attempted [38,39]. 

A device developed by S. Nagaoka et al. [40] featured a compact tunable FBG 

filter using a Ni film heater coated on a FBG and a SMA coil actuator shown in 
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figure 2.7. They were able to demonstrate precise wavelength control of under 1 nm 

though they do not report the tuning range they were able to achieve. 

FBQ ^ 
• > 

Eiectrojrtatcd Ni film hewer 
Cunem (a) Ni heater lypc 

Figure 2.7: Schematic configuration of a SMA tunable FBG filter [40], 

2.5 Thermo-optic Tuning 

The thermo-optic (TO) effect, dn/dT, is a material property of all transparent materials 

including dielectrics, semiconductors and polymers. Table 1 shows the thermo-optic 

coefficient for a variety of materials [41], If the coefficient is positive (dn/dT > 0), n 

increases for AT> 0 (i.e. silicon). If the coefficient is negative (dn/dT < 0), n decreases 

for AT> 0 (i.e. polymers). 

Material Refractive index TO coeff. (dn/dT) *10"5 °C"1 

Silica 1.44-1.47 1.0 
Silicon 3.48 18 
Indium phosphide 3.1 8.0 
Gallium arsenide 3.37 25 
Lithium niobate 2.21, 2.14 (along x, z) 1.0 
Silicon oxynitride 1.44-1.99 1.0 
Sol-gels 1.2-1.47 1.0 
Polymers 1.3-1.7 -10 to -40 

Table 1: Thermo-optic properties of materials used in integrated optics. 

Thermo-optic tuning of optical devices makes use of a wide variety of materials 
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including silica, semi-conductors, and polymers. While silica waveguides have a 

comparatively small thermo-optic coefficient, silica on silicon as well as FBG fabrication 

technology is comparatively mature, particularly in the area of variable optical 

attenuators. Silicon and GaAs, as well as polymers, have comparatively high TO 

coefficients and have been useful in DBR, VCSEL, and ROADM designs [42,43,44,45]. 

S. Yun and J. Lee have developed an in-plane tunable optical filter using the 

thermo-optic effect of silicon [46]. The device is comprised of a silicon etalon and two 

DBRs based on silicon/air-gap pairs. Through thermal modulation of the optical 

thickness of the silicon etalon, they were able to achieve a tuning range of 9 nm; claiming 

a sensitivity of 0.9 nm/°C. They were careful to note that the optical path length, a 

product of the refractive index and physical length, is changed predominantly from the 

thermo-optic effect. They make this claim since their design renders the change in etalon 

thickness negligible considering the comparatively small effect from the thermal 

expansion of silicon. 

Figure 2.8: In-plane Silicon TOF Horizontally Aligned with an Optical Fibre [46]. 

Noteworthy in polymer design, L. Eldada et al. [47] have developed a planar 

polymer Bragg grating OADM that is tunable over a 20 nm range with a sensitivity of 
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0.26 nm/°C and a minimum channel spacing of 75 GHz. 

2.6 Thermo-mechanic Tuning 

This method of optical tuning relies on the effect of thermal expansion. The expansion 

will either manipulate the actuator that produces the tuning effect on the optical element, 

or directly alter the material the optical element itself is made from. The coefficient of 

thermal expansion refers to the relative dimensional change in a material that occurs for a 

given change in temperature. Actuation or tuning occurs as a result of the change in 

length of the material as it undergoes temperature change. 

This effect is not to be confused with the strain-optic effect, in which elastic stress 

causes a change in the refractive index, since there are many other ways in which 

actuation can cause stress in a material. In general, since the thermo-elastic effect is so 

small in comparison to the accompanying thermo-optic effect, it is generally not used on 

its own to shift the Bragg wavelength of an optical device. It is often used, however, in 

combination with other material properties to alter the spectral response of a waveguide. 

Zhang et al. [48] proposed an add/drop multiplexer based on a polysilicon pitch 

tunable grating. The design is a kind of thermopile, in which each coupling pair forms 

one period of the grating. The actuator itself is called a "rhomboid heatuator". When 

current passes through the four arms of the rhomboid heatuator, the length of the 

waveguide arms extend to tune the pitch of the grating. A driving current of 10 pA 

causes a temperature change of 200°C, which in turn actuates the pitch from 13 |jm to 

18.6 (j,m. They did not report the corresponding voltage or power requirements. The 

tuning response over this range causes a diffraction angle change from 6.8° to 4.8° for a 
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change in intensity distribution of the ±1 order of 1.55 /jm wavelength light. 
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Rhomboid 
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Figure 2.9: Schematic of thermo-elastically pitch-tunable grating filter [48]. 

In a design reminiscent of the electrostatic device proposed by M. Li et al. [21], 

the idea of thermal actuation is turned on its head by Amano et al. [49] with a 

temperature insensitive micromachined AlGaAs-GaAs vertical cavity filter, shown in 

figure 2.10. This device takes the form of a cantilever in which the suspended beam, and 

the substrate it hangs over, are made up of layers of AlGaAs and GaAs. 

Through a concept they refer to as "thermal inaction", differential thermal 

expansion in the cantilever renders the thickness of the air gap between the two DBRs 

thermally stable. This allows the addition of another actuation technique without having 

to worry about any secondary thermal effect of that actuation technique. This design 

could be particular useful when used in conjunction with methods of tuning such as SMA 

or bimetal alloy. 

Figure 2.10. Schematic of a thermally insensitive cantilever based vertical cavity filter 
tuned by thermal expansion [49]. 
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3 A Method for Thermally Tuning the Wavelength of an 
Optical Filter 

The photonic device described in this thesis uses thermo-optic, photo-elastic and thermo-

mechanic effects; as well as buckling mechanics to control the response of a Bragg filter. 

These effects are driven by locally heating a suspended waveguide bridge on which the 

filter itself is integrated. There are three regimes the optical filter operates in. The first 

regime is the pre-buckle condition. It occurs over the thermal range in which the bridge 

waveguide lies flat, in plane with the die surface. The thermo-optic and photo-elastic 

effects combine for a characteristic linear shift in the Bragg filter wavelength per degree 

Celsius. The second regime involves a discrete shift in the Bragg filter wavelength that is 

caused when the waveguide bridge buckles at its critical temperature. The discontinuous 

shift in the Bragg wavelength at this instant is due to a combination of buckling 

mechanics and the photo-elastic effect. The final regime is the post-buckle condition. In 

this regime the thermo-mechanical and thermo-optic effects combine to shift the Bragg 

wavelength, while the photo-elastic effect is no longer present. The Bragg wavelength 

shift is again linear, but at a greater rate per degree Celsius. 

These effects, and their influence on device performance, will be theoretically 

described in this chapter. This includes the optics of the waveguide and grating filter, the 

mechanics of the bridge waveguide structure, and the thermal effects on these functional 

elements due to their material properties. 

The optical, thermal, mechanical and buckle theory described here will allow the 

development of an analytical model. This model will be used in chapter 4 to conduct a 

design analysis so that the device geometry can be established for fabrication of an SOI-
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based device. 

3.1 Optical Waveguide 

Optical filtering, heating, and actuation produce the functionality of this device, but it is 

at its core an optical waveguide. Therefore the optical waveguiding theory will be 

established first to lay the framework for the optical filter, thermal and mechanical 

elements to follow. 

The first factor to consider is the mode property of the waveguide. A waveguide 

that supports propagation of only a single mode will avoid intermodal effects. Since 

intermodal dispersion cannot occur in a single mode waveguide, this will maximize the 

power that can be propagated for a given geometry. Single mode operation will also 

facilitate the efficient coupling of a single mode fibre to the input and output facets of the 

waveguide. Therefore, regardless of the geometry the guide takes, it will be designed to 

be single mode. 

Three waveguide geometries were considered. These included channel, strip 

loaded, and rib waveguides. Common to each waveguide geometry would be a contact 

cut etch in the device layer of the SOI to define an open rectangular area on each side of 

the waveguide. After etching through the silicon to expose the BOX layer, a surface 

micromachining process will release the waveguide from the BOX so it is suspended in 

air as a waveguide bridge. Each design will also require accommodation for an 

integrated heater. In the case of the channel and strip loaded designs, the heater element 

would not only provide thermal tuning, but waveguiding as well. 
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3.1.1 Channel Waveguide 

The channel waveguide uses adjacent indices of refraction that are less than the 

core index to define the waveguide. A longitudinal cross-section is depicted in figure 

3.1. The vertical confinement is due to the index contrast between the silicon waveguide 

and air. The lateral confinement would come from the index contrast produced by 

diffusion of implanted ions, typically phosphorous or boron, into the suspended 

waveguide bridge. 

Implanted resistive heater Waveguiding area Suspended waveguide bridge 

The change in index of refraction that free carriers cause has been explored by 

Soref and Bennett [50], They report that a phosphorus carrier density of 1020 cm"3 will 

cause an index change of-0.1. For guiding to occur, the waveguiding core is typically 

surrounded on all sides by a confining medium of lower index of refraction. Since An is 

negative, it follows that the areas to either side of the waveguide must receive the 

phosphorus implantation rather than the core itself. By implanting and then diffusing 

ions into the device layer of the SOI, a pn junction is created that defines the dimensions 

of the lateral confinement strips. 

The negative index change is also fortuitous, since implanting silicon with 

phosphorus also causes a substantial attenuation effect to the light on the order of 

27 



2290 cm"1 [50], The mode of propagation will be in the lower loss undoped centre 

region. There would, however, be a loss associated with the boundary between the doped 

and undoped silicon. Discontinuities in the boundary would contribute to scattering loss 

along the waveguide length. 

If there is effective junction isolation between the p-type isolation strips and the 

n-type device layer silicon that contains them, electrical leakage to the waveguide bridge 

itself can be ignored, and the isolation strips will double as self-heating silicon resistors. 

The resistive heaters would provide thermal tuning by passing a current through them. 

3.1.2 Strip-loaded Waveguide 

In this design metallic electrodes forming the integrated heaters would also be 

used to produce optical striplines. When considering an analysis of a strip loaded 

waveguide, the location of the stripline will be determined by the index contrast between 

the waveguiding material and the material the strip is made from. 

In the case where the cladding stripline is a dielectric material of lesser index than 

the waveguide, the strip is deposited on top of the waveguide, creating an index larger 

than the unclad regions adjacent to it. In the case where the loading strip is metal, the 

effective index in the region beneath it is smaller than the effective index in the core 

region where there is no metal loading strip. 

Therefore, as in the case of the channel waveguide, the waveguiding channel is 

defined laterally by strips of a metallic material deposited on either side. Confinement in 

the vertical direction would again come from the release of the bridge waveguide, 

exposing the top and bottom of the waveguide to air. A cross-section of this waveguide 

type is shown in figure 3.2. 
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This option would not suffer from the sidewall roughness that we shall see in the 

case of the rib design, or loss due to confinement by ion implantation boundaries in the 

case of the channel waveguide design. There would, however, be optical power loss due 

to absorption of the photons at the metal interface. The primary disadvantage to this 

approach would be the optical loss on the metal interface of the heater strips, since metal 

is not a perfect conductor at optical frequencies [51]. 

Thin film metallic resistive Waveguiding area Suspended waveguide bridge 

Loss could be reduced by processing a thin buffer layer of oxide between the 

heater/waveguiding metal strips and the silicon, producing a buffered metal waveguide 

[52]. This would introduce a difficulty in the sacrificial release of the waveguide bridge, 

however, since the same step that removed the BOX layer between the device layer and 

handle layer silicon would also attack this buffer oxide. To analyse the channel and strip-

loaded waveguide types, in order to calculate the effective index and propagation 

constant, methods developed by Marcatili [53] and Furuta [54] would be employed. 

3.1.3 Rib Waveguide 

This design geometry makes use of an etch process to create two trenches in the 

guiding silicon slab of an SOI wafer. In conjunction with the thickness of the device 

layer of the SOI, the separation of the trenches becomes the rib width that defines the 
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core of the waveguide. A cross-section of the rib type waveguide in SOI is shown in 

figure 3.3. 

As before, the contrast between the indices of air and silicon will confine the 

optical mode to the rib waveguide in the vertical direction. In the lateral direction, the 

effective index on either side of the rib waveguide will be less than the index of the full 

thickness of the rib, providing confinement in the lateral direction. The main source of 

loss with this waveguide type is the radiative loss from the sidewall roughness of the rib 

itself. 

Thin file metallic resistive Rib waveguide Suspended waveguide bridge 

Figure 3.3. Suspended rib waveguide on SOI. 

Since the rib provides lateral confinement in the waveguide, there is freedom to 

use either implanted or metallic heaters to thermally tune the device. With these 

elements moved some distance from the rib itself, loss associated from either element 

will also be reduced. 

Another benefit of lateral mode confinement without the use of an integrated 

heating strip is that the suspended waveguide filter could be thermally tuned and actuated 

through the use of an external heat source. This allows for extra flexibility in the design 

and fabrication cycle since a device could be mechanically and optically characterised 

without an integrated heater. 

heatei 

Handle layer of SOI Buried Oxide Device layer of SOI 
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The width and height of the rib, and the index contrast it provides, defines the 

waveguiding properties of the rib waveguide in relation to the thickness of the bridge 

waveguide itself [55]. This concept will prove to be of critical importance in the design 

process when it will become apparent that the bridge thickness plays an integral role in 

the mechanical and therefore optical performance of this filter. 

The final important difference between the other two waveguiding types and the 

rib waveguide is mechanical rather than optical. The cross-section of the channel and 

strip loaded waveguides is rectangular (or prismatic), while the rib waveguide cross-

section is a "T" shaped beam. While the rib is a small surface perturbation in comparison 

to the slab that forms the waveguide bridge, it will still reduce the moment of inertia of 

the beam. This will translate to a lower critical buckle temperature. 

The rib waveguide is difficult to analyse using Marcatili's method because of the 

division of the waveguide geometry. Analytically, the effective index method (EIM) can 

be used to calculate the modality and propagation constant of this structure [56], 

3.1.4 Comparing waveguide types 

The design strengths, weaknesses and process challenges of each waveguide type 

are summarized in table 2. An existing rib waveguide and Bragg filter mask, and etch 

process, were developed at Carleton University's Microelectronics Fabrication 

Laboratory (MFL) [57]. These existing device elements could be adapted to the rib 

waveguide filter proof-of-concept process flow that would be developed for the first 

design iteration of the device. This benefit, combined with a more flexible method of 

thermal actuation, makes the rib waveguide the most favourable design to move forward 

with. 
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Waveguide Channel Strip Loaded Rib 

Process 
Challenges 

- Lateral phosphorus 
diffusion must be 
controlled 

- Delamination of 
metallic strip line 

- Sidewall roughness 
- Delamination of metallic 

strip line 

Strengths - Less sidewall 
imperfection than rib 

- No sidewall roughness 
- Least process steps 

- Can test without integrated 
heaters 

- Building on developed 
waveguide process 

- Heating elements separated 
from WG core 

Weakness - Most complicated 
process 

- May not be compatible 
with HF bridge release - Sidewall roughness in rib 

Table 2: Summary of waveguide designs with process challenges, strengths and 
weaknesses. 

Figure 3.4 shows the top section and cross view of a rib waveguide, where W is 

the rib waveguide width and H is the rib waveguide thickness, equal to the thickness of 

the device layer of the SOI. The thickness of the slab waveguide is h. The rib waveguide 

height is the difference between H and h. The top view is used to show the guiding 

characteristics of an equivalent slab guide in order to predict the guiding properties of the 

rib guide in the y-direction. Index nejf(h) is the effective index of the slab portion of the 

waveguide and index neff(H) is the effective index of the rib waveguide [58]. 
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Figure 3.4. Top view and cross-section of a rib waveguide for EIM. 
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The boundary condition is such that Ez is continuous at y = 0 and W. In general, 

the effective index, nejj, is expressed as: 

where propagation constant in the z direction (or longitudinal wavenumber) is fi and the 

wavenumber k = 2it I A. 

The dispersion equation is [59]: 

n2 

= 3.2 
n e f f ( h ) 

where u and w are transverse wavenumbers: 

kW [~2 nrt „ 

and 

kW l(/3)2 j 

If the transcendental equation 3.2 were solved graphically, the result is a range of 

discrete allowed values of j3 corresponding to the allowed modes. In chapter 4, software 

using numeric methods will conduct an analysis on the rib waveguide design to 

determine f3 over a range of wavelengths. 

3.2 Bragg Grating Filter 

The Bragg grating filter is etched into the waveguide rib so that light can be directed to it. 

The wavelength of maximum reflectivity, As, is characterised by the Bragg equation: 
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K = 2 % A 3.5 

This wavelength occurs as a result of forward and backward propagating mode 

coupling, and is determined from the mode effective index in one period of the grating, 

neff., and the Bragg grating period itself, A, as depicted in figure 3.5. 

Figure 3.5. Lengthwise cross-section of Bragg grating with dimensions. 

The Bragg equation only indicates the wavelength at which maximum reflectance 

occurs. Also indicated on the figure is the reflectance, R, and transmittance, T. These 

values refer to the power ratio of the reflected light to incident light, and transmitted light 

to incident light, respectively, at a specific wavelength from the centre Bragg peak. 

Equation 3.5 is the foundation upon which this thermally tuned suspended 

waveguide filter will be analysed. The device proposed here will change the Bragg 

wavelength by changing both the effective index of the rib waveguide that the Bragg 

grating has been integrated, and the pitch of the Bragg grating. This relationship can be 

informally stated by expanding equation 3.5 into the following phenomenological 

equation: 

AAb = 2neffAA + 2&neJfA 3 . 6 

The equation will be more formally expanded in the next chapter. 
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It follows from equation 3.6 that the shift in wavelength at which minimum 

transmittance occurs will be affected by any thermal or stress based change in the grating 

index due to thermo-optic or photo-elastic effects; or any thermal or mechanical based 

change in the pitch of the grating due to thermal expansion or the buckling mode shape. 

While this relationship is important to determine the wavelength of the Bragg 

peak for a given set of thermal and mechanical based operational parameters, a more 

rigorous definition of the grating transmittance is necessary to be able to model the shape 

and strength of the Bragg response. To determine the wavelength of the peak requires 

equation 3.5, but to get a sense of how to maximize the filter strength and minimize the 

passband bandwidth at full-width half-maximum (FWHM), 6X343, a different theoretical 

model is required. The nature of the forward and backward propagating mode coupling 

of the grating must be determined. 

3.2.1 Coupling Coefficient 

Yariv has shown [60] that for a rectangular grating, depicted in figure 3.6, the 

coupling coefficient, K, of the filter (or selective mirror) can be characterised by the 

following formula: 

K • 
In2 n2 -n2 

core air 

3 a 

r \ a 
1 + -

3 (Ala) 

2n in2 -n2)m+ 4*2( \"core "air) V 

3 (A1 of 
2 2 n —n core air , 

3.7 

where ncore is the effective core index of the rib waveguide, ncur is the index of refraction 

of air, I is the order of harmonic coupling, A is the wavelength coupled into the 

waveguide, a is the grating depth, and tg is the waveguide thickness. Also labelled in 

figure 3.6 is the grating duty cycle, D, which is the ratio between the grating width, b, and 

the grating pitch, A; or D = b/A. 
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The order of the harmonic response used to calculate the coupling coefficient K is 

given by: 

A A i. 3.8 
n 

where (3m is the propagation constant of the particular mode (m) under consideration, and 

A is the grating period. For the first order (/ = 1) the reflection wavelength, which is AB, 

occurs as a result of forward and backward propagating mode coupling of the 

fundamental mode travelling in the ± z direction. 

Figure 3.6. Dimensions of a grating used for the coupled mode solution of the Bragg 
filter spectral response. 

The solution of the coupled mode equation of the waveguide as a function of 

distance, z, which is the distance the incident wave travels along the grating, is given by 

the mode reflectivity equation 3.9 [61]. A(z) describes the forward propagating wave and 

B(z) describes the backward propagating wave such that: 

//eexp(7/?0z) 
A(z)e,pz = 5(0) 

-A/? sinh(.S'Z/J) + iS cosh (SLB) 
•sinh[S(z-Zs)] 3.9 

where LB is the length of grating, J3o is the lowest order mode propagation constant of the 

waveguide at a given wavelength, and ft is the propagation constant of the waveguide at a 
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given wavelength, where the Bragg filter has been integrated. 

Additionally, S is a variation of the coupling constant, and is calculated thus: 

S = ^K2-(AP)2 3 .10 

with 

A/? - P~P0 3.11 

and 

A - T 3-12 

A 

where Ap is the detuning value. 

In addition to providing a solution for the reflectivity versus the deviation from 

the Bragg condition, the mode reflectivity equation can also be used to calculate the same 

spectral shift of the Bragg reflector that the expansion of equation 3.6 provides in order to 

compare the results of the two. In the following sections of this chapter the Bragg 

wavelength equation, 3.6, will be deconstructed into its thermo-optic, thermo-mechanic, 

and photo-elastic components and then combined in chapter 4 for analysis and design. 

The resulting effective index and grating pitch changes will be used to compute the shift 

in the Bragg wavelength response over a range of temperatures for a specific device 

geometry. 

3.3 Heaters 

The waveguide bridge that contains the Bragg grating must be heated locally. If the 

entire die were heated, thermal expansion over the surface would prevent differential 

expansion of the bridge from its anchor points on the die. Two approaches were 

37 



considered to achieve the thermal differential required to actuate the suspended 

waveguide bridge and tune the filter it contained. The first involved integrating self-

heating resistors onto the bridge, on either side of the rib waveguide. The second entailed 

the application of an external localised heat source to the bridge instead of from the 

integrated heaters. 

Heating elements can be integrated either as implantation and diffusion of a 

resistor into the silicon substrate, or deposited on the silicon surface as a thin film 

metallic resistor. A flow of electrical current through the resistor is converted to heat via 

Joule heating. The resistance of a heater is the result of its dimensions and material 

properties, and can be calculated from the following equation: 

R = ^ 3.13 
A 

where p is the resistivity; and the dimensions of the resistor are determined by its cross-

sectional area, A, and its length, L. The resistivity of the heater material can be obtained 

from a material properties handbook if the material is of sufficient purity, or measured 

experimentally. 

The temperature increase due to Joule heating is linear over a characteristic 

temperature range that depends on the resistor material. Resistance is known to change 

as temperature changes. This material property is called the temperature coefficient of 

resistance (TCR). Once the resistance of a heater has been confirmed experimentally at a 

reference temperature (room temperature for instance), the temperature of the heater can 

be calculated if the resistance is known at that current. This can be accomplished by 

measuring the voltage across the resistor for that current, and using Ohm's law to 

calculate the resistance. 
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The following equation incorporates these effects: 

i? r=i?0[ l + r ( r - r 0 ) ] 3.14 

where Rj is the resistance at temperature T, Ro is the resistance at reference temperature 

To, and r is the TCR of the material the resistor is composed of. Equation 3.14 can be 

rearranged in terms of temperature as follows: 

T _ RT-Rq+tRQTQ 

TRq 

This relationship will be used when thermally characterising the optical performance of 

the device using integrated heaters. 

The second technique for thermal actuation involves focusing the output of an 

external laser diode (LD) onto the bridge so it can be heated locally in comparison to the 

surrounding surface layer at its anchor points. This technique requires the LD to operate 

in its linear region over the thermal region the device is characterised. The LD must also 

operate at a wavelength for which the silicon is highly absorptive. 

The self-heating resistor, hereafter referred to as a heater, is the preferred solution 

for a variety of reasons. An external heater requires a more complicated experimental 

setup. Measuring the thermal effects on the device using an integrated heater is also 

more direct. An external heater requires additional experimentation to translate a shift 

due to the laser power to a shift due to the thermal effect of the laser power. 

During the design, fabrication, and characterisation process for the devices that 

were developed, both heating techniques were explored. Although the integrated heater 

approach was preferred, external heating proved invaluable for both rapid bridge buckle 

characterisation as well as a contingency when the integrated heaters were not available. 
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3.4 Thermo-optic Effect 

The thermo-optic effect describes the temperature dependency of the refractive index. 

The effect is a combination of the change in index as the material's polarisability and 

density changes with respect to temperature. Polarisability is a material property that 

quantifies the ease of distortion of the electron cloud in the atoms of a crystal by an 

electric field. An increase in polarisability will increase the refractive index. 

The coefficient of thermal expansion, discussed in section 3.5, is a material 

property indicative of the extent to which a material's dimensions change upon heating. 

Since the number of atoms or molecules in the material remain constant, the density of 

the material changes as the volume (and temperature) changes. In general, a decrease in 

density will decrease the refractive index [62]. 

As the temperature changes, the change in polarisability and density of the 

material competes to determine the physical value of the refractive index. The dominant 

coefficient determines whether the thermo-optic coefficient will be positive or negative 

as a result. 

The following equation describes this effect [63]: 

where n is the refractive index, N is the material density, (f> is the material polarisability, 

and s0 is the permittivity of free space. When N and (f> change as a result of the change in 

temperature, T, the resulting dn/dT is called the thermo-optic coefficient (TOC), and is 

represented by the symbol E, in this thesis. TOC is a material property and for silicon it is 

positive. At room temperature 1.75 x 10"4 °C"1 [64], 

3.16 
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3.5 Thermo-mechanic Effect 

The thermo-mechanical effect describes the temperature dependency of the linear 

dimension of a material. As with the thermo-optic effect, a material property coefficient 

relates this dimensional change to a change in the material temperature. In this case the 

change, or deformation to be exact, is called the strain, s. Strain is the ratio of change in 

linear dimension, AL, to its original dimension, Lo, as shown in equation 3.17. Although 

the symbol, s, can also refer to the dielectric permittivity, unless otherwise stated it refers 

to strain in this thesis. 

AL 
£ = ~r~ 3 - 1 7 

o 

When deformation occurs as a result of the change in temperature, s/dT is called 

the linear thermal expansion coefficient (TEC). This material property is represented by 

the symbol, a. For silicon at room temperature (22 °C) it is a = 2.53 x 10"6 °C"1 [65], 

The TEC relates strain to temperature change in the following equation: 

e = aAT 3.18 

As deformation occurs due to this thermal expansion, the material will have a 

characteristic stiffness, or capacity to resist deformation. This material property is called 

the modulus of elasticity, and is represented by the symbol E. Although E can also refer 

to the electric field, unless otherwise stated it refers to the modulus of elasticity in this 

thesis. 

The most general modulus of elasticity is a bulk isotropic number, which is the 

material's resistance to being compressed from all sides. The bulk modulus of elasticity 

for silicon is 98 GPa [66]. If deformation of the structure takes place in a specific 
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direction, the bulk modulus is the least accurate material property to use when analysing 

the mechanical behaviour of the device. Young's modulus, the capacity of the material to 

resist deformation in a linear direction, is generally taken as 130 GPa for silicon [67]. 

When the exact crystallographic direction of deformation is known, an even more 

accurate value for E can be derived. The material used to fabricate the suspended 

waveguide bridge will be single crystal silicon, for which the crystallographic orientation 

will be known. Therefore the crystallographic representation of E can be derived for a 

better understanding of the mechanical and optical behaviour of the buckling beam. 

When a material's resistance to being deformed is combined with a deformation, 

the force applied per unit area to cause that deformation is referred to as the stress, a. 

The stress is related to strain via the modulus of elasticity in the following equation: 

o = EE 3.19 

Equations 3.18 and 3.19 are fundamental relationships that will be used in conjunction 

with buckling mechanics to determine the temperature at which the waveguide bridge 

will buckle. This critical temperature, along with the accompanying thermo-optic, 

thermo-mechanic, and photo-elastic effects, will determine the thermomechano-optical 

change in the Bragg wavelength response of the waveguide filter. 

A strain tensor is used to describe the change in cubic structure of the silicon 

lattice due to deformation by thermal expansion. The resulting stress tensor consists of 

normal strain components sx, ey and s2 and shear strain components yxy, yxz and yyz. The 

stress tensor describes the pressure that is applied to the silicon crystal. It includes 

normal stresses cx, cry and az and shear stresses xyz, Tzx and xxy. Recalling equation 3.19, 

the stress and strain are related via the modulus of elasticity of silicon. As a result of the 
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cubic structure of silicon, the crystallographic representation of E in the (100) axes has 

the stiffness coefficients C//, C12, and C44. The relationship between stress and strain can 

be expressed in matrix form with equation 3.20. The values for C are as follows: 

Cn = 165.6 x 109 Pa, C12 = 63.98 x 109 Pa and C44 = 79.51 x 109 Pa [66]. 

O-x Cn 
c 12 c 12 0 0 0 

c 12 
c 

12 0 0 0 

c 12 c 12 C „ 0 0 0 

0 0 0 c 44 0 0 

^Xz 0 0 0 0 C 4 4 0 Vzc 

T xy 0 0 0 0 0 C 4 4 _ yxy 

3.20 

The device layer of single crystal SOI used in this research has a standard 

crystallographic orientation that includes the (001) face with a flat ground to indicate the 

(110) face. The lithographic masks that define the features of the device will be oriented 

to this flat. Therefore the axis of the suspended waveguide will be parallel to the [110] 

direction of the silicon crystal. Figure 3.7 shows the orientation of a silicon wafer within 

cubic hexoctahedral single crystal silicon [68], which in turn shows the crystallographic 

orientation of the waveguide bridge structure on the wafer itself. The crystallographic 

orientation of the waveguide bridge will also impact the influence of the photo-elastic 

effect. This will be covered in section 3.6. 

The general formula for determining the modulus of elasticity in an arbitrary 

crystallographic direction is [69]: 

1 
1̂1 _ 1̂2 ~ 0 £44 \j\ll + fyl + fil ) 3.21 

where /, are the directional cosines for /; and Sy are the compliance coefficients of the 

material, and the inverse of matrix Q . The values for S are: Su = 76.8 x 10"13 Pa"1, 
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Sj2 = -21.4 x 10"13 Pa"1 and S44 = 126 x 10"13 Pa"1 [66], The modulus of elasticity for 

single crystal silicon in the (110) direction is E<no> = 168.0 GPa. 

Silicon wafer 
orientation within ^ Q 

crystal I 

Figure 3.7. Orientation of waveguide bridge within the crystallographic planes of single 
crystal silicon to help determine the mechanical properties of the bridge [68], 

The fixed-fixed beam that forms the waveguide bridge is much longer than it is 

thick or wide, and the sides and surfaces of the beam are free to expand without 

restriction, so the uniaxial stress that will occur along the axis of the beam need only be 

considered [69], Equations 3.18 and 3.19 can be combined into a relationship that will 

take into account the crystallographic orientation of the waveguide bridge when 

calculating the stress within the bridge due to constrained axial thermal expansion in the 

(110) direction: 

cr{no)=aATE{m) 3.22 
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3.6 Photo-elastic Effect 

The change in refractive index caused by stress is the photo-elastic effect. When a crystal 

is subject to a stress field, the resulting photo-elastic effect is dependant on the 

orientation of the optical indicatrix to the crystallographic axes, and the mechanical 

effects they represent. Overlaying these two axes results in the optical orientation of the 

crystal. In order to relate the optical property of the photo-elastic effect to the mechanical 

effect of the thermally stressed beam, the optical orientation of silicon is important to 

consider. 

Silicon belongs to the isometric crystal system, and has the highest order of 

symetry among the seven crystal systems. Its class is cubic hexocahedral as is shown in 

figure 3.8. Crystallographic axes [a,b,c] and tensor reporting frame axes [X,Y,Z] for 

silicon are designated according to IEEE/ANSI STD 176-1987, which equates X=a=z, 

Y=b=x, and Z=c=y, relative to principal optical axes [x,y,z]. 

Figure 3.8. Cubic hexoctahedral silicon showing the alignment of the optical and 
crystallographic axis in an optical orientation plot. 
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Since silicon has a cubic atomic structure, the optical indicatrix is a sphere before 

stress is applied. The resulting isotropic optical indicatrix is shown in figure 3.9 where ne 

(the index in the extraordinary or longitudinal direction) is equal to nM (the index in the 

ordinary or lateral direction) by definition. It is key to note that before the silicon 

experiences any stress: 

Figure 3.9. Isotropic Optical Indicatrix for a cubic hexoctahedral crystal such as silicon 

In general, the indicatrix for silicon is defined by: 

no = nx = ny = nz 

c, ny 

b,nx 

a2 b2 c2 a b 
3.23 

where 

a, b, c = crystallographic axes 

nx, ny, nz = principle refractive indices 

The relative dielectric impermeability, rj, is defined as: 
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£0 1 
7 = — = — 3.24 

£ £r 

where s is the dielectric permittivity, sq is the permittivity of free space, and sr is the 

characteristic dielectric permittivity of the material. 

The index of refraction, n, is related to rj by en such that: 
n = 3.25 

Therefore: 

t] — —r 3.26 
N 

When a crystal experiences stress, the indicatrix becomes [70]: 

77, JC2 +RJ2Y2 +RJ3Z2 + 2R/4YZ + 2T],LZX + 2RI4XY = L 3 .27 

where 

x, y, z = axes of the indicatrix 

The general equation for the photo-elastic effect on the waveguide mode index 

can be obtained from [71]: 

A 77. = 7Tij(Tj 3 . 2 8 

where tj is the dielectric impermeability tensor, 1r,y is a fourth rank stress optic coefficient 

tensor, and cr is the stress tensor. 

The change in the index of the silicon when under stress can be solved along the 

optic axis in the direction the stress is applied via the application of its stress-optic 

coefficients. To solve for the change of refractive index in silicon for a long slender 

beam in the (110) crystallographic direction, equation 3.28 is expanded to matrix form in 

equation 3.29. 
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A 77, 7TU ^12 nn 0 0 0 

a ? 7 2 7Tn 7Cn nu 0 0 0 

A 773 7TU 7Tn JTn 0 0 0 0 

0 0 0 ^ 4 4 0 0 0 

A TJ5 0 0 0 0 ^ 4 4 0 0 

0 0 0 0 0 ^ 4 4 . 0 

3.29 

Using equation 3.26 and solving for one principle axis, the dielectric 

impermeability, 77, can be rewritten as: 

1 
Vx = — nr 

Next consider the change in impermeability as the index changes: 

AT/ , = 

3.30 

\ n l j 
A n 3.31 

Due to the cubic nature of the crystal, no can be taken as an approximation of nx so that 

equation 3.31 can be rewritten as: 

3.32 

Substituting from equation 3.28 gives: 

Similarly: 

3.33 

3.34 

A " z 2 ) 

As discussed in section 3.5, the crystallographic orientation of a SEMI standard 

(100) silicon wafer is such that the stress on a waveguide bridge aligned to the (110) 
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wafer flat will influence the index in the x and z indicatrix directions. The axial stress 

that the waveguide will experience prior to buckling will be the resultant of crx and ay 

stresses. By resolving the stresses in the (110) direction, the photo-elastic effect on the 

index becomes [70,72]: 

A"<110) = ~ \ ( n o f [°<iio> (^11 - ^ 1 2 ) 3.35 

» • . . . 1 ^ 1 The stress-optic coefficient, Tin - tc^, for silicon is -14.4 x 10-" Pa"1 [73] and the 

compressive stress, <J(i]o), is negative; therefore Ari(uo) is negative. This will have an 

important implication for the amount of shift in the Bragg filter wavelength when the 

waveguide bridge buckles. 

3.7 Thermo-mechanical axial beam deformation 

The fixed-fixed beam, shown in figure 3.10, is considered to be a "long column" such 

that the suspended waveguide bridge it represents is much longer than it is wide or thick. 

For simplicity, the x axis is rotated into alignment with the axis of the beam. The stress 

along its axis, <JX, dominates and OY and AZ are negligible. For analysis of this structure, 

o.mechanical = and the beam is uniformly heated. 

I y 

Initial Fixed-Fixed Beam Length 

X 

L0 

Figure 3.10. Long slender fixed-fixed beam subject to a uniform temperature increase. 

Beams whose ends are restrained against translation produce opposing 
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mechanical strains to thermal expansion strains and therefore compressive stresses. The 

total axial strain, stotai, is the sum of the strain, smechanicah due to the axial stress, o,mechanical', 

and the thermal strain, thermal, due to heating. Therefore the strain created by the 

waveguide bridge thermally expanding against its fixed supports will have a mechanical 

component and a thermal component. The total strain for the waveguide bridge in the 

pre-buckle configuration can be written as: 

^total ~ ^mechanical ^thermal 3.36 

This equation is called the stress-strain-temperature equation for axial 

deformation of a slender, linear elastic member [74] where £mechamcai is the value 

calculated from equation 3.19 and ethermai is the value calculated from equation 3.18. In 

the pre-buckle temperature range, the thermal strain in the waveguide bridge is fully 

constrained. Since the beam ends are restrained against expansion or deflection, they 

produce opposing mechanical strains to counter the thermal expansion. The total axial 

strain in this range is zero and equation 3.36 can be rewritten as: 

£ total = £ mechanical + £ thermal ~ ® 3.37 

£ mechanical £ thermal 3.38 

The shift of the Bragg wavelength in the pre-buckle regime will be impacted by 

the thermal influence of the thermo-optic effect and the stress influence of the photo-

elastic effect. There will be no change in the Bragg pitch during the pre-buckle regime. 

Combining equation 3.38 with 3.18 and 3.19 results in an expression for the axial stress 

in the pre-buckle regime: 

Vmechan,cal=-<XkTE 3.39 
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When thermal expansion of the fixed-fixed waveguide bridge increases to a 

characteristic critical pressure and the beam buckles, the strains are free to develop, and 

the beam will reach a new stable shape in which the vertical deflection, 5, of the 

waveguide bridge is related to the total strain in the beam [75]. 

£ t o t a i ^ S 3.40 

In the post-buckle configuration, the strain due to mechanical deformation is no 

longer present since the stress due to thermal expansion has been released in the buckle 

process. Therefore the total strain for the waveguide bridge in the post-buckle 

configuration can be written as: 

£total ~ £thermal 3 . 4 1 

Furthermore, as the temperature continues to rise in the post-buckle condition, 

provided there are no external loads, the thermal expansion will continue to be expressed 

by Sthermai alone. Since the post-buckled waveguide bridge is now free to thermally 

expand out-of-plane, stress will not develop along the axis of the long slender beam and 

there will no longer be a photo-elastic effect on the Bragg wavelength. This is an 

important assertion to make when analysing the difference in the thermal sensitivity of 

the Bragg wavelength in the pre- and post-buckle regimes, as well as the magnitude of 

the Bragg wavelength shift when the waveguide bridge buckles. This model will be more 

fully explained in section 4.4.3 by accounting for the residual, bending, and compressive 

stress in the beam as it deflects through to its post-buckle condition. The dependency of 

the Bragg wavelength in the pre-buckle regime is XB (thermo-optic, stress-optic), while 

the dependency of the Bragg wavelength in the post buckle regime is XB (thermo-optic, 

thermo-mechanic). 
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3.8 Beam Buckle Theory 

With an understanding of the pre- and post-buckle thermo-mechanical axial beam 

deformation, it is now time to determine the shape that this deformation will force the 

fixed-fixed beam into when it buckles. The bridge waveguide structure that contains the 

Bragg filter is usually referred to as a beam, column or rod; while the anchored 

configuration is variably described as a built-in beam, a clamped-clamped beam, or a 

fixed-fixed beam. 

The fixed-fixed beam that forms the suspended waveguide bridge in this thesis is 

assumed to be rigid, straight, and fixed at both ends; and meet the conditions of a "long 

column" discussed in the previous section. A long column will allow the application of 

the Euler-Bernoulli beam displacement theory, while a fixed-fixed configuration will 

dictate the amount of thermal expansion required to develop critical buckling force, as 

well as the height of deflection that occurs when the bridge buckles. 

Figure 3.11 labels the important elements of the beam that will be used to 

describe its buckle behaviour. The length of the beam at its rest state, or pre-buckle 

configuration, is Lo. As the silicon beam is heated, thermal expansion occurs. If the 

beam were free to expand along the x axis, this thermal expansion would be represented 

by dx. Since the bridge is fixed, however, and not free to expand axially, dx results in 

axial force, P, with a bending moment, M. 

As the fixed-fixed beam continues to expand, the force will continue to increase 

until the bridge buckles. This critical buckling force, Pcr, is known as the Euler buckling 

load. The critical load as a result of the axial stress of thermal expansion is defined as: 

52 



Pcr=°cA 3.42 

where the formula for calculating the critical stress, acr, is described by equation 3.22. 

W 

Deflection 

M 
A 

V 
dx M 

Initial Fixed-Fixed Beam Length X 

Figure 3.11. The buckling mode shape of a fixed-fixed beam where the w-axis is 
exaggerated to show the vertical displacement, 8, of the beam. 

If the beam is of sufficient slenderness it will form a shape called the mode shape, 

or buckling mode. This is the shape depicted in figure 3.11, in which the w-axis is 

exaggerated to show the vertical displacement of the beam. The distance that the centre 

of the beam will deflect out-of-plane in its first buckling mode is S. 

Although a straight beam could theoretically buckle in the second buckling mode, 

this would only physically happen if the beam were laterally constrained at its centre to 

prevent it from buckling in the first mode [74], Higher order mode buckling has been 

achieved in MEMS beams that were not initially straight [76,77], Such structures exhibit 

bi-stability in that they are stable in two different mode shapes at room temperature. 

The governing equation that describes the relationship between the waveguide 

bridge deflection, w(x), and the load, P, due to the axial thermal expansion, is the Euler-

Bernoulli beam equation [74]: 

dx dx 
3.43 

where EI is the flexural rigidity (comprised of modulus of elasticity, E and moment of 
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inertia, I), and the function w(x) describes the deflection at a position x along the beam. 

Due to the fixed-fixed configuration of the beam, the boundary conditions are 

w(0) = w '(0) = w(L) = w '(L) = 0. 

M. Vangbo developed an analytical model to determine the lateral displacement 

of a long fixed-fixed beam [78], Considering the buckling mode shape that the solution 

of wfxj will take, equation 3.43 can be solved as an eigenvalue problem. Setting w = eAx, 

equation 3.43 can be rewritten as 

AA+—A2 = 0 3.44 
EI 

where 

A = ±J— i 3.45 
\ EI 

The general homogeneous solution for 3.43 becomes 

P P 
w = Asin.—x + BcosJ—x + C + Dx 3.46 

V EI V EI 

where A, B, C and D are constants that are determined by using the previously defined 

boundary conditions. If equation 3.43 is solved for the condition at which the load due to 

thermal expansion, P, is 0, the beam has buckled and P becomes Pcr [79]. The critical 

axial compressive load that will cause a fixed-fixed beam to buckle is given by: 

P J J ^ L 3.47 
L2 

with its associated buckle shape function: 

w(x) = ^ 
^ 2 

1 - cos 
V A) J 

3.48 

This function describes the buckling mode shape plotted in figure 3.11 [80], The 
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critical buckling load, Pcr, is the eigenvalue, and the buckling mode shape, w(x), is its 

eigenfunction. The value of the maximum deflection is 6. Because the beam is statically 

indeterminate, the value of d cannot be derived from equation 3.43. 

To complete the mechanical description of this beam, its moment of inertia and 

radius of gyration must be defined. The moment of inertia for a rectangular beam is: 

I = —bd3 

12 
3.49 

where b is the beam width, and d is the beam thickness. This type of cross-section can 

also be called "prismatic". 

The cross-section that describes the rib waveguide bridge of this thesis is 

commonly called a "T beam". Figure 3.12 depicts the geometry to describe the 

calculation of the centroid and moment of inertia for this shape. 

y 

Figure 3.12. Moment of Inertia diagram of rib waveguide cross-section 

The centroid, y, is [74]: 

y = d — 
d2t + s2(b-t) 

2 (bs + ht) 

The moment of inertia, I, is: 

/ = • ty3 +b(d-yf ~(b-t)(d-y-sf 

3.50 

3.51 
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Additionally, the radius of gyration, r, is: 

3.52 

where A is the cross-sectional area of the bridge. 

With I and r defined, we can now obtain the Euler condition of the waveguide 

bridge. The Euler critical buckling load, Pcr, and the buckling mode, w(x), is valid for 

long columns for which the slenderness ratio leads to a critical stress below the yield 

stress of the beam material [74], The slenderness ratio is a ratio of the beam length to the 

radius of gyration. In the case of polycrystalline silicon, the Euler buckling formula is 

considered valid for a slenderness ratio greater than 26 [81]. Since the modulus of 

elasticity and yield strength is similar to single crystal silicon, the same slenderness ratio 

can be used. The slenderness ratio of the 500 jum to 4000 /jm structures developed for 

this thesis range from 400 to 3000, easily complying. 

An important realisation is made from the nature of equation 3.48. In determining 

the buckling mode shape, and ultimately its buckle height, the width of the beam does not 

mater, nor does its cross-sectional geometry. There is also no material component in this 

equation. This function describes the mathematical mode shape that a long fixed-fixed 

buckled beam will conform to in its minimum energy state. The material properties of 

the beam and its moment of inertia are not a consideration. 

Another important insight is the distinction between the axial thermal expansion, 

dx, and the beam expansion related to the buckle height, 5, caused by dx. The buckle 

expansion is related to the non-mechanical buckling mode shape of the beam, while the 

magnitude of thermal expansion is governed by the laws of mechanics as described by 

the beam's material properties and dimensions. The relationship between the two is that 
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for a comparatively small thermal expansion, dx, a large 8 is generated. This is useful for 

MEMS buckle beam actuator designs, where a comparatively small in-plane actuation 

can cause larger out-of-plane travel in a second actuator [17,82,83], Depending on the 

location along the beam, a greater grating pitch expansion, AA, also occurs; as much as 

double the value of dx. A quantitative treatment of this is found in section 4.4.2. 

Recalling the beam profile described in figure 3.11, the relationship between dx 

and 8 for a long fixed-fixed buckled beam is [84]: 

With 8 determined, it is now possible to give the buckling mode shape a quantitative 

amplitude. 

The mid-span deflection equation 3.53 can also be approximated for a long fixed-

fixed beam by the following relationship [75]: 

where ST is the thermal strain. Once the critical buckling temperature that results in Pcr 

has been calculated, comparing the result of this relationship for various beam lengths 

against 3.53 will help confirm the validity of the beam deflection height analysis. 

The final work of this section is to use line segment theory to determine the 

change in Bragg grating length (or pitch) on the bridge in which it resides. To begin, one 

must recall that the length of the curve along any two close points Pi and P2 can be 

calculated by using the line segment formula [85]: 

3.53 

3.54 

3.55 
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Now consider the length of the beam as a polygon. The length, L, of the polygon 

can be computed by adding the lengths of the line segments that form the polygon. 

lim YLP ,i>| 3.56 

An integral formula for the new length of the buckled beam, L, can be derived in the case 

where the buckle function w(x) has a continuous derivative on any two points on the 

beam, [a, b] such that: 

L = Ln + AI= ^l + [w'(x)fdx 3.57 

where a and b are defined over the region of the waveguide bridge where the Bragg 

grating filter has been integrated, Lo is the initial length of the entire grating and AL 

corresponds to the change in length of the entire grating due to the buckle shape of the 

waveguide bridge. The change in the Bragg pitch, AA, can be determined from dividing 

AL by the number of periods in the grating. 

The derivative of equation 3.48 is: 

n 
w'(x) = 5—sin 

I 

f 2 K X ^ 

v A> j 
3.58 

and the integral is: 

L0+AL= J 1 + c n . r 2 nx 
o — sin 

_ A \ A ) 

dx 3.59 

This equation reduces to a non-integrable function that cannot be solved 

analytically. It can either be solved numerically, or approximated via a Taylor series 

expansion provided AL is small [78]. The approximation of equation 3.59 is: 
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L, 

L0+AL= J- ,, K(*)]2 

2 
•dx 3.60 

3.9 Thermal Tuning 

The previous sections outlined the effect that thermal tuning will have on the thermo-

optic, thermo-mechanic, photo-elastic and buckling mechanics of the device that is 

described in this thesis. Section 3.7 explained the balance between thermal strain and 

compressive stress in the pre-buckle regime, the release of stress in the buckle regime, 

and the thermal strain active in the post-buckle regime. Section 3.8 outlined the buckling 

mode Bragg grating expansion in the buckle regime. The different combinations of 

material and structural effects will result in different tuning responses in each regime. By 

collecting the different effect combinations, a qualitative model of the thermal influence 

on the Bragg filter wavelength over the three regimes of operation will be developed and 

presented at the end of this section. 

The device layer that the bridge waveguide is anchored to will be fixed at a 

reference temperature such that To, = room temperature. The beam itself is surrounded by 

air with a 2 /zm gap from the bridge to the substrate. External heating, when used, will 

occur along the middle section of the beam. Thus the entire waveguide bridge will not be 

held at a single elevated temperature. Since the Bragg grating filter is itself integrated 

along the middle section of the bridge, however, assuming a uniform axial thermal profile 

on the effective index of the grating is likely a good approximation. During the 

experimental characterisation procedure, the waveguide bridge temperature will be 

increased in 1.0 °C increments with a 60 second pause for a steady state to develop and 
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the optical measurement to be taken. 

The two primary critical buckle effects on the thermo-mechanical behaviour of 

the waveguide bridge include constrained axial thermal expansion, and a surface 

distribution of temperature which leads to compression on the heated side of the bridge. 

Due to the small thermal increments between each steady state, it is likely the influence 

of vertical non-uniformities in the thermal profile will have a negligible influence on the 

critical buckle temperature compared to the cumulative constrained thermal expansion 

along the axis of the bridge. 

In the pre-buckle regime of operation, starting at room temperature, there is no 

thermal actuation or waveguide bridge deflection. The tunability of the Bragg filter 

wavelength is a combination of the thermo-optic effect due to temperature shift and the 

photo-elastic effect due to stress in the waveguide from constrained thermal expansion. 

The thermal sensitivity of the Bragg wavelength in the pre-buckle region of operation 

will be the sum of these effects on the effective index of the Bragg grating within the 

waveguide. Since the waveguide bridge is fixed at both ends, axial strain will not be 

present in the pre-buckle regime and therefore the Bragg grating pitch will not change. 

The buckle regime occurs as the waveguide bridge surpasses its critical buckling 

pressure and the device transitions from the pre- to post-buckle regimes. When buckling, 

the bridge deflects through a region of instability until it reaches its stable buckling mode 

shape. In doing so, the compressive stress that has built-up in the beam is released. This 

removes the cumulative influence of the photo-elastic effect on the effective index of the 

Bragg filter waveguide. The discrete shift of the Bragg filter wavelength is increased 

further by the expansion of the Bragg grating pitch as a result of the buckling mode shape 
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of the rib waveguide. 

The condition of the beam at the beginning of the post-buckle regime is the result 

of the buckling mode shape. The period of the Bragg filter is now free to expand as the 

temperature continues to increase over this range of thermal operation. The thermo-optic 

effect will also continue its influence on the shift in Bragg wavelength. Since the stress 

has been released and will not return appreciably as the beam continues to deflect out-of-

plane [75], there will be no stress effect on the index of the waveguide filter in the post-

buckle regime. Since the negative photo-elastic influence on the effective index is no 

longer present and the Bragg pitch is now free to expand, the rate of change in the Bragg 

wavelength as a result of change in temperature should be greater in the post-buckle 

regime than in the pre-buckle regime. 

When decreasing the temperature from the post-buckle regime, it has been shown 

that the return to the pre-buckle state occurs at a lower temperature than the original 

buckle temperature [86], This hysteresis or bi-stable effect has been analysed and 

characterised with thermally actuated silicon and polysilicon fixed-fixed bridges as well 

as from a general mechanics frame of analysis [78], Although this effect is not a primary 

area of investigation in this thesis, it is an interesting phenomena to acknowledge 

nonetheless. Based on the predicted behaviour discussed thus far, figure 3.13 presents a 

qualitative plot of the critical thermal states for a suspended waveguide Bragg filter and 

the corresponding shifts in the Bragg filter wavelength, while table 3 describes them. 
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Figure 3.13: Important states for the waveguide bridge filter over pre-buckle to post-
buckle regimes, showing the Bragg wavelength versus the waveguide bridge temperature 
[after 86], 

Device states Description 

XR versus T R o o m 
The Bragg wavelength of the waveguide 
filter at room temperature. 

A-i versus T p r e . B 

The Bragg wavelength at the highest pre-
buckle temperature of the waveguide 
filter. 

X2 versus TPOST-B 
The Bragg wavelength at the lowest post-
buckle temperature of the waveguide. 

versus TReturn 

The Bragg wavelength at the temperature 
when the waveguide returns to its pre-
buckle configuration. 

T y i e l d 

The thermal actuation temperature at 
which the crystal structure of the silicon 
breaks down such that the bridge can not 
elastically return to X',. 

TMP 
The catastrophic actuation temperature at 
which the silicon reaches melting point. 

Table 3. List of critical waveguide bridge states that correspond to Fig. 3.13, with 
descriptions. 
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4 Analysis and Design 

Theory introduced in the previous chapter will be used to analyse the tuning effects for 

the device proposed in this thesis. The analysis will be divided into material and 

structural elements that, when combined, will predict and describe the behaviour of the 

suspended waveguide filter over specific regions of thermal operation. This analytical 

model will then be used to design the device. 

The structural elements include a single mode waveguide, a Bragg grating, an 

integrated heater, and a waveguide bridge. The material elements within the waveguide 

bridge include the thermo-optic, photo-elastic, and thermo-mechanic effects on the 

effective index and pitch of the integrated Bragg grating filter, over the pre- to post-

buckle regions of thermal tuning. 

It is not uncommon for the flow between design, fabrication, and characterisation 

to be an iterative process in a MEMS or MOEMS based device. This is expected for a 

device in which multiple structural and material elements are coupled to each other. 

Modelling the coupled behaviour of the design with numeric analysis can be a significant 

undertaking on its own and as such an analytic model is often a good "first best guess" to 

predict the fundamental operating characteristics of the device. Numeric analysis can 

then optimize the design parameters. This approach is an effective way to isolate or 

discover useful or unique performance characteristics in a new device. 

4.1 Waveguide 

Analysis of the geometry required to support the single mode condition in an SOI rib 

waveguide has been conducted by Soref et al. [55], Given an SOI rib waveguide with the 
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dimensions labelled in figure 4.1, Soref used mode-matching and beam-propagation 

methods to develop equation 4.1, that defines the dimensions required for single mode 

operation: 

H 
w 

<y + -
A 
H 

1 -
h_ 

kHJ 

4.1 

where H is the device layer thickness of the SOI, h is the slab height, w is the rib width 

and yisa design factor. The difference between Hand h is the rib waveguide height. For 

single mode propagation, the conditions h/H> 0.5 and y = 0.3 must hold. 

w 
> 

Silicon M M B 

• • • K m B i i r 
Si02 

Figure 4.1. Cross-section of an SOI rib waveguide with principal dimensions marked. 
The handle layer of silicon is not shown in this figure. 

Soref s analysis demonstrates that all the higher order modes in the central rib 

region are filtered out by leaking laterally along the slab portion of the guide, adjacent to 

the rib. At a distance within 2.0 mm along the guide, the field intensity would be close to 

the fundamental mode of the waveguide [55]. As the light propagates along the 

waveguide, all the higher order modes in the central rib region leak away, leaving only 

the fundamental mode. 

Pogossian et al, used the effective index method outlined in section 3.1.4, and set 

y to 0. Using the effective index method he derived the same relationship [87], 
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Pogossian then compared his theory to experimental results from Rickman et al. [88], A 

plot of the ratios w/H versus h/H, that delineates single mode from multimode operation, 

is shown in figure 4.2. This plot combines the work of Soref, Pogossian and Rickman. 

Pogossian's function was used to resolve the rib dimensions for the device designed in 

this thesis to ensure the waveguide only supported a single mode. 

h/H 

Figure 4.2. W/H as a function of h/H for the single mode propagation limit [87] 

Choosing the device layer thickness of the SOI begins the design process. By 

using equation 4.1 and the multi/single mode delineation line of figure 4.2, the thickness, 

H, will govern the rib width and height to ensure single mode operation. To physically 

realise these dimensions, the rib width will be a product of the waveguide mask linewidth 
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and the rib height will be determined by the etch process. 

The first iteration of the design-fabrication-characterisation flow made use of SOI 

with a 2.5 jum device layer thickness and a BOX thickness of 1.0 jum. In order to 

increase the length of a reliable waveguide bridge release to the range of 2000 jum to 

4000 jum, the thickness was increased to 5.0 jum with a BOX thickness of 2.0 /an. It is 

this SOI profile that will be used throughout the chapter to develop the design for the 

device. The rib waveguide geometry includes a device layer thickness, H = 5.0 jam; a rib 

width, W= 5.0 jum; and a rib height, h = 0.89 jum. Using Pogossian's mode propagation 

limit chart with these dimensions confirms the single mode condition of this waveguide. 

To verify that the established waveguide geometry would support the single mode 

condition, the Apollo Photonics Optical Waveguide Mode Solver (OWMS) [89] was used 

to calculate the fundamental transverse electric (TE) mode of the suspended rib 

waveguide. While Pogossian's chart was derived for the general case of an SOI rib 

waveguide, Apollo would analyse the specific design, including the overall waveguide 

bridge width of 30 microns and the 2 micron air gap to the handle silicon. The index of 

silicon, intrinsic to the Pogossian chart, was also required to complete the computation. 

The index of silicon at room temperature for a wavelength of 1550 nm is 3.481 [66]. 

Apollo was used to calculate the mode profile using an effective index method 

mode solver. The cross-section of the rib waveguide mode profile is shown in figure 4.3 

in which the single mode does not leak away in the slab as the higher modes do. 
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Figure 4.3: Single mode profile of suspended rib waveguide with H = 5.0 /an, w = 5.0 
/an, and h = 890 nm. 

4.2 Bragg Grating 

The numeric analysis provided by Apollo was a useful tool to compute the core index, 

ncore, and propagation constant, /?, along the rib waveguide axis over a range of 

wavelengths. Analysis of the Bragg wavelength, Ag, reflected by the Bragg grating filter 

is achieved using the Bragg equation 3.5. 

AB=2neffK 3.5 

The value ncore = 3.477 from Apollo is an approximation of nejj, and A = 225 nm 

produces a An of 1564.7 nm. This analytic result is the iterative starting point for the 

material and structural design of the device in this thesis. When equation 3.5 is expanded 

to take into account the thermal and mechanical effects on the performance of the device 

described in chapter 3, the shift in AR as the temperature changes, AAg/AT, can be 

calculated. 

The coupled mode reflectance equation developed in chapter 3 can compute the 

Bragg reflectance response over any range of wavelengths. The propagation constant 

data was computed by Apollo over a spectral range and read into a coupled mode 
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reflection program that calculated the coupling coefficient and reflectance over the 

spectral response using the equations introduced in chapter 3. 

K = 
In2 n2 -n2 

core air 

311 n 

A{z)eipz = 5(0) 

/ A 
a 

\}s j 
1 + 

3(1 la) 3(11 of 

2,(n2
core-n242+^2(nL-<r)_ 

iK exp (}P0z) 
-A/3 sinh(SLB ) + iS cosh (SLB ) 

•sinh[S(z-ZB)] 

3.7 

3.9 

Apollo was used to generate the effective core index and propagation constant of 

the rib waveguide for wavelengths ranging from 1500 to 1600 nm in steps of 10 pm. At 

1550 nm the index of bulk silicon is 3.481. The result at 1550 nm was ncore - 3 All and 

P = 14.0939 [A.n"1. Additional inputs to the program were the following structural 

parameters: A, LB, a, and tg. The grating pitch, A = 225 nm, and the waveguide 

thickness, tg = 5 jum. The grating length, LB, and the grating depth, a, will be varied in 

the analysis. 

The equivalent core index and the array of propagation constants over a range of 

wavelengths was used to generate the spectral response of a Bragg filter with the given 

rib waveguide and grating geometry. From this plot such characteristics as the strength 

of reflectance, R, and the stopband at 50% of peak reflectivity, J / W , were determined in 

addition to 1b- These quantities are labelled in a spectral reflectivity plot in figure 4.4. 

The Bragg wavelength calculated with equation 3.5, 1b = 1564.7 nm, is very close to the 

value taken graphically from the coupled mode theory, 1B = 1564.6 nm. 

The importance of this analysis is to provide some indication of how the 

geometry of the grating will effect its reflectivity, bandwidth, and channel isolation. The 

effect on each can be determined by fixing the grating pitch and waveguide thickness, 
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and varying both the length of the grating and the grating depth in turn. The following 

geometries will be common to each grating design analysis. The waveguide height, H, 

also known as ts = 5 //m; the rib height = 890 nm, and the grating pitch, A = 225 nm. The 

grating depth, a, will be set to 100 nm, 200 nm and 300 nm with a constant Bragg grating 

length, LB = 1000 jum. Alternately, LB will be set to 500 jum, 1000 /jm, and 2000 //m 

with a constant a = 200 nm. The resulting plots are shown in figure 4.5 and figure 4.6, 

and summarised in table 4. The product of the coupling coefficient, K, and the grating 

length is a commonly used indicator of the strength of the grating and its bandwidth. The 

KLB grating strength factor is also included in the summary. 

Wavelength (nm) 

Figure 4.4: Reflectivity of the Bragg filter as a function of wavelength deviation from the 
Bragg condition with a = 200 nm and LB = 500 /urn. 
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Lb = 1000 fim a = 200 nm 

R% a (nm) SX (nm) KLB R% LB (FITM) DX (nm) KLB 

23.5 100 0.34 0.53 63.6 500 0.86 1.1 

95.1 200 0.66 2.2 95.1 1000 0.66 2.2 

100 300 1.54 5.6 100 2000 0.56 4.4 

Table 4. Summary of grating analysis based on various grating dimension combinations. 

Wavelength (nm) 

Figure 4.5. Reflectivity for different grating depths with a grating length LB = 1000 pim 

Analysis of grating design combinations provides a starting point for the other 

fabrication dimensions of the device. Gratings with a depth between 200 and 300 nm 

provide strong reflectance, but this must be balanced with the resulting increase in S/1. 

Should SX become too large, adjacent channel isolation becomes an issue. Increasing LB 
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reduces 8X, which allows some compensation for increasing a, but LB is limited to half 

the overall length of the waveguide bridge. The length of the suspended waveguide 

bridge is limited by material and process factors that will be discussed later in the thesis. 

Wavelength (nm) 

Figure 4.6. Reflectivity for different grating lengths with a grating depth a = 100 nm. 

4.3 Heaters 

Thin film metallic resistors were chosen to develop the design and fabrication process for 

the integrated heaters of the device. Metallic heater strips, deposited on either side of the 

rib waveguide, were simpler to design, fabricate, and characterise than implanted and 

diffused semiconductor heaters. 

An excellent material for use as the thin film heater is nichrome (NiCr) as an 

80/20 percent alloy. This material has the benefit of a comparatively high resistivity for a 

metal, is a common material used in thin film deposition, and has high temperature and 
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oxidisation resistance. As an example, given a heater element made of NiCr that is 

2000 jum long, 5 jum wide and 200 nm thick; along with a resistivity of 110 x 10"8 fim 

[90], equation 3.13 can be used to calculate a resistance value of 2200 Q. This material 

also has good resistance to hydrofluoric acid (HF), which is used to etch the sacrificial 

BOX layer to release the device layer waveguide as a bridge. 

Another material that is a good candidate for the heater design is gold. It is a 

common thin film deposition material and would not require a bond pad, leading to one 

less mask step in the fabrication process. It is also unaffected by HF. With a resistivity 

o 

of 2.44 x 10" Qm [91] a heater with the same dimensions as the NiCr heater would have 

a resistance of 45 Q. 

A basic analytic comparison between the NiCr and gold heaters described above 

can be conducted in which they are required to produce 500 mW of total heating power. 

By fixing the power and resistance values, the NiCr heaters would require 15 mA at 

33 V, while gold heaters would require 106 mA at 4.7 V. These current and voltage 

levels are reasonably attained in a lab setting and are not a factor in the experimental 

stage of development. In the interest of attempting a low current device, NiCr was 

chosen for the first design run. If other factors such as electronic integration were to be 

considered, low voltage would make the gold heaters attractive. The potential for gold 

contamination would require isolation of the heaters from the electronic circuitry and 

processing at the back-end. 

It is useful at this point to provide an estimate of the power that would be required 

to bring a 1000 //m long Bragg grating filter, integrated at the centre of a 2000 /an long 

suspended rib waveguide that resides in a vacuum cavity, to a maximum operating 
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temperature of 100 °C. The estimate will be for a ID problem with heat transport by 

conduction only. 

The conduction rate equation along the length of the Bragg grating can be written 

as: 

Q = kA— 4.2 
dx 

where Q is the heat transfer in watts, K = 148 W/m-K is the thermal conductivity of 

silicon [66], A is the cross-sectional area of the rib waveguide bridge, dT is the 

temperature change, and dx is the distance along the Bragg grating from the centre. If 

Tx = 22 °C then dT = 78 °C. The cross-section area of the rib waveguide is 128 x 10"12 

2 3 

m and the Bragg grating filter that must be heated to 100 °C is 1 x 10" m long. This 

results in a power requirement of 5.91 mW. When other factors such as conduction to the 

air surrounding the bridge and to the bulk handle layer silicon below are taken into 

account, the value will increase. This approximation gives a basic estimate of the low 

power required for the device to function, particularly if highly efficient diffused resistive 

heaters and hermetic packaging are used. 

4.4 Thermally Tuning the Bragg Filter Wavelength 

To develop a thermomechano-optical model to describe the change in Bragg wavelength 

as the temperature changes, the thermal influence on the thermo-optic, stress-optic, and 

thermo-mechanic effects defined in chapter 3 need to be factored into equation 3.6 to 

produce equation 4.3. 
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AXB = 
dneff AA^ 

2—— A + 2 n f f 
dT " dT 

A T 4.3 
/ 

In the case of a thermally tuned FBG filter, in which the fibre is free to expand as it is 

heated, axial stress will not build up in the fibre and the device is sensitive to strain and 

temperature throughout its range of operation. In this example equation 3.6 can be 

expanded to [92]: 

AXB = 2 

f dn^ 5AV. J . dneff dAA 
A — + 

v dl ff 81 
AL + 2 A—— + n~ — 

v dT eff dT j 
AT 4.4 

where the first term of the equation represents the strain effect on the fibre and the second 

term represents the temperature effect on the fibre. 

The device described in this thesis is a stiff suspended waveguide filter that is 

fixed or built-in at each supported end. Unlike the thermally tuned FBG, there will be 

three distinct regimes in which to calculate AXB. In the pre-buckle regime, neff is sensitive 

to the temperature and stress within the device structure, and A is not affected by strain. 

At the critical buckle temperature, when the waveguide bridge deflects to its buckling 

mode shape, neff is sensitive to stress and A is sensitive to strain. In the post-buckle 

regime, neff is sensitive to temperature while A is sensitive to strain. Instead of a unifying 

equation like 4.4, it will be necessary to separately analyse the thermomechano-optical 

behaviour of the device in each regime of operation. 

4.4.1 Analysis of Bragg Wavelength Shift in the Pre-Buckle Regime 

During the pre-buckle regime of operation, as the device temperature builds 

towards the critical buckling temperature, the device is subject to thermal strain and an 

opposing axial compressive stress. Since the fixed-fixed suspended rib waveguide will 
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not expand in the axial direction, the pitch of the Bragg grating filter will not change 

during this regime of operation. Therefore the shift in Bragg wavelength will occur only 

as a result of change in the effective index of the rib waveguide grating. This change will 

come as a result of the thermo-optic and photo-elastic effects. 

The thermo-optic coefficient for the silicon of the rib waveguide, dnejf/dT, is often 

set as a constant. In actuality the value changes as the temperature of the material 

changes. A second order polynomial interpolation for the TOC of silicon, valid from 

300 K to 600 K (27 °C to 327 °C), was developed by F. Corte, et al. [64]: 

(jYI 
— = 8.61 xl0~5 +3.63xl0"7r-2.07xl0~1 0r2 4.5 
dT 

For the purpose of analytic computation, this function for the TOC was used. The 

temperature dependence of the rib waveguide effective index was taken to be the same as 

that of bulk silicon; dneff/dT = dn/dT. 

The change in the effective index of the rib waveguide grating as a result of the 

photo-elastic effect was first described in equation 3.35: 

where the room temperature value for the effective index, neff, (which is ng) is set to 3.450 

for a common starting point with the experimental measurements in chapter 6. The value 

for the stress optic coefficient along the [110] direction of the waveguide bridge is 

13 1 

(iiu - ft 12) = -14.4x10" Pa" [73]. The axial compressive stress along the waveguide 

bridge, a(no), as a result of thermal expansion was first introduced in equation 3.39: 

a{m)=-aATE{uo) 3.39 
The modulus of elasticity, E, of single crystal silicon in the (110) direction was 

^ n o j ^ n - ^ ) 3.35 
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determined to be 168 GPa using equation 3.21. As with the thermo-optic coefficient, the 

thermal expansion coefficient, a, is temperature dependant. Equation 4.6 describes a 

curve fit of the linear thermal expansion coefficient for silicon from 300 K to 1500 K 

(27 °C to 1227 °C) [65]: 

Combining equations 3.35 and 3.39 yields a relationship for the photo-elastic change in 

effective index as a result of constrained thermal expansion in an unbuckled waveguide 

bridge: 

It is now possible to calculate the pre-buckle thermal sensitivity of the Bragg 

wavelength from the thermo-optic and photo-elastic influence on the effective index of 

the rib waveguide grating, using equation 4.3. For this calculation, the room temperature 

To = 22 °C, and the change in temperature AT =1 .0 °C. The pre-buckle Bragg pitch, 

A = 225 nm and neff = 3.450. Since the pitch does not change in the pre-buckle regime, 

AA = 0. Using equations 4.5 and 4.7 to calculate Aneff /AT, and using this value with 

equation 4.3, results in a thermal sensitivity of AAB/AT = 83 pm/°C. This pre-buckle 

Bragg wavelength thermal sensitivity, as well as the buckle shift and the post-buckle 

sensitivity of the Bragg wavelength, are gathered into a single plot that is shown in figure 

The shift due to the thermo-optic effect is dominant over the shift due to the 

photo-elastic effect. Omitting the photo-elastic effect results in a rate of 84 pm/°C. 

While the thermo-optic effect accounts for over 99 % of the influence on nejj, the photo-

3.725 x 10'6 [l -exp(-5.88x 10~3 (T -124))] + 5.548 x 10"10T 4.6 

4.7 

4.11. 
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elastic effect is significant because its influence builds cumulatively as the bridge is 

heated towards its critical buckle temperature. When the bridge buckles and the photo-

elastic effect due to that cumulative stress is suddenly released, its contribution to the 

Bragg filter wavelength shift will be much more influential at that temperature; the 

amount of which will be determined in the next section. 

4.4.2 Analysis of Bragg Wavelength Shift in the Buckle Regime 

Before analysis of the optical behaviour of the device in the buckle regime can 

begin, the critical buckle pressure, Pcr, generated by the critical buckle temperature, Tcr, 

must be determined. Given a fixed-fixed beam, Lo = 2000 //m, that is 30 jum wide and 

5 jum thick; with an 890 nm deep, 5 jum wide rib running along the centre; the moment of 

inertia, I, can be calculated using equation 3.51. This completes the geometric 

component of the analysis. The material property components, E and a, were determined 

in the previous section. 

Given geometries I and Lo, and the material property E; Pcr can be calculated 

using equation 3.47. By dividing Pcr with the cross-sectional area of the rib waveguide 

bridge, the critical buckling stress, <rcr is calculated. Given material properties E and a, 

and estimating a value for AT, acr can also be approximated using equation 3.22. An 

iterative calculation of the difference between the two <rc/s, that resolves the difference 

to zero, is used to determine the AT that will result in acr. The fixed-fixed rib waveguide 

bridge described in this analysis will have a critical buckle temperature of Tcr = 69.0 °C. 

The critical buckle force and stress that exists in the suspended waveguide bridge at this 

thermal limit are Pcr = 3.33 x 10"4 N and crcr = 2.61 x 106 N/m2. 

When the waveguide bridge buckles, the influence of the photo-elastic effect on 
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the effective index of the Bragg grating in the rib waveguide is released. This was 

discussed briefly in section 3.7 and will be fully examined in the next section. In this 

transient buckle regime, not only is the cumulative influence of the photo-elastic effect on 

nejf released, but the grating pitch is expanded due to the buckling mode shape the 

waveguide bridge takes. Since the transient buckle deflection of the suspended 

waveguide bridge occurs at a specific critical buckle temperature, the shift in the Bragg 

filter wavelength during this regime is temperature independent. 

To begin the analysis of Anejf in the buckle regime, the cumulative thermal 

6 2 

influence of the photo-elastic effect on nejj at Tcr = 69 °C and acr = 2.61 x 10 N/m is 

calculated to be -7.7 x 10"5. This is the theoretical value for Aneff if the waveguide bridge 

buckles at an infmitesimally small temperature above Tcr. To base the analysis on the 

experimental conditions in chapter 6, the resolution of the analytic model is set to 1.0 °C. 

The 1.0 °C shift to 70 °C that is associated with the buckle transition from the pre- to 

post-buckle regime will shift neff by 1.97 x 10"4 as a result of the thermo-optic effect. By 

comparing this value to the cumulative 7.7 x 10"5 photo-elastic change in nejj within the 

buckle regime, it is possible to see that the thermo-optic effect now only accounts for 

72 % of the influence on Aneff. The total change in the effective index between the pre-

and post-buckle regimes becomes Aneff= 7.7 x 10"5 + 1.97 x 10"4 = 2.74 x 10"4. The pre-

buckle value of neff at Tcr has increased to 3.4587 from its room temperature value of 

3.450. 

The analysis of the change in the Bragg grating pitch, AA, in the buckle regime 

begins with equation 3.53. With this equation the linear thermal expansion at the critical 

buckle temperature, dx, can be related to the waveguide bridge buckle height, 8, at the 
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centre of a beam of initial length, Lo = 2000 /jm. 

8 = J dx4L, 
K 

3.53 

With Tcr = 69.0 °C, and a = 2.881 x 10"6 °C"' at 69.0 °C; the thermal strain, sT, is 

1.355 x 10"4. Since ST = dx/Lo, dx = 0.27 jum and S = 14.8 jum. 

With a physical value for S, the line integral described in equation 3.59 

can be solved for the buckling mode shape of the fixed-fixed beam, which in turn 

provides the expansion of the Bragg grating pitch. Numerical analysis is used to solve 

the integral and the change in the beam length is calculated to be AL = 0.27 jum. This 

expansion due to the buckling mode shape line integral is the same value as the change in 

length due to thermal expansion. This conservation of length change over the enter beam 

is to be expected, but has now been verified using two independent means of analysis. 

Next the analysis is completed for the centre portion of the beam where the Bragg 

grating is located. Therefore Lo = 1000 fjm and the thermal expansion is dx = 0.135 /jm. 

This time equation 3.59 is solved between the limits of 500 jum and 1500 jum where the 

Bragg grating is located. The resulting AL = 0.135 jum. This value is half the value when 

the full length of the beam was analysed and is again equal to the linear thermal 

expansion, dx. 

Where the difference occurs is the expansion of the grating due to the buckling 

mode shape is not constant along the length of the bridge. The change in Bragg grating 

expansion along the buckling mode shape in this range is not constant as it is with linear 

3.59 
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thermal expansion. Depending on the location along the grating, the change in the Bragg 

grating pitch ranges from no expansion, to twice the change due to linear thermal 

expansion. By analysing the grating along the region of maximum buckle expansion, a 

grating with pitch, A = 225 nm, spreads AA = 0.061 nm. The Bragg pitch at the end of 

the buckle regime, which is the beginning of the post-buckle regime, is 225.061 nm. 

The values for AA and A, when combined with Anefj and nejf, are used in equation 

4.3 to calculate the change in the Bragg filter wavelength between the pre- and post-

buckle regimes, AXB
 = 0-55 nm. This shift is added to the plot in figure 4.11. The 

analytic result is based on the experimental conditions in chapter 6, where the 

temperature was changed in approximately 1.0 °C increments for the thermomechano-

optical characterisation. If AT is infinitesimally small, AXB = 0.46 nm, and there is no 

thermo-optical influence on Anejf. 

4.4.3 Analysis of Bragg Wavelength Shift in the Post-Buckle Regime 

After the transient shift in the Bragg wavelength at the critical buckle 

temperature, thermal tuning continues in the post-buckle regime. While the influence of 

the thermo-optic effect on the effective index of the Bragg filter will continue, the 

influence of stress on the effective index will no longer be present. To demonstrate this 

the various elements of stress in the bridge must be isolated and examined separately. 

These elements include residual, compressive, and bending stress; respectively: ar, ac, 

and (Tb- Residual stress is present at room temperature in the film that forms the 

microstructure, and becomes evident upon its release from the sacrificial layer. A 

released cantilever, for example, will curl up, down, or remain straight depending on the 

whether the residual thin film stress is tensile, compressive, or neutral. This is shown in 
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figure 4.7 [93], 

Figure 4.7. Examples of tensile, compressive and neutral stress on micromachined SiC>2 
cantilevers [93]. 

The suspended waveguide bridge structures proposed in this thesis are very long 

and slender. The high slenderness ratio results in a small ucr. Very little stress is 

required to deflect the waveguide bridge upon its release. SEM inspection at the centre 

of the bridge will indicate whether intrinsic stress is present in the bridge, once released. 

Figure 4.8 depicts two 4000 /an long, 5 jum thick rib waveguide bridges, A and B, 

after a successful sacrificial post-process release. Waveguide bridge A shows neutral 

intrinsic stress by remaining at the same distance above the handle layer of silicon once 

the sacrificial oxide has been removed. Waveguide bridge B demonstrates intrinsic 

compressive stress in the beam by deflecting slightly in-plane upon its release. Once this 

beam had been thermally actuated and forced to buckle out-of-plane, it remained in this 

second stable state, still showing deflection due to residual stress. This is an example of 

bi-stability. SEM metrology in the fabrication stage would ensure that only waveguide 

bridges with neutral residual stress would be thermomechano-optically characterised in 

the photonics lab. 
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(A) (B) 

Figure 4.8. Two 4000 //m long, 5 /jm thick waveguide bridges at room temperature. 
Bridge A shows no residual stress. Bridge B shows bi-stable compressive residual stress. 

In the pre-buckle range of operation, constrained thermal expansion of the fixed-

fixed suspended waveguide bridge causes axial compressive stress, <Jc, to steadily build 

in the structure until the critical buckling pressure, PCR, is achieved. This stress is 

responsible for the photo-elastic influence on the effective index of the Bragg grating in 

the rib waveguide described in the previous section. When the waveguide bridge 

buckles, this compressive stress and its influence on the effective index is released. 

According to stress theory for beams [94], once the waveguide bridge has 

buckled, bending stress develops. The stress will be zero along the centroid axis of the 

bridge. The location of this axis was defined with equation 3.50. Using the rib 

waveguide dimensions defined thus far for this design analysis, the centroid will occur 

close to the centre; at 2.86 fjm for a 5 jum thick rib waveguide. 

Bending stress during the post-buckle phase will be small due to the small 

deflection in relation to the beam length, and the magnitude will be approximately equal 

and opposite around the centroid. Therefore its post-buckle influence on the effective 

index of the Bragg grating is negligible. Figure 4.10 illustrates a beam in the pre and 

post-buckle positions with the associated stress distributions for <rc and o/,. 
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Figure 4.9. Location of centroid, y, in a rib waveguide bridge of specific dimensions. 

With the waveguide bridge free to continue its out-of-plane deflection, the 

thermal strain will now have an effect on the grating pitch through the buckling mode 

shape. Although thermal expansion provides the force to compress the waveguide bridge 

into the shape of its new mode profile, it does not cause a broadening of the Bragg 

grating pitch. The change in grating pitch, AA, is a function of the change in the bridge 

length, AL, that the buckling mode shape causes. To calculate this effect equation 3.54 

relates the thermal strain, sj, to S. 

y = 2.86 /ail 

Pre-buckle axial 
compressive stress 

Post-buckle axial 
bending stress 

cr+ 

Figure 4.10. Lengthwise cross-section of bridge waveguide in pre- and post-buckle 
configurations with pre-buckle and post-buckle axial bending stress distributions. 
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S = 3.54 
n V 2 

The thermal strain, ST, at the critical buckling temperature was calculated to be 

1.355 x 10"4 for a waveguide bridge of length Lo = 2000 //m in the previous section. 

Using equation 3.54 results in S = 14.8 x 10"6 m, which is the same buckling mode 

deflection calculated separately with equation 3.53. As the bridge continues to expand in 

the post-buckle regime, S for a given temperature can be calculated, which in turn can be 

used to calculate the change in the grating pitch using equation 3.59. 

Temperature (deg C) 

Figure 4.11. Theoretical plot of thermomechano-optical device behaviour as a result of 
analysis over the pre-buckle, buckle, and post-buckle regimes. 

By combining AA with the thermo-optic influence on An e f f , AXB can be calculated 

as the temperature changes in the post-buckle regime using equation 4.3 again. The 

resulting thermal sensitivity of the Bragg filter wavelength in the post-buckle regime is 
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AAB/AT = 99 pm/°C. This rate is added to the plot in figure 4.11. This quantitative model 

can be compared to the qualitative model in figure 3.13 to give magnitude to both the 

buckle shift in the Bragg filter wavelength, and the thermal sensitivity in the pre- and 

post-buckle regimes. 

4.5 Mask design and layout 

Analysis of the optical, electrical, thermal, and mechanical elements of the proposed 

device provides a general understanding of the structural geometry required. With 

knowledge of the fabrication process capabilities available, masks can be designed to 

realize that geometry. The first design was called "proof of concept" or PC. This design 

used an existing Bragg grating and rib waveguide mask to establish the baseline process 

flow and optical characterisation techniques that would develop over the course of the 

research. The next design was called "Device 1" or Dl. New masks were developed for 

an integrated heater and bridge that fit the geometry of the existing Bragg grating and rib 

waveguide mask. 

The longest bridge length possible with the available mask making process was 

4000 /an, corresponding to a 2000 fjm long grating. The shortest grating on the Bragg 

mask was 1000 /an, corresponding to a 2000 //m bridge. In addition to these 4000 jum 

and 2000 jum bridge lengths, a variety of lengths from 100 /jm to 4000 jum, without a 

corresponding Bragg grating, were included in the bridge mask to help develop the bridge 

release post-process. 

There were no pre-existing alignment marks on the PC Bragg grating mask to aid 

in centring the Dl heater and bridge masks along their length. Alignment windows were 
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added to the Dl mask set to aid in backwards compatibility to the PC masks. Figure 4.12 

depicts the heater and bridge masks, while figure 4.13 shows a SEM micrograph of the 

heater and bridge alignment windows in an actual device. A bond pad mask was also 

developed for this mask set. 

Figure 4.12. Partial Dl mask set including the heater mask and bridge mask. 

The results from the fabrication and characterisation of the Dl device stream were 

used to iteratively advance the design and process development for the "Device 2" or D2 

mask set, shown in figure 4.14. With a better understanding of what bridge lengths were 

suitable for the device, the selection was reduced to 500 //m, 1000 jum, 2000 /an and 

4000 jum. The resulting five mask set included a Bragg grating, rib waveguide, bridge, 

heater, and bond pad mask. Although not shown in figure 4.14 of the D2 mask set, the 

bond pad mask had long thin exposure windows to allow for better access to the lift-off 

resist during the lift-off process. 
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Figure 4.13. Alignment windows to assist in centring the 2000 /urn and 4000 /an long 
bridge and heater masks along the PC grating mask in device Dl. 

The original waveguide mask was reused in the D2 development stream. 

Standard cross-in-box alignment marks were used to align the bridge, heater and bond 

pad masks to the new Bragg grating mask. The resulting suspended rib waveguide filters 

that would be used for thermo-mechanical and thermomechano-optical testing are 

labelled in figure 4.14. They include devices with or without integrated heaters, and with 

or without integrated Bragg gratings. If integrated heaters were used for the 

thermomechano-optical characterisation, two devices at each bridge length would be 

available on a die. If external heating was used there would be three devices at each 

bridge length available on a die. 

Figure 4.15 shows a close-up of device variations for 500 //m bridge lengths from 

the mask set in figure 4.14. The variations are intended to anticipate the range of 

operational parameters that might be of interest to isolate and characterise during the 

experimental analysis. These parameters are summarised in table 5. 
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Figure 4.14. D2 mask set including the Bragg grating, rib waveguide, bridge, and heater 
masks for 500 /an, 1000 /um, 2000 //m, and 4000 /urn bridge lengths. 

WG-A 

Figure 4.15. The 500 /jm bridge set showing device variations. 
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Waveguide 
Number Operational Parameter to Characterise 

1 Thermo-optical measurement with integrated heater 

2 Thermomechano-optical measurement with external heater 

3 Baseline rib waveguide loss measurement 

4 Baseline Bragg filter measurement 

5 Thermomechano-optical measurement with integrated heater 

6 Thermo-mechanical bridge buckle measurement 

7 Thermomechano-optical measurement with integrated heater 

Table 5. Summary of device variants for characterisation. 
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5 Fabrication 

We have the habit in writing articles published in scientific journals to make the work as 

finished as possible, to cover up all the tracks, to not worry about the blind alleys or 

describe how you had the wrong idea first, and so on. So there isn't any place to publish, 

in a dignified manner, what you actually did in order to get to do the work. 

- Richard Feynman 

Access to fabrication resources were available from three facilities. The first, and 

most important, was Carleton University's Microelectronics Fabrication Laboratory 

(MFL). The equipment in this fab was capable of accomplishing nearly all of the process 

steps described in this chapter. The exceptions were the Bragg grating mask lithography 

and initial portions of the waveguide bridge release post-process development. To 

achieve the submicron pitch required for the Bragg grating, direct-write electron-beam 

(e-beam) lithography was used. This process was performed in the Institute for 

Microstructural Sciences facilities at the National Research Council (IMS-NRC) in 

Ottawa, Canada. One of the techniques explored to release the waveguide bridges was 

critical point drying. These experiments took place at the McGill Microfab in Montreal, 

Canada. 

Over the course of improving the process flow to fabricate the device described in 

this thesis, three devices were developed. The devices were called proof-of-concept 

(PC), device 1 (Dl), and device 2 (D2) after the mask sets introduced in section 4.5. The 

PC run used an existing waveguide mask and SOI on which a Bragg grating mask had 

already been exposed and developed. The remaining process steps included a dry etch of 

the grating; exposing and developing the waveguide mask over the grating; etching the 
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waveguide; and cleaving the waveguide facets. This process development was used to 

demonstrate an ability to fabricate and characterise a Bragg grating filter on SOI rib 

waveguides. 

The next process run was developed to fabricate Dl, a functioning 

thermomechano-optical device. By adding onto the PC process flow, the Dl process 

would integrate a heater for thermal tuning, and release the waveguide with integrated 

Bragg filter as a suspended bridge. The Dl process development made use of the 

remaining SOI wafer with the existing Bragg grating mask. New masks were designed 

for the heater and bridge elements that fit the geometry of the existing Bragg grating 

mask. 

The results from fabrication and characterisation of the Dl device stream were 

used for design and process development of the D2 device. This stream used a new SOI 

wafer with thicker device and BOX layers, along with a new Bragg grating mask. New 

heater, bond pad, and bridge masks were also designed for this grating configuration. 

The PC and Dl process development was completed on a single 100 mm SOI 

wafer. The D2 process development was completed on two 100 mm SOI wafers. The 

first wafer was used for device process development and the second wafer was used for 

bridge release post-process development. Due to the difficulty of processing the Bragg 

grating mask on an SOI wafer, and the cost of the wafers themselves, 7 mm x 12 mm die 

were singulated after the Bragg grating mask was written. Process development was 

performed on these die. Process development is generally completed on no less than 

50 mm wafers, therefore developing a process flow for up to five mask steps on these die 

was a challenge on its own; one that would require creative and meticulous handling 
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techniques. 

The following is a high level description of the process flow that was developed 

for the D2 stream. Figure 5.1 provides cross-sections of the main process gates. 

Subsequent sections in the chapter will provide a detailed description of the individual 

process steps. 

a) BESOI platform 
-

b) Bragg grating e-beam lithography 

g) Heater lift-off 

3 D 

mm 

h) Bridge lithography 

c) Bragg grating ECR etch and ZEP strip 

E====3 
i) Bridge ECR etch and PR strip 

d) Rib waveguide lithography 

mm 
e) Rib waveguide ECR etch and PR strip j) Bridge release wet etch w/ backfill PR support 

3 r 

f) Heater LOR/PR litho and heater deposition 

-jlfe j""] 
Silicon BOX ZEP 

k) 0 2 plasma ash release of rib waveguide bridge 

^etaf i i 
PR 

Figure 5.1. Process flow diagram for D2 fabrication stream. 

The process begins with a BESOI (Bonded and Etched-back SOI) wafer from 

Ultrasil Corporation, featuring a 5.0 jum device layer of single crystal silicon (SCS) and a 

2.0 jim buried oxide (BOX) layer of thermal oxide. E-beam lithography is used to pattern 
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the Bragg grating mask in ZEP onto the device layer of the SOI, and an ECR RIE is used 

to etch the grating into the silicon. Next a rib waveguide mask is aligned along the Bragg 

grating and photolithographically defined in PR. The rib waveguide is etched with 

another ECR RIE step. LOR lithography is used to define the heater strips along either 

side of the rib waveguide and metal is deposited. After the LOR is removed, the bridge 

mask is photolithographically processed and etched to the BOX with a final ECR RIE 

step. Next the waveguide facets are cleaved. The final process step releases the bridge 

from the BOX using a sacrificial wet etch. 

5.1 Mask Generation and Lithography 

The bond pad, heater, and bridge masks that were designed and laid out for the Dl and 

D2 device streams were produced in the photomask generation facility at MFL. The 

Bragg grating mask was processed at IMS-NRC using e-beam lithography. The same rib 

waveguide mask was used for the PC, Dl, and D2 process development. This chrome 

mask was designed by Kevin Ramdas and Professor Garry Tarr at Carleton University for 

an electronically tunable Bragg grating filter in SOI [57]. 

5.1.1 Mask Generation Process 

The mask generation process at Carleton University's MFL produces photo 

emulsion based masks. The mask patterns are exposed and developed on HTA 

Enterprises high contrast high resolution black and white photographic plates. These 

glass plates are either 2.5 inch or 4 inch square and are used with the mask aligner in the 

photolithographic process. 
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The mask design process was outlined in section 4.5. The resulting native mask 

files are exported to Caltech Intermediate Form (CIF) files. The CIF file must then be 

transcoded to a proprietary command set for control and geometry that is used by the 

pattern generator (PG). This command set is called a mann file, named after David 

Mann, a designer of pattern generation equipment. 

The first step to process a photomask is to load a photographic plate into the GCA 

Mann 1600A PG, shown in Figure 5.2. Motorized worm gears move the plate along the 

x- and y-axis to zero the plate location. Next an arc lamp begins exposing the mask 

pattern in blocks along the x-axis of the photographic plate. In this process the blocks 

had a minimum feature size of 50 /urn. Once exposure along an axis is complete, the 

plate moves perpendicular, one exposure length along the y-axis, and the process is 

repeated along the next x-axis. This rastering pattern was important to understand when 

defects began to show up in the exposure process. 

Figure 5.2. GCA Mann 1600A Pattern Generator. 
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Once the PG exposure process is complete, the photographic plate is developed in 

a procedure similar to standard black and white photography. The run sheet for this 

procedure is found in appendix II. The result of the PG process is a clear field mask, a 

mask in which the emulsion film defines the pattern geometry and the majority of the 

surface is the clear glass of the photographic plate. The rib waveguide mask used 

throughout the process development was a clear field mask, with its chrome strips 

defining the masking area of the rib. 

A dark field mask was used for the bond pad, heater, and bridge lithography. The 

absence of emulsion film on a dark field mask defines the pattern geometry to be 

processed photolithographically. To convert a clear field mask, generated by the PG, to a 

dark field mask requires further exposure steps. Figure 5.3 shows a clear field D2 heater 

mask from the PG compared to the final photoreduced dark field mask that is actually 

used in the photolithographic process. 

Figure 5.3. Clear field D2 heater mask from PG compared to final photoreduced dark 
field mask with a dime for scale. 

Initial attempts to process the heater and bridge masks met with a misalignment of 

the exposure blocks that defined the 4000 jum long emulsion strips, as shown in figure 

5.4. Normally a misalignment of this sort is an indication that the optical registration grid 
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used to sense the x-y coordinates of the plate position is marked or smudged. This allows 

the position of the exposed blocks to become misaligned on the x-y grid. 

In this case, experimentation determined that the process of stepping the mask 

through the x-y coordinates was such that only one block of each bridge or heater strip 

was exposed per x-axis pass. This allowed systemic error to accumulate over the course 

of exposing only one block of the strips each x-axis pass. The error became visible for 

long thin exposure strips. By going back to the mask layout software and rotating the 

mask 90° within the layout file, the PG would now expose the blocks defining an 

individual heater or bridge strip in one x-axis pass, and the problem was resolved. 

II 

Figure 5.4. The exposure path is along the x-axis. Rotation of the heater mask within the 
mask file allowed a single strip to be exposed in a single pass along the x-axis so that 
cumulative exposure alignment error would not occur. 

Once the clear field mask master plate from the PG was completed, an Oriel 8410 

photomask contact printer was used to expose a negative image of the mask. This contact 

printer, shown in figure 5.5, is used to make copies of masks as well as to convert a clear 

field to a dark field mask. The number of exposures required to make a dark field mask 

directly on the PG would be prohibitive compared to the single exposure required from 
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the contact printer to reverse a clear field mask to a dark field mask. The resulting 

photographic plate was developed as before. 

The next step in the mask generation process was to use the dark field mask in the 

Jade 4M-10AXYL step-and-repeat camera. This equipment, also shown in figure 5.5, 

creates a 10 times reduction of the mask it exposes. Therefore the 50 //m minimum 

feature size of the master plate would become 5 /jm. Once the x-y controllers centred the 

plate under the camera, the master image was exposed and developed. The resulting 

plate would be a clear field mask again. 

Figure 5.5. Oriel 8410 Photomask contact printer and Jade 4M-10AXYL S&R camera. 

This plate was exposed in the contact printer to produce the final dark field mask. 

This production mask was inspected (as were all previous mask plates) to detect any 

imperfections or misalignments in the emulsion pattern. The final step in this process 

was to expose the pattern on a resist coated test wafer so it could be developed and 

inspected for the fidelity of the transferred pattern from the original mask layout. Figure 

5.6 compares the mask layout file, resulting darkfield mask, and lift-off of the mask 

patterned in evaporated gold film. 
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Figure 5.6. Comparison of the mask layout file, to dark field mask, to gold lift-off pattern 
with letter height of 25 microns. 

5.1.2 Electron Beam Lithography 

The 50 nm minimum feature size required to generate a 225 nm pitch Bragg 

grating pattern was too small for conventional optical lithography to resolve. E-beam 

lithography (EBL) was a comparatively inexpensive solution to pattern the Bragg grating 

mask. An e-beam direct write process had been developed and established at the MFL 

through previous research [57,95]. Without a precision stage for sample re-positioning, 

the maximum grating length that could be produced was 200 jum. The maximum grating 

length for the Bragg grating design in this research was 2000 jum. 

The NRC-IMS facility operates a JEOL JBX-6000 direct write e-beam system 

with a precision stage that allows patterns to be written with a 25 nm resolution and a 

60 nm overlay and stitching accuracy, using a 5 nm beam. This performance was within 

the limits required to write the 225 nm pitch Bragg grating over millimetre lengths, as 

described by the design. Once the design for the Bragg grating had been finalized and 

exported to a Graphics Data System (GDS) file, it was sent to Dr. Jean Lapointe, the 

scientist responsible for the EBL system at IMS. 

IMS completed a standard RCA clean on the bare SOI wafer. This was followed 
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by a dehydration bake, and an HMDS and ZEP520A e-beam resist spin coat. A pre-

exposure bake was performed for 5 minutes at 180 °C. After the Bragg grating mask file 

was written, the pattern was developed in o-Xylene. The final film thickness was 3500 A 

with an interference colour of green. 

5.1.3 Photolithography 

Photolithography was used to transfer the waveguide, heater, bond pad, and 

bridge mask patterns onto a substrate coated by photoresist (PR). The Carleton 

Fabrication Lab possesses standard equipment for a photolithographic process flow. The 

equipment will be described in the order it was typically used. Detailed run sheets for 

each process are in appendix II. 

Photolithographic processing takes place in a yellow room. Light of green 

wavelengths and shorter are filtered so the PR does not become exposed during handling. 

Of the two ventilated wet benches shown in figure 5.7, one accommodates alkaline based 

processes, such as developing; while the other houses acid based processes, such as lift-

off and PR strip. 

Figure 5.7. Alkaline and acidic wet benches in photolithography (yellow room). 
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Temperature and humidity were recorded at the beginning of a process run. The 

yellow room in the Carleton fab was generally kept at 20 °C and 40 % humidity. When 

the air handling system allowed the humidity to rise above 55 %, PR adhesion would 

deteriorate enough to make the processing impractical. 

A wafer or die would start the lithographic process with a dehydration bake in a 

Blue M oven at 200°C under a nitrogen flow. This would remove any moisture from the 

surface and promote adhesion of PR. Another method of surface preparation was the 

Plasma Preen plasma cleaning/etching system. It would perform a simultaneous 

dehydration and organics clean through the use of an oxygen plasma at temperatures in 

excess of 200 °C. Die would be isolated from the water-cooled base with ceramic stand-

offs. This system will be formally introduced in section 5.2 on dry etch processing. 

Once the dehydration bake was complete, the next step was to spin 

hexamethyldisilazane (HMDS) onto the die and bake it at 105 °C for one minute. HMDS 

combines with dangling OH bonds that dehydration leaves behind. Once the hydroxides 

have been neutralised on the oxide surface, the PR has an optimal surface to adhere to. 

The Solitec spin coater and dual hotplates are shown in figure 5.8 under a third fume 

hood. An HMDS primer oven was also available to maximize PR adhesion. This oven 

runs under a vacuum, and completes a series of binary cycles under vacuum and an 

HMDS vapour. 
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Figure 5.8. Spin coat bench with hotplates. 

Given the small size of the process die, the standard spinner chuck with grooves 

for vacuum distribution could not be used. A special chuck with a single vacuum hole, 

shown in figure 5.9, was used instead. This allowed the photolithographic process to be 

reliably performed on die as small as 6 mm square. 

Figure 5.9. Single hole vacuum chuck for die as small as 6 mm square. 

After the die surface had been properly prepared, PR was spun on. For most 

photolithographic work the Microposit SI800 series of positive photoresists were used; 

including SI805, SI811, and SI818. The higher the PR number, the thicker the resist 

would spin on at a given RPM. Different processes would demand different thicknesses. 

In the case where edge sharpness was important, a thinner resist was desired. In the case 
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where resist was used in place of an oxide or metallic hard mask, or as a passivation 

layer, a thicker resist was desired. SI811 resist was a good compromise for all but the 

most extreme process conditions. After the spin coat was complete, the solvent that 

maintains the PR in liquid form was flash evaporated in a one minute soft bake at 105°C. 

Spinning the PR on the die uniformly distributes the film, but it also results in an 

accumulation of resist on the edge of the die called an edge bead. Depending on the size 

of the die, the edge bead that results from the spinning process might be large enough to 

keep the mask from close contact to the PR. This was particularly important for the 

waveguide lithography, where the mask needed to be in hard contact with the PR in order 

to ensure a sharply exposed edge. In order to manually remove the edge bead from a 

coated die, a stainless steel foil was placed next to the bead and a scalpel was used to 

scrape the bead off the die. The foil prevented the PR chips that flew off from resettling 

on the die and interfering with the lithographic process. 

A mask pattern was exposed on PR using MFL's Karl-Suss MA6 contact aligner, 

operating at a 365 nm UV exposure wavelength. This machine is shown in figure 5.10. 

To begin the process a mask is loaded on the vacuum maskholder and the PR coated die 

is placed on the vacuum chuck. The two are then brought into close proximity so that 

alignment between the mask and any existing patterns on the die can be made. Once the 

mask alignment is complete a high precision (HP) vacuum contact or standard program 

(ST) soft contact exposure is made. 
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Figure 5.10. Karl-Suss MA6 contact aligner. 

The HP mode turns off the chuck vacuum after the die and mask have been 

brought into contact. A second vacuum evacuates the space between the mask and wafer 

to draw them into hard contact. This setting is useful when a sharp exposure edge is 

desired. The ST setting maintains the chuck vacuum and an air gap remains between the 

die and mask. This setting is useful for a thicker resist coating or a lift-off resist process. 

Without this gap the die could stick to the mask surface, preventing fine alignment. 

Once exposed, the die was developed in Shipley Microposit MF-321 developer. 

The duration was typically one minute, followed by a 45 second rinse in deionised water 

(Dl). In the case where delicate structures were developed, such as the 3 to 5 jum wide 

strips of the waveguide mask, care had to be taken when agitating the die in the developer 

as the structures could be toppled or segmented. 

After the PR pattern had been developed, a final hard bake was necessary to drive 

off any remaining solvents and harden the PR mask. For S1811, 3 minutes at 125 °C was 
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typically used, but durations of up to 5 minutes and temperatures of up to 135 °C were 

experimented with when PR was attempted for use as metal passivation with the HF 

bridge release process development. For a typical lithographic flow described up to this 

point, the PR thickness was nominally 1.4 /um. Measuring the thickness of the PR at this 

stage of the process flow was important when silicon to PR etch selectivity ratios were 

being determined. 

If patterned die were to be left over night before the subsequent etch step, an 

additional 2 minute hard bake at 125 °C was performed to drive off any accumulated 

moisture. In addition to its stated purpose, the hard bake step also causes PR to flow. 

This could lead to distortion of corners, diminishing edge sharpness, or reduction of 

coverage for step height geometries. Balancing these effects against bake time and 

temperature had to be weighed depending on the selectivity and duration of the etch step 

that would follow. 

5.1.4 Lift-off Resist 

A separate class of photoresists are lift-off resists (LOR). These resists were used 

as part of the metal deposition process. The thickness of the metal deposition would 

dictate what type of LOR was used; in this case, Microchem LOR 3A and 10B. 

Generally the target LOR thickness is 50% greater than the thickness of the film to be 

deposited. For films with a thickness less than 500 nm, LOR 3A was used. For thicker 

films in the one micron range, LOR 10B was used. When the mask is exposed on this bi-

layer LOR/PR film and developed, the pattern is transferred to both the LOR and PR. 

The LOR is more reactive to the developer, leaving the PR as an overhanging lip. For 

this process flow development, LOR was spun-on, soft baked for 5 minutes at 185°C, 
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then coated with SI811 PR, which was also soft baked. 

The next step is the metal film deposition, which coats both the photoresist and 

the mask patterned substrate as shown in figure 5.11. The film deposition process will be 

formally introduced in section 5.3. After submersion in an organic solvent, the lift-off 

resist acts as a sacrificial layer, allowing the photoresist and the metal on it to be carried 

away. The metal pattern is left behind on the substrate in a somewhat "stencil-like" 

process. 

Metal deposition Photoresist Stringer Heater strip or bond pad 

Figure 5.11. Cross-section diagram of Lift-off resist process for heater strip or bond pad. 

The width of the overhanging lip is crucial to the success of the lift-off of the PR 

and the metal which rests on it. If there is too little overhang, the metal can coat, and 

therefore protect the sidewall of the lift-off resist. If there is too much overhang, the 

resist lip will fold over during the develop process, again preventing the LOR from acting 

as a sacrificial layer. A photomicrograph depicting the overhanging lip is shown in 

figure 5.12. 

Of the two metal deposition processes discussed in section 5.3, sputter deposition 

is particularly prone to partial sidewall coating. After the lift-off process is complete this 

sidewall coating can lead to structures called "stringers". Stringers can cause electrical 

shorts or even effect the mechanical performance of a structure the film is deposited 

upon. 
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Figure 5.12. Example of overhang of PR on LOR with Dl device bond pad lithography. 

Acetone can be used as the solvent for the lift-off process, but the process that 

was developed for this research used a dual bath in Shipley Microposit Remover 1165, at 

80°C. Microposit has a low surface tension, which allows good penetration to the LOR 

under the PR. This is useful in the case where the LOR film thickness is submicron, or 

the case where the metal on photoresist does not break up easily, such as with gold film. 

The dual bath allows the first bath to remove the bulk of the lift-off material, while the 

second bath allows for a cleaner finish to the metal edge. 

To further assist in the LOR removal step, a heated ultrasonic bath was used. The 

vibration would further assist solvent penetration to the LOR under the PR layer. In 

cases where it was suspected vibration might cause damage to the deposited pattern, 

heating the Microposit on a hotplate alone could be used. When required, removal of the 

LOR film could be assisted by gentle abrasion with a cotton swab. 

5.1.5 Inspection and Metrology 

The handling techniques for small die, selection of PR, spin-on speed, exposure 

and develop time, and bake temperature and duration were all process parameters that 
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were adjusted and balanced to produce a resist linewidth that corresponded well to the 

dimensions specified by the design layout. Inspection and metrology were used to 

measure the results of these parameter adjustments. 

An important tool for inspection is the lithography microscope. It is used to 

ensure the immersion in MF-321 develops all the mask features into the resist. The 

microscope uses a green filter so that die can be inspected without exposing the PR that 

was masked. If some features are still not open in the resist, the die can still be placed 

back into the MF-321 to be developed further at a sacrifice to the overall PR thickness. 

The tools used for PR metrology are the Tencor PI profilometer for step height 

and surface roughness measurement and the Nanospec 3000 reflectometer for film 

thickness measurement. These machines are shown in figure 5.13. Linewidth (LW) 

metrology was accomplished with Lumenera Infinity Analyze software in combination 

with digital image capture from the Zeiss Axiotron microscope. The lab's JEOL JSM-

840 scanning electron microscope (SEM), shown in figure 5.14, was used to supplement 

or enhance all these measurements. 

Naturally, this equipment was also used for metrology in other stages of process 

development and inspection. For example, the SEM was an indispensable tool to 

determine the success of waveguide cleaves, as well as for bridge release inspection. 
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Figure 5.13. The Tencor PI profilometer and Nanospec 3000 reflectometer. 

Figure 5.14. JEOL JSM-840 Scanning electron microscope. 

5.2 Dry Etch Processing 

Dry etch processing could be used for a variety of tasks, such as cleaning or etching 

silicon, or sharpening the edge of a PR mask. After each of the grating, waveguide and 

bridge structures had been lithographically patterned on the silicon surface, the next step 

was to dry etch the exposed silicon. 

Plasma etch systems contain a reaction chamber that operates under a vacuum. 
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The wafer or die is placed between parallel conducting plates in the chamber and a 

reactant gas, or gases, is pumped into the evacuated chamber. Next an oscillating RF 

field, in the power range of hundreds of watts, is applied to the plates. The field ionizes 

the gas, generating a plasma which interacts with the wafer. The resulting etch 

mechanism is a combination of the reactive chemical component of the gas and the 

kinetic impact of the ions on the wafer surface. The complexity of this process is in 

balancing pressure, gas flow, and power, to etch the target material to the desired 

sidewall profile while maintaining appropriate selectivity over the mask material. 

The Plasmatic Systems Plasma Preen II etcher/cleaner, shown in figure 5.15, is 

the most simple of the MFL plasma etchers. It is a converted microwave oven, but can 

be thought of as a barrel reactor type of plasma etcher. The name derives from the 

original shape of such etchers, but the technical meaning is that purely chemical plasma 

etching occurs. There are no fields present to direct the reactants in the plasma towards 

the surface being etched. 

The wafer or die is sealed within a quartz reaction chamber, which is pumped 

down to a vacuum of 4.0 Pa. Oxygen gas is then introduced to the chamber at a pressure 

of 670 Pa. When the machine exposes the O2 gas to microwave radiation from a standard 

microwave oven source, the individual gas molecules are ionised. The resulting oxygen 

plasma in this reaction creates a temperature on the surface of the die that is in excess of 

200 °C. Any organics such as PR are reduced to ash and removed via a vacuum pump. 

This plasma ashing technique is used to clean or strip PR from a wafer or die. It was also 

used in the process developed to release the bridge structures via sacrificial PR ashing. 
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Figure 5.15. Plasmatic Systems Plasma Preen II plasma etcher/cleaner 

A lower temperature etch, or descum etch, was performed with the Technics 

Planar Etch II parallel plate plasma etcher, shown figure 5.16. A 30kHz RF field ionizes 

and then accelerates the individual gas molecules to the substrate surface. This plasma 

etch system uses a combination of chemical and physical reactions, which results in a 

lower temperature etch at a much slower etch rate. The oxygen plasma used to ash 

organics from a substrate in the reaction chamber of this etcher will not strip resist from 

the sample. Instead the lower temperature descum etch straightens the edge of exposed 

PR mask for a sharper silicon etch profile. Other organics, including developer residue, 

are also removed from the exposed silicon substrate during the descum etch to reduce 

micromasking. 

Typically the reaction chamber is pumped down to a base pressure of 4 Pa, then 

oxygen is introduced at a pressure of 40 Pa. The ionization power is 100W to 300W 

depending on the purpose of the etch, while etch times range from 10 seconds to 

45 minutes. The Technics etcher was also configured to be used with a C F 4 / O 2 plasma. 

This chemistry was used to etch silicon and was used in the initial bridge etch 
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experiments. These various processes are detailed in their respective run sheets in 

appendix II. 

Figure 5.16. Technics Planar Etch II plasma etcher used primarily for descumming. 

5.2.1 Grating and Waveguide Etch 

The Plasma Preen and Technics etchers were used primarily for substrate 

preparation such as cleaning, photoresist removal, or descumming; or post-processing 

steps such as the bridge release. To conduct the Bragg grating, rib waveguide, and bridge 

etches, the advanced silicon etching capabilities of the PlasmaTherm SLR-772 Electron 

Cyclotron Resonance (ECR) Reactive Ion Etcher (RIE) were required. 

The PlasmaTherm, hereafter referred to as the ECR, balances a variety of 

parameters to achieve its etch performance. The machine makes use of both microwave 

and RF energy in the etch process. This allows independent control of ion current 

(plasma density) and ion energy so that the chemical and mechanical components of the 

etch can be controlled and tuned separately. A magnetic field generated by solenoid coils 

interacts with the primary excitation source, the microwave generator, to create a high-

density plasma. The RF power source biases the wafer in order to steer ionic species in 
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the plasma normal to the wafer surface, which affects the directionality of the etch. The 

plasma density for this process is high compared to the other plasma etch equipment - in 

the range of 1011 to 1012 ions/cm3. The high plasma density allows for a lower pressure 

in the reaction chamber while maintaining high ion flux and etch rate. With fewer gas-

phase collisions there is more directionality in the etch. 

The target wafer is cooled via thermal contact by He backside cooling. The lower 

temperature reduces the chemical component of the etch, which is a contributor to etch 

isotropy. Without cooling, ions continue to bombard upward-facing surfaces and etch 

them away. These control elements are summarised in figure 5.17 [96]. 

Figure 5.17. Main etch control elements of an ECR RIE [after 96]. 

Controlling the plasma density, ion energy, plasma chemistry, directionality and 

temperature affects the etch rate, anisotropy and selectivity. Developing process 

parameters to balance these controls results in an anisotropic etch of the silicon with good 

selectivity against the mask material and a smooth etch surface. 

The baseline recipe for operation of the ECR, including the ECR power 

(microwave driven), the lower electrode power at the wafer (RF driven), gas flows, 
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pressure, and the wafer temperature were developed by Professor Gary Tarr and Robert 

Vandusen to produce an anisotropic etch with a slightly negative undercut. The undercut 

prevents silicon grass from forming due to micromasking, while still maintaining a 

vertical sidewall etch profile. In a typical etch run the reaction chamber was evacuated to 

2.4 x 10"4Pa and the wafer or die was cooled to -30 °C. SF6 was introduced at 3.65 seem, 

and O2 at 2.21 seem. The chamber was maintained at 0.8 Pa throughout the etch process. 

Forward microwave power was 310 W and the RF bias was 10 W. The ECR is shown in 

figure 5.18. 

The smallest wafer the load lock wafer handling system of the ECR could 

accommodate was 100 mm. During a typical etch run, four 7 mm x 12 mm die were 

affixed to the centre of a 100 mm backing wafer, where the etch chemistry and energy 

conditions would be the most consistent. Either PR or double sided carbon tape was used 

as an adhesive. Carbon tape was preferred as it provided much better thermal coupling to 

the cryogenically cooled wafer, ensuring similar etch conditions that a 100 mm wafer 

alone would experience. The use of PR as an alternative backside adhesive produced a 

change in etch rate, anisotropy, and selectivity that were exploited during process 

development. 

Shortly after process development on the Dl stream began, the performance of 

the turbo-pump used to evacuate the reaction chamber and maintain pressure during the 

etch became irregular. Due to instability in the vacuum performance of the ECR, there 

were problems with the quality and reproducibility of the Bragg grating and rib 

waveguide etch. Examples for both grating and waveguide etches are shown in figure 

5.19. 
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Figure 5.18. The Carleton University MFL PlasmaTherm SLR-772 ECR RIE. 
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Figure 5.19. Silicon grass from the a) grating etch, and b) and c) waveguide etch, 
resulting from non-ideal etch parameters. 

Micromasking and extreme anisotropy in the etch produced "silicon grass" on the 

etched surfaces. This extreme surface variability from the silicon grass could cause 

problems with adhesion both in lithographic and metal deposition steps. Etch rates were 
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also inconsistent between die from the same process run as well as between runs. Etch 

rate inconsistency made it difficult to control the depth of the waveguide rib. It was also 

difficult to control the Bragg grating depth while maintaining a constant grating duty 

cycle. To compensate for this instability, further experimentation and adjustments in the 

baseline etch recipe were required. 

When PR was used to cover the surface of the backing wafer, the chemistry of the 

PR changed the anisotropy of the etch. This change was enough to prevent the silicon 

grass from forming, while still maintaining a vertical etch profile. The rate of the silicon 

etch and the selectivity towards silicon also increased. While this was desirable for the 

waveguide etch, it also resulted in undercutting the submicron width grating teeth, 

leaving 1 0 - 2 0 nanometre wide cantilevers. The results from this stage of process 

development are shown in figure 5.20. By experimenting with the amount of surface 

coverage for the PR on a backing wafer, a balance was established. A 75 mm x 50 mm 

opening on the centre of a 100 mm backing wafer coated with PR was ideal. 

Figure 5.20. PR tuning the anisotropy of the etch removed the silicon grass b) and c), but 
undercut the Bragg grating a). 

As experimentation and process development to address etch instability 

continued, it was discovered that another contributing factor in ECR unpredictability was 

due to the fact that when the microwave power was turned on, the plasma would not 

always ignite immediately. A delay of up to 10 seconds could occur, throwing the RF 
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reflected power out of automated balance and allowing up to 4 W of RF power to be lost. 

This would effect how the ions were drawn to the base where the sample was etched. 

The problem was solved by manually fixing the RF bias to its preset state before the 

microwave power was turned on to ignite the plasma. Once plasma was observed 

through the ignition window, the RF auto-tuning controller was set to automatic to 

maintain the 10 W bias throughout the etch. 

With the RF bias functioning with no reflected power, the anisotropy of the etch 

was balanced so that vertical sidewalls could be etched without silicon grass forming. 

With an operating procedure developed to counter delayed plasma ignition, along with 

other process refinements, the kludge of altering the etch chemistry with PR was no 

longer needed. The progression of process development etch results is shown in figure 

5.21. 
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Figure 5.21. Original grating and waveguide etch on a) bare backing wafer, b) PR 
balanced backing wafer, and c) bare backing wafer with process improvements and ECR 
operation adjustments. 

Although the PR wafer backing was no longer needed for the grating and 

waveguide etch, it was still used for the bridge etch. The bridge step required an etch 

through up to five microns of silicon to the BOX layer. The increased selectivity against 

PR and faster silicon etch rate was desirable to maintain the linewidth of the bridge mask 

throughout the longer etch. The silicon to mask selectivity variants were: silicon to ZEP, 

7.4 : 1; silicon to PR, 10.6 : 1; silicon to PR with a PR passivated backing wafer, 26 : 1. 
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The etch profile and surface roughness could now be controlled, but the etch rate, 

even on die in the same etch run, still varied. Experimentation determined that the high 

selectivity of the etch against SiCh was such that the native oxide on the silicon surface 

would influence the timed silicon etch rate. A major factor influencing the thickness of 

native oxide present on the die would depend on its place in the process flow. An 

exposed silicon surface at the stage of the Bragg mask had a nominal native oxide 

thickness of 15 A, but by the time the die had been stripped of ZEP in the PlasmaPreen 

and the waveguide mask had been processed, the thickness was in the range of 50 A. The 

AME 550 ellipsometer was used to measure the presence of native oxide, as the 

Nanospec could not be used for film measurements of this thickness. 

To characterise the influence on a waveguide etch, a 15 second buffered oxide 

etch (BOE) dip in buffered hydrofluoric acid (BHF) was performed minutes before 

insertion into the ECR. Although native oxide would begin to regrow immediately, the 

layer would be uniform across the four die on the same backing wafer. Table 6 

summarises these results. With a pre-etch BOE dip, the difference in etch rate for die in 

the same etch run ranged from 0% to 4%. The difference in etch rate for die that did not 

receive the pre-etch BOE dip varied from 3.2 % to 32 % in the same etch run. It is clear 

that a BOE dip before the silicon etch greatly improves etch rate consistency, so this step 

was added to the process flow that was developed. 

With the etch process stabilised, the line width bias of the waveguide could be 

established. A 5 /im waveguide mask line width yielded a waveguide rib width ranging 

from 4.7 /im to 5.2 pim wide. 
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Waveguide Etch Range of timed etch rates 
over all runs 

% difference in etch 
rates over all runs 

% difference range in 
etch rates over die in 

same run 

BOE before etch 3600 A/min to 4335 A/min 17% 0 % to 4 % 

No BOE before 
etch 2500 A/min to 3840 A/min 35% 3.2 % to 32 % 

Table 6. Comparison of etch stability as a function of BOE pre-etch dip. 

5.2.2 Bridge Etch 

The dry etch to pattern the bridge structure was the most straightforward of the 

three silicon etch processes to develop. It involved a simple rectangular contact cut to the 

BOX layer that was 22.5 jum wide and as long as the bridge. The distance between the 

two rectangles defined the 30 /im bridge width. A 30 jum wide bridge mask yielded a 

bridge line width ranging from 30.7 fim to 32.6 jum. 

Since the silicon etch was highly selective against oxide, the etch depth was self-

passivating. Even with a self-terminating end point, it was desirable to end the etch as 

soon as the BOX was exposed so that the PR edge defining the bridge width would not 

degrade. PR passivation of the backing wafer was used to increase PR selectivity to 26:1 

and the silicon etch rate to 7700 A/min. 

After a bridge etch was completed the die were not removed from the backing 

wafer until inspection ensured the BOX had been completely exposed. In the case of the 

PC and Dl stream, in which the BOX was one micron thick, the interference colour of 

the oxide thickness made plain that the oxide had been revealed. The green colour in 

figure 5.22 indicates a film thickness of 1.1 /um [97]. In the case of the D2 stream, the 

interference colour associated with a two micron thick oxide was of such a high order as 

to be nearly colourless to the eye and essentially indistinguishable from the adjacent 

silicon under the inspection microscope. In this case the Nanospec was used to measure 
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the presence of the oxide film to confirm the bridge contact cut etch had been completed. 

Figure 5.22. Bridge etch with one micron thick BOX for the Dl stream and two micron 
thick BOX for the D2 stream, each revealing their oxide interference colours. 

5.3 Metal Deposition for Heaters 

The next process step after the grating, waveguide, and bridge structures had been etched 

into the silicon substrate was to deposit metal heaters on either side of the rib waveguide. 

The heaters would provide thermal actuation to the bridges that would be surface 

micromachined in subsequent process steps. The Carleton University MFL has two 

means of depositing a thin film of metal onto a substrate, called sputtering and 

evaporation. 

In each case the lithographic LOR technique described in section 5.1.4 was used 

to process what would become the stencil for the heater strips. Minor differences in 

lithographic considerations will be dealt with in the respective sections of each deposition 

technique. Deposition runs in either machine were conducted on six die at a time. 

Film deposition systems can operate on either a chemical vapour deposition 

(CVD) or physical vapour deposition (PVD) process. Sputtering and evaporation are 

both PVD processes in which a target of elemental metal (or alloy) is reduced to a low 

pressure gas phase so that the atoms can condense on the substrate surface. This takes 
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place in an evacuated reaction chamber. In the case of sputtering, the target is 

bombarded by energized ions from a plasma in a process that has many similarities to the 

RIE process. The evaporation process heats the target material until it vaporises so that 

the atoms are free to move through the chamber and recrystallise on the substrate surface. 

Once the lift-off process described in section 5.1.4 patterned the heater strips, 

their dimensions were measured via profilometry and LW metrology. Next a four point 

probe was used to take voltage measurements on a section of the metal so that the film's 

sheet resistance and resistivity could be calculated. With these values and the heater 

dimensions, the resistance of the heater strips could be calculated and eventually 

compared to experimental results. 

5.3.1 Sputtering 

MFL's MRC 8620 sputtering system, shown in figure 5.23, was used for thin film 

deposition during the Dl process development. Non-reactive and with a comparatively 

heavy atomic mass, Ar gas is used to form the ionized plasma. These ions physically 

sputter metal off the target so it can recrystallise or condense on the substrate surface. 

The sputter process involves three steps to ensure good adhesion of the film to its 

substrate. Once the sample has been inserted into the reaction chamber, it is evacuated to 

a pressure of 2.0 x 10"4 Pa. The flow of Ar gas into the chamber raises the pressure to 

19 Pa. 

The first step, called the sputter etch (SE), prepares the substrate for the material 

deposition. In addition to the descum step that has been performed on the die before 

insertion into the reaction chamber, the SE uses the same Ar ion plasma that sputters 

metal off the target to clean the substrate surface. 80W of RF power is used for this step. 
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A macroscopic analogy for the SE step would be sandblasting a surface to clean it. 

Figure 5.23. The MRC 8620 sputtering system 

The next step involves shielding the wafer substrate with a shutter so that a pre-

sputter (PS) step can be performed. This step is similar to the actual sputter process, but 

the goal is to clean the surface of the target before the actual target material can be 

deposited on the substrate. 

The final step is the actual sputter deposition. The wafer substrate is brought into 

direct exposure to the target and the sputter process begins. 75 W of DC power is used 

for this step. Since the target is conductive, and forms the upper portion of the plate (or 

cathode), an RF source is unnecessary. Were the target to be non-conductive, RF power 

would be used here as well. 

A chiller is used to hold the wafer chuck at a temperature of 3-5 °C. Since the die 

is not thermally coupled to the chuck, the plasma will eventually heat the substrate itself. 

To help protect the LOR from thermal damage the sputter process was performed in 

equal on/off intervals of five minutes to allow the substrate to cool.. 
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NiCr adheres to a silicon substrate without an adhesion layer, while the NiCr itself 

formed the adhesion layer for the gold bond pads. The 3 inch diameter NiCr and Au disk 

targets were of a purity of 99.99+% and 99.999% respectively. An alloy of 80% nickel 

and 20% chromium (NiCr) was chosen for its excellent electrical characteristics as a 

resistive heating element (high temperature endurance and high sheet resistance). The 

general process flow and parameters for NiCr on MFL's sputterer was mature so further 

process development was unnecessary for deposition of the NiCr film. 

NiCr's hardness and resistance to high temperature made the material impossible 

to wire bond to for the packaging post-process. Wire bonding will be formally covered in 

section 5.6, but it is possible to attempt a combination of bond power and temperature 

such that enough gold bond wire is left behind to form the foundation for the actual wire 

bond. NiCr, however, was so refractory as to be beyond this technique, leaving only an 

oval outline of the bond wire gold in the shape of the bonder wedge, as shown in figure 

5.24. This necessitated the generation of a bond pad mask and a second lift-

off/deposition step. Gold was chosen over the other common bond pad material, 

aluminum. Aluminum would not withstand the HF bridge release step. The final 

processed heater and bond pad structures are shown in figure 5.25. 

Lift-off of the sacrificial LOR was accomplished as outlined in section 5.1.3. An 

ultrasonic bath was used for both the NiCr and gold layers. NiCr is relatively brittle so 

exposure to the ultrasonic bath was minimized. The "strip" shape of the heater mask also 

gave the solvent wide access to the LOR, and the lift off process took 20 minutes. 
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Figure 5.25. NiCr heater strip and gold bond pad via sputter deposition 

Lift-off for the gold bond pads was more challenging. The only access to the 

sacrificial LOR was through the 100 jum square pads. Access to the LOR along the edges 

of the die was limited due to the mechanical edge bead removal that had taken place in 

lithography. Removal of the LOR, and the PR and metal on top of it, took in excess of 

2 hours - even while subject to the ultrasonic bath. In one case, after four hours, the 

stencil was gently brushed off with a cotton swab. This was clearly a mask design issue 

that would have to be dealt with in the D2 stream. 

Step height measurement of heaters that were used in device characterisation was 
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300 nm. The critical dimension bias of the lift off process was such that a 5 /jm mask 

line width yielded a 4.3 /jm wide heater. The heater thickness and the Four Point Probe 

o 
measurement of the sheet resistance yielded a resistivity of 196 x 10" Qm. This 

Q 

compares to a handbook value of 110 x 10" Qm [90]. The measurement was made in the 

interest of thoroughness and to gauge the properties of the metal that had been deposited 

as a sanity test. 

5.3.2 Evaporation 

Once fabrication of the Dl device had been completed, results from the 

characterization of that device were used to make improvements in the D2 device stream. 

One factor that had to be taken into account when developing the D2 heater design for the 

new process flow was that the MRC 8620 sputtering system was no longer available for 

use. Another factor was the problems relating to the NiCr cracking and delaminating 

(which are discussed in detail in section 5.3.3). 

It was decided that gold would be used as a heating element in the D2 design. 

Gold's greater ductility and an increase in heater width to 7.5 microns would help reduce 

strip fracture. An increase in film thickness to one micron would also reduce stress in the 

film. Due to the much lower resistivity of gold, and the increased cross-sectional area of 

the heater strip, the heater resistance would also be greatly reduced. One benefit of 

switching to a gold heater was that bond pads would be unnecessary, and the overall 

exposure time to ultrasonic lift-off would be reduced. 

The MFL uses the Balzers BA510 evaporation system shown in figure 5.26. In its 

current configuration, the source material is in pellet form, and is contained in a graphite 

crucible. An e-beam heater is used to vaporise the metal so that the atoms can move 
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through the evacuated chamber and condense on the substrate surface. 

The evaporation process begins by evacuating the reaction chamber; ideally to a 

pressure of 6.0 x 10"5 Pa. The wafer substrate is shielded with a shutter and the electron 

gun moves the e-beam in an x and y sweep pattern over the pellets in the crucible. When 

the pellets are in a molten state and the appropriate process conditions have been attained, 

the shutter is removed and metal deposition begins. A piezoelectric crystal is exposed to 

the same flux of metal vapour, and from this a deposition rate is measured. Specific 

process parameters are documented in run sheets in appendix III. 
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Figure 5.26. The Balzers BA510 evaporation system 

Gold does not adhere well to the native oxide that is present on the silicon 

substrate. Therefore an initial adhesion layer must be evaporated before the gold film is 

deposited. Titanium and chromium are both metals that adhere well to oxide, and that 

gold will adhere well to. A process for gold, titanium and chromium evaporation had 

already been established for the Balzers and these process parameters were supplemented 

with information from a thin film handbook [98]. 
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Figure 5.27. Gold heater strips and bond pads via evaporation deposition 

The first process development run included a titanium adhesion layer of 260 A, 

and a gold layer of 10,000 A, evaporated under a vacuum of 2.1 x 10"5 Pa. The heater 

thickness and the Four Point Probe measurement of the sheet resistance yielded a gold 

o o 

resistivity of 2.69 x 10" Qm. This compares to a handbook value of 2.24 x 10" Qm [91]. 

The first run using chromium included a chromium adhesion layer of 466 A, and a gold 

layer of 10,000 A, evaporated under a vacuum of 2.7 x 10"5 Pa. The heater thickness and 

the Four Point Probe measurement of the sheet resistance yielded a gold resistivity of 

1.96 x 10"8 Qm. The process run that generated the heaters used in lab experimentation 

included a titanium adhesion layer of 256 A, and a gold layer of 9500 A, evaporated 

under a vacuum of 4.0 x 10"5 Pa. The subsequent lift-off process yielded integrated 

heaters that were 7.9 |j,m wide. 

5.3.3 Adhesion 

There are different methods to test the adhesion of a deposited thin film, both 

qualitative and quantitative, that include tape, scratch and abrasion techniques. For the 

purpose of testing adhesion with the thin film heaters, a simple qualitative tape method 
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was used. A strip of Scotch brand tape was placed over the heater strips and smoothed 

over the surface to ensure the tape adhesive conformally covered both the substrate and 

the thin film. The tape film was then slowly and steadily pulled off at a 45° angle. This 

test was severe considering yield was not the primary objective of the process 

development, but it would provide an good idea of the adhesion success. 

Test heaters were deposited on bare silicon wafers, without other device structures 

such as waveguides or bridges, for both Dl and D2 devices. Adhesion, electrical and 

packaging tests were run on these heaters. HF resiliency tests were also conducted on the 

NiCr and Gold test heaters before the device die went through the full process run. 

Adhesion for Dl heaters 

In the case of the Dl process development, 100% of the heaters remained in place 

after the tape test. Immersion in concentrated HF at room temperature for a period of 

15 minutes approximated the conditions of the bridge release process. HF concentration 

for the bridge release etch was 49% unless otherwise specified. All the heaters remained 

in place, indicating that a full process run could be completed, including the bridge 

release in HF. 

After completion of the bridge release process, all bond pads held firmly to the 

silicon substrate. Where the bond pads separated, it was the silicon itself that separated 

from the buried oxide, as shown in figure 5.28. Mechanical rupture of the silicon was 

likely the cause of this outcome, and not lack of NiCr adhesion. This effect is 

investigated in section 5.5.3 on structural release shock and etch profile. 

The five micron wide heater strips, on the other hand, fractured without 

exception. This usually occurred in the middle; and the strips, still anchored by the bond 
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pad, would curl back as shown in figure 5.29. As NiCr is a comparatively hard and 

brittle material, it is likely that the extreme length of time in the ultrasonic bath cracked 

the heater strips and in combination with the mechanical shock of the bridge release, 

caused the strips to separate and curl back. When design began on the D2 device stream, 

large openings were placed in strategic locations on the bond pad mask. This would give 

the solvent much better access to the LOR and greatly reduce the time in the ultrasonic 

bath, should the bond pad deposition step be required. 

Figure 5.28. The HF bridge release on Dl die caused silicon under the bond pads to 
rupture, allowing the bond pads on the device layer to break away. 

Figure 5.29. Fragmented heater strips delaminate, with bond pads remaining in place on 
Dl devices. 

Adhesion for D2 heaters 

D2 heater process development began with the evaporation of test Ti/Au heater 
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strips on a bare silicon wafer. Die from this trial were labelled D2-HT1 to D2-HT6. 

100% of the gold heaters remained in place after the tape test and 100% of the heaters 

also remained in place after a 15 minute immersion in concentrated 49% HF. The tape 

test was also conducted after the HF immersion test. With this aggressive test 17 heater 

strips of all lengths, out of 30 on a die, remained. 

In the next experimental run, heaters were processed on die that went through the 

complete process flow. The process parameters for these heaters were the same as those 

of the D2-HT run. After completion of the bridge release process in HF the gold heaters 

remained intact, unlike the NiCr heater strips, but the entire structure would generally 

delaminate as shown in figure 5.30. The heaters that did remain were the shorter 500 jum 

and 1000 jum strips, and these were poorly adhered as shown in figure 5.31. Physical 

contact from probing would dislodge the heaters and the wirebonder wedge would pull 

them off the substrate. 

Figure 5.30. Delamination of heater strips with heaters remaining intact on D2-4 die. 
Infiltration replacement PR for bridge release support is still in place (FOV =1.1 mm). 
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Figure 5.31. Shorter heater strips survived the bridge release process with poor adhesion 
and were dislodged from the force of a probe tip or wire bonder. This bridge from D2-8 
is 500 jum long. 

Since these heaters delaminated, while the D2-HT heaters remained adhered, it 

was likely that the mechanical shock related to the bridge release still had an important 

role in heater delamination. This was combined with the observation that while the 

evaporated gold bond pads along with the heater strips did not adhere to the substrate, the 

sputter deposited NiCr bond pads did. This gave some indication that the condition of the 

substrate/adhesion layer interface also played a role in delamination of the D2 heaters 

during the bridge release post-process. 

The etch rate of bare titanium in concentrated HF is known to be greater than 

10 kA/min [99]. With a titanium adhesion layer thickness of 260 A it was possible that 

the HF could penetrate under the gold to lift the heater strips off. The chromium etch rate 

in HF is slow to zero [100] so it was used as the adhesion layer for the next experimental 

run. The adhesion strength of Cr has been shown to increase sharply for an increase in 

film thickness from 450 A to 500 A [98], The thickness of the adhesion layer was 

increased to 466 A. Adhesion is also known to increase over time, with the greatest 

increase in adhesion strength for Cr occurring over the first 100 hours after deposition 
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[98], Using these process changes and waiting 100 hours before executing the bridge 

release process, these heaters fared no better than the results described for the previous Ti 

based adhesion process. 

Another possible interface factor contributing to delamination of the gold heaters 

was the same native oxide that interfered with the true silicon etch rate in the ECR. 

Elipsometry measurements of the native oxide thickness just before the metal deposition 

step were nominally 50 A. Measurements taken on the die near the start of the process 

run, where only the Bragg grating mask was present, yielded a typical oxide thickness of 

15 A. The added oxide thickness at the heater deposition step was due largely to the 

oxygen plasma in the Plasma Preen, operating at an excess of 200 °C, which was used for 

both dehydration and PR strip in the process steps leading to heater evaporation. If the 

added thickness of native oxide was enough for the HF to penetrate the oxide/adhesion 

layer interface, this would allow the heaters to lift off the substrate [114]. 

A 15 second BOE dip was conducted on six die that had been processed past the 

heater lithography step for the purpose of minimizing the native oxide thickness at the 

time of evaporation. 5 A of native oxide would regrow over the 30 minute evaporator 

load preparation time. An adhesion layer of 256 A Ti and Au layer of 9500 A were used 

for this experiment. The results from Cr adhesion layer trials were no better than heaters 

processed with the Ti adhesion layer. In the interest of varying as little as possible in 

each step of the process development, the initial process elements from D2-HT were 

restored. The resulting heaters evaporated on die that were conditioned with the BOE dip 

still delaminated during the HF bridge release as previous samples had. 

Dl and D2 heaters were processed similarly, including the descum step just prior 
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to insertion into the deposition reaction chamber. A significant process difference was 

the pre-sputter etch clean that the substrate received for the NiCr sputtered Dl heaters. 

The Ti and Cr adhesion layers evaporated for the gold D2 heaters received no equivalent 

etch cleaning step in the Balzers evaporation system. A one minute descum step is 

required to clean and prepare a silicon substrate for sputter or evaporation deposition. It 

was discovered during the simultaneous ECR etch and bridge release process 

development that the Technics plasma etcher was redepositing polymers on the substrate 

surface during the descum step. ECR experimental trials revealed that a one minute 

descum caused micromasking, and the polymer flakes are easily visible in figure 5.32 

where an extended 60 minute sacrificial PR etch for a waveguide bridge release was 

conducted. These flakes may have provided enough surface contamination that the gold 

heaters would not adhere to the substrate after the bridge release; contamination that 

would not be present on the pre-sputter etch cleaned substrate of the Dl stream heaters. 

10 urn 

Figure 5.32. Example of redeposition of polymer flakes during a 60 minute sacrificial PR 
etch for a waveguide bridge release in the Technics plasma etcher. 

Sputtered heaters did not suffer from adhesion as much as they did the brittleness 

of the NiCr strips. Meanwhile the thicker, wider, more ductile gold heater strips did not 
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crack or fragment, but suffered from adhesion loss along the entirety of the structure. 

Combining the observations and measurements from both the Dl and D2 heater process 

developments, the best way to proceed would be a process amalgam that would return to 

the sputter deposition process but maintain the gold heater material. Should mechanical 

fracture still cause the silicon under the bond pads to separate from the device layer, 

switching to BHF would reduce the structural release shock. 

Alternate methods of protecting the D2 heaters during the bridge release process 

were explored, including PR passivation to protect the heater strips during the bridge 

release etch, and a BOX dry etch to reduce the HF etch bridge release time regardless of 

etchant strength. These experiments are summarised in appendix III though none greatly 

improved the adhesion results for evaporated heaters. 

5.4 Cleaving and Facet Preparation 

Once the heater elements had been deposited, and the bridge etch in the ECR was 

completed, the next step was to scribe and cleave facets in the waveguide for light to be 

coupled to. Facet preparation reduced the die size from 7 mm x 12 mm to 7 mm x 7 mm, 

suitable for mounting in a chip carrier for prototype packaging. 

Facet preparation is usually the final step to be completed in the fabrication lab, 

and is considered part of the post-process. This is partially due to the fact that a 

minimum amount of handling is desired once the facets have been exposed to the 

potential of chipping or abrasion. For this device, however, conducting the bridge release 

post-process before facet preparation would leave the suspended bridges vulnerable to 

fracture from the physical contact that occurs on the die surface during the scribing and 

cleaving process. 
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A silicon waveguide that is improperly cleaved will leave conchoidal fractures 

and other surface anomalies that will scatter light impinging on its facet. To minimize 

this outcome a common procedure is to flat-lap the SOI handle layer to approximately 

half its original thickness. A thinner die has an increased likelihood of cleaving easily, 

leaving an optically smooth waveguide facet. Flat-lapping the die requires bonding the 

device layer of the SOI to a lapping block. This process could damage structures 

patterned on the device layer and is fairly laborious. 

A procedure was developed that allowed for a highly reliable direct scribe and 

cleave of the device waveguides. Two straight edges (in the form of a glass slide) were 

aligned parallel and perpendicular to the (110) crystallographic plane. This ensured that 

the perpendicular slide would align parallel to another {110} plane and form a straight 

edge the scribe could travel along. A hex driver shaft was positioned directly under the 

scribe. By applying pressure with finger tips on either side of the scribe, the shaft edge 

was used as a fulcrum to focus the cleave directly along the scribe line, as shown in 

figure 5.33. 

This resulted in a controlled, optically smooth cleave, as shown by the examples 

in figure 5.34. Cross-section image a) shows control over placement of a cleave along 

the length of an eight micron wide Bragg grating. In the SEM micrograph it is possible 

to see the entire 2.5 /MXI device layer thickness with the BOX layer underneath it. Images 

b) and c) in figure 5.34 show typical waveguide facets created by this aligned scribe and 

cleave procedure. The author presented this technique using the crystallography of 

silicon to explain the process in a half day course offered by Algonquin College, Carleton 

University, and NRC [101]. 
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Figure 5.33. Aligning the scribe straight edge to {110} planes for scribe and cleaving. 

Figure 5.34. Aligned scribe and cleave method resulting in a) a PC Bragg grating cross-
section, b) a Dl rib waveguide facet, and c) a D2 rib waveguide facet. 

5.5 Wet Etch Bridge Release Post-process 

With facet preparation complete, the next step in the process flow was the bridge release 

post-process. Four release techniques were explored in the Dl stream and one technique 

was carried over and refined further in the D2 stream. The Dl stream used SIMOX 

(Separation by ion implantation of oxygen) SOI with a 2.5 //m device layer of single 

crystal silicon (SCS) and a 1 /an BOX layer. The D2 stream used BESOI (Bonded and 

Etched-back SOI) wafers featuring a 5.0 /an device layer of SCS and a 2.0 jum BOX 

layer of thermal oxide. 

A common source of failure during the release of a surface micromachined 

structure is due to stiction [102]. When a wet etchant is used in the sacrificial release 
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post-process, the liquid must be removed once its task is complete. A meniscus will form 

between the substrate and structural surfaces as the liquid evaporates, and the resulting 

capillary force can pull the released structure towards the substrate. If the structure 

should make contact with the substrate, both of which are highly smooth and clean, 

van der Waals force will likely bond the two surfaces together, causing the structure to 

permanently collapse [103]. 

5.5.1 Bridge Release Process Development 

The Dl bridge mask contained a series of bridge lengths from 100 jum to 

4000 jum. This progression of lengths made a good test bed to track progress in the 

process development as longer bridges were released over time. Initial experiments were 

fundamental in developing and practicing handling procedures for the 7 mm x 7 mm die. 

Process steps that were common to all techniques included an initial HF wet etch 

to release the silicon waveguide bridge from the sacrificial buried oxide. Once a timed 

etch was complete and the bridge was released from the sacrificial oxide, the die was 

transferred to a one litre Petri dish of deionised water (Dl). To maintain the degree of 

control necessary for proper handling of the die, a normal Dl cascade could not be used, 

but as large a quantity of Dl as possible was desired to dilute and replace the HF. After a 

five minute bath the die was moved to a Petri dish of isopropyl alcohol (IPA) for three 

minutes. This step replaced the Dl with a solvent. The next Petri dish in the flow 

contained HMDS. When HMDS is adsorbed onto a surface with Si-OH groups, it 

produces a monolayer of methyl groups on the surface, which in turn reduces the 

tendency of the surface to hydrogen bond. This reduces the influence of secondary 

bonding forces that contribute to stiction [104,105], 
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Die were handled along the edge, parallel to the waveguides, with flair nosed 

tweezers to avoid any contact with surface structures or waveguide facets. This also 

allowed for the horizontal placement and removal of the die into each of the baths of the 

wet etch procedure as shown in figure 5.35. With the exception of removal of the die 

from the Dl step (where the surface was now hydrophobic), this ensured that a dome of 

liquid would form over the die due to surface tension. This dome would stay in place 

during transport to the next bath to prevent the fluid under the bridge from evaporating. 

This was particularly important with the final wet steps that involved volatile solvents, 

which would evaporate rapidly under a fume hood. 

Figure 5.35. Handling technique for die during the bridge release process 

The primary method of inspection microscopy for a successful bridge release was 

phase contrast illumination. A microscope using a polariser and a quarter wave plate in 

the objective lens would highlight any difference in the distance from the sample surface 

to the lens with a change in surface profile brightness. This configuration produced 

better photomicrographs than dark field microscopy could. 

As figure 5.36 illustrates, a difference in brightness on the silicon surface 

indicates a change in surface profile. This was useful to delineate the undercut of the 

sacrificial oxide from the supported silicon device layer, also known as the etch front. A 
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bridge that had collapsed would also show a marked change in brightness along the 

length of the structure, while a bridge that was successfully released would show a 

consistent intensity along its length. The samples in Figure 5.36, produced during the 

early stages of the bridge release development, show the successful release of a 100 /an 

and 200 jum bridge and the collapse of a 400 /an and 800 /an bridge. SEM scans were 

initially used to confirm what was being detected optically. 

Figure 5.36. Photomicrograph showing the release of a 100 and 200 /an bridge and 
collapse of a 400 and 800 /an bridge. The etch front between oxide and silicon is even. 

This method of inspection was a rapid and accurate way to determine immediately 

after sacrificial release if a bridge had collapsed. The inspection technique was 

particularly useful during the initial post-process development. Samples could be 

inspected, in situ, during the IPA step by placing the Petri dish containing the solvent on 

the microscope stage. It was possible to confirm that the full compliment of bridge 

structures, from 100 /an to 4000 /an, were still free standing, and that the techniques 

developed for handling and removal of the test die from HF or Dl did not cause structural 

collapse. Another technique for such inspection has been reported using a near-IR 

camera to detect etch fronts in SiC>2 [106], but the technique described here proved just as 
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capable and made use of available equipment. 

Initial experiments determined the success rate when air drying a released bridge. 

This process resulted in bridges longer than 100 /an collapsing. A 100 /an long 2.5 /an 

thick bridge has a length to thickness aspect ratio of 40:1. Techniques were investigated 

to re-release a collapsed bridge. Mechanical separation from the handle layer of the SOI 

using a probe tip would only rupture the silicon bridges. Ultrasonic vibration would 

fracture all unsupported silicon, leaving only the collapsed portion of the bridge behind. 

Success has been reported for freeing a stuck structure using such techniques as 

rapid thermal annealing or ultra-short laser pulses [107,108]. A variation was attempted 

during the test and characterisation work by setting the laser used for external heating to 

its maximum power and cycling it at 100 Hz, but this approach had very limited success. 

After simple evaporation had been ruled out as a bridge release technique, 

sublimation was explored next. Sublimation occurs when a material in a solid phase is 

taken directly to its gaseous state. In doing so, the problem with surface tension and pull-

in force as the liquid evaporates can be avoided. 2-methyl-2-propanol, an alcohol with a 

melting point of 25°C, was used. A small metal tray on a hotplate, set just above 25°C, 

was used to hold the alcohol. After the bridge release process was complete the die was 

transferred to the alcohol and the tray was placed in a refrigerator for solidification. 

Next the die was transferred to a vacuum chamber. When the chamber was evacuated the 

solid alcohol sublimed to a gas, bypassing the liquid stage. Experiments yielded 

successful bridge releases up to 400 /an long with an aspect ratio of 160:1. 

The next technique to be investigated was super critical drying. In order to pursue 

this avenue, the Tousimis critical point dryer (CPD) at the McGill University Microfab 
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was used. Since the die size was too small to fit in the reaction chamber die holder, the 

die were mounted on a 100 mm silicon wafer using a high temperature black wax. This 

wax was resistant to reflowing under pressure and was also resistant to HF. 

Once the wet etch bridge release had been completed, the wafer was transferred to 

an IPA bath and mounted in the reaction chamber. Liquid CO2 replaced the IPA under 

high pressure in the sealed chamber. The sample was then heated under high pressure 

until the CO2 was beyond its critical point between liquid and gas. At this stage of the 

process there was no difference in the density of CO2 in its liquid and gaseous state. The 

liquid became a gas without crossing a phase boundary and therefore the surface tension 

normally present when a liquid becomes a gas was avoided. With no surface tension, 

structural collapse due to pull-in force was avoided. 

Die were removed from the black wax by heating the backing wafer above 75 °C 

and then sliding the die slowly off the wafer so the wax was left behind. This process 

yielded a successful bridge release on Dl die up to 2000 jjm long with an aspect ratio of 

800:1. 

Figure 5.37. Tousimis critical point dryer present at the McGill University Microfab. 
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5.5.2 Oxygen Plasma Dry Release with PR support 

The final bridge release technique developed would replace the sacrificial wet 

etchant with a supportive PR film [109], Once in solid form, the dry reactive chemistry 

of the oxygen plasma would break down the PR while leaving the microstructural 

material unaffected. The process was first attempted in the Dl stream, but was refined 

and utilized in the D2 stream. 

This release technique required adding two more steps to the wet etch release 

process already described. After the HMDS dip, the die was placed in an acetone bath. 

Acetone is an excellent solvent for PR and would assist in the infiltration replacement 

process. When the die was removed from the acetone, the tip of an eyedropper holding 

the PR was placed along the side of one of the tweezer arms to allow a controlled 

flooding and acetone replacement with the PR. After the PR flood, the die was placed 

onto a 2 inch backing wafer where it was air dried under a fume hood. Finally, a scalpel 

was used to remove the die from its backing wafer so the plasma ash bridge release could 

be performed. 

To develop the process, a series of experiments were conducted in which the 

photoresist was baked at various temperatures and spun on at various speeds. Different 

viscosities of photoresist were also tested, including SI 811 and SI805; S1811 being the 

more viscous of the two. It was found that baking the die at any temperature would cause 

the acetone, and solvents present in the photoresist itself, to flash off faster than the 

photoresist could cure to hold the bridges in place. A low spin speed of 1000 rpm was 

predicted to help the photoresist permeate further under the bridge, but centripetal force 

would merely draw the liquid photoresist out to the edges, causing the same pull-in effect 

that evaporating liquid would produce. SI805 was predicted to be the best PR choice 
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since its less viscous quality would allow further penetration, but actual experiments 

showed that the thicker SI811 provided more structural support once cured properly. 

Flooding the die with SI811 and air curing it for three days produced the best 

results. Figure 5.38 shows the cross-section of a incompletely released bridge from the 

Dl stream with partial backfill infiltration of PR. An additional observation was made 

from this etch profile of the sacrificial oxide. An anisotropic profile is indicated rather 

than the isotropic profile one would expect from an oxide wet etch. This phenomena 

would be more closely examined during the D2 process development. 

Figure 5.38. Cross-section of Dl device showing PR infiltration from the backfill 
process for a partially released bridge. An 800 nm rib waveguide has been etched, 
leaving a visible device layer thickness of 1.7 /an. 

The Plasma Preen etcher/cleaner was used to ash and remove the PR. The die 

was sealed within a quartz reaction chamber, which was pumped down to a vacuum of 

4.0 Pa. Oxygen gas was then introduced to the chamber at a pressure of 670 Pa with a 

flow of 300 seem. Once the oxygen plasma was ignited at 700 W of power, the solid PR 

was ashed and removed via the vacuum pump, leaving the bridge structures released and 

free-standing. 

Experiments using this technique yielded successful bridge releases up to 800 /an 

long with an aspect ration of 320:1. In the Dl stream, Bragg gratings were only present 
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on the 2000 /am and 4000 /m1 bridges. Therefore the CPD at McGill was used to process 

the Dl die to completion. Multiple runs on this equipment would be required to complete 

development of the final device. This would add travel time, equipment usage costs, and 

other considerations to the process development. It was still desirable to pursue a bridge 

release post-process that could be completed in the Carleton fabrication laboratory. 

Experimental results from the Dl process flow were used in the design of the D2 

device. The device layer thickness was increased from 2.5 fjm to 5 jum. This would give 

the bridge more stiffness and increase its release length from the current 800 jum limit 

using the sacrificial PR post-process release. The bridges for the D2 device, described in 

mask design section 4.5, were set to four lengths: 500 jum, 1000 jum, 2000 jum, and 

4000 //m. 

Two BESOI wafers from Ultrasil Corporation were obtained for the D2 process 

development. One wafer was used to develop the complete process flow of the D2 

device, while the other was used to continue the bridge release post-process development. 

With a thicker 2.0 //m BOX, complete infiltration replacement of the PR was possible, as 

shown in figure 5.39. The PR in this sample is 21 jum thick. 
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Figure 5.39. Cross-section showing complete PR infiltration replacement for a partially 
released waveguide bridge. PR thickness is 21 jum. 

Once solidified, the PR would hold a released bridge so securely that even the 

mechanical shock of cleaving a sample for cross-section inspection would not rupture the 

silicon structure. The bridge would be held in place, each side forming a cantilever. This 

was observed for the full range of bridge lengths. Figure 5.40 shows the cleave and 

cross-section of a 500 jum long released bridge after the PR support was ashed away. 

The bridge release post-process conducted on the two BESOI wafers revealed that 

the sacrificial BOX in the bridge test wafer etched with an "A" profile while the 

sacrificial BOX in the device wafer etched with a "V" profile as shown in figure 5.41. In 

order to release a microstructure from the "A" profile SOI, a complete removal of the 

sacrificial layer was unnecessary. For complete release from the "V" profile BOX, the 

entire sacrificial layer would have to be removed during the etch in order that no oxide 

remain under the microstructure to influence its mechanical behaviour. 
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Figure 5.40. a) top down photomicrograph, and b) SEM cross-section of the same 500 
jum long bridge after the ash release from its PR support. Structures were held in place 
without fracture during the cross-section cleave. 

Figure 5.41. Cross-section from both BESOI wafers, a) shows an "A" release profile 
from the bridge test wafer and b) shows a "V" release profile from the device wafer. 

The difference between the "A" and "V" profile is explained by the work of 

S. Ponoth et al. [110]. A film with uniform composition throughout will yield an etch 

contour that is described roughly by an arc whose radius of curvature lies at the edge of 
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the structural layer. The lateral etch rate, £/, is the same as the vertical etch rate, Ev. 

Figure 5.42 depicts the progress of an isotropic etch profile over four intervals where 

there has been no agitation of the etchant. The material stack illustrated is typical of a 

surface micromachining process in which an oxide sacrificial layer is deposited, followed 

by a structural layer. As the etch proceeds, the arc of the radius of curvature of the 

sacrificial layer boundary will be close to perpendicular to the structural and substrate 

layers. If the lateral etch rate is greater than the vertical etch rate, Ei > Ev, the etch profile 

will no longer be isotropic. 
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Figure 5.42. Isotropic etch profile over four intervals of a homogeneous sacrificial layer. 

Figure 5.43 depicts the progress of an "A" etch profile over four intervals that 

results from two separate etch rates, E\ and E2, within a sacrificial layer where Ei > E2. 

When this is accomplished through the formation of two films, the slower etching film is 

referred to as the working film and the faster etching film is the sacrificial film. The 

sacrificial layer has, in effect, its own sacrificial film. This can be accomplished through 

a variety of techniques such as changing the homogeneity of a single sacrificial layer 

through doping [111], or ion implantation [112]; or by physically forming two films with 

different etch rates [113]. 
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Figure 5.43. An "A" etch profile as it develops over four etch intervals of an 
inhomogeneous or bi-film sacrificial layer. 

To create a "V" etch profile, the bottom layer of the BOX would have to etch at a 

faster rate than the top interface. To determine the bi-film composition of the "V" profile 

SOI wafer, a sacrificial etch was conducted on a die from the device wafer and 

terminated before the steady state etch profile had been achieved. The cross-section 

shown in figure 5.44 reveals that, indeed, the thick thermal oxide had been grown on the 

device layer wafer instead of the handle (or substrate) layer wafer. The second film 

residing on the handle/BOX interface likely resulted from fusing the wafers during the 

BESOI manufacturing process. 

Using Figure 5.43 as a guide, the sacrificial and working film order is reversed. 

Since the working film was exposed to the etchant first, instead of the sacrificial film, a 

radius of curvature profile similar to that of an isotropic etch can still be seen in the 

working film of this truncated etch. The "V" profile would develop once the faster 

etching sacrificial film was exposed and overtook the working film, and a steady state 

was achieved. 

Further inspection of samples from the "A" release bridge test SOI wafer showed 

that unlike the perfect "A" profile suggested by figure 5.39 or figure 5.41, the real profile 

was a meandering peak as shown in figure 5.45. Once the etch rate for the "A" profile 
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sacrificial layer had been experimentally determined, the etch could be terminated after 

the structural release from the sacrificial film but before complete removal of the working 

film. This would allow oxide bumps to remain on the handle layer to serve as built-in 

stand-offs to help prevent structural collapse. When a successfully released 4000 jum 

beam from the "A" profile SOI was thermally actuated so that it buckled out of plane, as 

shown in figure 5.46, a line of oxide bumps remaining on the handle layer were revealed. 

l i £ i H a n d l e l a y e r 

Figure 5.44. Truncated sacrificial etch of the "V" sidewall profile BESOI showing 
composition of working film and sacrificial film. Once the faster etching sacrificial film 
overtakes the working film, a "V" profile would develop. 

Figure 5.45. True meandering shape of the "A" sacrificial layer SOI shown in a) SEM 
cross-section and b) top-down photomicrograph of same sample. 

The isotropic etch rate for thermal oxide is 2300 nm/min for HF [100], The "A" 

profile SOI had a faster E2 etch rate of 2800 nm/min. Since the device layer interface of 

silicon to oxide has a faster lateral etch rate than the working film alone, the oxide is open 
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to etching from both the top and side directions. The resultant etch rate yields a faster 

removal of the sacrificial thermal oxide than is reported by unidirectional or isotropic 

removal. A 6 minute etch was required to release a bridge on "A" profile SOI that still 

left behind oxide bumps on the handle layer of silicon. The "V" etch profile changed 

throughout the bridge release so a constant etch rate could not be measured. 

Experimentation determined that a 17.5 minute etch was needed to release the bridge and 

completely remove the oxide from under the structure when using "V" profile SOI. 

Edge of Bridge (reflection) 

•Reflection under bridge on silicon surface 
• • j I I M 

Figure 5.46. Photomicrograph of D2-41 ("A" profile SOI) showing buckled 4000 jum 
bridge with oxide bumps remaining on the handle layer (250 //m field of view). 

Experiments established that the "A" profile SOI sacrificial etch resulted in an 

83% success rate for the release of 4000 jum bridges to their free-standing condition; 

whereas no 4000 jum bridges were successfully released using the "V" profile SOI. Both 

profile types had nearly a 100% success rate with 2000 juxn bridges and shorter. All 

process and handling techniques remained the same for the "A" and "V" profile SOI and 

the device layer and BOX dimensions were identical. Therefore the oxide "stand-off 

strip more than likely played a role in the successful release of the 4000 jum bridge 
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structure. With a 5 jum device layer thickness, the aspect ratio was 800:1. 

A variety of successfully released 4000 jum bridges are shown in figure 5.47. In 

SEM a) the separation gap of the bridge to the handle layer below is the same as the 

surrounding silicon, indicating there is no residual stress present in the released 

microstructure. SEMs b) and c) indicate a release where residual stress in the device 

layer has caused the bridge to bow slightly out of plane. The 2000 fjm and shorter 

bridges on the same die showed no deflection, providing further indication of the small 

residual stress in the device layer of the BESOI wafers. 

Figure 5.47. Various 4000 /urn released bridges: a) shows a neutral release, b) and c) 
show release of a 4000 //m bridge with some residual stress in the device layer causing 
slight out-of-plane bowing. 

5.5.3 Structural Release Shock and Etch Profile 

When the Dl bridges had been processed in the CPD system, inspection revealed 

that the release process had caused damage to the heaters. This was detailed in section 

5.3.3. While the sputtered NiCr bond pads adhered well to the silicon surface, in many 

cases the silicon itself ruptured around the perimeter of the bond pad and broke away. 

This behaviour has been described by J. Kiihamaki in his thesis on the fabrication of SOI 

micromechanical devices [114]. The bond strength between the oxide and device silicon 

layer affects both the etch rate of the oxide and the mechanical separation of the silicon 
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from the oxide during the etch. 

As the bridge release process development began on the D2 SOI, the rupture 

effect on the device layer silicon was present in the "A" profile SOI as shown in 

figure 5.48 but not the "V" profile SOI. The etch front defined by the limit of the oxide 

etch under the device layer silicon was also irregular in the "A" profile SOI. This 

allowed the HF etchant uneven lateral access to etch out pockets of oxide that were not 

along the normal etch front, as shown in figure 5.48 and figure 5.49. The uneven etch 

front was likely a significant contributor to silicon fracture in the D2 release process for 

"A" profile SOI. This is consistent with Kiihamaki's work. The "A" profile SOI had a 

weak bond strength between the thermal oxide and device silicon layer it was fused to 

(thus the "A" etch profile) which allowed the uneven etch front. 

Figure 5.48. Example of mechanical rupture of device layer silicon along an uneven etch 
front during the sacrificial etch of "A" profile SOI. 

By switching from concentrated 49% HF to a BHF etchant solution from 

Transene company, called "Buffer HF Improved", the uneven etch front was eliminated 

in the "A" profile SOI, but the etch release time was greatly increased from 6 minutes to 

95 minutes. Over this length of etch even 500 jum and 1000 /jm gold heaters did not 
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remain adhered to the silicon substrate. Minimizing etch time was an important factor to 

consider to increase the survival rate of the heaters. 

Figure 5.49. Uneven etch fronts left by conc. 49% HF on D2 bridge release process 
development "A" profile SOI. 

5.6 Packaging and Wirebonding 

Normally a test die undergoing optical characterisation will rest on a test stage or test 

fixture as optical fibres are aligned to the waveguide facets of the device. Further 

physical contact with the die after this alignment is undesirable since even submicron 

perturbation will cause optical misalignment between the fibres and their respective 

waveguides. When contact probes are used to interface with other components on the die 

there will always be some instability caused by the physical contact the probe tips make 

on the surface of the die. 

Completed Dl and D2 device die were mounted into an integrated circuit chip 

carrier so that the integrated heaters could be wirebonded to interface pins. These pins 

allowed electrical signals to be routed to the integrated heaters without contact probes. 

Electrical contact to the heaters was physically moved from the die surface to standard 
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micro test clips that connect to the pins of the chip carrier, while the package itself was 

held securely in place with a standard carrier socket or affixed directly to the test stage. 

This simplified the test setup and stabilised the experimental process, which lead to a 

greater degree of confidence and repeatability in the characterisation process. 

The prototype packaging post-process began by mounting a bare die, of equal size 

to the device die, into the package well. The bare die acted as a shim to raise the 

waveguide facets of the device die above the carrier lip, providing access for the optical 

fibres. To fix both the shim and device die to the chip carrier for the wirebonding 

process, the fixative would have to withstand the 150 °C to 200 °C temperature of the 

wire bonder workholder. Most adhesives contain additives with a flash temperature 

below the workholder operating temperature. This ruled out cyanoacrylate based 

adhesives such as "Super Glue", which have a flash point of 80 °C. High temperature 

epoxies were a possibility, but as these adhesives cure they could unevenly stress the die 

itself. Permatex "Permanent Strength Threadlocker", with an operating temperature of 

150 °C, was chosen as the adhesive. A die affixed with this adhesive could also be 

removed from the chip carrier without damage by applying a steady temperature above 

200 °C. This removal process was useful if the die required further post-processing or 

cross-sectional analysis. 

Due to the extreme flatness of both the shim and device die, care had to be taken 

in the amount of fixative dispensed to join the two. Any liquid that squeezed out from 

the edges of the shim/die interface would wick down the length of the waveguide, 

potentially changing its optical properties. The minute quantity of adhesive required was 

applied using a micropipette and cured over 12 hours on a hotplate set to 100 °C. Once 
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the die had been mounted into the chip carrier, the West-Bond 7400A ultrasonic wire 

bonder, shown in figure 5.50, wire bonded the integrated heaters of the device to the chip 

carrier bond pads. 

Figure 5.50. West-Bond wire bonder with chip carrier in place on heated workholder for 

The machine bonded 40 /an diameter gold wire from the heater bond pads to the 

chip carrier pads using a combination of ultrasonic vibration and heat. Heating the metal 

of the bond pad and bond wire softens the metal, making it easier to deform. When the 

wire is brought into contact with the bond pad, the wedge vibrates the two metals 

together in a welding process. A variable combination of bond temperature and vibration 

power are used depending on the material of the bond pad and bond wire. In the case of 

aluminum, a greater vibration power is generally needed to ensure penetration through 

the protective aluminum oxide film that will form on the aluminum surface. When gold 

is used, a comparatively lower temperature and power compensate for the metal's high 

ductility and resistance to oxidation. 

D2-22. 
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If the balance of power and temperature are too low the wire will pull free or 

contact resistance could become a factor. If the balance of power and temperature are too 

high damage could occur to the die adhesive, the bond pad, or the wire could be 

deformed enough to break at the bond point. The result of proper and excessive wire 

bond settings are shown in figure 5.51 for a gold wire and bond pad. D2-HT1 was 

prepared, as shown in Figure 5.52, so that electrical characterisation could take place to 

validate the prototype packaging post-process. 

Figure 5.51. Example of proper and excessive wire bond power on D2-22. 

Figure 5.52. D2-HT1 with heaters to test packaging, bonding, and electrical 
characteristics. 
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5.7 Device Die Completed for Test and Characterisation 

Table 7 has been prepared as a summary of the die processed to completion that were 

used in the test and characterisation processes described in chapter 6. In order to 

complete the summary, the device and BOX layer thicknesses of the SOI platforms are 

also required. PC and Dl device streams used SOI with a 2.5 //m device layer and 

1.0 fjm BOX thickness. The D2 device stream used SOI with a 5.0 jum device layer and 

2.0 fjm BOX thickness. 

There were a substantial number of process steps required to bring a device from 

bare wafer to functional device. Over the course of fabrication research, die were spoiled 

or sacrificed for process flow development; or had structural geometry that varied too 

much from the device standard being characterised. These die are not shown in this 

table. 

Die 
Label 

Rib 
height 

Rib 
width 

Grating 
depth 

Bridge 
width 

Heater 
width 

IIeater 
thickness ('h;ir;u'U'ris;tti(in and testing performed 

PC-1 660 nm 2.8 /an 210 nm Optical 

Dl-3 " 4 3 fjm 3000 A Electrical and packaging 

Dl-6 530 nm 4 1 /an 470 nm • " Optical, thermomechano-optical 

D2-HT1 8.0/an 10000 A Electrical and packaging 

D2-13 30 9 //m „ " ' Thermo-mechanical 

D2-16 890 nm > 0 i/in 1.0 /an 30.7 fjm , " Thermo-mechanical, thermomechano-optical 

D2-20 930 nm 5.2 /an 860 nm 32.3 /an Thermomechano-optical 

D2-21 810 nm 4.9 /an 860 nm 30.9/an „ - Thermo-mechanical 

D2-22 850 nm 4.7 /an 860 nm 31.0 /an 7.9 iflll 9500 A Electro-thermal and thermo-optical 

D2-38 1.4 /an 5.0 /an 1.7 /an 31.8 /an Thermo-mechanical 

D2-41 ^ - 31.2 /an Thermo-mechanical 

Table 7. Summary of device die used in test and characterisation experiments. Unfilled 
boxes indicate that the device was not processed with the material or structure shown in 
that column. 
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6 Test and Characterisation 

The electrical, thermal, mechanical and optical behaviour of the device in this thesis was 

theoretically laid out in chapter 3. In chapter 4 this theory was used analytically to design 

the material and structural parameters of the device. Chapter 5 described the fabrication 

processes that was developed from these parameters to build the devices. This chapter 

will describe how the device was characterised in order to show that the theoretical 

analysis is in agreement with its performance. 

Initial optical characterisation on the PC device stream was performed by Edith Post 

at IMS-NRC. A test platform was subsequently established at Carleton University to 

conduct optical characterisation in conjunction with electro-thermal and thermo-

mechanical testing. 

6.1 Electro-thermal Characterisation 

It was important to validate theoretical resistance for the heaters against the experimental 

measurements so the heater behaviour could be characterised with confidence. 

Experimental measurements on the resistance of the heaters packaged in D2-HT1 were 

compared to the analytic results calculated from theory. Resistivity of the gold used for 

the D2-HT1 heaters was measured to be 2.69 x 10"8 Qm. The heater thickness was 

1.0 /an and the width was 8.0 /an. Using the resistivity and heater dimensions, the 

resistance values were calculated using equation 3.13. A Keithley 195A digital 

multimeter was used to make direct resistance measurements. These results were 

compared to the calculated heater resistance, as shown in table 8. The percent difference 
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between experimental measurement and analytic calculation ranged from 10 % to 19 %. 

The purpose of this comparison was strictly a sanity test for confidence in the devices 

fabricated. With confidence established for the behaviour of the packaged heaters, the 

electro-thermal characterisation could be conducted. 

Heater length 4.0 mm 2.0 mm 1.0 mm 0.5 mm 

Theoretical 
Resistance 

13.5 Q 6.7 Q 3.4 Q 1.7 Q 

Experimental 
Resistance 

11.3 Q 7.8 Q 3.1 Q 2.1 Q 

Percent Difference 19% 14% 10% 19% 

Table 8. Comparison of theoretical heater resistance to experimental measurement. 

The gold heaters had a low resistance. This meant the ohmic contact of the bond 

pads would have to be characterised to ensure their contribution to the resistance of the 

heaters was negligible. Some heaters were double wire bonded to the package 

connectors, as shown in figure 6.1, so that the resistance from the input-pin to output-pin 

could be compared to the same heaters with a single wire bond. 

Double bonding the heaters reduced the total resistance by 1.8 % for the longest 

heaters, and 4.2 % for the shortest heaters, indicating that the majority of the resistance 

occurred on the heaters strips alone. The results from the shortest and longest heaters are 

summarized in table 9. This experiment was not necessary for the NiCr heaters since its 

resistance, at 1750 Q for a 2.0 mm heater, was much greater. 

Ohmic Contact 
Comparison 0.5 mm heater resistance (Q) 4.0 mm heater resistance (Q) 

Single wirebond 2.13 11.3 

Double wirebond 2.04 11.1 

Percentage Difference 4.2 % 1.8% 

Table 9. Comparison of resistance due to ohmic contact. 
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Double bond for ohmic 
contact test on 500 ,um 
(and 4000 (.tm) heaters 

Figure 6.1. Test for ohmic contact of wirebond to heater strips on D2-HT1. 

6.1.1 Dl Device 

Electro-thermal characterisation was carried out using a Xantrex XT20-3 

regulated DC power supply to provide DC current to the heaters and a Keithley 195A 

digital multimeter to measure the voltage across the heater. The experimental schematic 

is shown in figure 6.2 while the Dl device as it was electro-thermally tested is shown in 

Figure 6.3. 
R. 

V A 

DC Current 
Source © PUT 

Integrated < 
Heater © Voltage 

Meter 

Figure 6.2. Schematic for electrical characterisation of integrated heaters. 

While electro-thermal characterisation could be more easily performed on loose 

die with an electrical probe station, the eventual goal was to couple the electro-thermal 

characterisation to the mechanical and optical performance. Using the same test bench 
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for all stages of characterisation would develop a consistent experimental procedure and 

increase confidence in measurements. 

Figure 6.3. Packaged Dl-3 device undergoing electrical testing. The capability exists for 
simultaneous optical characterisation. 

The Dl device stream was not thermo-mechanically or mechano-optically 

characterised, but the experimental procedure developed for the electro-thermal 

characterisation was used for the D2 devices. The voltage/current relationship for a 

2.0 mm, 1713 Q NiCr heater on a Dl device is shown in figure 6.4. 

Voltage (V) 

Figure 6.4. Voltage versus current for device Dl-3. 
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6.1.2 D2 Device 

The device that was packaged for electro-thermal and thermo-optic 

characterisation was D2-22. This section will only describe the electro-thermal 

characterisation. As the current was increased through the resistive heater, the voltage 

across the element was measured and plotted in figure 6.6. 

Figure 6.5. Packaged D2-22 device configured for simultaneous electro-thermal and 
thermo-optic characterisation. 

The voltage and current values were in turn used to calculate the resistance, RT, of 

the heater as its temperature, T, steadily increased. With these values, along with a TCR 

for gold of 3400 ppm °C ' [91], it was possible to use equation 3.15 to calculate the 

increase in temperature, T, as RT changed. At a room temperature, To = 22.0 °C, the 

resistance of the heater, Ro measured 8.0 Q. The experimental results are plotted in 

Figure 6.7 for the range of operation the device was tested over. The relative uncertainty 

of the calculated resistance, RT, ranged from ± 0.08 Q to ± 0.03 Q. The propagation of 

error through equation 3.15 to calculate heater temperature, T, resulted in a relative 

uncertainty that ranged from ± 4.8 °C to ± 3.0 °C. 
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0.25 0.30 

Figure 6.6. Voltage versus current for device D2-22. 

72.0 

8.00 8.20 8.40 8.60 8.80 

Resistance (Q) 

9.00 9.20 

Figure 6.7. Calculated heater resistance versus the temperature calculated from the TCR 
of gold. 

These heaters were integrated with unreleased waveguide bridge filters and 

162 



thermo-optically characterised in section 6.3.2. The rate of the thermo-optical shift 

measured in this device was mapped to the thermo-optical shift measured from devices 

externally heated by the laser diode used in the thermomechano-optical characterisation. 

6.2 Thermo-mechanical Characterisation 

Thermo-mechanical characterisation of the released bridge waveguides on SOI was 

performed by an external heater on unpackaged die from the D2 stream. This method 

allowed rapid verification of a successfully released bridge out of the fabrication lab, as 

well as characterisation of devices that did not have an integrated heater. 

Figure 6.8 depicts the thermo-mechanical experimental setup that was constructed 

at the Carleton University Photonics Lab. A Thorlabs L808P200 200mW, 808 nm laser 

diode (LD); controlled by a Thorlabs LDC500 laser diode controller (LDC); was focused 

onto a suspended bridge to heat it over its pre- to post-buckle regimes. Recalling 

figure 1.4 of the absorption coefficient for semiconductors, silicon is highly absorptive of 

light at this wavelength, making the LD ideal to heat the silicon waveguide bridge. 

The laser diode, collimator, and microscope objective lens assembly was mounted 

as a unit on a goniometer so that a fixed angle of laser impingement could be maintained 

throughout the thermo-mechanical and thermomechano-optical experiments. The 

microscope lens chosen was a 10X Mitutoyo M Plan Apo objective with a working 

distance of 33.5 mm to allow clearance for the other test bench elements. 

The laser heater assembly was deflected 45° from the horizontal as shown in 

figure 6.8. At this angle, the focused laser spot was elongated to a 190 jum line. The 

laser light is shown in figure 6.9, directed onto a smooth silicon surface in which test 
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bridges without rib waveguides have been released. 

Figure 6.8. Test setup for external heating from a laser diode for thermo-mechanical 
bridge deflection characterisation. 

Laser 

\ 
Mrjt ',',f«>Mi • 

Left side of bridge 

Figure 6.9. Image of laser directed onto a smooth silicon surface on which test bridges 
have been released (FOV 250 /am). 

A series of power measurements were made to determine the threshold current of 

the laser, and the reversibility of the laser power as a function of drive current. The plot 

is shown in figure 6.10. It reveals that the linearity of the laser can be extended back to 

98 mA of LD current, with a rate of 0.77 mW/mA. The product specification sheet for 

the L808P200 LD reports a typical slope efficiency of 0.7 mW/mA, and a maximum of 

0.9 mW/mA. The reversibility of the laser power is evident as the LD drive current is 

cycled up and down to the same LD power at the same LD current. 

A second series of measurements were made to examine the linearity of the LD 

output power over the range of operation used to thermally actuate the bridge structures. 
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The plot shown in Figure 6.11 indicated stable linearity centred around the LD power a 

2000 /zm bridge would buckle at. 

LD Current (mA) 

Figure 6.10. LD Drive Current versus LD Power, indicating reversibility in the LD 
current/power relationship. 

In addition to the laser actuation setup described above, a secondary method of 

externally heating the waveguide bridge was assessed in anticipation of adapting the 

heater for packaging. The LD, collimator, and objective lens assembly were moved off 

the goniometer to the optical bench, where the laser light was coupled to a 20 jum core 

fibre. The other end of the fibre was mounted back on the goniometer, allowing the fibre 

tip to be rotated into perpendicular alignment above the centre of the bridge, where it 

would project a 50 jutn diameter spot. This variation on the external heater assembly is 

shown in figure 6.12. 
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LD Current (mA) 

Figure 6.11. LD Drive Current versus LD Power plotted to show the linearity of the LD 
power over the range of thermo-mechanical characterisation. The LD current at which a 
2000 fjm bridge buckles is labelled. 

Figure 6.12. Alternative method of external heating by guiding the laser light directly to 
the bridge through a fibre. Also shown is the bridge deflection camera orientation to 
capture buckle height. 

A Watec LCL-903HS CCD camera with 20x objective was used to image the 

waveguide bridge deflection. Illumination was directed in-plane, across the DUT, into 
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the camera objective. This was important to ensure the illumination did not distort the 

image. Conversely, illumination directed off the plane allowed for a longer depth of 

focus when centring test elements, such as the laser, over the 30 //m wide bridge. 

The bridge deflection camera was positioned perpendicular to the surface of the 

DUT as shown in figure 6.12. The deflection height on still images was measured using 

the ruler function of Photoshop Elements. The ruler was calibrated to the diameter of the 

laser actuation fibre shown in figure 6.13. The fibre width measured 590.00 ruler 

divisions, and was specified to be 123 /jm wide, which established that one micron 

represented 0.208 divisions on the ruler. The measurement view was set to "actual 

pixels" to ensure the software would not skew the image. 

Figure 6.13. The 123 /am width of the laser actuation fibre used to calibrate the ruler in 
Photoshop Elements for deflection height measurements (FOV 250 /an). 

To measure the vertical bridge deflection based on a horizontal width, the aspect 

ratio of the image captured by the bridge deflection camera could not be distorted. A 

planar image of a mask alignment cross from the Bragg grating etch was captured by the 

bridge deflection camera, as shown in figure 6.14a. 220.50 horizontal ruler divisions 

were measured against 219.75 vertical ruler divisions for an aspect ratio of 1.00 to 1. 
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Using 0.208 divisions/micron, the cross measured 45.9 /nm x 45.7 /jm. The ruler 

conversion factor was validated by measuring the same cross in the fabrication lab using 

the line width metrology system, with a result of 45.5 jum x 45.3 jum, as shown in 

figure 6.14b. 

Figure 6.14. a) Mask alignment cross structure captured by the bridge deflection camera 
for pixel aspect ratio verification. Cross on the left is enclosed by gold deposition from 
heater mask alignment square, cross on the right is bare silicon, b) Sample line width 
measurement on the same structure from line width metrology system in fabrication lab. 

This completed the calibration and verification of the thermo-mechanical 

experimental setup. To thermally actuate the suspended waveguide bridge, the LD 

current was increased over the linear region of laser output power. This resulted in a 

linear change in the temperature of the suspended waveguide bridge due to laser heating. 

The photomicrograph in figure 6.15 depicts a laser that is heating a 2000 /jm long, 

5.0 fjm thick, 30 fjm wide bridge in the post-buckle regime. In order to take deflection 
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measurements, an 800 nm filter was used to block the laser light to the bridge deflection 

camera. The camera was focused on the line defined by the contrast between the 

illuminated surface of the bridge and the unilluminated edge facing the camera. 

Still images of the beam deflection were captured in 1.0 mA increments of LD 

drive current using the LDC. The drive current from the LDC was also regulated by an 

Interstate F74 sweep function generator, which produced a ramp sawtooth signal to 

steadily heat the bridge up and down over its range of operation for video capture. Still 

image and video inspection were conducted on 500 /an, 1000 /an, and 2000 /an bridges 

with both rib waveguide and rectangular cross-sections. 

Figure 6.15. Photomicrographs of laser heating deflecting a 2000 /an long, 5.0 /an thick, 
30 /an wide bridge into the post-buckle regime without and with an 800 nm laser light 
filter (FOV = 250 /an). 

Experiments revealed different deflection behaviour for bridges of different cross-
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sections. Three types of deflection behaviour were observed for a rib waveguide bridge 

undergoing a continuous increase in thermal actuation: bumping, buckling, and bending. 

Although the term "buckle" is generally used to describe the initial movement of a thin 

film out-of-plane, these three terms are needed to differentiate between the observed 

behaviour of the rib waveguide bridge within the pre- to post-buckle regimes of thermal 

actuation. 

A bridge that snaps abruptly out-of-plane to a height that is greater than the 

thickness of the bridge itself is defined to have buckled to its deflection height. A bridge 

that snaps abruptly out-of-plane to a height that is a fraction of the bridge thickness is 

defined to have bumped to its deflection height. A bridge that moves steadily out-of-

plane without abrupt movement, and is in a continuous process of deflection, is defined to 

be bending. While the purpose of this thesis is not a detailed treatment of the mechanical 

behaviour of buckling beams, some important patterns were observed that give insight 

into the thermo-mechanical and thermomechano-optical characterisation that is to follow. 

Bumping behaviour was only observed on bridges that had a rib waveguide. Test 

bridges that were rectangular in cross-section would only exhibit buckle or bending 

deflection. In cases where bump behaviour occurred, this small deflection initially 

remained fixed, even as the temperature continued to increase. After an increase of up to 

12.0 mA of LD current from the initial bump (D2-20), the bridge would eventually 

exhibit buckle behaviour. An actuated rib waveguide bridge would return to the pre-

buckle regime at the same LD current (or temperature), whether the bridge had been 

actuated through the bump deflection into the post-buckle regime, or if it had only been 

actuated up to the bump deflection before returning to the pre-buckle regime. 
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A bridge that began its actuation by bending out-of-plane would always 

eventually buckle to its mode shape, which was the beginning of the post-buckle regime. 

There it would return to bending steadily out-of-plane as the temperature continued to 

increase. If a bridge initially buckled to its mode shape, it would also continue to bend 

steadily out-of-plane as the temperature increased. The buckle height was the deflection 

height, S, of the stable mode shape when the bridge had reached its critical axial buckling 

pressure due to thermal expansion. This is the value described by equation 3.53 

introduced in section 3.8 

Figure 6.16 and figure 6.17 show suspended waveguide bridges in their post-

buckle regime. It was difficult to photomicrographically capture the buckle shape of the 

2000 /an and 4000 /an bridges due to the large length to thickness aspect ratio of up to 

800:1. The shortest bridge, at 500 |im, could be captured in a single frame, while a 

2000 |j,m long bridge required a photomosaic to capture the buckle shape. The SEM 

would be an ideal tool to capture the buckling mode shape and subsequent post-buckle 

deflection height, but there were no means available to actuate the bridges inside the 

imaging chamber. 

Bridge deflection measurements at the critical buckling temperature were made 

experimentally using the techniques described in this section, and compared to the 

theoretical values using the method of analysis developed in chapter 4. The comparison 

was conducted for both the rib and rectangular bridge cross-sections of 500 (J.m, 

1000 /an, and 2000 /an lengths. The results are plotted in figure 6.18 and figure 6.19. 

3.53 
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The theoretical buckle heights were in agreement with the measured buckle heights. This 

confirmed that the experimental buckle height measurements represented the deflection 

of the beams to their buckling modes. 

Figure 6.16. 500 fim long, 890 nm deep rib waveguide bridge in post-buckle regime 
(D2-16 WG-A). 

Figure 6.17. 2000 fim long, 890 nm deep rib waveguide bridge in post-buckle regime 
using the 123 jum wide thermal actuation fibre (D2-16 WG-1). 
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Figure 6.18. Critical buckle height versus bridge length for a 30.9 /jxn wide, 5 /jm thick 
rectangular cross-section bridge. 
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Bridge length (m ic rons) 

Figure 6.19. Critical buckle height versus bridge length for a 30.7 /an wide, 890 nm deep 
rib waveguide bridge. 

The next experimental series conducted was a detailed deflection analysis over 

the entire pre- to post-buckle range of a specific rib waveguide bridge with integrated 

Bragg filter. The device chosen for this detailed thermo-mechanical analysis would also 

undergo thermomechano-optical characterisation. For a device to undergo the full range 

of characterisation via external heating, there were four major gates in the fabrication 

process flow that had to be completed successfully. This included a grating and 

waveguide etch that produced a strong enough Bragg dip to measure through-out the 

entire range of operation; two facet cleaves that would allow an optical signal to be 

coupled into and detected from the waveguide; and a successful bridge release etch. 

Failure at any of these gates would render the device inoperable. 

The die could also be rendered inoperable in the photonics lab by contamination. 

In one instance of contamination, a dust particle settled on the centre of a rib waveguide 
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bridge (D2-16 WG-3) that was initially chosen for the full range of characterisation. The 

laser that thermally actuated the waveguide bridge fused the particle to the bridge surface, 

which changed its buckle characteristics and rendered the device useless for 

experimentation. To help increase the likelihood of producing a fully testable device on a 

given die, the D2 mask design in section 4.5 provided three instances of a device for each 

bridge length on each die. D2-16 possessed the best fabrication results from the main 

process gates. Therefore the full thermo-mechanical and thermomechano-optical range 

of experimental analysis was conducted on D2-16 WG-1, which contained a 1000 jum 

Bragg grating filter integrated on a 2000 jum rib waveguide bridge. 

The detailed thermo-mechanical characterisation of the beam deflection behaviour 

was conducted in 1.0 mA LD current increments. With these small current increments 

the occurrence of the bump, buckle and bending behaviour could be clearly observed. An 

initial bump deflection height of 0.5 jum occurred between 144.0 mA and 145.0 mA of 

LD current. This height remained unchanged for a further increase of 8.5 mA in LD 

current. Subsequently the bridge deflected to its buckling mode height of 15.1 jjm at a 

LD current between 153.0 mA and 153.5 mA. In the post-buckle regime the bridge 

continued to steadily bend out-of-plane. These definitive bridge deflection heights, along 

with the temperature they occurred at, are shown in figure 6.20. Although thermal 

actuation is shown as a function of LD current in this section, section 6.3.2 will outline 

how temperature values were derived from the thermo-optical response of an integrated 

heater. 
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Figure 6.20. 2000 /art long, 890 nm deep rib waveguide bridge at rest, 0.5 /an bump 
deflection, and 15.1 /an buckle deflection heights (D2-16 WG-1). 

When the LD current was decreased in the post-buckle regime, the bridge 

deflection height decreased along the same path that the deflection height increased. As 

the LD current was reduced to 153.0 mA, the bridge remained in the post-buckle regime, 

as its deflection height continued to steadily decrease. The bridge began to move back to 

its pre-buckle configuration in greater deflection increments between 141.0 mA and 

140.0 mA, until 138.0 mA to 137.0 m,; where the bridge returned to its in-plane pre-

buckle regime. The roll-off in bridge deflection height that occurred between 141.0 mA 

and 137.0 mA is typical behaviour for a deflected beam or plate that is incrementally 

returning to its rest state. 

In the realm of MEMS devices, bi-stable behaviour is usually considered to have 

occurred if a structure can rest in either of two different deflection states without 

consuming power [78]. If the necessity for power is neglected, the rib waveguide bridge 

can be considered bi-stable between 138 mA and 153.0 mA of LD current. While this bi-

stability is only in effect while the beam is being heated, it will have implications for the 

optical performance of the device later in the characterisation process. 
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The bridge deflection height measurement as a function of LD current over the 

pre- to post-buckle regimes, as well as the return path to the pre-buckle regime, is plotted 

in figure 6.21. The next section, 6.3, will describe the thermo-optical and 

thermomechano-optical characterisation that will be conducted on the same 2000 fjm 

suspended rib waveguide filter, D2-16 WG-1. The transformation of LD current to 

bridge temperature will be accomplished in section 6.3.2 by comparing the thermo-optic 

sensitivity of a LD heated device with an integrated heater device. 

Figure 6.21. Deflection height versus LD Current for D2-16 WG-1. 

176 



6.3 Thermo-optical and Thermomechano-optical Characterisation 

6.3.1 Optical characterisation 

This section will describe the optical characterisation that was performed on the 

proof of concept PC die. These measurements were made at IMS-NRC to validate the 

room temperature Bragg response for a Bragg filter waveguide on SOI. A spectral 

analysis was performed on the TE transmission spectrum of the device, since the Bragg 

response was stronger in this polarisation. 

The test setup included a tunable laser that would step discretely through the 

spectrum of interest in 0.2 nm increments, at 1 mW of optical power. The output optical 

power from the Bragg grating waveguide was measured by an opto-electronic detector 

and converted back to an optical power response. Figure 6.22 depicts the test setup in 

which a lensed fibre would input the optical signal, and a microscope objective would 

gather the output light for the detector. The die tested was PC-1, which featured a rib 

height of 660 nm, a rib width of 2.8 jum, and a grating depth of 210 nm. 

Figure 6.22. IMS-NRC Optical test bench with the PC-1 test die in place for 
characterisation. 

The raw spectral data was reduced to graphical format by normalizing the output 
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power to dBm for the tunable laser diode transmission wavelength. The resulting 

spectrum for a 1.0 mm grating is shown in figure 6.23. The fundamental mode of the 

reflection wavelength, As, was measured at 1555.6 nm. The higher order leaky mode 

dips in the spectral response resulted from the forward fundamental mode coupling with 

the subsequent backward travelling higher order leaky modes. 

These findings agreed with results published by T. Murphy et al. [115] for a 

Bragg filter on SOI rib waveguide, shown in figure 6.24. Using SOI with a 3 jum device 

layer; the 1543 nm fundamental Bragg dip was generated via a 4000 juaI long grating 

with a pitch of 223 nm and a depth of 150 nm; on a 4 fjm wide, 800 nm deep rib 

waveguide. 
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Figure 6.23. Transmission spectrum for PC-1 along a 1.0 mm Bragg grating. The 
fundamental mode of the Bragg wavelength at 1555.6 nm is shown along with three 
higher order leaky mode wavelengths. 
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Figure 6.24. Results from 4mm Bragg grating published by T. Murphy [115] 

After the optical behaviour of the PC device was established for a Bragg grating 

filter on an SOI rib waveguide, an optical test bench was assembled to conduct the 

thermo-optical and thermomechano-optical characterisation of the Dl and D2 device 

streams. This optical test bench was set up at Carleton University's Photonics Lab and 

integrated with the thermo-mechanical test bench described in section 6.2. While the 

optical test capability of this apparatus would not have the same functionality as the 

optical test bench at IMS-NRC, it would nevertheless ensure continuity between the 

thermo-mechanical measurements, and the thermo-optical and thermomechano-optical 

measurements to follow. 

The main elements of the optical test bench had already been assembled and 

tested by Khaled Mnaymneh for use with his work on the optical characterisation of 

quasi-crystal devices [95]. The test bench was configured with a tunable laser and near-

IR detector for fibre alignment to the waveguide facets, and a Teem Photonics super-

continuum (SC) unpolarised broad band light source and optical spectrum analyser 

(OSA) for the spectral analysis of the Bragg filter. 
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The optical power provided by the SC at a specific wavelength would be low in 

comparison to the single wavelength of the tunable laser. Therefore the output signal 

would be closer to the noise level, making characterisation more difficult. The advantage 

was that the simultaneous emission of the entire spectrum of wavelengths allowed for 

rapid and straightforward characterisation of the device performance. 

While the spectrum of wavelengths over which the device was tested ranged from 

1300 to 1600 nm, the span generated by the SC, at the same power, ranged back to 

600 nm. Silicon has relatively high absorption in the 600 nm to 900 nm range. 

Consequently the same material property that made the 808 nm laser diode a good 

candidate to heat the waveguide bridges for buckle experiments would also heat the input 

facet of the waveguide. Without protection from this range of wavelengths, the light 

focused on the silicon facet by the lensed input fibre was enough to ablate the material 

from the surface, rendering the waveguide facet useless. The solution was to insert a 

1100 nm edgepass filter into the optical path of the SC. This was accomplished through 

the use of a fibre optic U-Bench shown in Figure 6.25. 

The fibre carrying the SC signal was mounted on a three axis stage for alignment 

to the input facet of the DUT waveguide. A Corning OptiFocus lensed fibre was used to 

increase the coupling efficiency into the waveguide. The fibre itself is a single mode 

SMF-28 fibre, while the lensed taper provides a 3.3 //m spot size at the beam waist. An 

overhead stereo microscope was used for course fibre to waveguide alignment. To 

enable fine alignment a tunable laser source was used to launch a beam, from the same 

input fibre, into the waveguide at 1550 nm with a power of 1 mW. A near-IR sensitive 

camera, coupled to a 20x objective lens, was focused on the output facet of the DUT 
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waveguide to detect when the input fibre was properly aligned to its waveguide facet. 

Figure 6.25. Fibre optic U-bench used to allow the insertion of a 1100 nm edgepass filter 
into the optical path of the SC source. 

Both the output fibre and the near-IR camera were mounted on a translational 

base, which was itself mounted on a three axis stage. Once the camera confirmed that 

light was properly coupled to the input facet from the source, the translational stage 

allowed the output fibre to replace the camera. The output fibre was connected to an 

HP 70950 OSA. The signal strength measured by the OSA was used to fine tune the 

overall alignment of the input and output fibres to their respective waveguide facets. 

Figure 6.26 depicts a schematic of the integrated thermo-mechanical and 

thermomechano-optical test bench that was assembled, while figure 6.27 pictures the 

complete setup, including the SC source. The box outline within figure 6.27 indicates a 

close-up of the test bench, shown in figure 6.28. This includes the DUT, the test stage 

illumination, the input fibre from the SC or tunable laser source, the external laser heater, 

the bridge deflection camera, the output fibre to the OSA, the near-IR camera, and the 

microscope for coarse fibre to waveguide alignment. 
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Figure 6.26. Schematic of thermomechano-optical test bench 

Figure 6.27. Thermomechano-optical test bench with SC light source (image reversed). 
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Figure 6.28. Core of thermomechano-optical test bench (image reversed). 

The test stage that held the DUT had three translational axes of movement as well 

as rotation about the X and Y axis. This allowed a loose or packaged die to be oriented to 

the same X and Y axis of alignment as the input and output fibres. The alignment 

process would begin by lowering the DUT stage so either fibre could be positioned over a 

waveguide and observed through the fibre alignment microscope. The DUT was then 

rotated about its Y axis until the waveguide axis was parallel to the fibre. Next the 

attitude of the fibre above the DUT was observed through the bridge deflection camera. 

The DUT was rotated about the X axis until the DUT surface was parallel to the fibre as 

shown in figure 6.29. 
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Figure 6.29. Part of the fibre to waveguide alignment process in three-space. 

Figure 6.30 shows the result of a successful input fibre alignment to a straight 

waveguide. Illumination from light spreading along the slab portion of the waveguide at 

the input facet has coupled to adjacent waveguides. The output of the device waveguide 

has saturated the near-IR camera so its intensity cannot be compared to the intensity from 

the adjacent waveguides. 

• # • 

Figure 6.30. Near-IR image of 1 mW 1550 nm light from output facet. 

Software to control the optical measurement process was initially developed by 

Scott Newman. The OSA was controlled by Agilent VEE Pro (ver. 6.01), a test and 

measurement program used to interface with test equipment via the general purpose 

interface bus (GPIB). The OSA was programmed to average 100 scans from a data 

capture run, taking 30 seconds to complete, for each waveguide filter temperature. Each 

scan contained 1200 wavelength measurements. Course measurements over a 
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100-300 nm bandwidth were used to characterisation the test setup, while finer 

measurements over a 20 to 5 nm bandwidth were used to track the thermo-optical and 

thermomechano-optical shift of the Bragg dip. 

The first baseline spectral response to be established was for the SC source itself. 

To accomplish this, the OSA was coupled directly to the output of the U-Bench with a 

Corning SMF-28 optical patch cable. Measurements were taken both with and without 

the 1100 nm edgepass filter. The filter caused a Fabry-Perot fringe period of 0.45 nm and 

an attenuation of 0.6 dB, as shown in figure 6.31. This ripple would only be visible for 

the finer 20 and 5 nm bandwidth measurement sets. 
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Figure 6.31. Direct spectral response of SC source to OSA via optical patch cord. 

The experimental set up for base line characterisation of the fibre-to-fibre, and 

fibre-to-straight waveguide transmission, are shown in figure 6.32. This would 

standardise the system response against which the device performance measurements 

would be taken. 

185 



Figure 6.32. Fibre-to-fibre and fibre-to-straight waveguide alignment. 

A course measurement set was taken for the transmission curve of the SC-to-OSA 

path over a 300 nm bandwidth of interest from 1300 to 1600 nm. The lensed fibres were 

added to the optical path, and finally a straight rib waveguide from D2-16. The 

combination of all three transmission responses are plotted in Figure 6.33, showing the 

amount of loss from each element of the optical test setup. 

Figure 6.33. Transmission response to determine the amount of loss from each element 
of the test setup, taken over 1300 - 1600 nm. 

The spectral response of the SC alone shows a disturbance from 1360 nm to 

1420 nm. This indicates a region where measurements would not be reliable and dips 
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could be mistaken for a Bragg dip. Adding the fibres into the optical path added a loss of 

7.0 dB. This was confirmed by replacing the SC optical signal with a 1550 nm signal at 

1 mW of optical power from the tunable laser, and measuring 7.0 dBm loss on the OSA. 

Inserting a straight waveguide from D2-16 into the SC optical path added another 8.3 dB 

of loss. The total SC-to-device-to-OSA loss at 1550 nm was 15.3 dB. This compared to 

a total loss of 16.0 dBm from a 1550 nm signal at 1 mW of optical power from the 

tunable laser. 

The total loss for a waveguide with an integrated 1000 jum Bragg grating filter 

was very close to that of an adjacent straight waveguide. Figure 6.34 plots the Bragg 

response alone, using D2-16 WG-1, and compares it to the response of a straight 

waveguide and the Bragg response together. For the purpose of comparison, the "Bragg 

Waveguide Alone" trace has been shifted 4 dB lower in the plot. 

Wavelength (nm) 

Figure 6.34. Comparison of the spectral response of a straight waveguide to a Bragg 
grating waveguide for D2-16. The Bragg wavelength response was shifted 4 dB down. 
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Figure 6.35 shows a higher resolution spectral response for D2-16 WG-1 at a 

room temperature of 22 °C. The fundamental mode of the Bragg wavelength, with a XB 

of 1552.2 nm, as well as four higher order leaky mode dips, are visible in the coarse scan. 

The coarse response is plotted over 60 nm on the left axis while a fine scan on the same 

experimental run is shown over 20 nm on the right axis. As the optical scan resolution 

becomes finer, the power measured by the OSA for a given wavelength decreases. The 

reason for this is that the power spectral density is finite across the spectrum that the SC 

provides. The smaller the bandwidth measured from the SC, the less power there is to 

measure. This figure also shows that a finer measurement revealed a sharper Bragg 

response due to the increased resolution. All optical characterisation was performed at 

the fine resolution. 
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Figure 6.35. Transmission spectrum of a 1000 jum Bragg grating at course and fine 
bandwidths for D2-16 WG-1 at room temperature. The fundamental mode Bragg 
wavelength is 1552.2 nm. 
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Figure 6.36 focuses on a higher order Bragg dip, at room temperature, of a 

1000 fjm Bragg grating filter waveguide above WG-1 (located on the mask in figure 

4.14). In an ideal grating, where the mode of light is incident on only one surface for 

each period of the Bragg grating, the Bragg dip would come to a single point. The Bragg 

grating mask used in the etch process was 8 fjm wide. This width allowed space to 

ensure the 5 fan wide rib waveguide mask could be aligned within the grating. The 

duration of the grating etch would determine its depth and duty cycle. The grating duty 

cycle is defined as the ratio between the axial width of a single grating segment to the 

period of the grating, as defined in figure 3.6. The rib waveguide mask would protect the 

grating over its width so that the grating depth and duty cycle would not change during 

the rib etch. The portions of the grating not protected by the rib waveguide mask would 

continue to etch, however, increasing the grating duty cycle in this region. This can be 

seen in figure 6.37 where the duty cycle of the Bragg grating filter is 0.29, while the duty 

cycle of the grating on either side is 0.61. 

In a numerical survey on Bragg reflectors on SOI waveguides, I. Giuntoni et al. 

[116], demonstrated that a change in grating duty cycle for a fixed Bragg grating pitch 

would cause a shift in the Bragg wavelength. The effect of two duty cycles with the same 

Bragg grating pitch likely caused more than one peak within the Bragg dip wavelength. 

This phenomena was also observed in the Bragg dips of the PC devices that were 

characterised at IMS-NRC. To locate the wavelength of the Bragg dip for measurement 

purposes, the outer sides of the complete Bragg dip were extended to a point that would 

indicate the location of the Bragg wavelength. This process was used to locate the centre 

of all Bragg dips, whether they were easily defined or not, to maintain consistency in the 
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measurements. 
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Figure 6.36. Plot of a higher order mode Bragg dip from D2-16 showing two peaks and 
the method to resolve the Bragg wavelength, 1315.1 nm in this case. 

Figure 6.37. SEM images of D2-24 and D2-14 showing the rib waveguide / Bragg 
grating overlap that causes two different duty cycles for the same Bragg grating pitch. 
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6.3.2 Thermo-optical characterisation 

Thermo-optical characterisation was completed on devices with both integrated 

heaters (D2-22) and those externally heated (such as D2-16). The schematic for the 

integrated heater thermo-optical test setup is shown in figure 6.38. This characterisation 

procedure made use of the same test setup that thermo-mechanical and thermomechano-

optical experimentation did, as shown by the schematic in figure 6.26. 

Figure 6.38. Schematic for thermo-optical characterisation of device with integrated 
heaters.. 

A planar view of the packaged die, D2-22, with cleaved waveguide facets and 

wirebonded integrated heaters, is shown in figure 6.39. The experimental setup allowed 

simultaneous electro-thermal and thermo-optical characterisation to take place. The 

electro-thermal response was calculated using the process outlined in section 6.1.2 and 

the thermal shift in the Bragg wavelength was measured using the optical characterisation 

process outlined in section 6.3.1. A one minute pause was included between each setting 

to allow the system to thermally stabilise before each electrical and optical measurement. 
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Figure 6.39. Packaged D2-22 device undergoing simultaneous electro-thermal and 
thermo-optical characterisation. 

The thermal shift of the fundamental mode Bragg wavelength, using integrated 

heaters, was experimentally determined to be 82 pm/°C. The theoretical value of 

83 pm/°C was calculated in chapter 4. To compare the theoretical rate with the 

experimental rate, neff was chosen to match the value of AB measured at room 

temperature. This would not change the theoretical rate, but it would allow the two 

slopes to begin at the same point. The comparison is plotted in figure 6.40. The 

uncertainty of the experimental slope, within a 95% confidence level, was ± 5 pm/°C. 

I. Giuntoni et al. [117] characterised a similar grating rib waveguide on SOI, in 
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which the entire die was thermally tuned via a Peltier heater. They measured an 

experimental rate of 77 pm/°C. S. Homampour et al. [118] also used bulk heating of an 

SOI die, containing Bragg gratings in rib waveguides, to measure an experimental value 

of 80 pm/°C. 

T e m p e r a t u r e (°C) 

Figure 6.40. The shift in Bragg wavelength versus the temperature from an integrated 
heater of a Bragg grating filter within a waveguide. 

Although the thermal sensitivity of the Bragg wavelength in pm/°C for all three 

devices are in agreement, there is an important distinction to make between the other two 

devices and the device described in this thesis. The two cited examples made use of a 

tunable thermal source to heat the entire die. Through this method of characterisation the 

investigators were able to measure the temperature change directly from the heater as it 

thermally shifted the Bragg wavelength. The temperature change from the integrated 

heaters described in this thesis was calculated indirectly. This is an important distinction 
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to make since the indirect method of thermal measurement will also be used to translate 

the drive current used by the LD heater into an actual device temperature. 

During the thermomechano-optical experiments it was discovered that the 

strength of the fundamental Bragg dip became too weak to measure in the post-buckle 

regime. The Bragg dip from the higher order leaky modes remained strong enough to 

measure through out the entire range of operation. In order to complete characterisation 

across the entire pre- to post-buckle region of operation it was necessary to measure the 

thermal shift of the Bragg wavelength at one of the higher order leaky modes. 

Work by C. Chen and J. Albert show that the differential wavelength shift of 

higher order modes relative to the fundamental mode is constant [119]. The higher order 

Bragg dips will thermally shift at the same rate as the fundamental Bragg dip. Optical 

measurements of these higher order Bragg dips will be used to map the integrated heater 

thermal tuning rate from D2-22 to the LD current thermal tuning rate from D2-16. 

The thermo-optical response was measured on D2-22 for higher order leaky mode 

Bragg dips starting with a room temperature wavelength of 1318.2 nm and 1456.1 nm. 

To confirm that the thermal response of the filter at these higher order modes could be 

considered equivalently to the fundamental Bragg dip, the same thermo-optic 

characterisation was performed. The thermal sensitivity for two higher order Bragg dips 

was plotted for the 1300 nm and 1400 nm regions as shown in figure 6.41. The rates 

measured were 76 pm/°C and 77 pm/°C respectively. With these rates it was now 

possible to map the integrated heater thermal sensitivity of the Bragg wavelength for 

D2-22, to the LD current sensitivity for the Bragg wavelength of D2-16 for a similar 

higher order Bragg dip. By heating the waveguide filter in the pre-buckle regime, a rate 
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for the Bragg shift to LD current change could be measured and mapped to the rate 

measured for the integrated heaters in the packaged device. 
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Figure 6.41. Comparison of thermal sensitivity in the Bragg wavelength of higher order 
leaky modes on D2-22. 

The shift of the higher order Bragg peak in the same 1300 nm region of the D2-16 

WG-1 device was measured in 1.0 mA LD increments, for both increasing and 

decreasing current in the pre-buckle regime, and plotted in figure 6.42. The sensitivity of 

the Bragg wavelength to the change in LD current was 71 pm/mA for both increasing and 

decreasing LD current. 
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Figure 6.42. Shift in Bragg wavelength of higher order leaky mode versus laser diode 
current using D2-16 in the pre-buckle regime. 

The 71 pm/mA Bragg wavelength shift from the LD external heater drive current 

was compared to the 76 pm/°C Bragg wavelength shift from the integrated heaters for the 

same higher order Bragg dip. Dividing the LD thermal sensitivity by the integrated 

heater thermal sensitivity: 

71 prn 
mA 

76 pm 

results in a conversion factor of 0.934 °C/mA. By using the common reference point of 

room temperature, it is possible to correlate the thermo-optical response from the 

integrated heater to the thermo-optical response of the LD external heater. Room 

temperature measured to be 22.0 °C during experimentation. The effective LD current at 

room temperature was 98 mA, as determined in figure 6.10. The current axis for external 
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heating from LD current (figure 6.42) can be converted to a temperature axis for an 

integrated heater (figure 6.41) using the following relationship : 

temperature = 22°C + (LD current - 98 mA) 0.934 °C/mA 6.1 

When this conversion is made to the thermo-mechanical waveguide buckle 

characterisation that was plotted in figure 6.21, the buckle height behaviour of the 

waveguide bridge could now be plotted against temperature. The conversion process 

resulted in a critical buckling temperature between 73.4 °C and 73.8 °C. The critical 

buckling temperature calculated in chapter 4 was 69.0 °C. This LD current to 

temperature translation was possible because: 1) it was shown that the thermo-optic shift 

of the Bragg dip for the integrated heaters was linear, and the thermo-optic shift for the 

external LD heater of the same Bragg dip was linear over the pre-buckle region; and 

2) both the room temperature value of the integrated heater and the effective LD drive 

current at room temperature was known, giving the two slopes a common starting point. 

To summarise, the thermal response for the Bragg wavelength shift provided by a 

LD heated device was determined indirectly by measuring the thermo-optical effect in a 

device with integrated heaters and then mapping that rate to the pre-buckle thermo-

optical effect in a device with an external heater. Using this mapping calculation, the plot 

of buckle height versus LD current, shown in figure 6.21, can be replotted with 

temperature along the x-axis. The bridge deflection height could now be plotted as a 

function of temperature, as shown in figure 6.43. Since it was demonstrated that the LD 

current to power response is linear over the entire range of operation, this mapping can be 

carried into the post-buckle range of operation as well. 

The critical buckle height for a 4.1 /an thick, 2000 /an long "T" cross-section 
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bridge measured 15.1 jum, and compared well to the theoretical value of 14.8 jum. The 

temperature that the critical buckling mode occurred at was experimentally determined to 

be between 73.4 °C and 73.8 °C, which is close to the theoretical value of 69.0 °C 

considering the uncertainty of ± 4.8 °C to ± 3.0 °C that was calculated in section 6.1.2. 

The experimental work described thus far has outlined a procedure for the final device 

characterisation; that of a thermomechanically tunable Bragg grating filter on a 

suspended rib waveguide. 

Temperature (degC) 

Figure 6.43. Waveguide bridge deflection versus the waveguide bridge temperature over 
the pre- to post-buckle regime for D2-16 WG-1. 

6.3.3 Thermomechano-optical characterisation 

The experimental setup for external thermal tuning of a Bragg filter on a rib 

waveguide bridge is shown in figure 6.44 and corresponds to the schematic outlined in 

figure 6.26. The bridge deflection camera was used in this experimental work to ensure 

198 



the laser light was aligned to the same position on the waveguide bridge that it had been 

for the thermo-mechanical analysis. 

Figure 6.44. Unpackaged D2-16 device undergoing thermomechano-optical 
characterisation. 

The thermo-optical characterisation procedure described in section 6.3.2 was used 

in conjunction with the thermo-mechanical characterisation procedure described in 

section 6.2 to complete the thermomechano-optical characterisation of D2-16 WG-1. 

Over the process of developing the experimental procedure it became apparent that when 

the bridge buckled, the fundamental Bragg wavelength became too weak to measure. 

Therefore a stronger higher order mode Bragg dip was used to fully characterise the 

device performance. 

The spectral response for each temperature was captured over 20 nm and 5 nm 

bandwidth resolution. The 20 nm resolution provided an orientation for the location of 

the Bragg dip, while the 5 nm resolution was used for measurement of the centre of the 
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Bragg dip. The full scale for 20 nm resolution is 2.0 dB, while the full scale for 5 nm 

resolution is 1.5 dB. To help track the shift of the Bragg dip over the entire range of 

operation, a screen capture of the plot for each 1.0 mA LD current increment was taken. 

The resulting images were stepped through manually on screen to ensure the dip location 

was being followed properly and to keep track of the outer sides of the complete Bragg 

dip so that adjacent peaks would not be mistakenly included in the measurement. 

Figures 126 through 131 show the Bragg dips of primary interest as well as the 

method of locating the centre of the Bragg dips graphically. Locating the centre of the 

Bragg dip for the pre-bump configuration at 145.0 mA, the post-bump configuration at 

146.0 mA, and the pre-buckle configuration at 153.0 mA were accomplished by 

superimposing lines on the outer sides of the complete Bragg dip. The intersection of 

these lines were used to locate where the centre of the Bragg dip would be. This 

technique was performed on all Bragg dips, regardless of strength, to ensure consistency 

of measurement. 

This technique was effective in tracking the shift of the Bragg dip when combined 

with the incremental 1.0 mA LD current. In the post-buckle regime, the centre between 

double peak was used to measure the shift of the Bragg peak. The FWHM bandwidth, 

§3dB, for the pre-bump, post-bump and pre-buckle Bragg dips was 1.1 nm, 0.77 nm, and 

0.78 nm respectively. The strength of the dip was 1.0 dB. The S3 dB for the post-buckle 

Bragg dip was 3.7 nm with a strength of 0.5 dB. 
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Figure 6.45. 20 nm resolution scan of pre-bump Bragg wavelength plot at 145.0 mA. 

Wavelength (nm) 

Figure 6.46. 5 nm resolution scan of pre-bump Bragg wavelength plot at 145.0 mA. 
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Figure 6.47. 20 nm resolution scan of post-bump Bragg wavelength plot at 146.0 mA. 
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Figure 6.48. 5 nm resolution scan of post-bump Bragg wavelength plot at 146.0 mA. 
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Figure 6.49. 20 nm resolution scan of pre-buckle Bragg wavelength plot at 153.0 mA. 
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Figure 6.50. 5 nm resolution scan of pre-buckle Bragg wavelength plot at 153.0 mA. 
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Figure 6.51. 20 nm resolution scan of post-buckle Bragg wavelength plot at 154.0 mA. 

Wavelength (nm) 

Figure 6.52. 5 nm resolution scan of post-buckle Bragg wavelength at 154.0 mA. 

204 



Figure 6.53 collects these critical Bragg dips into a single plot to show the 

comparative shift in the different operational regimes. The bottom of the dips were 

positioned to the same level for comparison. This figure is similar to the collection of 

critical thermo-mechanical deflection heights displayed in figure 6.20. 

Wavelength (nm) 

Figure 6.53. Plot of the Bragg filter wavelengths before and after bump deflection and 
before and after buckle deflection of the waveguide bridge filter. 

Figure 6.54 plots the continuous thermo-mechanical shift of the Bragg 

wavelength in 0.9 °C increments along the forward and return path of a suspended rib 

waveguide filter. The experimental thermomechano-optical response of the D2-16 WG-1 

device includes a pre-buckle thermal sensitivity of 76 pm/°C, a bump shift of 0.39 nm, a 

meta-stable thermal sensitivity of 62 pm/°C, a buckle shift of 0.95 nm, and a post-buckle 

thermal sensitivity of 88 pm/°C. There is a 16 % increase of the post-buckle sensitivity 

over the pre-buckle rate. The corresponding analytic rates calculated in section 4.4 and 
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plotted in figure 4.11 include a pre-buckle thermal sensitivity of 83 pm/°C, a buckle shift 

of 0.55 nm, and a post-buckle thermal sensitivity of 99 pm/°C. There is a 19 % increase 

of the post-buckle sensitivity over the pre-buckle rate. 

Temperature (degC) 

Figure 6.54. Thermomechano-optical response of the D2-16 WG-1 suspended 
waveguide filter. 

The same bi-stable response that was plotted for the thermo-mechanical 

characterisation in figure 6.43 was observed in the thermomechano-optical response. 

Figure 6.54 shows a different return path for the Bragg filter wavelength as the device 

temperature is decreased from the post-buckle regime. The bi-stable Bragg filter 

wavelength difference was 0.95 nm at the beginning of the post-buckle regime and 

0.77 nm before the waveguide bridge returned to the pre-buckle regime. 

Bump and buckle shifts in the Bragg filter wavelength were measured for a 

second device, D2-20 WG-1, at 0.24 nm and 0.96 nm respectively, to compare to the 
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D2-16 WG-1 results of 0.39 nm and 0.95 nm. The extensive series of measurements 

required to determine the full thermomechano-optical response, as well as the 

corresponding thermo-mechanical buckle height measurements, were not conducted on 

D2-20. 

The analytic model plotted in figure 4.11 does not take into account the meta-

stable regime after the bump deflection, which was experimentally plotted in figure 6.54. 

A second analytic model was prepared to take into account the effect the bump regime 

has on the thermomechano-optical response of the device. In this analysis the 0.5 fjm 

bump deflection releases the axial stress and allows the bridge to thermally expand, 

though not buckle. The thermal expansion occurs before the critical buckle temperature 

so the expansion is not enough to deflect the bridge to its buckling mode shape. The 

pitch of the Bragg grating expands according to the mechanical effect of thermal 

expansion and not according to the non-mechanical expansion of the buckling mode 

shape. 

The bump temperature used in the analytic model to calculate the thermal 

expansion of the Bragg grating was determined experimentally to be 7.5 °C before the 

critical buckle temperature. At the bump temperature the photo-elastic effect on neg, that 

had accumulated since room temperature, is released. Over the next 7.5 °C thermal shift 

in which the bridge does not deform further, axial stress builds again, producing a photo-

elastic influence on neff once more. The influence of the photo-elastic effect will be 

released a second time when the waveguide deflects 15.1 fjm to its buckling mode shape. 

At this deflection the spread of the Bragg grating pitch is due to the buckling mode shape 

of the waveguide bridge, and was previously calculated in section 4.4. The buckle shift 
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in the Bragg wavelength smaller in this example since the grating pitch will have already 

been spread due to the bump shift. Figure 6.55 plots the result of these analytic 

calculations. 

Temperature (deg C) 

Figure 6.55. Theoretical thermomechano-optical response of device as a result of 
analysis over the pre-buckle, bump, buckle, and post-buckle regimes. 

D2-16 WG-1 was thermo-mechanically characterised separately from the 

thermomechano-optical characterisation. It is useful to compare the thermo-mechanical 

buckle height plot to the thermomechano-optical Bragg filter wavelength plot to examine 

the consistency between the separate experiments. The comparison between the two 

plots is shown in figure 6.56 where the left axis depicts the Bragg wavelength and the 

right axis depicts the buckle height. As the temperature increases there is little difference 

between the temperature at which the bump and buckle effects occur in the plots. This 

shows a good degree of stability in the experimental setup. 
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The comparison between these two experimental plots also shows that the 

temperature at which the bridge returns to its pre-buckle regime is slightly further apart, 

at 3.8 °C. On the return path of thermal actuation, when the magnitude of thermal strain 

is close to the deformation limit that keeps the bridge from being restored to its pre-

buckle regime, the slightest physical disturbance will cause the bridge to return a few 

degrees Celsius early. In another thermomechano-optical experimental run on the D2-16 

device, in which the post-buckle Bragg filter wavelength was too weak to measure, the 

bridge waveguide returned to the pre-buckle regime at a temperature within 0.4 °C of the 

thermo-mechanical temperature. 
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Figure 6.56. Overlay of thermomechano-optical and thermo-mechanical response of 
D2-16 WG-1. 

The characterisation of thermo-mechanically tunable Bragg filters on SOI rib 

waveguide bridges has allowed the experimental validation of the analytic model for the 
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thermomechano-optical behaviour of the device. The integration of a Bragg filter on a 

buckling waveguide bridge provides a discrete shift in the Bragg filter wavelength of 

0.95 nm at the critical buckle temperature. The integration also provides a 16 % increase 

in thermal sensitivity of the Bragg filter wavelength in the post-buckle regime. The 

meta-stability and bi-stability effects of the MOEMS device were also measured. The 

value of these additional performance characteristics would depend on the application the 

device was used for. 

210 



7 Conclusions 

7.1 Summary of Thesis 

The purpose of this thesis was to investigate the consequence of coupling the material 

and structural elements of an actuator to an optical component integrated within that 

actuator. A device was proposed in which a Bragg grating filter was integrated within a 

thermally actuated waveguide bridge. A MOEMS based thermo-mechanically tunable 

Bragg grating filter on an SOI rib waveguide bridge was designed, fabricated, and 

characterised to verify that the thermal, mechanical and optical behaviour was in 

agreement with the predictions of the analytic model. The contributions that made this 

investigation possible were: 

1) The development of a process flow to fabricate the device. The primary gates 

successfully completed in this process flow included Bragg filter integration into a rib 

waveguide; integration of these elements onto a fixed-fixed bridge that was released as a 

freestanding structure; integration of heaters on unreleased rib waveguide bridge filters; 

reliable waveguide facet preparation for optical characterisation; and prototype packaging 

of Bragg filters with integrated heaters on unreleased rib waveguide bridges 

[101,120,121], 

2) The development of a sacrificial bridge release post-process to produce up to 

4000 jum long, 5.0 fjm thick fixed-fixed waveguide bridges with a suspension of 2.0 jum 

[122], 

3) The measurement of an experimental buckle height of 15.1 jum, which 

corresponded to the calculation of a theoretical buckling mode height of 14.8 fjm, for a 
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2000 fjm long, 5.0 jum thick rib waveguide bridge [123], 

4) The development of a prototype packaging post-process to allow 

measurement of the thermal sensitivity of a Bragg grating filter with integrated heaters in 

the pre-buckle regime. The experimental pre-buckle thermal sensitivity measured 

76 pm/°C, while the theoretical value was 83 pm/°C [124,125]. These measurements 

agreed with literature for externally heated Bragg grating filters on SOI rib waveguides. 

This contribution also demonstrated a technique for indirectly measuring the thermal 

sensitivity of a Bragg filter by mapping an integrated heater thermal tuning rate to an 

external heater LD current thermal tuning rate. 

According to theoretical analysis, the thermo-optic effect on Ane// was responsible 

for more than 99 % of the 83 pm/°C pre-buckle Bragg filter sensitivity. The remaining 

influence on Anejj came from the photo-elastic effect. This is an example of a thermally 

tuned device that does not take full advantage of coupling material and structural effects 

to its optical performance. 

5) The measurement of an experimental Bragg filter wavelength shift, 

AXB = 0.95 nm, caused by the waveguide bridge deflecting to its buckling mode shape at 

the critical buckle temperature. This abrupt shift in the Bragg filter wavelength between 

the pre- and post-buckle regimes was due to a combination of Ane// and AA. The 

theoretical AXB value depended on the absence or presence of a bump deflection, which 

resulted in respective Bragg filter wavelength shifts of 0.55 nm and 0.34 nm. 

In an ideal device without bump deflection, modelled in 1 °C increments to 

follow the experimental conditions, the thermo-optic effect now only accounted for 72 % 

of Aneff. The release of the cumulative photo-elastic effect made up the other 28 %. By 
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coupling the material effect of the buckled waveguide bridge to the Bragg filter response, 

the photo-elastic influence was increased from its negligible pre-buckle impact to over 

one quarter of the total Aneff. Altogether, Aneff accounted for 37 % of the influence on 

A/lB in the buckle regime. The majority of the shift in the Bragg filter wavelength was 

provided by the buckle expansion of the Bragg grating pitch, AA. This was a clear 

example of the benefit of coupling the material and structural influence of an actuator to 

an integrated optical component. 

6) The measurement of an experimental post-buckle thermal sensitivity of 

88 pm/°C, which corresponded to a theoretical value of 99 pm/°C. According to 

theoretical analysis, the thermo-optic influence on Aneg was responsible for 90 % of the 

99 pm/°C post-buckle Bragg filter sensitivity. The remaining 10 % came from a spread 

of the Bragg grating that was the result of continued out-of-plane deflection of the 

waveguide bridge due to thermo-mechanical expansion. 

Since the sensitivity of the pre-buckle Bragg filter wavelength was dominated by 

the thermo-optic effect, and this effect remained through out the entire pre- to post-buckle 

range of operation, the influence of the thermo-mechanical expansion on the Bragg filter 

sensitivity could be experimentally isolated in the post-buckle regime. A 16 % increase 

in thermal sensitivity was gained from integrating the Bragg grating filter described in 4) 

into a thermo-mechanically actuated fixed-fixed rib waveguide bridge. The theoretical 

increase was 19 %. 

While an increase in thermal sensitivity could also be obtained from 

unconstrained linear thermal expansion, the buckling mode shape of the thermo-

mechanical actuator provided a greater spread in the Bragg grating pitch per degree 
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Celsius. The thermal sensitivity of the device was increased by coupling the structural 

effect of the buckling mode profile to the integrated Bragg grating. 

Meta-stability and bi-stability in the Bragg filter response were also observed over 

the course of characterising the device. Experimentation showed that the bump 

deflection which began the meta-stable regime was only observed in beams with a "T" 

cross-section, not in beams with the more common rectangular (or prismatic) cross-

section. It is possible that this meta-stable regime, which exists between the pre- and 

post-buckle regime, is a superposition of the buckling mechanics of the larger slab beam 

and the smaller rib beam on top of it. 

Bump deflection caused the bridge to move one tenth the bridge thickness out-of-

plane, or 0.5 /jm, where it remained mechanically stable for a thermal shift of 7.5 °C until 

the critical buckle temperature. Whereupon the bridge deflected through to a buckling 

mode height of 15.1 /zm. Bump deflection caused a spread in the Bragg grating pitch that 

was likely the direct result of linear (axial) thermo-mechanical expansion, and not 

buckling mode deflection, since the bump occurred before the critical buckle 

temperature. The Bragg filter wavelength shift resulting from the bump deflection was 

measured to be 0.39 nm and calculated to be 0.29 nm. 

The cumulative influence of the photo-elastic effect at the critical buckle 

temperature was reduced as a result of the bump deflection, which released the axial 

stress on the waveguide bridge. The photo-elastic effect on nejj would begin to 

accumulate again in this meta-stable state until the critical buckling temperature occurred, 

but this was only an increase of 7.5 °C from the bump temperature. The thermal 

sensitivity of the Bragg filter wavelength in the meta-stable regime was measured to be 
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62 pm/°C. 

Optical bi-stability was observed in the Bragg filter response from the start of the 

post-buckle regime along the return to the pre-buckle regime. In this bi-stable regime 

there would be two possible Bragg wavelengths for a given temperature, the value of 

which would depend on whether the device was in a forward or return path. The bi-

stable regime occurred over a span of 15 °C. The Bragg wavelength difference at the 

start of the post-buckle regime was 0.95 nm, while the Bragg wavelength difference at 

the return to the pre-buckle regime was 0.77 nm. 

7.2 Future Work 

Future work relating to improvement of the device design and fabrication process will be 

divided into thermal, mechanical, and optical development. The primary improvement to 

the thermal component of the device would be made by producing an integrated heater 

that could withstand the bridge release process. The current method of depositing a thin 

film heater on the surface of the bridge waveguide is vulnerable to delamination in the 

release process. A resistive element could be formed within the bridge, adjacent to the 

rib waveguide, through ion implantation and diffusion. The resulting semiconductor 

heater would not attenuate the optical signal propagating along the waveguide since the 

rib would contain the mode within the undoped silicon. Doping the silicon to create the 

heater strips would not change the mechanical properties of the waveguide bridge in 

relation to the buckling mechanics. 

Mechanical improvement to the device design and fabrication could be made by 

releasing waveguide bridges with an aspect ratio greater than the 400:1 ratio the current 

devices have. This would translate to a longer bridge to increase the Bragg grating 
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length, or a thinner bridge to reduce the waveguide cross-section. This could be 

accomplished with the current bridge release process by ensuring the sacrificial thermal 

oxide was grown on the handle layer of the SOI. This would result in an "A" sacrificial 

oxide etch profile that would reduce HF etch time and provide built-in support for the 

released waveguide bridge. 

Optical improvement of the Bragg filter response could be made in a number of 

ways. A shallower grating would ensure more of the energy from the optical mode 

remains in the rib portion where the filter is. A mask in which the grating width matches 

the waveguide width would ensure a single Bragg grating duty cycle for the optical mode 

so that the strength of the Bragg response was not spread over two gratings with the same 

pitch but different duty cycle. 

The grating was placed along the centre half of the waveguide bridge for this 

research. This produced a Bragg dip in the post-buckle regime that had a large 8MB 

bandwidth. The post-buckle Bragg dip bandwidth could be reduced, and its buckle shift 

increased, by centring the grating along the area of the bridge that had the largest uniform 

local spread, even if it meant reducing the overall length of the grating. 

COMSOL is a candidate to refine future design development. With its 

multiphysics module, the software can couple the photo-elastic and thermo-optic effects 

of the filter response over the pre-buckle regime of operation. Similarly, the software 

could couple the change in Bragg grating pitch from expansion of the actuating 

waveguide with the thermo-optic response in the post-buckle regime. Combining the 

results would provide a spectral response for the device operating over the entire pre- to 

post-buckle regime. The software would also be useful to explore the nature of the bump 
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deflection and meta-stable regime, and how it relates to the cross-section of the 

waveguide bridge. 

7.3 Applications 

An important feature in the functionality of an optical device is tunability. A tunable 

filter allows a reduction in the number of components in a system such as an optical 

switch. A reduction in components results in a reduction in insertion loss and power 

requirements, and an overall lower system cost. These benefits can be enhanced if the 

material and structural effects on device performance can be coupled constructively. 

The buckling mode shift in the Bragg filter wavelength from pre- to post-buckle 

regimes provides a mechano-optical separation of two 50 GHz (0.4 nm) optical channels. 

A dense wavelength optical system that was sensitive to interchannel cross-talk would 

benefit from the channel isolation offered by this device. The post-buckle regime saw a 

16 % increase in Bragg filter wavelength thermal sensitivity due to the buckling mode 

expansion of A. This would reduce the power required to tune the Bragg filter 

wavelength over a given bandwidth. The bistable nature of the device also suggests the 

possibility of a mechano-optical based flip-flop memory element. 

A variation on the distributed feedback laser originally shown in figure 1.8 would 

be possible by using an optically active material instead of silicon for the bridge 

waveguide material. The Bragg grating would be separated so that an active cavity was 

formed in the centre of the suspended waveguide bridge. 

Controlling strain is an important factor in quantum dot engineering. The strain 

along the length of a buckled waveguide bridge changes from the anchor point, where it 

is zero; to a maximum at the bridge inflection point. Quantum dots placed on top of the 
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waveguide rib, that run the length of the bridge, could make use of the gradation of strain 

to generate a change in the spectral response of the dots. 

Strain control is also an important factor in the technique of manipulating the 

band offset of indirect bandgap materials such as silicon and germanium. The desired 

strain on the crystal lattice can be achieved by allowing a released structure to 

permanently collapse to its handle substrate [126], If strain based band offset 

manipulation were possible in the free-standing bridge waveguide structures presented 

here, thermo-mechanical strain tuning in the post-buckle regime would allow a greater 

degree of bandgap control. 
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Appendices 

Appendix I: Verifying Critical Buckle Stress Calculations 

In order to validate equations 3.22 and 3.47, the self-buckling behaviour of a 

fixed-fixed polysilicon micromachined beam under resistive heating, reported by M. 

Chiao and L. Lin [127], was used. While the optical properties of polysilicon are not 

similar to single crystal silicon, the mechanical properties such as the coefficient of 

thermal expansion and Young's Modulus are. Given a fixed-fixed bridge structure 2 jum 

wide, 2 /m1 thick and 100 jum long; they found that a beam temperature of 531 °C was 

required to cause the compressive stress necessary for the beam to buckle. 

crcr = aATE 3.22 

i> 3.47 
L 

The following analysis uses equation 3.22 to calculate the critical buckle stress 

using the material property coefficients they reported of E = 150 GPa and 

a = 2.6 x 10"6 °C"'; and the critical buckle temperature they reported of Tcr = 531 °C. 

This value is compared to the critical buckle stress calculated from equation 3.47. The 

results were in close agreement. 

From Chiao's numbers and equation 3.22: 

acr = a ATE 

<jcr = (2.6 x 10"6 °C"1) (531-22)°C (150 x 109 N/m2) 

=-198.5 x 106N/m2 
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where negative means compressive stress. From equation 3.47 with a beam length L = 

100 ftm, width w = 2 fjm, and thickness t = 2 fan. 

_ An2EI 
Kr- j2 

= 7.896 x lO^N 

(Tcr = Per/A 

=-197.4 x 106N/m2 

With Tcr = 531 °C, the thermal strain from £j = a AT at the critical buckle 

temperature is ST = 1.316 x 10" . Recalling that cr = Ee, equations 3.47 and 3.42 can be 

combined to express the critical strain in the waveguide that must occur via thermal 

expansion for buckling to occur as: 

An2t2 

£ = 7- 0.1 cr 12Z 

Using this equation, the strain at the critical buckle temperature can be 

independently calculated to be ecr = 1.323 x 10"3, providing further validation of the 

relationships for the thermo-mechanical behaviour of a fixed-fixed beam. 

There are some other useful observations that can be taken from equation 0.1. 

The first is that the critical buckle strain, and therefore the critical buckle pressure, is not 

influenced by the modulus of elasticity, E. The next observation is that while the width 

of the waveguide will have no effect on the critical buckling pressure (or temperature), 

the length and thickness both do. Decreasing the length or increasing the thickness of the 

waveguide will increase the critical buckle pressure and therefore the critical buckle 

temperature. This fact is crucial to consider when designing the operational envelope of 

the waveguide bridge filter. The higher the Tcr, the greater the Bragg wavelength shift 
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upon buckling. In addition, as the critical temperature increases there is more flexibility 

in the design process to maximize the performance of other design parameters such as the 

bandwidth at FWHM, S^B, MB, and the channel isolation. 
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Appendix II: Run Sheets 

This appendix contains the run sheet of the process flow for the D2 version of the 

MOEMS device including post-process facet preparation, bridge release, and packaging. 

1) Bragg grating mask EBL (process steps performed at NRC-IMS) 

- RCA clean on SOI wafer 

Dehydration bake and HMDS spin-on 

Spin on ELIONIX ZEP520A positive e-beam resist 

Expose Bragg grating mask 

- Develop using o-Xylene. 

2) Bragg grating etch 

Singulate or cleave SOI wafer into 7 mm x 12 mm die 

Descum die in Technics: base pressure = 4 Pa, O2 pressure = 40 Pa, ionization power 

= 100W, etch time =10 seconds. 

- Mount four die on the centre of a 100 mm backing wafer using double sided carbon 

tape. 

Execute 5 minute conditioning run on ECR. 

- Etch Bragg grating in ECR: base pressure = 2.4 x 10"4 Pa, wafer temp = -30 °C, 

SF6 flow = 3.65 seem, O2 flow = 2.21 seem, gas pressure = 0.8 Pa, forward 

microwave power = 310 W, RF bias = 10 W, etch time = 1 to 2 minutes. 

- Detach die from backing wafer by heating wafer on hotplate at 80 °C and gently 

prying the die off. 

- Ash remaining grating mask in PlasmaPreen: isolate die from water cooled base with 

ceramic stand-offs. Base pressure = 4.0 Pa, O2 pressure = 670 Pa, etch time = two 

runs of 5 minutes. 

3) Rib Waveguide Lithography 

Dehydrate and clean die in PlasmaPreen: isolate die from water cooled base with 

ceramic stand-offs. Base pressure = 4.0 Pa, O2 pressure = 670 Pa, etch time = 5 
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minutes. 

- Spin coat HMDS, 30 seconds at 4000 rpm. 

- Bake 60 seconds at 105 °C. 

- Spin coat S1811, 30 seconds at 4000 rpm. 

- Soft bake 60 seconds at 105 °C. 

Expose waveguide pattern for 16 seconds under vacuum contact (HP) mode. 

- Develop for 60 seconds in MF321. 

- Rinse in Dl for 45 seconds. 

- Blow dry with nitrogen and inspect. 

Further develop in MF321 if necessary. 

- Passing inspection, hard bake 3 minutes at 125 °C. 

4) Rib Waveguide Etch 

- If the die sat over-night, another hard bake of 2 minutes at 125 °C is performed. 

Descum die in Technics: base pressure = 4 Pa, O2 pressure = 40 Pa, ionization power 

= 100W, etch time = 60 seconds. 

- Perform a 15 second BOE on die. 

Mount die on the centre of a 100 mm backing wafer using double sided carbon tape. 

- Execute 5 minute conditioning run on ECR. 

- Etch rib waveguide in ECR: base pressure = 2.4 x 10"4 Pa, wafer temp = -30 °C, 

SF6 flow = 3.65 seem, O2 flow = 2.21 seem, gas pressure = 0.8 Pa, forward 

microwave power = 310 W, RF bias = 10 W, etch time = 2 to 3 minutes. 

- Detach die from backing wafer by heating wafer on hotplate at 80 °C and gently 

prying the die off. 

- Ash remaining waveguide mask in PlasmaPreen: isolate die from water cooled base 

with ceramic stand-offs. Base pressure = 4.0 Pa, O2 pressure = 670 Pa, etch time = 

two runs of 5 minutes. 

5) Heater Lithography (D2) 

Dehydrate and clean die in PlasmaPreen: isolate die from water cooled base with 

ceramic stand-offs. Base pressure = 4.0 Pa, O2 pressure = 670 Pa, etch time = 5 
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minutes. 

- Spin coat HMDS, 30 seconds at 1500 rpm. 

- Bake 60 seconds at 105 °C. 

Spin coat LOR3A, 30 seconds at 1500 rpm. 

- Soft bake 5 minutes at 160 °C. 

- Spin coat S1811, 30 seconds at 4000 rpm. 

- Soft bake 60 seconds at 105 °C. 

- Expose waveguide pattern for 26 seconds under soft contact (ST) mode. 

- Develop for 60 seconds in MF321. 

- Rinse in Dl for 45 seconds. 

- Blow dry with nitrogen and inspect. 

- Further develop in MF321 if necessary. 

6) Heater Evaporation Deposition (D2) 

Cover platform with aluminum foil and wipe down with IPA. 

- Affix die to platform using magnets. 

- Load platform into deposition chamber and pump down to 4.0 x 10"5 Pa 

- Evaporate a titanium adhesion layer of 256 A. 

- Evaporate a gold layer of 9500 A 

7) Heater Lift-Off (D2) 

- Preheat two beakers of Shipley Microposit Remover 1165 to 80 °C. 

- Place die on Teflon holder and place holder in first Microposit beaker. 

- Place beaker in heated water bath with ultra-sonic agitator 

- If a substantial amount of time has passed without a lift-off, gently abrade surface of 

the die with a cotton tipped stick. 

- When the LOR/PR/metal film has separated from the die, place die in second 

Microposit beaker. 

- After 10 minutes remove die from second bath and rinse in Dl. 

- Blow dry with nitrogen and inspect. 
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8) Bridge Lithography 

- Dehydrate and clean die in PlasmaPreen: isolate die from water cooled base with 

ceramic stand-offs. Base pressure = 4.0 Pa, O2 pressure = 670 Pa, etch time = 5 

minutes. 

- Spin coat HMDS, 30 seconds at 4000 rpm. 

- Bake 60 seconds at 105 °C. 

- Spin coat SI811, 30 seconds at 4000 rpm. 

- Soft bake 60 seconds at 105 °C. 

- Expose waveguide pattern for 30 seconds under vacuum contact (HP) mode. 

- Develop for 60 seconds in MF321. 

- Rinse in Dl for 45 seconds. 

- Blow dry with nitrogen and inspect. 

- Further develop in MF321 if necessary. 

- Passing inspection, hard bake 3 minutes at 125 °C. 

9) Bridge Etch 

- If the die sat over night another hard bake of 2 minutes at 125 °C is performed. 

- Descum die in Technics: base pressure = 4 Pa, O2 pressure = 40 Pa, ionization power 

= 100W, etch time = 60 seconds. 

- Prepare a 100 mm backing wafer coated with PR with an open strip down the middle. 

Place strip of Kapton tape on the middle of the wafer, spin coat SI 811, hard bake, and 

remove Kapton tape strip. 

Mount die on open strip of backing wafer using double sided carbon tape. 

Execute 5 minute conditioning run on ECR. 

- Etch rib waveguide in ECR: base pressure = 2.4 x 10"4 Pa, wafer temp = -30 °C, 

SF6 flow = 3.65 seem, 0 2 flow = 2.21 seem, gas pressure = 0.8 Pa, forward 

microwave power = 310 W, RF bias = 10 W, etch time = 6 minutes. 

Ensure the BOX layer has been exposed from silicon etch. Calibrate Nanospec to 

oxide and measure the oxide thickness at the bottom of the bridge etch. 

- Upon successful inspection, detach die from backing wafer by heating wafer on 

hotplate at 80 °C, gently prying the die off. 
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- Ash remaining bridge mask in PlasmaPreen: isolate die from water cooled base with 

ceramic stand-offs. Base pressure = 4.0 Pa, O2 pressure = 670 Pa, etch time = two 

runs of 5 minutes. 

10) Waveguide Facet Cleave 

Place die on single fab wipe sheet 

- Butt glass slide edge against die, parallel to waveguides 

- Butt second glass slide against the first so that the second slide forms a straight edge 

perpendicular to the waveguides. 

- Draw scribe along edge of second slide 

- Place a small diameter hex driver shaft under the die, aligned along the scribe 

- Using the hex edges as a fulcrum, apply steady gentle pressure with index finger and 

thumb tips on either side of the scribe until die cleaves, exposing the waveguide facet. 

11) Bridge Release (30 //m wide bridge with 2 jum BOX) 

- Place die flat on a Teflon platform and lower platform into conc. HF. 

- After 17 minutes 30 seconds grip sides of the die parallel to the waveguides with flair 

nosed tweezers and remove. 

- Alternately the Teflon platform can be removed from the conc. HF. 

Place die into a one litre Petri dish filled with Dl water. 

- After five minutes, remove die perpendicularly from the Dl bath using flair nosed 

tweezers, gripping the edges of the die parallel to the waveguides. 

- Place the die into a Petri dish filled with IPA for three minutes. 

- Place the die into a Petri dish filled with HMDS for three minutes. 

- Place the die into a Petri dish filled with acetone for three minutes. 

Remove the die from acetone and place the tip of an eyedropper holding PR along the 

side of one of the tweezer arms to allow a controlled flooding and acetone 

replacement with the PR 

- Place the die in the centre of a 50 mm backing wafer. The PR will affix the die to the 

wafer. 

Place the backing wafer under a ventilated cover and place the entire arrangement 
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under a fume hood for three days. 

Use a scalpel to remove the die from the backing wafer. 

Place the die on ceramic stand-offs within the reaction chamber of the PlasmaPreen. 

Base pressure = 4.0 Pa, O2 pressure = 670 Pa, etch time = three runs of 5 minutes. 

Inspect the waveguide bridge for successful release using phase contrast illumination 

microscopy and the SEM. 

12) Die Packaging 

Cleave 7 mm x 7 mm shim spacer die to raise the waveguide facets of the device die 

above the surface of the chip carrier. 

- Dispense a drop of Permatex "Permanent Strength Threadlocker" with a micro-

pipette to adhere the shim to the DIP and the device die to the shim. Care should be 

taken to avoid excess adhesive that might squeeze out from the sides and wick down 

the waveguides. 

Cure adhesive over 12 hours on a hotplate set to 100 °C 

- Mount package onto the heated workholder of a West-Bond 7400A ultrasonic wire 

bonder 

- After determining the appropriate wire bonding power and temperature, wirebond the 

heaters to their respective pins. 
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Appendix III: Alternative Processes for Heater Protection during 
Bridge Release Post-process 

In addition to the process flow development described in section 5.3, two alternate 

strategies were explored to help the gold evaporated heaters survive the bridge release 

post-process. One strategy reduced the etch time in HF necessary to release the bridges. 

The other strategy protected the heaters during the etch release with a passivation layer of 

PR. 

The first strategy made use of the MRC RIE-61 reactive ion etcher (RIE). This 

machine can handle various etch chemistries but is used primarily with C H F 3 for its oxide 

etch capabilities. The SOI wafer used for device fabrication had a BOX "V" etch profile 

which meant the device layer/BOX interface etched more slowly than the BOX/handle 

layer interface. By dry etching the oxide to the handle layer of silicon before the 

sacrificial wet etch, the etch time would be reduced, potentially reducing the effect of 

delamination. 

Figure 0.1. MRC RIE-51 Reactive Ion Etcher 
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After the ECR etched the silicon to the BOX layer to define the bridge, the MRC 

would etch the buried oxide down to the handle layer silicon. Test etches are shown in 

figure 0.2. By dry etching the exposed BOX, the bridge etch time for the "V" profile SOI 

was reduced from 17.5 minutes to 12 minutes. 

Figure 0.2. RIE results in which part of the BOX has been etched. The photoresist 
defining the bridge width has not yet been removed in these SEM cross-sections. 

The second strategy involved passivating heaters with a film of PR. The 

passivation process was tested on two gold deposition runs, one with a Ti adhesion layer 

and one with a Cr adhesion layer. The passivation layer could be processed either by 

spin coating a layer of PR after the ECR bridge etch and re-exposing the bridge mask in 

the same position, or by spin coating a layer of PR that was retained after the ECR etch 

step for use in the MRC etch. The second method was superior since this passivating PR 

was self-aligned to the ECR bridge etch. 

To assist the PR in its passivation role, an HMDS primer oven was used. This 

gave the PR much better adhesion to the native oxide on the silicon and greater resistance 

to penetration from the HF underneath as seen in figure 0.3. The sample on the left saw 

only a spin coat of HMDS while the sample on the right was treated in the HMDS primer 

oven. 
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Figure 0.3. Both die have gone through the HF bridge etch. The PR on the left sample 
was processed with an HMDS spin coat. The PR on the right sample was processed in an 
HMDS primer oven. 

Figure 0.4 shows results from PR passivation after the bridge release was 

complete and the PR was removed. The same 0 2 plasma that ashed the bridge support 

PR also removed the PR passivation layer. In trials, the Ti adhesion based heaters fared 

slightly better than the Cr adhesion based heaters, but substantial improvement was seen 

in neither. 

Figure 0.4. Chromium adhesion on the left (D2-30) and titanium adhesion on the right 
(D2-19) after the PR passivation layer was removed via O2 plasma ashing. 

Post bridge release inspection from the SEM revealed an additional problem with 

step coverage from the gold heaters. The bond pads are 100 /Lan square and at this size 

they overlap every other waveguide in the waveguide mask. These waveguides were not 
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used optically on the die. The spacing is a hold over from the original waveguide mask 

design. 

When the gold was evaporated, it condensed along the base of the rib and on top 

of the rib itself until (depending of the rib height) the top of one gold film made contact 

with the bottom of the other gold film. Because this is an evaporative process in which 

the samples were not rotated during the deposition, a cavity formed as can be seen in 

figure 0.5 and figure 0.6. This may have been another reason for delamination of the 

gold heaters. HF would penetrate into this cavity during the bridge release and this 

would help cause the metal to delaminate. Once the pad started to lift along the line 

defined by the waveguide, the entire heater would eventually delaminate. 

Figure 0.5. D2-19 on the left shows where the photoresist passivation has failed after the 
HF bridge release. D2-8 on the right shows areas of failure along the step height 
differential after the HF bridge release etch and PR passivation removal. 

Of the six die processed with PR passivation, only one has a successful bridge 

release with intact heater. The bond pad of this 500 fjm bridge device did not hold up to 

the wire bonder wedge. The SEM of the released device is shown in Figure 0.7. 
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Figure 0.6. Example of step height coverage problem with D2-30 along with HF release. 

Figure 0.7. D2-8 heaters on the 500 micron bridge survived the HF bridge release 
process though the heaters could not be successfully addressed with either probe tips or 
wire bonding. 
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