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Abstract

Silicon microstructure fabrication and integrated optics technology have both progressed
rapidly in recent years. The use of these two technologics to create a new class of integrated-
optical microsensors remains a potentially important area to explore. One interesting possibility
is the use of evanescent loss effects to measure the interaction between a deformable
microstructure and an optical waveguide. This work reports on a specific device design using
silicon-based integrated optics to fabricate a waveguide-based pressure transducer. The device
uses laser light coupled into an optical waveguide that has its leakage enhanced by interaction
with a deformable silicon diaphragm located a small distance above the waveguide. Since the
attenuation level is a strong function of gap spacing, monitoring the waveguide output can give
a measure of the diaphragm deflection, and hence can be related to the pressure applied to the
diaphragm.

Ease of alignment was identified as a critical issue for the manufacturability of such a sensor,
since fiber-to-waveguide alignment procedures can add significantly to total device cost. The
waveguide structure chosen to help ease alignment tolerances is based on the anti-resonant
reflecting optical waveguide (ARROW) principle, where light is confined in a low index core
through total internal reflection at the top interface, and high grazing angle reflections enhanced
by Fabry-Perot effects at the lower interface. This structure has a guiding layer which is quite
large by integrated optic standards and is well matched to single-mode optical fiber.

Microsensors based on these concepts have been fabricated and tested. This work
demonstrates that evanescent loss can be used to detect the interaction between an optical
waveguide and a leakage-inducing attenuator. First order simulation models were successfui in
discovering the salient features of device operation, with the exception of the apparent
stiffening of the diaphragm in the small deflection regime. This problem is attributed to smail
particulates entrapped in the gap spacing and can be modelled empirically by using an effective
spring constant. Input/ output coupling tolerances are somewhat improved by going to the
ARROW structure. However, this improvement comes at the expense of the introduction of
higher order modes into the structure, which can complicate alignment procedures and can
decrease the effective signal-to-noise ratio when devices are scaled down to smaller
dimensions. The main advantage of ARROW waveguides, improved coupling efficiency, may
not necessarily outweigh its disadvantages, since a standard waveguiding structure with high
insertion loss may still be acceptable if one has enough measurement headroom. Results of
these studies and directions for future research will be presented.
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Chapter 1

Introduction

1.1 Goals

Silicon microstructure fabrication and integrated optics technology have both
progressed rapidly in recent years. It is interesting to ask if these technologies can be
combined to form a new class of microsensors. Such a sensor would have a variety of
advantages, especially for applications in harsh environments. However, before such
sensors can be designed, some fundamental issues must be addressed. The first involves
finding a suitable mechanism for transducing a mechanical action into optical modulation,
where we define "optical modulation” in the conventional optical sense, i.e. the alteration of
a detectable property of a coherent light wave. In this work, intensity is the detectable
property of interest; hence, this class of interaction is often referred to as intensity-
modulation. More specifically, this work investigates whether evanescent loss can be used
effectively to measure the level of interaction between a deformable silicon microstructure
and an integrated optical waveguide. Another critical issue is that of improving the ease of
alignment for coupling to such a sensor. At present, packaging and alignment

considerations add greatly to the cost of integrated optical components. This work attempts
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to discover if these input / output difficulties can be significantly reduced by designing an
appropriate waveguiding structure, such as the anti-resonant reflecting optical waveguide
(ARROW).

The vehicle used to address these concerns is a specific device design that
incorporates a silicon-based ARROW waveguide in the microfabrication of a pressure and
force transducer. A fabrication process for such a device was developed and completed
devices were tested. Results from numerical simulation studies were compared with
experimental results to determine our level of understanding of device operation. This
thesis tries to provide a thorough understanding of the issues relevant to the design of such

a SEnsor.

1.2 Background

1.2.1 Silicon-Based Integrated Optics and Microstructures

The field of integrated optics has seen tremendous growth over the last thirty years,
driven forward largely by the drive for optical communication [1-3]. Interest in silicon-
based integrated optics has found renewed interest in the last ten vears as well [4,5]. Many
of its advantages stem from its ability to leverage off of the semiconductor industry.
Silicon is a technology that is already mature for mass production. The substrates offer
very high surface quality over large areas. Patterned processing such as photolithography
is well developed and high levels of integration are possible. Additional advantages come
from silicon's inherent material properties. Silicon is a robust material with good
mechanical stability [6]. It has a high thermal conductivity that makes it attractive for use as

a substrate for lasers and amplifiers. Furthermore, the crystalline nature of silicon allows
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anisotropic etching of V-grooves, which can facilitate the attachment of optical fibers [7,8].
A final set of advantages come from the electronic properties of silicen. Complete hybrid
optical packages on silicon are currently being pursued to take advantage of these ideas [9].
In addition to the use of silicon as a substrate there is a large body of work dealing
with the waveguiding materials that can be deposited on silicon. These include materials
such as silicon nitride, doped glasses, and other types of silicon dioxides [10-14]. For
example, high pressure oxidation (HIPOX) [13] and flame hydrolysis [14] have both been
used :n the fabrication of modern waveguiding devices. In fact, silicon itself is emerging
as a potential waveguiding material since it is transparent at communication wavelen gths.
Silicon microsensors have been explored extensively over the last fifteen years.
Silicon microstructure fabrication has been used in the construction of a variety of pressure
transducers, including sensors based on piezoresistive [15-19] and capacitive [20-23]
detection schemes. Optical sensors combining microstructures with fiber-optic
technologies have also seen rapid developments in the last several years. A commercial
sensing system (MetriCor, FiberOptic MultiSensorT™ System) based on the ratiometric
comparison of spectral shifts has been on the market for over six years. In addition, a
number of fiber-optic sensors have been developed based on methods including:
interferometry [24-26], shutter modulation [27], reflectivity [28], evanescent loss [29,30],
and digital encoding [31]. These sensors are particularly suited to applications in harsh
environments such as high-temperature or explosive locations, and to applications where
immunity to large bands of electromagnetic interference is important. The low cost of
optical fiber and the simplicity of processing required to fabricate devices have made them
attractive for many applications. Integrated optical sensing devices hope to garner many of
the benefits of fiber optic sensors as well as a few additional advantages. For example,

patterning capabilities in integrated optics should give the designer better control over the
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communication and the semiconductor industry continue to improve.
Silicon-based integrated optics for sensing applications has recently received
serious attention [32,33]. Position sensors [34] and accelerometers [35] have been
designed using silicon technology. In addition, microfabricated preéssure sensors based on
interferometry have been built [36-38]. Integrated optical sensors using evanescent
techniques have been fabricated to senge changes in a liquid medium above a light-carrying
waveguide [39], as wel] as to probe layers of molecules adsorbed to the waveguide surface
[40]. However, work studying the effect of solid-phase structures on integrated optical
waveguides remains limited. Lukosz and Plinka [41-43] have shown that the Interaction of
an optical waveguide with a component of lower refractive index creares a shift in the
Propagation constant, B, and hence the effective-index, B/ko, of the entire structure. This

shift does not directly result in a change of waveguide power: however, the phase change

modulation,
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1.2.2 The Anti-Resonant Reflecting Optical Waveguide
(ARROW)

At the time of this writing, fiber-to-waveguide coupling is still not a fully mature
technology. Coupling from large single-mode waveguides ( > 4 pm diameter) to other
similarly large waveguides has improved greatly as optical fiber alignment technologies
have begun to enter the market. However, coupling to single-mode waveguides as
fabricated in silicon remains difficult to accomplish with low insertion loss. This is
primarily due to the high index difference between most siiicon-based waveguides and their
cladding layers, which means that very thin guiding layers are required in order to maintain
single-mode operation. This single-mode operation is desirable because an evanescent-
loss-based sensor depends on the ability to control the evanescent tail of the propagating
wave. A lower index differential between the guiding and cladding layers can be used to
enlarge the spatial profile of the beam. However, this results in the need for a large buffer
layer between the waveguide and the substrate, which can be prohibitively costly.

Lenses may be used to reduce the beam waist to achieve greater coupling
efficiencies into the waveguide. There are a number of manufacturers of microfabricated
lenses and lens holders in both glass and plastic. While tolerances in manufacturing have
improved greatly, handling these components is difficult to automate, and assembly of
lensing systems to required tolerances remains an expensive process. Another technique
recently developed to circumvent this problem involves the direct lensing of the optical fiber
tip itself, which will be discussed in greater detail in Chapter Five. Unfortunately,
microfabricated lens alignment and fiber-tip lensing are both still difficult to perform
repeatably.

Another idea for easing the alignment tolerances on the waveguide structure is to

change the structure itself. In a standard optical waveguide, light is confined in a core
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region with a refractive index which is higher than its surroundings. However, another
class of optical waveguides, known as leaky waveguides, exists in which the core index is
actually lower than that of its surroundings. The functionality of these waveguides is
limited by leakage loss, but this loss can be reduced significantly if the layers of the guiding
structure are designed carefully. One example of such a device design is the anti-resonant
reflecting optical waveguide (ARROW) which is shown in Fig. 1.

This particular structure is designed for operation at He-Ne wavelengths (0.6328
Hm) and consists of a low-temperature-deposited silicon dioxide core (n=1.458) of 4.0
um, a silicon nitride first cladding layer (n=2.012) of 1140 A, and a thermally grown
silicon dioxide second cladding layer (n=1.458) of 2.0 um. This structure has many
advantages: most notably the fact that it allows coupling into a large, low-index waveguide
as opposed to a very thin, high-index waveguide. Thus, fiber-coupling losses due to
spatial and index mismatch can be reduced, and alignment tolerances can be increased.

In a typical ARROW waveguide, the light propagating in the core layer is totally
internally reflected at the core-air interface and is separated from the substrate by a two-
layer interference cladding. This two-layer cladding provides a set of interfaces with large
index differences in order to increase the reflectivity at each interface. If the core layer is
thick enough, the fundamental mode will propagaie with a near-grazing angle of incidence,
and hence the reflectivity at each interface will be quite high. Additicnally, each layer
acquires a Fabry-Perot character relative to the component of propagation normal to the
layers. Very high reflectivities can be achieved by designing the layer thickness to coincide
with the anti-resonant points of the cavity which is formed by the two interfaces of the first
cladding layer. The second cladding layer also forms a similar cavity and can be designed
to increase reflectivity back into the waveguide core even further. Anti-resonance is an

effect used in Fabry-Perot interferometers and occurs at the point where the reflectivity of
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the Fabry-Perot structure is at its maximum. An additional benefit of using anti-resonance
comes from the fact that the reflectivity of the fabricated structure is insensitive to errors in
film thickness. This occurs because when the resonances of a Fabry-Perot are spectrally
sharp, the anti-resonances are quite broad. As one exampie of this effect, the ARROW
radiation loss varies periodically from minimum loss to maximum loss as the thickness of
the first cladding layer is increased; however, the regions of low loss are quite broad.
Higher order modes are often effectively filtered out, since mode angles of higher-
order modes are farther away from grazing incidence. Thus, these modes exhibit lower
reflectivities at the cladding interfaces and the anti-resonance originally designed for the
fundamental mode is no longer optimal for higher-nrder modes. These waveguides have
already found limited application in the laser field [44], in III-V optoelectronics [45-48],
and in components such as polarizers [49], demultiplexers [50], and remotely-controlled
couplers [51]. For further details, the reader is referred to the literature [44-68].
Additional discussion on design considerations and coupling characteristics of these

waveguides can be found in Chapter 2.
1.3 Device concept

In this work, an ARROW-waveguide-based sensor is built to address the following

fundamental questions:
1) Is evanescent loss a suitable mechanism for sensor desi gn?
2) Can fiber-to-waveguide coupling be improved by using the ARROW structure?

3) Can the behavior of such a sensor be predicted by theoretical and numerical

simulation methods?
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As described in further detail below, this device will sense the movement of a
microfabricated silicon diaphragm in response to pressure. Small changes in the position
of this diaphragm relative to the optical waveguide will change the rate of optical leakage
from the waveguide. Thus, intensity variations at the sensor output can be related to
applied pressure. The approach of this work involves initial theoretical and numerical
modelling to aide in device design. Prototype devices are then fabricated and tested
experimentally to validate the models,

There are a few additional design considerations which should be mentioned. First,
the general design philosophy takes advantage of the inherent stren gths of optical sensin g
methods in adverse environments by using only optical components in close proximity to
the sensing region. Light is coupled to the detection and signal processing electronics
through a fiber-optic link. Second, ultimately an ulfra-thin device is desired, which will
measure the pressure applied across its body without introducing a significant perturbation
to the system. Although the device design reported here is 600 Hm in thickness, the
concepts involved may ultimately be downscaled to devices with thicknesses on the order
of 100 um. The multi-layer waveguide concepts involved may potentially be applied to
sheet polymeric films as well.

An exploded schematic of the original concept for a fully packaged device can be
seen in Fig. 2. The package is designed so that single-mode optical fiber can be used to
couple light from a helium-neon laser (A =6328 A) to an integrated optical chip. In this
conception, fiber alignment V-grooves have been designed to allow alignment of the fibers
to the waveguide end-faces, which are to be exposed upon removal of detachable silicon
parts. The figure shows these parts already removed, thus exposing the waveguide end-
faces. The waveguide on the chip travels from input to output and through the active

sensing area. Qutput light from the chip is then coupled out through a similar fiber to a
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CHAPTER 1. INTRODUCTION 20

photodetector. The actual sensor package reported in Chapter Five is similar to the original
concept shown in Fig. 2, but was fabricated without the set of provisions used to mount
the fibers relative to the waveguide end-faces. Instead, input ccupling was achieved by
exposing and polishing the waveguide at the A-A' plane and by end-firing a bare laser
beam into the waveguide end-face with the use of a microscope objective. Output light was
similarly coupled to a calibrated photodetector and a CCD-based frame grabber by using
another microscope objective to observe the exposed B-B' plane. Other details of the
package remained uncompromised.

A cross-sectional schematic of the packaged device along the waveguide axis can be
seen in Fig. 3. The edges of a deformable silicon diaphragm are clamped a fixed distance
away from the optical waveguide. When pressure is applied to the diaphragm, the
diaphragm deflects into closer proximity with the waveguide. Since silicon has a higher
refractive index than the materials which make up the waveguide, leakage from the
waveguide is enhanced as pressure is increased. In this way, pressure can be measured by
detecting the amount of light that remains in the optical waveguide after deformation of the
silicon diaphragm. The leakage coupling to the silicon diaphragm is evanescent in nature
and therefore the degree of loss experienced by the waveguide is extremely sensitive to the
gap spacing between the two structures. For adequate sensitivity of such a device, the gap
spacing must be made extremely small. At the same time, the gap spacing must be well
controlled for reproducibility of sensor response. The device discussed in this thesis
solves these problems through the microfabrication of a thin-film spacer layer between the
optical waveguide and the silicon diaphragm light attenuator. Prior to the bonding of the
two parts, a hole of desired dimensions is made in the spacer layer to allow the silicon

diaphragm room to deflect. By scaling the dimensions of the patterned hole in the spacer
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layer or the thickness of the silicon diaphragm, one can scale the range of operation of the
transducer as well.

The fabrication concept for the device is shown in Fig. 4. The packaged sensor is
formed through the bonding of two separate wafers. One wafer supports the ARROW
waveguide and will be referred to as the "waveguide wafer". The other wafer forms the
microfabricated gap spacer as well as the diaphragm itself; this wafer is referred to as the
"diaphragm wafer". These wafers are then bonded together using an electrostatic bonding
process followed by a high-temperature anneal to form the final structure. After bonding,

the diaphragm thickness can then be adjusted by conventional lapping techniques.

1.4 Organization of Thesis

In order to fabricate useful devices, it is necessary to understand relevant behavior
well enough to design appropriate structures. To accomplish this goal, studies of the
properties of the ARROW waveguide were undertaken and are reported in Chapters Two
and Three. Chapter Two describes theoretical modelling work performed to understand the
ARROW waveguide and its advantages, as well as a number of analytical perspectives
towards understanding the interaction of the diaphragm with the optical waveguides.
Chapter Three reports on a number of numerical simulation studies on device properties.
The simulated effects of gap spacing and attenuator index on the diaphragm-waveguide
interaction was analyzed by a two-dimensional beam propagation method. The complete
sensor structure response was modelled using these results. Three-dimensional effects due
to ridge-etching were later analyzed using an eigen-solver technique. This chapter also

includes results from beam propagation simulations on optical coupling issues and
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CHAPTER 1. INTRODUCTION 24

longitudinal beam stability after launch. The act of microfabricating the device led to the
development of various processes including direct wafer bonding for appropriate surface
materials, anisotropic sidewall etching to achieve lateral confinement, and infrared
alignment schemes for use with wafer-to-wafer electrostatic bonding. These and other
fabrication issues are addressed in Chapter Four. During testing, it was found that
process-dependent particulates significantly affected sensor response. This effect was
significant enough to force a change in the method of test from hydrostatic loading from a
compressed air source to piezoelectric stack actuation to drive the diaphragm into
deflection. Chapter Five reports on these testing procedures and results obtained in the
characterization of the sensor. Finally, conclusions and directions for future research are

presented in Chapter Six.
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Chapter 2
Theoretical Modelling

2.1 Fundamental Design Considerations for the
ARROW Structure

In this section, an ARROW waveguide design is presented for operation at helium-
neon wavelengths (A = 6328 A). Interaction with the attenuator is temporarily ignored; the
focus in this section is on the ARROW waveguide itself. Fundamentals of ARROW slab
waveguide design have been described in the literature [44-68]. A typical ARROW
structure is shown for reference in Fig. 5. The propagation behavior of this structure is
treated first. Itis understood that the basic principle of operation involves the propagation
of light at near grazing incidence between two planes. Light is confined at the top interface
due to total internal reflection, and at the bottom interface due to very high reflectivity
caused by a combination of grazing angle and Fabry-Perot effects. A v-th order quasi-

mode is said to bz supported when the phase matching condition is satisfied, i.e.:

2kon.d. sin 0, + ¢; + ¢, = 2um
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where ¢1 and ¢, are the phase-shifts seen at the core-air and core-cladding interfaces

respectively, ko is the free-space wavenumber, n¢; and dc are the core index and core

thickness respectively, and Oy is the propagation angle of the light. The prcpagation

constant and the propagation loss can be defined as:

B, = kon.cosé,
and
L, = —5tanb,log(R.)/d.. (dB/cm)
respectively, where the effective core thickness, dce, can be written as:

A

for the TE mode, and where Ry represents the power reflectivity of the two-layer cladding

dcc =

for the v-th order mode. If Ry = 1, then this expression for loss can be approximated as:

L,=217(1 - R,)tan¥,/d. (dB/cm)

Using a ray-optics approach, this expression can be easily understood as the effect of the
transmittance loss the light experiences at each bounce at the leaky core-cladding interface
multiplied by the number of bounces the quasi-mode experiences per length. This
expression also makes clear the modc filtering properties of the ARROW waveguide, since
higher order modes will experience much higher degrees of loss than the fundamental

mode.
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In the following paragraphs, basic design considerations involved in creating
ARROW waveguiding structures are considered. When designing a conventional ARROW
waveguide, one 1s interested in building a structure that will propagate the fundamental
mode with high efficiency and take advantage of the possibility for good index and spatial
matching to optical fibers. A fundamental chcice that needs to be made is the desired
effective size of the core. There are several factors that influence this decision including:
the effective spot size of the optical fiber, the effect of layer thicknesses on the costs of
fabrication, and the effect of core thickness on the propagation loss of the waveguiding
structure.

In order to achieve high coupling efficiency, it is desirable to design a structure with
a guiding layer thickness comparable to the 1/e diameter of optical fiber, which is
determined by the points where the E-field strength drops to 1/e of its maximum value. It
will be shown that this type of structure can provide low propagation losses as well. The
requirements for single-mode operation at helium-neon wavelengths (A = 6328 A) are
considered here. For most commercial optical fibers, the V-number, V=2. A standard

empirically curve-fitted expression for 1/e width is [69]:

1.619  2.879
wd (0.65 + Vis + e )
This expression has been used in the optical fiber field for over a decade and is generally
considered accurate 0 about 1%. Thus for a conventional optical fiber with diameter d=4
pm, the effective modal width is w=5.07 pm.
As an aside, this result is now compared to that obtained for a standard asymmetric

waveguide formed by depositing a silicon nitride core over a thick silicon dioxide layer,

with air acting as the top layer in the structure. The silicon nitride guiding layer (r=2.012),
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which was chosen for compatibility with conventional integrated circuit processing, is
highly mismatched with respect to silicon dioxide (n=1.458). Hence, the waveguide mode
supported by the silicon nitride film will be very tightly confined to the core region. A brief
calculation shows that the greatest thickness of silicon nitride allowable for single-mode
operation of this type of waveguide is approximately 0.27 pm. When accounting for beam
propagation in the surrounding media, this corresponds to an effective width of 0.4 um,
which is much smaller than optical fiber modal dimensions. Since coupling efficiencies can
be approximated by the overlap integral between the input wavefunction and the
eigenmodes of the waveguiding structure, it is clear to see that these types of standard
waveguides are poor candidates for coupling to single-mode optical fibers. Althou 1 this
problem can be alleviated somewhat by lowering the index mismatch between core and
buffer layer, such a solution is inherently coupled to a corresponding increase in the buffer
layer thickness, which is often impractical for cost reasons.

Returning to the selection of waveguide core thickness, designing the effective core
width to be as close as possible to the 5 pm fiber mode width is desirable for enhanced
coupling efficiency. However, after taking into account the cost of fabricating the entire
ARROW structure, a 4 um core thickness was selected, since fabrication of the appropriate
cladding layers for a full 5 um core would be prohibitively costly. Solving for loss

minimization for fundamental mode operation, the cladding thicknesses must satisfy:

A n 2 A 2 —%
o i () | .
. 4n1{ - +(4n1du)} (2N + 1) N=0,1,2, ..

and

dce

) ) oo
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For the 4 um core selected, this results in a first-cladding-layer silicon nitride thickness of
1140 A and a second-cladding-layer silicon dioxide thickness of 2.0 pm. Calculations
using this geomeiry give an inherent power reflectivity of 0.9997 for the two-layer cladding
and a waveguide loss of 0.09 dB/cm, which corresponds to radiation loss to the silicon
substrate below. Thus this design shows promise for low loss propagation of the
fundamental mode and the potential for efficient coupling to optical fibers. In the following
section, formulas are derived which allow a quantitative analysis of coupling

improvements.

2.2 Comparison of ARROW and Standard
Waveguides

An advantage in fiber coupling is expected due to the better spatial and index
matching properties of the ARROW waveguide as illustrated schematically in Fig. 6. In
this section, formulas are derived to make this improvement quantitative. The issue of
primary concern is that of alignment. This problem is approached with the use of overlap
integral formalism. Reflectivity effects from the waveguide end-faces are neglected in this
analysis, since they are relatively small (~8-12% additional loss with air in the intermediary
region) and can be further reduced with the use of index-matching epoxy in the final device
structure. The results are presented for the three cases of misalignmen: shown in Fig. 7:
transverse, angular, and longitudinal. The effects of these three misalignments are
analyzed for the cases where the modes of the launching and receiving waveguides are
represented by either "large” (w = 2.0 um) or "small" (w = 0.2 pm) gaussian wave

approximations. The small waveguide approximation is used to represent the silicon nitride
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waveguide. This approximation admittedly exaggerates insertion losses, since the actual
in-plane waveguide dimension is expected to be much larger than the model suggests.
However, this approximation is still useful in illustrating the effect of waveguide size on
various coupling related parameters. The large waveguide approximation is used to
represent both the single-mode optical fiber and the ARROW waveguide modes. Previous
authors have demonstrated that improvements in transverse and longitudinal alignment
tolerances can come at the expense of angular alignment tolerances [70]. It is found that the
ARROW waveguide represents a good compromise and allows for successful mechanical
alignment in all three aspects.

The transverse misalignment problem is anticipated to be the most severe. The

closed form of the pewer coupling as calculated from the overlap integral is:

2 2
‘w1 +w2/

211)111)2 2 _ng2 2 2
T=[—-=2] % /(w‘+w’)

where w1 and w2 are the 1/e radii of the launching and receiving waveguides respectively,

and § is the transverse misalignment. From this formula, it can be seen that the maximum

transmitted power is:

2
T _ 21.01 wy
e = (o)
1 2

If wj = wy, then this expression is reduced to unity, as expected. The half-width for

where the power drops to 1/e of its maximum value can also be found from the power

2 2
_jwy + w3
Ee—v"2

coupling formula:
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Numerical calculations from these expressions show that a fiber with w = 2.0 um would be
expected to couple with near unity efficiency to an ARROW waveguide, whereas coupling
to a standard silicon nitride waveguide would show an efficiency of only 0.04, a loss of 14

dB.

If the overlap integral formalism is applied to the problem of angular misalignment,

the transmitted power becomes:

7 ( 2w, w, )2 exp [ k2wlw?sin? g
)

w? + w2 2 (w3 cos? § + w?

where 6 is the angular misalignment. If 6 is small, this expression reduces to:

2
T ( 2w, w, ) exp[ k20%w?w?

w] + w} - 2(w] +wj)

This expression gives a similar result for maximum transmission, and 6;, which is defined

as the 1/e point for 6, can be written as:

6 _ V2 (w? + w?)

k,wyw,

Inserting reasonable numerical values for w1 and wp shows that angular misalignment is
not truly a limiting factor in device design, since these angular tolerances are easily
satisfied.

Finally, the effect of longitudinal error is analyzed by performing the overlap
integral between two gaussians, where one has been :llowed to propagate over a distance,

d. The following result is obtained for transmitted power:
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4 1

wiw} [1 + (5)2] (

T=

2
1 1 kd/2 )2
+-5] + )

(@] T (&

where d is the separation distance, p = (mw2 )/A, and wj and w» are the beam radii at the
end-faces of the launching and receiving waveguides respectively. Note that as d goes to
zero, the expression reduces to the expression for maximum power obtained from the
transverse misalignment formula.

For the case where w) and wj are equal, the above formula reduces to:

_ 1+ 402
(142022 4+ Q2
where
d\
1= 2mrw?

If this is the case, then the value of d that corresponds to half-maximum is simply:

2rw?

d=
A

For large waveguides, this gives an axial tolerance of 40 um. For small waveguides, this
gives an axial tolerance of 0.4 pm. As expected, the fiber-to-ARROW coupling shows
more longitudinal tolerarce than coupling between two silicon nitride waveguides.
However, a more interesting problem may be to determine the behavior of coupling from
large-to-small and small-to-large waveguides. Transmitted power as a function of
separation distance is plotted in Fig. 8 for large-to-small and small-to-large coupling. The
w1 = wp cases are also shown for reference. It can be seen that a large-to-rmall coupling

has very low efficiency at d=0, and decreases monotonically with distance. The small-to-
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Waveguide sizes Ee (um) B¢ (rad)  dyp (Um) Tmax

large-to-large 2 0.1 40 1
small-to-small 0.2 0.96 0.4 1
large-to-small 1.4 0.80 20 0.04
small-to-large 1.4 0.62 20 0.04

Table 1. Effect of waveguide sizes on coupling parameters

large coupling has the same low value for coupling efficiency at d=0. However, as d is
increased, the coupling briefly increases slightly (~2%) before decreasing monotonically.
This increase is expected, since the smaller mode should increase in size to more closely
match the mode shape of the larger mode. However, apparently the curvature of the beam
has a strong adverse effect, since at no point does the transmitted power approach unity. In
fact, the results for large-to-small and small-to-large coupling are nearly identical. The
half-width half-maximum of large-to-small coupling and small-to-large coupling are both
about 20 um, a factor of 2 worse than the result for large-to-large coupling. Thus, fiber
input and output coupling through standard waveguides will result in very high loss (-28

dB) with reduced alignment tolerances at both the input and output. It should be pointed
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out that neither of these deficiencies is catastrophic. Collection end tolerances may be
improved somewhat by switching to multimode fiber collection. Also, the 28 dB Joss is
certainly endurable for the case of a single sensor, although configurations of multiple
sensors would appear difficult to implement. However, if these deficiencies are
undesirable, they can be improved upon by simply converting to the ARROW structure.

A summary of results is shown in Table 1. Important observations are: 1) large-to-
large coupling shows the most tolerance to transverse misalignment. However, the
corresponding large-to-small and small-to-large tolerances are not far off, 2) large-to-large
couplings have the worst angular tolerance figures, but as stated before, even these are still
easily satisfied, 3) large-to-large coupling shows a factor of 2 improvement in longitudinal
alignment tolerances over either large-to-small or small-to-large coupling, and finally 4)
where the large-to-large coupling has its greatest advantage is in its unity maximum
transmitted power. It is the only combination which offers high power transmission as
well as reasonable alignment tolerances.

Therefore, the advantages of coupling from a single-mode fiber into an ARROW
waveguide are: 1) somewhat better transverse alignment tolerances, 2) improved
longitudinal alignment tolerances, and 3) improved coupling efficiency. In addition to
these coupling advantages, the ARROW has another potential advantage over silicon nitride
waveguides that bears directly on evanescent sensors. Since the ARROW core is a
relatively low index material, it is expected that the mode supported will extend further into
the air space above the core, thus making it more readily accessible for interaction with a
light attenuator. The task at hand now becomes looking for a way to calculate the amount
of leakage from the top surface of the waveguide which is introduced through interaction

with the deformable silicon diaphragm.
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2.3 Theoretical Calculation of Lcakage
Enhancement

This section describes methods used in the calculation of leakage induced by the
proximity of a silicon diaphragm attenuator tc a light carrying optical waveguide. Initially,
a normalization factor analysis is described which predicts the behavior of the device in
regions where the attenuator is not in extreme proximity to the waveguide. Obviously such
a model is of limited usefulness in predicting device response, since some of the most
interesting phenomona will occur when the attenuator is closest to the waveguide. The
behavior of the state where the gap is reduced to zero is studied with the use of leaky-mode
formulas derived for a three-layer model. However, this model does not incorporate gap
dependence so it can only be used in a fashion which complements the normalization factor
analysis results. A more comprehensive model is introduced using a transmittance method
calculation which can be derived either from Airy summation of ray-optic results or from

matrix method calculations.
2.3.1 Normalization Factor Analysis

Normalization factor analysis was initially used by Ulrich to model prism coupling
to thin-tilms [71]. However, this technique is applicable to other types of leaky wave
behavior as well. Here, the analysis is used to determine how the degree of leakage from a
thin-film structure to a silicon attenuator depends on the gap spacing between the two
components. This section is based on a treatment by Ghatak [70, 72-75]. However, to
apply this method to the ARROW waveguide structure, Ghatak's treatment is extended to

asymmetric structures.
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2.3.1.a. Leaky Fields Model

Analysis of the ARROW structure by Jiang, et.al. [59] using transmission-line
methods has shown that a very good approximation to the behavior of the ARROW
waveguide can be achieved by simply modelling the region below the core as a perfect
conductor. This is reasonable, since much modelling work has snown that the electric field
is nearly zero at the interface between the core and the first cladding.

Using this approximation, the inde# profile of the leaky waveguide structure is
modelled as shown in Fig. 9a. Properties of the leaky guide will be derived by comparing
the structure shown in Fig. 9a, which can only support leaky modes, with the
corresponding guiding structure shown in Fig. 9b, where the leakage inducing component
has been removed. In this section, region I represents the silicon dioxide core, region II
represents the air gap, and region III represents the silicon attenuator. To solve for the TE
modes of the leaky structure, Y(x)=Ey(x) must satisfy the wave equation:

%:'—s + kZn*(z)yp =0
where n(x) represents the index profile shown in Fig. 9a. Thus, the solution for TE modes

for np < B/kg < ny 3 is given by:

Pi(z) = Asin(ayz)
Yu(z) = Bexp(v(z - 21)) + Cexp(—7(z - 21))

ym(z) = Dy exp(iaz(z — z2)) + D- exp(—ias(z — z2))
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where:

2 _ 12,2 2
a; = koni -
2 _ 2 2,2
97 —ﬂ —konZ

2 _ L2,2 2
aZ_kan;’.-—ﬁ

and B is the propagation constant. B, C, D, and D. can be expressed in terms of A by

applying the conditions of continuity of y and dy/dx at x=x; and x=x3 :

B = %A (sin(alacl) + % cos(alxl)) 2.1)
C = 24 [sin(anzy) — 22 cos(as)
= 5 SIn( 1T ~ CoO 11

Dy=: [Be"(”"‘) +Cemmm) ¢ L (perte-an) _ C'e"’(’""))]
2 10

This solution is now compared with the solution for the guided wave structure shown in

Fig. 9b. The guided wave solution is:

P1e(z) = Agsin(e,z)

‘l,bn'g(Z) = Ag Sin(ag:cl)e“V(”—’!:)
and it is straightforward to show that the normalization factor Agis:

2y
Ay =
\( 149z,

(2.2)
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Note that if B=0 in Eq.(2.1), then the leaky fields will resemble the guided mode case, with

a small oscillatory component in region III; these fields will be called "quasi-modes".
2.3.1.b. Calculation of Waveguide Leakage
The incident wave field can be expressed as the sum of orthonormal components:

$(2,0) = (=) = [ 4(B)pa(=)dp

where y/g(x) represents the normalized radiation modes and ¢(]3) represents the appropriate

weighting factor for each mode. Hence for z > O the wave can be written as:

$(z,2) = [ dBY(BYba(z)e

The fractional power remaining in the core at distance z is approximately given by the

overlap integral:
] oo 2
W(z) = | [ (@, 0)(z, 2)dz
Rewriting this expression as an integral over 3 gives:

W) = | [ 16(6)1 #ag| 23
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The immediate problem becomes that of solving for the magnitude of ¢(B). Using a similar

approach to Ghatak, one notes that if (x - x1) is large enough, near 3=[, the normalized

radiation modes can be expressed as:
A
wale) = () wute) 2.4
g

where yg(x) represents the solution for the corresponding guided wave case. This
assumption is based on the premise that the shape of the leaky fields in regions 1 and 2 are
identical tc the shape of the fields in the zuided case and that the effect of region III is
negligible. Both of these criteria are only satisfied if (xp - x1)v is sufficiently large.
Therefore, this model is not expected to accurately predict leakage losses when x is near
x1. Since Ag has already been calculated above in Eq.(2.2), the next goal is the calculation

of A. A Taylor series calculation of B and C near B=B; yields:

1 )
B ZALEM (1 4728 - )
A
C =~ —5—;01
where we define:
6 =v*+af (i=1,2)

Substitution of these results gives an expression for the magnitude of Dy and D. in terms

of A:
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+- L
1Q

e‘r(zz —z)

1, .. 6B
|Dy| =~ riaby

2a1(1 +7$1) 1

* - 272&3 1- (7/“!2) —21(=z—=u|
(8 —85) + B28%(1 + yz1) 1 + ('y/zaz)

However, this result can easily be compared with the fact that orthonormality of rﬁodcs
implies that:

B

211’&2

|Ds| =

Thus, solving for the magnitude squared of A gives:

16a? —24v(z7—2
AP = T B e @)
((B- 8y +12) ”
Substitution of Egs. (2.2) and (2.5) into (2.4) gives:
A
2
o = |~ S s e
where:
2.3
e 4alz ?z ( 1 ) ~2r(mamm1)
Bé163 149z,
and
I(a? — ~+2
ﬂ; — ﬂg + ( 2 b7 )

2057
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Further substitution of Eq. (2.6) into (2.3) gives:

r ef=dg |

wJ (B—B,)?+T?

W(z) =

Solving for the power using complex analysis gives a simplified result:

r 'e‘.rz : -2z
W(z) = ;211'1. 5| = ¢
The power loss in dB/cm is:
W(z = lcm)
L=—-10log ————7—T =~
Olog Wiz =0) 870001 (dB/cm)

46

which for the case of the fundamental mode of our ARROW waveguides can be expressed

as:

L = 923—21(=’_=l)

This expression is plotted in Fig. 10 and will be compared to the results obtained from

numerical simulations. It is important to note that the loss, already expressed in dB/cm,

shows an exponential decrease with increasing gap spacing. It is also important to bear in

mind that it has been one of the major assumptions in this derivation that the gap spacing

was not so small that the waveforms were distorted significantly from the unperturbed

guiding waveguide case. Thus, the loss predicted for zero gap spacing using this model

(92 dB/cm) is not expected to be accurate. However, it is anticipated that understanding the
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Fig. 11 Model for three-layer formulas

interaction near zero gap spacing will be very important to device modelling. Hence we

turn our attention to arother technique to attempt to determine the loss in this regime.
2.3.2 Three-Layer Leaky Mode Formulas

One can predict what occurs at zero gap spacing by studying the problem illustrated
in Fig. 11. Here the cladding layers have been replaced by a perfectly conducting plane
and the air gap has been completely removed. These simplifications make it simple to
implement the three-layer formulas reported by Haus and Miller [76]. It is assumed that the
magnitude of the reflection coefficient for the bottom interface is unity and that of the top
surface is very close to unity. This allows us to describe the power attenuation rate for the

fundamental TE mode as:

Xy 1
_2d2n} N, 1_(,_11_)2

2c
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which corresponds to the expression reported by Hall and Yeh [77] in their work on leaky
waves in heteroepitaxial films. Inserting the appropriate values for the simplified device
structure gives a loss of 25.9 dB/cm at zero gap spacing. This calculation is good for zero
gap spacing, but it does not take into account the effect of the air gap spacing on power
attenuation loss. In order to incorporate this effect, a transmittance method calculation was

developed.

2.3.3 Transmittance Method Calculation

The analysis of this section presumes that the light within the waveguide core can
be modelled by a ray-optic approach. Leakage due to attenuation is determined by first
calculating the transmittance that occurs each time a ray impinges on the core-air interface,
and then multiplying this effect by the number of individual losses, which is determined by
the angle of incidence of the light in the core. There are two approaches that lead to the
same basic result described below. The first is achieved by using an Airy summation in a
ray-tracing method across the air gap. The second involves using a matrix method
calculation to arrive at the same expression for the transmission coefficient, and hence
transmittance. This idea can be summarized mathematica!ly in the following expressions

for transmittance and loss:

n3cosfs

T = H

n, cos 8,

L =217T tan6/d,. 2.7
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Fig. 12 Ray-tracing diagram for Airy summation

The goal of these approaches is to calculate the transmission coefficient, t, which can be
used to calculate the transmittance, T, and hence the loss of the structure. It is found that
for d > 0.2 pm, these techniques give similar results to the normalization factor analysis.
However, for d < 0.2 um, the results tend toward the three-layer calculation presented in

Section 2.3.2.
2.3.3.a Airy Summation of Ray-Tracing Results

A ray tracing diagram for the system of interest is shown in Fig. 12. By
performing an Airy summation of rays that are transmitted across the air gap, the

transmission coefficient is given by:

t = tiptyze™" [1 + 123721672 4 (ra37y 67 H)? 4. ]

which can be reduced to:

t1ota3e "

T 14 ryarage 29
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where
¢ _ 2k1: r _ !clz - kz:
12 kl:n + kZz 12 kl: + k2:|:
yo 2k koo — ks,
27 ke + kaa 27 kya + ks

for TE waves, and

kiz = \/k2n? — B2
k. = vV kgn.f, - p?
ksz = \/kZn3 — B2

with ¢ = koxd, where d is the gap spacing between the waveguide and attenuator. In this

case, the field in region II is evanescent. Therefore,

2
k2 = —i—y/u?sin? 6, — n2 = —ig

A

Hence ¢ = iqd, and the expression for T becomes:

t1ataze”
1 4 7127236~ 2ed

T3 cos 03

T =

n1 cos 8,
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2.3.3.b Matrix Method Calculation

The same answers for t and T can be derived using the matrix method. Using

Yeh's notation [78], one can write:

Ao\ _ ( My My, Al
Bo - M21 M22 B:

where

My My ) 1 1 7 e 0 ) 1 ( 1 73 )
My My | tp\ 721 1 0 e [ \rp 1
Since the transmission coefficient is defined as t = 1/Mj; , multiplying the matrices through

to solve for M1] and hence t gives:

_ bigtaze™i
1+ ryprpge=2ida

This is the same result as derived from Airy summation. Hence the expressions for

transmittance and loss which follow are equivalent.

2.3.3.c Analysis of Leakage Results

Solving for T and then using Eq. (2.7) to solve for loss gives results which are
plotted in Fig. 13. For comparison, the results from the normalization factor analysis and
from the three-layer leaky mode formula are plotted as well. As expected, there is an

inverse exponential dependence on gap spacing, which is characteristic of tunneling
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phenomena. Mathematically this is clear since as d gets large, the expression for the

transmission coefficient is reduced to:

t ~ t1aty3e %

which shows the inverse exponential dependence. Inserting values for our structure into

this formula gives the following expression for loss:
L =94.7¢"% (dB/cm)

which is quite close to the expression derived from normalization factor analysis. From
Fig. 13 it is also clear that for d > 0.2 pm the matrix method results tend toward the results
obtained from the normalization factor analysis. However for d < 0.2 pm, the results tend
toward those of the three-layer calculation. Also shown in Fig. 13 is a baseline loss which
corresponds to the intrinsic ARROW waveguide loss into the substrate. This loss should
not be changed significantly by interaction with the attenuator, and represents an effective
minimum loss value for this design.

In summary, this section provides a solid theoretical foundation on which to base
further study. In the following chapter, numerical simulation techniques are used to more
accurately study this interaction. These computational methods opcn' the door to

understanding many more complex issues as weli.
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Chapter 3

Numerical Simulation Studies

Numerical simulation studies were performed in order to confirm the results
obtained from theoretical analysis. First and most importantly, a more complete
understanding of the interaction phenomenon was sought, as it forms the basis for device
operation. In order to get an understanding of the important effects while keeping
computation time to a minimum, two-dimensional vector beam propagation studies were
used to determine the expected loss per unit propagation length as a function of gap
spacing. This work is summarized in Section 3.1. From this information, the complete
sensor structure was simulated by performing a numerical integration of expected loss over
the entire optical path length of the device. This simulation work is reported in Section 3.2
and helps to explain how device dimensions influence sensor response. In order to
urderstand how the choice of attenuator material affects sensor response, a study on how
the real and imaginary components of the attenuator index affect loss was performed also
using the two-dimensional beam propagation method. This is the subject of Section 3.3.

The two-dimensional approximation is expected to be fairly accurate, but the
validity of this method can be checked more rigorously by performing a simulation of the

full three-dimensional structure. Section 3.4 reports on the use of an eigen-solver
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technique to calculate the expected attenuation loss as a function of gap spacing for varying
ridge-etch depths. In the following two sections, three-dimensional vector beam
propagation methods are used to analyze effects that pertain to the coupling of the
electromagnetic wave from the input fiber to the optical waveguide. Section 3.5 reports on
the effect of ridge-etch depth on the structure of the fundamental mode, which also has an
effect on the efficiency of coupling into optical fibers. Section 3.6 discusses the radiative
transition that occurs as a fiber input mode propagates down the longitudinal axis and
settles down to « fully-developed ARROW mode. The length of this transition region is of
some importance, since previous simulations have assumed a stable ARROW field
structure in the active sensing area.

As described above, a variety of numerical simulation methods were used in order
to understand the sensor response. Since the choice of an appropriate simulation method is
important, a brief word on simulaticn techniques is in order. In general, simulation
techniques can be classified by the two types of problems they try to solve: eigen-problems
and propagation problems. Simulation methods that attempt to solve ei gen-problems
include the effective-index method, the variational method, and the finite-element method.
Methods that are used to look at the propagation problem include finite-difference time
domain (FDTD) methods and beam propagation methods. In general, propagation methods
are used when one wants to have complete details of the optical propagation. However,
they can be quite computationally intensive and are often replaced by eigen-solver
techniques when only the eigenmodes or propagation constants of a structure are desired.

Initial studies for this work were conducted using the beam propagation method
(BPM). BPM is more computationally efficient than FDTD methods, but it can only be
applied to simple structures where reflections along the propagation direction are minimal.

Conventional BPM represents the electromagnetic field as a superposition of basis



CHAPTER 3. NUMERICAL SIMULATION STUDIES 57

functions. Wave propagation is modelled in the spectral domain and the effect of the non-
homogeneous media is modelled as a phase correction in the spatial domain. The fast
fourier transform (FFT) is used to link the two domains during the computation.
However, this method can still take up a significant amount of computational time. In
order to improve efficiency, the Fresnel wave equation can be solved directly by finite
difference techniques. This method is known as FD-BPM. Unfortunately, the application
of these particular methods to our work is limited, since these conventional methods solve
only the basic scalar wave equation. Since the ARROW structure is a polarization
dependent structure, it is important to incorporate the vectorial nature of the electromagnetic
wave in the simulation. A simulation technique capable of handling these ideas was
developed by Chenglin Xu and Weiping Huang at the University of Waterloo in Ontario,
Canada. This technique is known as the finite-difference vector beam propagation method
(FD-VBPM), or more simply as VBPM. VBPM allows the distinction between TE and
TM modes, and allows the calculation of cross-coupling between the two modes. A brief
derivation of the equations that are solved is provided below. Further simulation details
can be found in the literature [79-85].

The inhomogeneous vector Helmholtz equation for the electric field can be written
as:

V(V-E)- V2E —n2k’E =0

This can be resolved into transverse and longitudinal components. However, knowledge
of the transverse components is sufficient to describe the electric field completely, since the
longitudinal component can then be calculated from Maxwell's equations. The transverse

components of the field satisfy:

E,
ViEi + (n®k* - B*)E, = V, (v¢ -Ey + 362 ) (3.1)
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From Gauss' Law, it can be written that:
V- (n’E) =0
which can be expanded as:

,0F,
Oz

on?
Vg (77. Et) +

In the problems solved in this thesis, the index distribution n(x,y) is assumed to be

independent of z. Therefore:

O0FE, 1
=~V (’Ey) (3.2)

Substitution of Eq. (3.2) into Eq. (3.1), gives a vectorial Helmholtz equation in the desired
form:

ViEi+ (0K - (B = V. [V, B~ SV, (n*Ey)|

This equation can be written in matrix form as:

P::: sz E:: _ 2 E::
P!ﬂ’ PW E!I —ﬂ E!J

where the differential P-operators are defined as:

+ n2k*E,

a’E
3 2

P az: [nz 32:

_0’E, 01 3 2 2,2
If'nyy ~ 8z | By |n2? ay Eu)] + 0tk E,
_ 0’E,
FeBy = 3z n2 3y Ey) ~ 9zdy
6[106,, 0*E,
Febe = 5 [?ﬁ 5" E=)} Bydz
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This is the full vectorial form of the Helmholtz equation. Cross-coupling between the
polarizations is given by Pxy and Pyx. If these terms are both zero, then the full vectorial
equation reduces to the semi-vectorial form. If Pxx = Pyy, then there is no polarization
dependence, and the probern reduces to the scalar wave equation.

Finally it is important to note that although VEPM is good at solving a variety of
problems, it can be computationally intensive, especially for three-dimensional problems.
Therefore, when complete details of propagation are not required, often an eigen-solver
technique can be used instead. These are especially useful when one only needs to
determine eigenmodes or the propagation constants of these modes. In this work, eigen-
solver techniques are used to calculate the expected attenuator loss as a function of gap
spacing for a variety of ridge-etch depths. This type of problem would require a significant
amount of computational time using a VBPM technique due to its three-dimensional nature.

The following sections describe several aspects of the simulation work in further
detail. Much of the simulation work reported here (Sections 3.1, 3.4 - 6) was performed in
conjunction with Chenglin Xu and Weiping Huang of the University of Waterloo (Ontario,
Canada). The effect of the real and imaginary part of the attenuator index on device
performance (Section 3.3) was assessed with the help of Karl Kissa of the Charles Stark

Draper Laboratory.

3.1 Effect of Gap Spacing on Attenuation
Loss

A two-dimensional VBPM was used in order to study the effect of gap spacing on
leakage into the attenuator. The computation window consisted of a 20 um high by 1 mm

long region that comprised the silicon attenuator, air gap, ARROW waveguide, and silicon
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substrate as shown in Fig. 14. Light in the fundamental ARROW mode was injected into
the waveguide at the left side of the structure and the power transmitted through to the right
side of the window was calculated. As expected, it was found that for small gap spacings
(g < 0.3 um), loss was strongly dependent on gap spacing, whereas for larger gap
spacings (g > 0.4 um) there was little effect of gap spacing on loss. These results are
shown and compared with the transmittance method calculation of Section 2.3.3 in Fig. 15.
It can be seen that the curve can be broken into two regions. For gap distances lowar than
0.3 pm, the loss is exponentially dependent on the gap spacing with a slight levelling off at
very small gap spacings as predicted by the theoretical studies. For gap distances greater
than 0.4 um, the intrinsic loss into the substrate dominates the attenuator loss; therefore the
total loss does not appear be a function of gap spacing. The result shown in Fig. 15
characterizes the loss mechanism used in device operation. With this information in hand,

the expected performance of the entire sensor structure can now be determined.

3.2 Simulation of Complete Sensor
Structure

In order to simulate the losses of the entire sensor structure, the response of the
sensor in the active region as well as the outlying passive regions must be determined.
This is shown schematically in Fig. 16. Regions I and III represent the outlying regions
which are not modulated by diaphragm deflection. Region II is the active sensor area and
the area of critical interest. Analysis of the complete sensor response was performed by
numerically integrating the loss over all three regions. Thus, the interactions in regions I
and IIT partially determine the baseline of how much light is transmitted through the entire

structure, while the interaction in region II determines the degree of modulation of the
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output response. A sample plot of simulated device response for different diaphragm sizes
is shown in Fig. 17. As expected, as the gap spacing is decreased, the normalized
transmitted output, which is defined as tranismitted output power divided by input power,
also decreases. If the gap is decreased down to the range of 0.1 pm, linearity in the sensor
response can be achieved. This linearity does come at the expense of signal strength, but
this loss of about two-thirds of the input power should pose no major obstacles in signal
detection. These plots demonstrate that the design of an optical transducer to measure
pressure and force should be theoretically possible. The more interesting questions now
become whether alignment between components can be achieved with existing process
technologies and whether or not interaction across such a microfabricated gap can proceed
repeatably. These are process specific questions and will be addressed in the context of

experimental testing in Chapter 5.

3.3 Effect of the Real and Imaginary
Components of Attenuator Index
on Loss

Sensor designs with different real and imaginary componcnts of attenuator index
could offer significant performance advantages over the silicon diaphragm attenuator
previously presented. With this in mind, a study was undertaken with Karl Kissa of the
Charles Stark Draper Laboratory to determine how the loss curves for the device would
depend on the values of attenuator n and k. A plot of loss in dB/cm as a function of gap
spacing for various values of n is shown in Fig. 18. The silicon used as the attenuator
material in this work has a refractive index, n=3.883. On the basis of the work performed

in Section 3.2, this index appears sufficient to ensure a reasonable sensor response. It can
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be seen that from n=2.0 to n=4.0 there is only a maximum variation of about a factor of 2
in expected losses. However, as n approaches the effective index of the waveguide
(1.456), the expected loss gets very high. Therefore, if greater maximum loss per distance
is required, a change could be made to an attenuator material with a much lower refractive
index, such as glass (n ~ 1.5). It is important to note that changes in material do not extend
the range of interaction significantly, since at gap spacings above 0.3 pum, the change in
material has very little effect on attenuation response. Figs. 19 and 20 show transmission
versus n and k respectively for different values of gap spacing. Fig. 19 shows that
increasing n increases the transmission through the device. This is because as long as
attenuator index is higher than the index of the waveguide core, leakage will be greater for
attenuators with indices closer to that of the core. This is the same result as that predicted
by the theoretical analysis in Section 2.3.2. Fig. 20 shows that increasing k also increases
transmittance. Although k is often thought of as representing absorbance, the k-term
actually increases the reflectivity of the attenuator when it is large, and hence decreases the
loss seen by the structure. Therefore, a low value of k is desirable for enhanced
interaction. This is the case for silicon (k = 0.019) as well as for other non-metal materials

used in semiconductor processing.

3.4 Effect of Ridge-Etch Depth on
Attenuation Loss

Ridge-etching can be expected to change the mode shape of the electric field in an
ARROW waveguide and hence would also be expected to change the interaction with the
attenuztor. In the above two-dimensional simulations, this effect was assumed to be

negligible. The validity of this assumption is investigated in this section. Since a full 3D
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simulation of the structure for an array of gap spacings and ridge-etch depths would be
very computationally intensive, a more computationally efficient eigen-solver approach was
used to determine the complex propagation constant of the desired structures. The
imaginary portion of the propagation constant was then used to calculate the expected loss
per distance for the fundamental mode of the structure. A plot of loss versus gap spacing
for various etch-depths is shown in Fig. 21. The results for 3.0 pm and 4.0 pm etch depth
are very close, while the 1.0 pm and 2.0 pm curves show some oscillatory divergences.
In order to determine which etch-depths are satisfactory from a loss perspective, these
points are re-ploited to show loss as a function of ridge-etch depth as shown in Fig. 22.
The results are plotted for gap spacings from 0.0 um to 0.5 pm in increments of 0.05 um,
and for ridge-etch depths from O to 4 um. The graph shows that there is a great drop-off in
expected loss in the region from 0 to 1 um, which is a region that should be avoided in the
design process. One might also guess that such a region would be poor for lateral
confinement of the guided wave, and hence poor for coupling efficiencv. In order to
investigate what effect the ridge-etch might have on lateral confinement, the 3D-VBPM

technique was used to look at details of the mode structure more carefully.

3.5 Effect of Ridge-Etch Depth on
Fundamental Mode Structure

The depth of the ridge-etch is expected to greatly affect the optical coupling
efficiency from fiber to waveguide. Since the coupled power can be approximated as the
overlap integral between the fiber mode and the fundamental waveguide mode, the shape of
the fundaraental mode can be used as a criterion for the evaluation of expected coupling

efficiency. In order to perform this evaluation, the propagation of the fiber input power
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through the waveguide is simulated. Since higher order modes will be radiated away, the
expected fundamental mode can be determined for any given ridge-etch depth. Modes with
profiles that most closely resemble the known fiber input will have the greatest coupling
efficiency. This effect was studied using a 3D-VBPM simulation with the geometry shown
in Fig. 23. The ridge-etch depth, H, of 5-um-wide waveguides was set to three different
values: 0.5 pm, 1.0 pm, and 2.0 pm. A gaussian input beam, 4 pm wide in diameter and
centered on the core center, was injected into the waveguide. This light was allowed to
propagate for 2.0 mm and the output field was extracted at the z=2.0 mm plane. The
results from this study are shown in the power contour plots of Fig. 24. Successive
contours represent power differentials of 2 dB. As can be seen, there is extreme light
spreading in the lateral direction for ridge-etch depths of less than 0.5 um. Reasonably
good confinement can be seen for ridge-etch depths greater than 1.0 um. These results
demonstrate that shallow ridge-etch depths allow lateral spreading of the beam, thus leading
to a corresponding drop in the expected coupling efficiency. This study also appears to re-
affirm the design considerations of Section 3.4, since lateral spreading of th= beamn due to

shallow ridge-eich depths also results in decreased interaction strength with the attenuator.

3.6 Longitudinal Stability of Modes
Launched Into Ridge-Etched
ARROW Structures

The final simulation issue discussed here deals with the longitudinal stability of the
mode structure. It is known that the conversion of the injected gaussian mode to the
fundamental ARROW mode occurs through a process of radiation over some finite, non-

zero distance. For reproducibility, it is important to be able to design the waveguiding
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Fig. 24 Waveguide power cross-sections taken at z = 2.0 mm for varying rib
heights, H, (a) H=0.5 um, (b) H=1.0 um, (¢c) H=2.0 um
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structure so that radiative modes are completely stripped away by the time the
electromagnetic wave reaches the active sensing area. To verify that this design criterion
has been satisfied, a 3D-VBPM simulation was performed using the geometry shown in
Fig. 25. A ridge-etched ARROW waveguide structure with a ridge-etch depth of 1.0 um
was extruded in the z-dimension. A gaussian beam was input at the center of the core and
this wave was allowed to propagate through the entire structure. Power cross-sections
were recorded at intervals of 0.4 mm out to a distance of 2.0 mm. The results of this test
are shown in Fig. 26. The input gaussian can be seen at z=0.0 mm. The results for z=0.4
mm and z=0.8 mm still show quite a bit of radiation loss, whereas near z=1.2 mm the light
begins to settle down to the expected ARROW mode pattern. At greater distances, the
mode appears to have achieved stability. Hence, it seems desirable to design a transition
region of at least 2 mm at the input in order to let the mode structure settle to the

fundamental ARROW mode.

3.7 Summary of Simulation Results

1) The effect of gap spacing on attenuation loss has been studied. Leakage is only
enhanced at distances below 0.4 pm. For larger distances, the leakage to the substrate

dominates.

2) The entire sensor structure has been simulated for device response curves. As the gap
spacing is driven down below 0.2 pum, linearity of the sensor response appears to increase.

However, the baseline of transmitted light decreases as well.
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Fig. 25 Waveguide power cross-seciions for rib height, H = 1.0 um. Each
contour represents 2 dB, (a) z = 0.0 mm, (b) z = 0.4 mm,
(c)z=0.8mm, (d) z= 1.2 mm, (¢) z= 1.6 mm, (f) z= 2.0 mm
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3) The effects of the real and imaginary indices of the attenuator have been studied. Even
if the real part of the index, n, is much higher than the effective index of the core, the
leakage induced is still large enough to be satisfactory for sensor response. Leakage levels
become even higher as n approaches the effective index from above. Large values of the
imaginary part of the index, k, imply reflection of light away from the attenuator part, and
appear to decrease device sensitivity. Thus, the leakage effect is found to be the
predominant mechanism of loss used in the operation of this device. The impact of

absorption is a higher order effect.

4) The ridge-etch depth is seen to affect the attenuation loss. Shallow ridge-etches result in
broad beam spreading, which give rise to low levels of interaction with the attenuator, and

hence low loss. It is important to use etch depths greater than 1.0 pm.

5) Alignment tolerances of the fiber to the waveguide appear good, assuming ridge-etch
depths greater than 1.0 um are used. Lateral spreading of the beam appears to cause both

reduced coupling efficiency as well as reduced levels of interaction with the attenuator.

6) The radiative conversion of the fiber gaussian mode to the ARROW mode profile
requires a transition distance on the order of 2 mm. Hence any sensor structures modelled
based on the interaction of ARROW waveguides with a leakage-inducing attenuator should

have at least a 2 mm transition region between the fiber input and the active sensing area.
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Chapter 4

Fabrication

This chapter will discuss the various fabrication processes that were developed
during the fabrication of the microsensor. As discussed in Section 1.3, the sensor is
formed through the bonding of two separate wafers: a "waveguide wafer", which supports
the ridge-etched waveguide structure, and a "diaphragm wafer", which forms the silicon
light attenuator and includes the microfabricated gap spacer. Section 4.1 will detail the
process sequence used to fabricate these individual components. Section 4.2 will discuss
the wafer bonding technologies that were developed, including both direct wafer bonding
and an aligned electrostatic bonding process that was developed vsing infrared techniques.
Finally, Section 4.3 will discuss the preparative processes required to turn a bonded wafer

into a set of chips for test.

4.1 Fabrication Sequence

As described above, the fabrication of the sensor device proceeds through the
bonding of two separate wafers: a "waveguide wafer", which supports the ARROW

structure, and a "diaphragm wafer", which forms the silicon light attenuator and includes
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the microfabricated gap spacer. In this section, the processes that were used to fabricate
these individual components are detailed. First, the fabrication process for the waveguide
wafer is described.

~ The basic strategy used for waveguide fabrication was composed of two elements.
First, the entire ARROW structure was built up in slab form; then a plasma etch was used
to create a ridge to provide lateral confinement. Four-inch (100) double-side-polished
silicon wafers were used as substrates for building the ARROW structure. The first step in
slab ARROW fabricaticn was the thermal oxidation of the silicon substrate to form the
second cladding layer. This was a conventional dry-wet-dry oxidation at 950° C, with a
steam oxidation time of 24 hours bracketed by dry oxidations of 30 minutes. This run was
performed in an atmospheric furnace tube of a computer-controlled cantilever-loading
Bruce BDF-4 furnace system. Measurements from a film thickness measurement system
(Nanometrics Nanospec/AFT) indicated accuracy to within 5% of the intended 2.0 um
oxide layer thickness with less than 1% variation across any wafer surface. Further runs
could be used to improve the thickness accuracy of the second cladding layer. However,
this was judged as unnecessary in light of the broad process latitude inherent in the device
design.

The first cladding layer of silicon nitride was then deposited on top of the thermally
grown silicon dioxide layer by using low-pressure chemical vapor deposition. The recipe
used was based on a standard CMOS silicon nitride deposition, and was nominally run at
800° C with dichlorosilane and ammonia gas flowing in a 5.3 ratio. The time of deposition
was adjusted to give a desired first-cladding-layer thickness of 1140 A. Measurements
taken using both a Gaertner ellipsometer and the Nanospec system mentioned above
indicate that depositions were typically within 50 A of the desired target thickness, which

should be more than sufficient for device operation.
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The last step in fabricating the slab ARROW structure was the low-pressure
chemical vapor deposition of the silicon dioxide core. Low-temperature oxide (LTO)
deposition was the technology chosen primarily for compatibility with existing integrated
circuit capabilities. This deposition was performed by reacting silane with oxygen to
produce silicon dioxide and hydrogen gas. In this case, nitrogen gas was also flowed in
the furnace tube as a safety precaution. The deposition cf LTO was followed by a
densification step which gives the oxide layer additional stability. However, the total
thickness of the oxide layer is typically decreased by about 10% during this densification
process. Thus, in order to achieve a final thickness of 4.0 um, an initial pre-densification
target thickness of 4.4 um was selected. Repeated deposition of layers up to the target 4.4
um thickness proved somewhat costly, and complete optimization of the LTO layer was not
performed. To ensure a uniform thickness distribution from wafer to wafer, the 4.4 um
layer was deposited in two separate runs of 2.2 pum each and the position of the wafers in
each run was changed to even out non-uniformities inherent in the deposition process. The
deposited silicon dioxide was then densified for 1 hour at 1000° C to give the layer
additional stability. A scanning electron micrograph (SEM) of an ARROW structure built
on silicon is shown in Fig. 27. After testing, it was discovered that the LTO surface
suffered from problems of particulate contamination. These problems are discussed in
further detail in Chapter 5.

The three iayzr structure described above represents the standard slab ARROW
structure as reported in much of the literature. This slab structure was then modified by
using a ridge-etch to achieve lateral confinement. This ridge-etch was performed by plasma
etching two parallel longitudinal stripes in order to define the light carrying ridge in the
middle. This type of lateral confinement comes at the expense of sidewall scattering.

Thus, the total scattering loss will strongly depend on the quality of the sidewall surfaces.
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Patterning was performed on a GCA Model 4800 DSW wafer stepper with 10X reduction.
This method was chosen over contact alignment to reduce the transfer of feature roughness
on the masks, which were generated by using a GYREX Model 1005A pattern generator.
If the masks had been written by a more advanced technology (e.g. electron beam), it is
possible that contact lithography would have been acceptable. However, the wafer stepper
does have the added advantage of improved particulate control on the wafer surface.
Photoresist was coated and developed on a GCA Model 1006 Wafertrac. Wafers were
vapor-primed with hexamethyldisilizane (HMDS). In order to simplify future packaging,
waveguides were stitched together across chip boundaries. This was accomplished by
opening up the exposure aperture on the stepper, which is usually stopped down slightly to
provide pattern isolation from chip to chip. The quality of stitching was checked through
an optical microscope and appeared to be quite good. The only noticeable effect was a

slight overexposure due to the double exposure of the stitched regions.

A ary-etch plasma process was used for silicon dioxide removal in a Lam Research

plasma etcher (Model 594). Effort was aimed at making the sidewall geometry as smooth and

nearly vertical as possible. It was observed that fluorine-deficient plasmas appeared to etch

more anisotropically than conventional CF4 plasmas. Fluorine deficient plasmas can be

achieved by adding CHF3 to a conventional oxide-etching gas mixture. It was found that

adding CHF3 to the plasma gas mixture also tended to increase etch rate until a peint where a

non-volatile residue appeared and etchiug essentially stopped. Data demonstrating this etfect is

shown in Fig. 28. An appropriate etching chemistry would require enough CHFj3 to provide

anisotropic sidewalls and a reasonable etch rate, but must stay away from the point where the

formation of the non-volatile residue halts the etching. Details of the final chemistry selected

for etching are shown in Table 2.
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Lam Research Model 594 Plasma Etcher

Pressure 2.0 Torr
Power 900 W
Gap 0.34 cm
He 150 sccm
CHF3 30 sccm
CF4 50  sccm

Table 2. Values of final etching parameters

After etching, wafers were ashed in a Drytek Megastrip 6 photoresist stripper. An
SEM of etch results is shown in Fig. 29. Inspection of these wafers revealed vertical
sidewalls; however, perturbations on the order of 0.1 um were visible on the sidewall
eages. This effect, in conjuction with the inherent leaky design of the waveguide on both
wings, contributed to the additional loss seen by the entire structure. For applications
where truly efficient light delivery is required, more work must be done on methods to
achieve lateral confinement. There appears to be a trade-off involved since deeper eiches
will offer greater confinement, but also increase the loss due to sidewall scattering.
However, since the sensor design described in this work is sensitive to relative loss and not
absolute loss, the effect of these scattering losses should only change the baseline output

level and not the basic sensor response.
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Fig. 29 Scanning electron micrograph of plasma etching results
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The fabrication process was continued with work on the second component, the
diaphragm wafer. Initially, the diaphragm wafer is simply the support for the
microfabricated gap spacer. After bonding the two components together, the structure is
then ground down to the desired diaphragm thickness. Steam oxidation of a four-inch
(100) double-side-polished wafer at 950° C was used to form the gap spacer, which was
fabricated and measured to be 2000 A thick. This oxide layer was patterned with
diaphragms and waveguide access channels using lithographic techniques similar to those
used in the processing of the waveguide wafer. Diaphragm wafers were then wet-etched in
vuffered hydrofluoric acid down to the silicon substrate in order to remove the silicon
dioxide from the diaphragm and waveguide access channel regions. After photoresist
removal, the diaphragm wafer was complete and ready for bonding with the waveguide

wafer.

4.2 Wafer Bonding Technologies

After preparation of the two separate components, atiention must be paid to the
method in which these two parts are brought together. Since control of the gap spacing is
important, the use of adhesives is inappropriate. The possibility of using some form of
wafer-to-wafer bonding process was explored. Two major avenues of investigation were
pursued: 1) direct wafer bonding, a process by which two wafers with extremely smooth
surfaces may be fused together by using the appropriate surface preparations before placing
the wafers into contact [86-90], and 2) electrostatic bonding, in which a field across the
wafer-to-wafer interface is used to enhance the bonding process, and which is typically
performed at elevated temperature [91-941. These two methods will be discussed in the

following sections.
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4.2.1 Direct Wafer Bonding

Direct wafer bonding is a technique by which two smooth wafer surfaces can be
bonded together by using appropriaté surface preparations before placing the wafers into
contact. For further details, the reader is referred to the literature [86-90]. The first
objective in this study was to determine which sets of materials were acceptable for direct
wafer bonding. Unpatterned wafers with at most one additional film were used for these
experiments. The direct wafer bonding process used was as follows. Wafers were run
through a standard RCA clean cycle comprised of an organic clean (5:1:1
H70:NH30H:H207) and rinse, an HF dip (50:1) and rinse, and an ionic clean (6:1:1
H»0:HCI:H2053) and rinse, followed by a spin-rinse and dry step. It is hypothesized that
this process hydrates the surface of the wafer by tying up dangling silicon bonds with
hydroxyl groups. Wafers were then immediately removed from the spin-rinse dryer and
placed so that their polished sides were in intimate contact, using a specially designed jig to
align the wafer flats to one another. The aligned wafers were then pressed into contact first
at the center and then at the edges in order to remove any pockets of trapped gas. At this
point, successfully bonded wafers would be fused together and could be inspected for
voids under an infrared camera. Defects of greater than 0.25 microns in size could
typically be seen as ringed fringe patterns in such an inspection system. In this manner,
wafers with unacceptable defect densities could be discarded. It is hypothesized that at this
stage, hydroxyl groups from the two wafers form hydrogen bonds across the interface.
The high temperature anneal (1 hour, 1000° C) typicaily used after placing the wafers into
contact is thought to release water from the interface leaving behind an oxygen bridge.
These oxygen atoms can then diffuse away from the interface, leaving behind a robust

wafer-to-wafer bond. In the studies performed for this work, all possible combinations of
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the following four materials were successfully bonded: bare silicon, silicon dioxide, silicon
nitride, and borophosphosilicate glass (BPSG). It was commonly reported in the literature
that silicon and thermally grown silicon dioxide were easily used as substrates for direct
wafer bonding. However, materials that were deposited using low pressure chemical
vapor deposition (LPCVD) techniques, such as silicon nitride and BPSG, were not
commonly thought to be amenable to wafer bonding at the time of these investigations. It
is now understood that even small degrees of surface roughness can interfere with the
potential a wafer has for direct bonding. Certain LPCVD techniques can potentially
introduce more surface roughness than thermal oxidation processes and can lead to poor
results. However, it was found that wafers with 1500 A of Si3N4 could be repeatably
bonded by direct wafer bonding techniques. In addition, some wafers of 6000 A BPSG
films were successfully bonded. In contrast to these results, all attempts to bond wafers
fabricated using our process for low-temperature oxide (LTO) were unsuccessful. It is
believed that this was the result of particulate formation during the deposition process,
which damages the quality of the surface for bonding.

Direct wafer bonding was used to fabricate a prototype of a silicon-diaphragm light-
attenuating sensor. This prototype was similar to the device reported in this thesis, but it
used a standard silicon nitride slab waveguide in place of the ridge-etched ARROW
waveguide structure. In this case, the index of the silicon dioxide was lower than the
waveguide effective index. Thus direct radiation into the silicon was not a major concern.
Hence, the microfabricated gap spacer layer was bonded directly to the silicon nitride
waveguide and no access channels were fabricated. A scanning eleciron micrograph of this
structure is shown in Fig. 30. Test structures using this principle were fabricated by
etching away the upper silicon layer from the periphery of the wafer to expose the silicon

nitride waveguide as shown in Fig. 31. As a preliminary demonstration of the feasibility of
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evanescent loss sensing, light was prism-coupled into the nitride layer and the output streak

of the test structure was visibly modified by the application of pressure to the diaphragn.

4.2.2 Electrostatic Bonding

The use of the ARROW waveguide structure led this work away from direct wafer
bonding, since the LTO films selected for the waveguide core were not amenable to this
technique. The methodology initially explored for bonding the wafers together involved
etching mating V-grooves at the periphery of the two corresponding wafers, using an
optical fiber as a mechanical key for aligning the two components together. This idea is
illustrated in Fig. 32. This technique was expected to give alignment tolerances in the 5 to
10 um range, which would have been acceptable for the initial sensor designs. Although
this mechanical alignment accuracy was achievable by manual techniques, the wafers could
not be electrostatically bonded because of premature dielectric breakdown across the thin
films. A schematic of the electrostatic bording set-up is shown in Fig. 33. Wafers were
sandwiched between two stainless steel pedestals on a hot plate (Thermolyne Inc., Cimarec
2). The wafer backsides were partially etched away with concentrated HF to expose the
bare silicon for electrical contact. The apparatus was then heated up to 450° C. Voltage
from a high voltage power supply was ramped up in increments of 10V every 30 seconds.
For these samples, breakdown was seen repeatedly in the vicinity of 350V, which appeared
premature for a dielectric gap spacing of greater than 6 um. Two mechanisms were
postulated for this breakdown phenomenon. The first possibility was the introduction of
scratches into the wafer surfaces during the manual alignment procedure, which would
create defects that could initiate dielectric breakdown. The second possibility was the

breakdown path that exists through the air between the exposed silicon surfaces of the V-
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Fig. 33 Hot-plate based bonding apparatus

grooves. Experimental evidence showed that it was possible to bond manually aligned
wafers without the fiber alignment V-grooves, and that these wafers were regularly capable
of withstanding voltages in excess of 600V. Therefore, it was possible to use manual
alignment procedures and not induce catastrophic breakdown. As a result of this
observation, it was suspected that the breakdown occurred across the exposed air gap,
which was commensurate with the Paschen's curve reported for breakdown dependence on
gap spacing. This seems even more plausible given that higher electric fields are expected
at the V-groove edges and given that there was some eviuence of breakdown seen in
scanning electron micrographs ot the V-groove regions. For these reasons, the V-groove
alignment marks were removed from the device layout and a chuck was designed to

facilitate infrared wafer-to-wafer alignment prior to electrostatic bonding.
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A schematic representation of the ideas behind the infrared electrostatic bonding
strategy is shown in Fig. 34. The two important components of this strategy are the
infrared alignment system and the electrostatic bonding station. This work used a Karl
Suss Model MA 4 contact aligner with IR alignment capability and the hot-plate-based
bonding apparatus described above. However, as these two systems are not directly
compatible with each other, a system was designed to transport wafers from the aligner to
the bonding station without disturbing the quality of the alignment. In this method, the
standard wafer-holding alignment chuck of the IR aligner was replaced by a horseshoc
shaped removable chuck. In addition, the location where the exposure mask would
ordinarily be placed was retrofitted with a wafer holder designed to hold the top wafer in
place with vacuum pressure. After the wafers were aligned under IR illumination and
placed into contact, they were clamped together and transported to the electrostatic bonding
station. The horseshoe shape of the bottom chuck allowed placement of the wafers on the
pedestal electrode followed by the subsequent removal of the chuck. After wafers were
bonded on the apparatus, they were annealed in a high temperature furnace in a nitrogen
ambient (1 hr. @ 1000° C). Some wafers delaminated during this process, apparently
indicating that the thermal stresses experienced could outweigh the bonding forces
generated by using this electrostatic method. It was found that the success rate of this
bonding process was greatly improved by adding a thin (~400 A) intermediary layer of
BPSG, which reflows at elevated temperatures, and by applying a pressure load (o the
wafers to force them into contact. After this annealing cycle, wafers were once again
inspected under an infrared microscope to verify the accuracy of alignment. Alignment
accuracies of better than 2.0 um across the entire wafer appear to be achievable with this

process.
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4.3 Sensor Preparation

Fabrication to this point yields a bonded structure that has sixty functional sensing
units per wafer. In order to test a sensing chip, it must first be selected and excised from
the wafer. Second, the diaphragm thickness of the structure must be adjusted so that the
sensor reads out over the desired pressure range. Finally, the end-faces of the sensor chip
and the fiber tip must be prepared to be of optical quality. The steps of chip preparation are

described in Section 4.3.1. Fiber tip preparation is the subject of Section 4.3.2.
4.3.1 Chip Selection

Chip selection was performed under an infrared camera, since the bonded wafer-
pair shows only an unpatterned polished exterior. Each chip occupied an area of 1 cm by 1
cm and could be clearly imaged. The desired chip was then marked under IR illumination
by using a tungsten carbide scribe. This chip was cut away from the remainder of the
wafer using a Disco Model DAD-2H/5 die saw. Sensor chips were then sent to a grinding
vendor (Ceramics Grinding Co., Waltham, MA) for thinning of the diaphragm area. The
diaphragm portion of the chip was taken down to a thickness of approximately 100 pm
using this method. Chips were then fine polished using standard polishing
instrumentation. This grinding and polishing process is abrasive and can introduce
roughness at the chip edges, as well as destroying the integrity of the entire structure if
attempts are made to thin the diaphragm layer below 100 pm. Since the waveguide end-
faces can often be damaged at this point, the preparation of the end-faces required edge
trimming using the die saw, which was set to cut entirely through the chip. After edges

were trimmed on the saw, manual polishing methods were used to bring the end-face

L]
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finishes to ontical quality. A serial set of polishes using 15 um, 3 um, and 0.3 pm grit
paper was used in this case. Inspection of the end-faces under the microscope was found
to be critical to evaluation of surface finish. After this final polishing procedure and
microscope inspection, chips were ready to be tested for optical modulation in response to

pressure. A fully-prepared sample chip can be seen in Fig. 35.

4.3.2 Fiber Tip Preparation

In the conventional method, fibers are cleaved perpendicular to their propagation
axis. However, butt-coupling from these types of end-faces is susceptible to mechanical
obstruction if the sample end-face preparation is non-ideal. This problem can be alleviated
by etching lenses at the fiber tip. The specific procedure described below offers two
advantages: 1) the waist of the beam is moved away from *he fiber end-tip, and 2) the
cladding near the fiber-tip is etched back to a shape similar to that of a pencil point. Both of
these results help to reduce the possibility of mechanical obstruction.

This fiber-lensing technique involves immersion of a jacket-stripped fiber in a bi-
layer suspension of hydrofluoric acid (HF) and mineral oil. As the mineral oil has a lower
density than the HF, it will separate out into a visible layer on top of the HF layer.
However, since the HF is highly volatile, a diffusion gradient is set up in the lower region
of the mineral oil at the interface to the HF. Since HF is being used to etch the glass of the
optical fiber, the portions of the glass completely immersed in the acid will etch at a much
faster rate than those exposed to the weaker concentrations of HF set up in the mineral oil
gradient. After one hour of etching time, the optical fiber will be sharpened to a tip, closely
resembling that of a sharpened pencil. This tip must be rounded off in some manner, since

it is too sharp to provide proper lensing action for the fiber. The technique used in the
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Photograph of fully prepared sample chip
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preliminary experiments of this work used the arc from a fiber fusion splicer to melt and
round off the tip of the fiber. However, due to the difficulty in reproducing fringing fields
from such an arc, this technique was not pursued further. Experiments reported in Chapter
5 were performed by end-firing a bare laser-beam at the input waveguide end-face of the

sensor chip.
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Chapter 5

Experimental Results

Prism coupling studies on slab waveguides were performed to compare the
waveguiding behavior between standard waveguide and ARROW films. These slab
measurements matched theoretical predictions and are described in Section 5.1. Three-
dimensional waveguides were then formed by using the ridge-etch procedures described in
Chapter 4. A number of studies were aimed at determining the suitability of these
waveguides, including a study of the effect of separation on fiber-to-waveguide coupling, a
study of transverse translation effects on fiber coupling to a fully packaged chip, and a
study on waveguide loss characteristics. These studies are described in Section 5.2.
Finally, Section 5.3 discusses how the interaction mechanism itself was investigated
experimentally. Initially, there was difficulty in obtaining modulation of the chip signal
with the 80 psi compressed-air loading scheme originally designzd. Other experiments
were performed to verify that the waveguide behavior was indeed as expected. First, light
was extinguished experimentally on an ARROW waveguide by using a topically applied
index matching fluid. Then a glass attenuator was used to enhance the leakage effect in
order to see the optical modulation. Finally, a modified loading scheme was developed

using a high-force piezoelectric actuator to drive the diaphragm into deflection. Using this
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strategy, modulation of the opticai output was seen and the behavior observed was
attributed to particle contamination in the gap region. A brief analysis of the expected
impact of particulate contamination is presented, as well as a possible model for simulating

these interactions.

5.1 Prism Coupling Testing

Prism coupling was first described by Tien [95] and is now one of the primary
diagnostic tools used in the characterization of optical waveguides [96,97]. A schematic of
the prism-coupling method is shown in Fig. 36. This methcd consists of bringing a high-
refractive index prism into close proximity with the dielectric film under test. In these tests,
which were performed on a commercial instrument (Metricon PC-2000), this was
accomplished by sandwiching the test sample between the prism and « coupling head that
was driven by compressed air. Typically, a spot appears where the gap between sample
and prism is very small, indicating the presence of evanescent coupling. A laser beam is
directed at this spot through the prism, and its angle of incidence is varied by rotating the
entire sample holding assembly. Reflected light is monitored as a function of incident angle
using a large-area photodetector. Even though the incident beam impinges at angles greater
than the critical angle for the prism-air interface, frustrated total internal reflection makes it
possible for power to be transmitted to the waveguide below. The transmission of power
depends on the phase-matching of the incident beam with the supported modes of the
dielectric structure and can be seen as power dips in the reflected intensity versus angle
curves. From the position of these dips in power, one can determine the effective index of
the modes of interest as well as the thickness and index of a standard waveguiding film. A

good discussion of prism coupling theory can be found in the text by Lee [97].
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In order to compare and contrast the characteristics of standard nitride waveguides
with ARROW waveguides, prism coupling data from two samples are shown in Figs. 37
and 38. Fig. 37 shows a prism coupling scan from a standard waveguiding geometry
consisting of 1500 A of silicon nitride deposited on 1.4 pm of silicon dioxide. The sharp
peak at the center corresponds to the guided mode and an effective index of 1.670 as
predicted. Fig. 38 shows the corresponding scan from an ARROW waveguiding sample
as described in the previous chapter. The small sharp peak at the left of the peak structure
corresponds to an effective index of 1.455 and represents the fundamental ARROW mode.
In both scans, the other power dips correspond to modes with fower values of effective
index, i.e. oxide modes and higher order ARROW modes. For example, the strong dip
adjacent to the fundamental mode in the ARROW waveguide scan indicates coupling to an
oxide mode that is far removed from the prism surface. The measured effective index of
the ARROW waveguide was much lower than that of the standard silicon nitride
waveguide. This again demonstrates the advantages that ARROW structures have
regarding index-matching to optical fibers. Waveguiding streaks were observed at the
appropriate angles for both samples during prism-coupling, which confirms the fact that

transfer of power will occur to the guiding layer under the proper conditions.

5.2 Experiments on Three-Dimensional
ARROW Waveguides

Experiments were performed to quantitate the suitability of the ARROW
waveguides for improving alignment as well as to determine the types of losses that might

be expected from a three-dimensional ARROW structure.



106

CHAPTER 5. EXPERIMENTAL RESULTS

spm3arem pAOYYY woij ueds Jurdnos-wsug 8¢ "3y

0

N—

_
|
|
_
|
_
|
_
_
_
_
|

4 _

_

_

opm3aaem pIrepuels woij ueds Juridnoo-wisug /¢ “S1g

_
_
_
_
|
_
_
|
|
|
_
m
_
|
_

—_———e e ——— e e —




CHAPTER 5. EXPERIMENTAL RESULTS 107

5.2.1 Fiber-to-ARROW Coupling

Two different types of coupling experiments were performed using independent
experimental set-ups. In the first experiment, coupling efficiency from an optical fiber to
an exposed ARR ruide was monitored as a function of separation distance
between the two. A scucematic of the experimental set-up is shown in Fig. 39. Data from
this test is shown in Fig. 40. A half-width half-maximum of 40 pm is found, which is in
good agreement with the predicted results from Section 2.2.

In the second experiment, a laser was used to end-fire light into an ARROW
waveguide inside an assembled sensing chip as shown in Fig. 41. The chip was mounted
on a piezoelectric actuator and its light throughput was monitored as it was translated in the
direction transverse to the beam. The piezoelectric transducer was calibrated for free
displacement versus applied voltage using measurements taken in a WYKO interferometer
system. These results are shown in Fig. 42. A plot of transmission efficiency as a
function of piezoelectric voltage is shown in Fig. 43. From this information, the full-width
half-maximum for the coupling is determined to be approximately 4 [tm, as expected from

theory.

5.2.2 ARROW Waveguide Loss Testing

In low-loss ridge-etched waveguides, the surface roughness induced by etching is
in a region of low field strength. However, since the ridge-etch used in this work
introduces roughness into the waveguide sidewall which experiences strong interaction
with the propagating wave, the total amount of loss incurred by such a structure is an issue

of concem.
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Loss testing on the ARROW structures was performed by the cut-back method.
These tests began with a measurement of transmsitted power through a waveguide sample
5 cm in length. The transmitted power was then remeasured as successive sections of
waveguide, 0.5 cm in length, were cleaved off from the far end. Differences in power
output were attributed to the sections of waveguide that were removed. This method
required re-alignment of the optical fiber to the waveguide by throughput maximization and
a visual verification of mode profile prior to taking each measuremen:. Verification of the
ARROW mode was performed by expanding the near field patterns by approximately a
factor of 500. The rounded spots observed indicated the presence of the ARROW mode.
Coupling into the nitride mode has been shown to result in more elongated mode-patterns.
Each measurement was converted to a loss value relative to the initial power throughput.
These loss values are plotted as a function of multiples of cleave length in Fig. 44. An
intrinsic loss of approximately 3 dB/cm is extracted from this plot. Variations in the data
result from re-alignment error, waveguide surface imperfections, and end-face cleavage
roughness. The worst case loss is estimated to be approximately 8 dB/cm. This indicates
the presence of a high quality sidewall, and validates the plasma etching procedure used in
device fabrication. While these loss levels are not adequate for long distance optical
communication, they are certainly sufficient for the requirements of building an optical

S€nsor.

5.3 Modulation of ARROW Waveguide
Output

The experimental verification of 3D-ARROW waveguide behavior was discussed in

the previous section. Here, experiments are discussed which deal with the modulation of
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the waveguide output by proximity-effect leakage enhancement. The optical set-up used
for these experiments is shown in Fig. 45. Linearly polarized laser light (A = 6328 A) is
launched from a 5 mW He-Ne laser source. Selection between TE and TM mode
excitation is performed by passing this beam through a half-wave plate that has been rotated
to select the desired orientation. This beam is then focussed down into the waveguide
using a 40X microscope objective lens that has been mounted on a Line-Tool X-Y-Z
micropositioning stage.

The waveguide chip is mounted on an aluminum mount designed to provide access
for the microscope objectives used in input and ouput coupling. This mount is in turn
mounted on a Photon Control X-Y-Z stage to allow accurate pesitioning of the waveguide
relative to the incoming beam. The beam is coupled out from the far end of the chip using a
60X objective lens mounted on another Line-Tool X-Y-Z stage. Unwanted polarizations
can be filtered out using a polarizing filter. The beam is then sent to a Pulnix TM-7 CCD
camera which passes its data to a Big Sky Analyzer PC system. This system contains a
‘rame grabber mounted in a 386-based PC-compatible computer and includes extensive
- eam diagnostic software. For checking quantitative measurements, the beam can be split
out to a power meter detector head (UDT Model 264) attached to a dual channel optometer
(UDT Model S380).

The sensor chip was designed for full scale operation over a 0 - 50 psi range. For
this reason, a pneumatic loading scheme was designed so that compressed-air pressures of
up to 80 psi could be delivered to the sensor chip. The design of this testing apparatus is
shown in Fig. 46. House compressed-air was fed through a regulator valve and sent to
both a calibrated pressure transducer (Omega Model PX603-100G5V) and a pressurization
head which could be mounted directly over the sample chip under test. A drawing of this

head is shown in Fig. 47. A Buna-N O-ring is used to seal the area around the diaphragm
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as the pressurization head is clamped to the mount beneath the chip. Pressure is brought in
to the head through a brazed Swagelok fitting. Pressure lines were made of flexible tubing
to decouple any effects of line straightening or movement from the head itself.
Unfortunately, no discernible shifts in waveguide output were detected up to the maximum
allowable 80 psi.

However, experience with the silicon nitride waveguide devices described in
Section 4.2.1 indicated that modulation should be possible using the leakage enhancement
effect. This prompted brief studies into whether the ARROW structure as fabricated was
itself the problem. To verify whether light could be forced to leak out of the waveguide
using the application of a topically applied fluid, low index gels (n=1.5 and 1.6) were
applied to the surface of the waveguide. It was observed that the light leaked out quickly at
the first point where it encountered leakage enhancing fluid. This ruled out the possibility
that the light might be tightly confined within the core and would not be suspectible to
change by outside perturbations. Since the loss of light from the guide was confirmed
using these tecnniques, this avenue was not pursued further. Additional work on the use
of fluids to remove light from a waveguide core has been reported by Sorin [30].

Since the chip as designed offered only a limited range of atienuation, one way to
make the modulation effect more observable would be to enhance the interaction of the
attenuator with the waveguide. To this end, a glass attenuator was introduced which was
supported above the waveguide by two 16 pm aluminum shims at the edges of the chip and
parallel to the waveguide as shown in Fig. 48. This design allowed for a much ionger

interaction length between the two components as well as a heightencd leakage effect due to

— o the low index of refraction of the glass attenuator (n-=-1.5).- Since pneumatic loading was-—— -

no longer appropriate, the loading scheme was replaced with a piezoelectric actuator which

was capable of delivering high force. The drawback of this scheme is that unlike the
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pneumatic method where one knows the pressure and force being applied to all areas of the
chip, the piezoelectric element is difficult to accurately localize, both in the x-y plane and in
the z-dimension. To circumvent this problem, multiple data sets were taken for each
experiment. The flat initial portion indicating no applied load was used as a reference.
Data sets that lacked this reference marker were ignored. Those showing the greatest
interaction were assumed to be closest to being optimally positioned to effect modulation of
the waveguide output.

Initial experiments with the glass attenuator used the loading scheme shown in Fig.
49. In this design, a piezoelectric stack was coupled to a mounted ball bearing which was
used to drive the diaphragm into deflection. The initial position of the stack was set using a
set screw that could be fixed into position using a locking nut mechanism. Using this ball
bearing approach, data sets such as Fig. 50 were obtained. It is important to nioie the
different regions of operation which are illustrated in this figure: at low voltages (0 - 20 V)
there is a flat region which serves as a reference marker, at intermediate voltages (20 - 40
V) there is a sharp drop in transmitted power corresponding to expected sensor operation,
at high voltages (> 40 V) the ball bearing is driven elastically to create a greater contact
area, but the degree of attenuation slows down dramatically. It is important to note that
although optical modulation was achieved, it was not possible to get complete extinction of
the optical signal with the ball-bearing loading scheme described above. Modelling of the
test structure using mechanical simulation methods demonstrated the problem. Since the
glass was only being loaded by a point source, the free edges of the glass were far removed
from the waveguide surface. Since strong leakage is only expected for gap spacings of less
than 0.05 um, the effective distance of interaction was very small. An optical simulation of

the entire stracture showed that a complete extinction was not expected for this geometry.



122

Zunsa) Jo1enuaIe Sssefd 10 owayos SUIPeO[ JOIBNIOR JORIS OINIJ[I0Z3] 61 "L

SWIYS Wnuiwnpy

Junow wnuiwnjy

diyo Josuas pajquassy

Jolenusje sse|n

peo| Buueaq |eg [*en, 2 h
Buueaq |jeq pajunop
J—
IOJENIOE YOBIS 0U}08|80Z01d \.\\\\\\\\\\\ (1auoinisodosoiu
Vo 0} payoeye)

Junow wnuwNpy

Japjoy wsiueyosw buipeo

CHAPTER 5. EXPERIMENTAL RESULTS

WSIUBYOSW MBS 18S




CHAPTER 5. EXPERIMENTAL RESULTS

L 7171 177171771 1 1t 1T 71T (T 1T 1 71T 1 T 7T
— N
3+ FH* -oa—
= =
3 =
[« on
o =@ °
o
e
o
o
°
on
oa
oo
oa
{ I N T L (S TS [N S [N S TN (N N (NS A (N [ (N O S NN N VR NN A N |
(en] (] (] (=] o () o
o0 ~ O vy <t on o

IoMOd PaNISUBL],

65

60

55

50

45

40

35

30

Applied Voltage (V)

Fig. 50 Effect of piezoelectric actuation on transmitted power

123



CHAPTER 5. EXPERIMENTAL RESULTS 124

This hypothesis was tested by replacing the ball-bearing point with a triangular-
prism edge loading scheme. This scheme effectively used the entire length of the glass as a
line of contact, thus enhancing the interaction between the two components greatly. As can
be seen in Fig. 51(a), the optical power was fully attenuated using this method, but not
without considerable force applied from the piezoelectric stack. Fig. 51(b) shows the
results of a calculation of the effective separation between the glass attenuator and the
ARROW waveguide. This calculation uses an interaction model based on the simulation
results of Section 3.3 and the assumption of perfect edge-loading. It can be seen that the
change in effective separation with respect to piezoelectric voltage is much slower than
anticipated. This observation led to the initial hypothesis that particles and surface
roughness in the gap region were inhibiting the interaction between the two components.

However, there was hope that a chip assembled under clean room conditions would
not show these particle contamination effects, and fully packaged chips were tested to see if
they would be free from these problems. Chips were tested using the piezoelectrically
driven ball-bearing set-up described above. As expected, applying voltage to the
piezoelectric stack resulted in decreased intensity at the sensor output as shown by the
contour plots in Fig. 52. These plots demonstrate that the undersianding of the basic
sensor behavior in terms of simple light attenuation is valid. A plot of total transmitted
power as a function of applied voltage is shown in Fig. 53. Although not as pronounced
as the case for glass, there are once again three distinct regions: a region which corresponds
to free piezoelectric displacement, a region which corresponds to deflection of the
diaphragm until it makes contact with the ARROW waveguide, and a region which
corresponds to the elastic bending of the components under high load. It is important to
note, however, that the voltage required to bring the diaphragm into contact with the

waveguide appears to be much higher than that predicted by the basic theory. This fact,
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(a)

Fig. 52 3D-mesh plots of waveguide output, @) V=0V, (hb) V=100V
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combined with the fact that attenuation strengths at high-force levels are compatible with
simulation results, implies some sort of scaling error along the horizontal axis. Hence, the
difference between the experimental and simulation results is most likely due to a
mechanical effect and not a misunderstanding of the optical interaction. Although the
diaphragm is expected to exert a force back on the piezoelectric stack which tends to reduce
its displacement, the actual resistance appears to be much greater than that which would be
predicted from a simple mechanical model. It is hypothesized that this increase in reaction
force seen by the piezoelectric stack could be due to trapped particles, which inhibit the free

displacement of the diaphragm part.

In order to rule out other mechanical effects, a number of observations were noted:

1) Performing the entire test after replacing the ball-bearing point load with a large area (1
cm x 1 cm) loading plate removed the optical modulation effect completely. This rules out
most effects due to translation of the testing structure, since the outer parts of the structure

should be effectively seeing the same load in either case.

2) A mechanical indicator sensitive to sub-micron tip displacement was used at various
points throughout the testing structure during actuation of the piezoelectric element. No

substantial changes in position were measured.

3) To eliminate the possibility that the entire chip was translating upon piezoelectric
loading, the coordinates of the output beam were recorded while voltage was applied.

Since the magnified output beam showed no significant movement on a CCD camera which
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was capable of resolving beam motion on the order of 0.25 um, it was concluded that chip

translation was not a major effect.

4) The waveguide access channels were designed to allow trapped gas between the two
silicon wafers to escape. To eliminate the possibility that these channels had inadvertantly
sealed, resulting in a significant back pressure, calculations were performed to determine
the possible effect of trapped gas within the cavity. Using standard formulas for the
trapped gas, the worst-case effect was still two orders of magnitude too low to explain the

data.

5) Diaphragms were removed from some of the test chips, and the area underneath
appeared r.latively clear. Thus the structure did not become sealed shut during processing

and was free of any large scale obstruction.

In addition to the elimination of the factors described above, a number of
observations were made which directly support the particle hypothesis. Particle counts on
slab ARROW wafers were measured using an automatic wafer inspection system (Aeronca
Electronics, WIS 150). This system monitors the laser light reflected from a wafer surface
for scattering and can detect particles larger than 0.1 um in size. Typical measurements fell
in the range of 2000-4000 particles per wafer, which translates to an average of 1.6 - 3.2
particles per active sensor area. Additional evidence for particulates, which have apparently
reflowed to form columnar structures between the diaphragm and waveguide wafers, has
been found in scanning electron micrographs such as Fig. 54. From measurements taken
on wafers at intermediate steps in the fabrication process, it appears that these particulates

come from the LTO deposition step.
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Fig. 54 Scanning electron micrograph showing columnar structures
between waveguide ridge and silicon attenuator
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Low temperature deposition of silicon dioxide depends on a reaction between
silicon dioxide and oxygen at the wafer surface to form the desired layer. In our
experiments, a distributed feed LPCVD reactor was used for the deposition process. The
distributed feed was required due to the substantial depletion of reactants in the furnace
tube. However, in addition to the surface reaction, a homogeneous gas-phase nucleation
process typically occurs as well, and this contributes to particulate contamination in the
LTO films. Itis the finding of this work that LTO films may not be the best choice for use
in evanescent optical waveguiding sensors due to this particulate problem. Other silicon
dioxides formed by processes run at higher temperature, such as ietraethyl orthosilicate
(TEOS) decomposition near 800° C or the reaction of dichlorosilane and nitrous oxide at
900° C have been shown to offer better film quality, and may be more suitable for use in
sensor design.

In order to more completely analyze the particulate problem, mechanical simulations
were performed using the COSMOS and ProEngineer software packages to determine the
effect a particle has on the shape of diaphragm deflection. A particle obstruction was
modelled as an immovable boundary condition at that point. Pressure was then applied to
the computer generated model of a 2 x 2 mm silicon diaphragm fixed over a 1 um gap, and
the expected deflection over the centerline path was extracted. It is this centerline deflection
that represents the path that the optical waveguide will interact with. Results are shown in
Fig. 55. For a particle modelled by an immovable point midway between the diaphragm
center and corner, little effect on deflection is seen. The effect corresponds to roughly a
20% reduction in the expected response versus applied pressure. In Fig. 56, the effect of
moving a single obstruction point along the diagonal axis is shown. As the particle
approaches the center, there is a strong effect on the diaphragm displacement, as expected.

Thus it is expected that if the particle contamination problem is low, the effect on many of
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these devices should be minimal. However, if there is a high concentration of particles
involved, sensor operation will be hampered severely. The particle count measurements
from the wafer inspection system indicate that this is potentially a serious effect. The above
analysis suggests modelling the effect of particulates as a high effective spring constant
acting back on the diaphragm in response to applied load. A curve-fit to the experimental
data can be performed using this model in conjunction with VBPM results and is shown in
Fig 57. Although the fit uses a somewhat arbitrary point of zero reference and a fitting
parameter corresponding to the effective spring constant, it does provide evidence for the
plausibility of this hypothesis.

In summary, particulate contamination was observed on the surface of the ARROW
wafers under study and also in scanning electron micrographs of assembled sensor chips.
The source of these particles was identified as the low-temperature silicon dioxide
deposition step. Mechanical modelling demonstrates that the effect of these particles can
explain the experimentally observed response of the sensor to piezoelectric loading. The
effect of these particles can be modelled as a high effective spring constant acting back on
the diaphragm in response to applied load. This has the effect of dramatically changing the
sensor response (from 50 to 15000 psi full-scale). A number of experimental and
theoretical checks have been performed that are consistent with this hypothesis. Process
suggestions to reduce particulate count are described here; other methods which may be

useful in circumventing the particulate problem are outlined in the following chapter.
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Chapter 6

Conclusions

In this work, the ARROW waveguide structure was investigated and implemented
in a microfabricated pressure transducer design. The first goal was to more fully
understand the waveguiding characteristics of the ARROW structure and to determine
whether ARROW waveguides had any advantages over standard waveguiding geometries.
A second goal was to study the interaction of an ARROW waveguide with a leakage
enhancing microstructure, and to determine whether a sensor could be built based on such
an evanescent loss principle. A final goal was to use simulation tools to aid in device
design and to compare the experimental results with various simulation predictions. Each
one of these issues will be described further below. In addition, a brief discussion of

future design considerations will follow.

6.1 Review of Basic Findings

ARROW waveguides were found to offer good process latitude and general ease of
fabrication. Fabrication of the full ARROW structure requires only one extra process step

over the standard waveguide process. In return for this one extra step, ARROW
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waveguides provide much better coupling efficiencies with optical fibers. Theoretical
modelling also demonstrated improvements in longitudinal and transverse alignment
tolerances, with a corresponding degradation in angular tolerance. Transverse and
longitudinal coupling tolerances were also studied experimentally and were both found to
be quite good.

It has been demonstrated that evanescent loss effects can be used to detect the
interaction between a waveguide and a leakage-inducing attenuator. Experiments have
shown that an assembled sensor chip can respond measurably to pressure applied from a
piezoelectric load. The extent of attenuation and the output mode-shapes observed appear
to agree with simulated predictions. However, the issue of entrapped particles must be
addressed before this technique can be implemented reliably. Since this sensor design has
the most intense interactions at very small gap spacings, the issue becomes of critical
importance. These particles appear to be process specific and may be reduced in number.
Unfortunately, it was found that even the use of an LTO process in conjunction with clean
room assembly of the two components was not sufficient to completely eliminate the
problem. The effect can be modelled as a strong linear spring constant in the region from
no-deflection to the expected point of contact between the two components. This has the
effect of dramatically changing the range of full-scale operation. Although this model can
be used to fit experimental cata, it is of limited use in the prediction of sensor response.

First order theoretical and numerical simulation modzals were successful in
discovering the salient features of device operation, with the exception of the particulate
problem described above. Propagation characteristics were analyzed using a wide variety
of numerical methods. The interaction of the attenuator with the waveguide was analyzed
by varying both gap spacing and the real and imaginary components of the attenuator index

in 2D-VBPM simulations. Mode stability and profile were analyzed using a 3D-VBPM
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method. The effect of ridge-etch depth on the interaction effect was assessed using an
eigen-solver technique. Numerical simulation work was important in clarifying gaps in
understanding and identifying possible weak assumptions in the theoretical modelling. The
VBPM methods used were quite successful, although full three-dimensional simulations

were often time consuming and may be replaced in some cases by eigen-solver techniques.

6.2 Future Design Considerations

With the review of basic findings complete, the discussion in this section centers
around methods to improve the design of the sensor and the future scalability of this
technology to smaller dimensions. Improvement of device performance centers around
finding a method to solve the particulate problem, thus improving the quality of the
interaction between the waveguide and the attenuator. For example, if the particulate
problem remains unsolved, scaling the diaphragm thickness will have little effect on the
full-scale range of device operation. One way to address the particulate problem is to
improve the surface quality of the core layer, which should greatly improve the leakage
interaction. This can be accomplished by using a different chemistry, such as TEOS
decomposition or the reaction of dichlorosilane and nitrous oxide, to achieve core
depositions of higher quality. In addition, surface polishing after core deposition may
improve performance. However, this is a non-trivial procedure, as SiOj is a relatively
difficult material to polish. Attention must also be paid to the overall thickness of the core
under oxide polishing conditions.

While these methods should reduce the particulate count in the spacer layer gap
region, they appear unlikely to completely eliminate the problem. Another possibility is to

accept the existence of a small number of particles and to use a multimode waveguide or
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many single-mode waveguides in a star configuration to attempt to spread cut the effect of
any particulates that do remain in the gap. An even more promising approach may be to
attempt to increase the range of interaction between the waveguide and attenuator. This
might be achieved by etching perturbations such as gratings into the waveguide surface, or
by the use of hollow-core waveguides which have long distances of interaction in air. In
addition to extending the range of the evanescent tail, one can also attempt to increase
sensitivity by increasing the strength of the interaction between the two components. There
are three ways to achieve this: 1) increase the effective interaction length, which can be
accomplished by simply enlarging the device, but may also be accomplished by adding
reflectors at the waveguide end-faces to increase the number of passes through the
interaction region, 2) use a low index material such as glass to further enhance the
expected leakage, and 3) change the spatial profile of the beam so that it extends further
away from the core region. With these ideas in mind, a new design might incorporate the
following features: a polished core layer, a glass attenuator, very deeply etched ridges, and
reflecting end-faces to increase the effective path length. These types of changes can be
made regardless of whether one is using ARROW or standard waveguiding geometries.
Another topic of interest is the scalability of this technology to smaller dimensions.
The concerns here are primarily those of mode structure. It was shown already that the
small mismatch between the fiber input and ARROW waveguide modes required a
stabilization region on the order of 2 mm. For devices on the order of 1 cm in length, such
as those tested in this work, higher-order modes are radiated away and do not appear to be
a major problem in alignment. However, the situation can be expected to change as device
dimensions are pushed further down. For smaller devices, where the structure itself does
not have the time to filter out unwanted modes, accurate mode coupling is essential. This

poses an interesting difficulty when dealing with the ARROW waveguide, since it can
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support higher-order modes even though they experience much higher degrees of loss.
Usually these modes are ignored, since the next higher mode, which exhibits the next
lowest loss, experiences over 80 times the loss of the fundamental. However, if the
fundamental mode shows only 0.09 dB/cm loss, then this corresponds to only a 7.3 dB/cm
loss figure for the next higher mode. As chip dimensions go down below 1 cm, the loss
over the chip length is no longer significant and this higher-order mode can enter into the
measurement. Thus, as chip dimensions are driven downward, the requirements on modal
discrimination become much more stringent. It is possible that it will be desirable to design
slightly less than optimal waveguides for fundamental mode propagation in order to obtain
higher losses for the higher order modes. This can be achieved by designing cladding
layers that are poorer reflectors and by designing waveguide sidewall etches that induce
more scattering, since higher-order modes will interact more strongly with the waveguide
sidewalls. In addition, the use of an absorbing layer such as polysilicon for the first
cladding layer could prove beneficial.

If undesired modes are not removed, they can pose problems during alignment.
Thus, as ARROW devices are -caled down, the advantages in coupling efficiency and
alignment tolerance may not n. __ssarily outweigh the introduction of these other mc Jus.
As long as there is sufficient available input power, even a standard waveguide with high

insertion loss might be a more acceptable alternative.

6.3 Concluding Remarks

The ARROW waveguide represents an important class of waveguiding struciuies
and has many potential advantages. Although silicon nitride waveguides appear to offer a

partial fix to the problem of particulate contamination in general-purpose evanescent-
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sensors, the ARROW structure has advantages that should not be overlooked. The
ARROW structure may have its greatest advantages in applications where high coupling
efficiency is required. This will include important applications involving low available
input power, and systems configured for higher levels of sensor integration. In addition, if
the problems with particulates can be solved, the general use of ARROW waveguides with
microstructures for evanescent sensing will most likely be worth the extra effort. It is

hoped that this work opens the door for many more studies to come.
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