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Abstract

The design and fabrication of a multi-layer microfluidic chip with integrated optics has been real-
ized. The lower layer of the chip is made of silicon and provides the optical functionality of the
device. Light guiding between the edge of the chip and the area of interest is achieved by met-
alized hollow v-groove waveguides fabricated by anisotropic silicon etching. Interfaces between
the fluidic and optical layers are provided by the reflective Si (111) end facets of the waveguides.
Bonded to the silicon layer is a pyrex upper layer which caps the waveguides and contains etched
fluidic microchannels. Fabricated chips were able to successfully guide light between the edge of
the chip and the area of interest. The hollow waveguides were used both to guide excitation light
as well as collect fluorescence emitted from microparticles. Chip designs intended for capillary

electrophoresis, and polymerase chain reaction have been fabricated.
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Chapter 1

Introduction

1.1 Lab-on-a-Chip

Initially, the concept behind microfluidics or lab-on-a-chip was put forward by H. M. Widmer [1]

in 1983 as what he saw was needed by analytical chemists for improved instrumentation.

“an integrated, analytical system, combining all the sequential steps of analysis
in a single, on-line system. This would link together sampling, sample preparation,
cleanup procedures, derivatisation steps, enrichment of trace components, separation,
qualitative determination (including identification or speciation) and structure elucida-
tion, quantitative analysis of constituents, output and listing of results (documentation),
signal processing for further use (e.g. in process steering) and final problem solution.

Such an integrated, total analysis system would operate automatically...”

In a truly innovative paper in 1990 by Manz [2], Widmer’s vision was expanded with a look at the
theoretical viability of a micro total analysis system (uTAS) and its possible enabling technologies.
Since it’s initial conception, the principles behind uTAS have been accepted by other fields of
research and broader terms like microfluidics and lab-on-a-chip have become more popular for

describing the original 4TAS concept.

Current lab-on-a-chip technology is still a long way from Widmer’s original vision, but significant
advances have been made. Examples of applications where microfluidic devices are being devel-
oped include: genomics and proteomics (PCR, RT-PCR) [3, 4, 5], pathogen detection [6], environ-
mental testing [7], analysis of bodily fluids [8] and cell counting and sorting [9], biosensors and
tools for biochemistry [10]. Miniaturization of devices that perform these tasks leads to decreased

sample volumes needed, less reagents consumed, faster analyses and of course portability.
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Figure 1.1: Example absorption and fluorescence emission spectra

For more reading on the current state of microfluidic technology, see comprehensive reviews [11,
12], as well as journals such as Lab on a Chip [13], Journal of Micromechanics and Microengi-
neering [141], Electrophoresis [15], and Analytical Chemistry [16]. According to Kamholz [17],
the amount of literature on microfluidics is growing rapidly. In 1999, there were only 75 publica-
tions on microfiuidics. Four years later, in 2003, there were about 580 publications dealing with

microfluidics.

1.1.1 Fluorescence Detection

Microfluidic applications often use fluorescence detection to quantify the results of an on-chip re-
action. Fluorescent molecules act as molecular tags that label molecules of particular interest. A
molecule is said to fluoresce when it absorbs light of one wavelength and emits light of another
(longer) wavelength. The mechanism behind this effect is the radiative relaxation of an electron
from an excited state. The electron is excited by the energy from the incident light at the shorter
wavelength, and then radiates light at a longer wavelength as it relaxes. See Fig. 1.1 for typical

absorption and emission spectra [18].

A fluorescent molecule becomes useful when we can selectively attach it to another molecule that
we are interested in. As an example, real-time polymerase chain reactions (RT-PCR) are often
done with intercalating fluorescent dyes in order to quantify the amount of product as the reaction

proceeds. An intercalating dye is a molecule that incorporates between double strands of DNA as
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Figure 1.2: Typical CE Electropherogram

they are being amplified. As more intercalating dye is incorporated into the amplified DNA strands,
the fluorescence signal from the reaction product will increase [19]. In this case, the increase of

fluorescence (or lack thereof) is the result we are looking for from the analysis.

Capillary electrophoresis (CE) is another example of a process that uses fluorescence to determine
the results of the procedure. In a CE analysis, pieces of DNA which have been labelled by with
a fluorescent tag are driven down a channel filled with gel using a high voltage. The pieces of
DNA separate by size as they travel down the channel. At a specific point near the end of the
channel, a laser is used to excite fluorescence in the fluorescent tag attached to the DNA fragments
as they pass by. Smaller DNA fragments will cross the detection point sooner than larger fragments.
By noting the signal strengths from the different bands created by the passing sample, the relative
concentrations of the different DNA fragments can be determined. An example graph of what this

analyses might look like is shown in Fig. 1.2 (taken from [20]).

The instrumentation required to do the fluorescent excitation and collection is quite bulky. An
example of such an instrument is the epiluminescent confocal microscope that is included in the
microfluidic toolkit sold by Micralyne [21]. The actual microfluidic chip is quite small, but the
entire system to do the analysis is still very bulky. See Fig. 1.3 [21] for an illustration. It is the goal
of this work to eliminate bulky optical instrumentation by integrating the optics onto the microfluidic

chip.
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(a) Microfluidic chip typically used for capillary elec- (b) Microfluidic toolkit capa-
trophoresis ble of performing capillary
electrophoresis and laser in-
duced fluorescence detection

Figure 1.3: Fluorescent detection instrumentation.

1.2 Biochips with Integrated Optics

There are two functions performed by the optical system, excitation of the sample, and collection of
the resulting fluorescence. If either (or both) of these functions could be done by integrated optics,

the need for a bulky lens based system could be significantly reduced or even eliminated.

There are many different methods of integrating microfluidics with optics. Past work in our lab
includes silver doped ion-exchange waveguides integrated with microfluidics [22]. These waveg-
uides were used to deliver light to the fluidic microchannels as a means of exciting a fluorescent
dye. Another approach to integrating optics is by direct laser writing in curable UV epoxies {23]. A
computer controlled system developed in our lab is able to write lines in UV curable epoxy that can
be used to guide light once the uncured epoxy is rinsed away. Microfluidic channels were also fab-
ricated by defining the walls of the channels with cured epoxy lines and then capping the structure
with a glass slide. Mogensen et al. [24] fabricated a chemical absorption cell device from patterned
polymer waveguides and microfluidic channels in SU-8. This same group also developed silica on

silicon waveguides and successfully integrated them with microfluidics [25, 26, 27].

The recent use of polydimethylsiloxane (PDMS) as a material for microfluidic devices [28, 29] has
led researchers to find a way of combining fluidics formed in PDMS with waveguide structures. To
this end, some have tried embedding optical fibre by casting PDMS directly over top of a carefully
positioned fibre [20]. Others have tried hollow waveguides in PDMS as a way of delivering and
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collecting light in an on-chip absorption device [30].

1.3 Overview of this Research

As microfluidic systems become more complex, the ability to fabricate multilayer systems becomes
appealing. Additional layers can contain additional fluidics [31, 32] or even an altogether different
functionality. Quake et al. [33] have used multiple layers to construct a device with pneumatic
valves and pumps. Daridon et al. [34] fabricated a multi-layer glass chip with an optical cuvette
between two fluidic layers meant for absorption measurements. This same group constructed a
multilayer system for fluorescence detection that used microlenses and a chrome mask layer as a

spatial filter to reduce noise due to excitation light entering the detector [35, 36].

In this work, the optical and fluidic functionality are in separate layers. Using multiple layers
for a biochip with integrated optics allows for optimization of each aspect separately. Once the
fluidics and integrated optics are optimized they can be bonded together to form the complete de-
vice. The method of optical integration in this work is by hollow v-groove waveguides, fabricated
by anisotropic silicon etching. This is a continuation of previous work done on hollow v-groove
waveguides [37]. The idea was extended by envisioning a silicon (111) end facet as a mirror that
could redirect light upward out of the plane of the waveguide. When considering a microfluidic
system, this can be used to direct light to a fluidic layer above the end facet. In a multilevel biochip,
this end facet serves as an interconnect between the two functional layers, optical and fluidic. A

silicon (111) end facet is shown in Fig. 1.4.

Figure 1.4: Silicon (111) end facet

Using silicon end facets as mirrors is not novel, as it has been reported in the literature {38, 39,

40]. Strandman et al. [39] used the (111) end facet to redirect light from a fibre upwards into a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PDMS PDMs
fluidic fluldic

channel channel
fluorescent fluorescent
microparticle microparticle
e/
light out i

collected
Pyrex \‘ light
1

e

Pyrex

light in light out

(a) excitation (b) collection
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photodetector for a optical input-output coupler. Tiggelaar et al. [40] used silicon end facets to

couple light on and off a microfluidic chip designed for detection of ammonia.

The final device concept is shown in Fig. 1.5. The optics are fabricated by anisotropic etching of the
silicon. V-grooves were formed by the (111) planes with the end facet positioned under the fluidic
channels. The v-grooves were coated with metal and capped so that they could be used as hollow
waveguides. Fluidic channels are created by etching trenches in the pyrex component. The fluidic
channels are capped with a superstrate of polydimethylsiloxane (PDMS) that provides a lid for the
fluidic channels and can be easily punched with access ports for allowing fluid on and off the chip.
The PDMS layer is easily removed as it forms a reversible bond with the pyrex. Since the PDMS

layer is removable, the finished device is reusable and easy to clean.

The remainder of this thesis details the theory, fabrication and experimental work done with the
fabricated devices described herein. Chapter 2 presents the relevant theory for hollow waveguides
as well as the simulation work done to predict their performance. Chapter 3 outlines the design and
fabrication of the devices. Significant process steps and relevant theory are also presented when
appropriate. A complete step-by-step fabrication process can be found in Appendix B. Chapter 4
details the experimental work done with the fabricated chips. Optical performance is characterized
and compared with simulated predictions from Chapter 2. The results of fluorescence experiments
using the v-grooves in both the excitation and collection configurations are presented. Chapter 5

summarizes the accomplishments of this work and discusses directions for future work.
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Chapter 2

Hollow Waveguide Theory and
Simulation

2.1 Waveguide Theory

An optical waveguide can be broadly defined as a structure that confines light and directs it without
the use of refocusing optics like lenses and mirrors. The most popular type of waveguide is the

dielectric waveguide often used in fibre optic communication systems.

2.1.1 Dielectric Waveguides

A dielectric waveguide is made of a low loss core material surrounded by another material, the
cladding, of lower index of refraction. The difference in refractive indices between the core material

and the cladding confines the light by total internal refiection.

When light strikes an interface, the angle of the refracted light can be calculated by Snell’s law
which is shown in Eq. 2.1. The angle of the refiected light is always equal to the angle of the
incidence (6; = 03) as defined in Fig. 2.1.

n1sinf; = nysin by 2.1)

There is an angle, known as the critical angle, for which the refracted light will be 90° to the normal.
‘When the angle of an incident light ray is greater than this critical angle, it will be totally reflected.
This principle is illustrated in Fig. 2.1. The critical angle can be calculated using Eq. 2.2.

f. = arcsin (E> 2.2)

n1
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Figure 2.1: Snell’s law and the critical angle

where 6, is the critical angle, and n; and ny are the index of the refraction of the material on the

incident and transmitted side of the interface respectively.

Since the reflections are complete (lossless), the loss mechanism in total internal reflection waveg-

uides is due to the absorption of the propagation material, not the internal reflections.

2.1.2 Leaky Waveguides

There is another type of waveguide that does not use total internal reflection to confine light to a
region of higher index of refraction. Instead, light is confined to a region of lower index of refraction
by highly reflective surfaces. This type of waveguide is known as a ’leaky’ waveguide. A leaky
waveguide does not support any guided modes in the same sense as a dielectric waveguide. The light
is guided simply by reflections off of the surrounding medium. Performance of leaky waveguides is
dominated by the efficiency of these reflections, not by the absorption loss of propagation medium.
Leaky waveguides typically use a metal film or an antiresonance coating as the reflective cladding.
Leaky waveguides that use an antiresonance coating are known as ARROW waveguides [41, 42].
The efficiency of ARROW waveguides is usually higher than waveguides made with a metal film

at the expensive of ease of fabrication. Hollow waveguides are those which utilize air as their core
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Figure 2.2: Comparison of waveguide structures

material, and are typically a subset of leaky waveguides. It should be noted that it is theoretically

possible to surround air with a material of lower index of refraction [43].

Hollow leaky waveguides have some commercial interest due to their ability to transmit wavelengths
far into the infrared (even below 20 yum). Since the core of a hollow waveguide is air, they are able
to handle very high power (hundreds of watts). The most common use of these waveguides is
the delivery of high power laser radiation for medical and industry applications (metal cutting and
surgery) [44, 45].

2.1.2.1 Reflection at an Interface

Since the performance of a hollow leaky waveguide is determined by the reflections at the cladding,

an understanding of the theory behind the reflection and refraction of light at an interface is essential.

Consider the reflection shown in Fig. 2.3 (taken from [46]). A ray is propagating in medium one,
and strikes medium two with a particular angle relative to the interface normal. As mentioned in the
previous section, the angle of the reflected ray is simply equal to the incident angle (8; = 63), while

the angle of the refracted ray can be determined by Snell’s law [46] given in Eq. 2.1.

The efficiency of the reflection can be determined from Fresnel’s equations [46] shown in Eq. 2.3
and 2.4, which give a relationship between the relative amplitude of the electric field that is reflected

from a surface and the index of refraction of the material.
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__ nycosf; —nacosb

= 2.3

¥ nicosf + ngcosby (2.3)
ngcos 0 — ny cosfy

= 24

"y ng cos 1 + nj cosfs 24
where cos 2 can be rewritten in terms of 6; using Snell’s law.
2
cosfy = (1 - (%)2 sin? 91) (2.5)
2

It is important to notice that these equations also depend on the angle of the incident light. Fig. 2.4
shows the reflection coefficients for an air-glass interface at various incident angles calculated with
Fresnel’s equations. The reflectance, the power reflected from the interface, is given by the square

of the reflection coefficient [46] as shown in Eq. 2.6.

R=|r? (2.6)

Fresnel’s equations are most often applied to dielectrics, but they can also be applied to materials
with absorbing properties if one takes the index of refraction to be complex {47]. Simply substituting
i = n — jk where n is the real part and k is the imaginary part of the index of refraction into

equations 2.3 and 2.4 will yield the appropriate expressions. The real part of the index of refraction
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Figure 2.4: Fresnel reflection coefficients for an air-glass interface

is related to the speed of the electromagnetic wave as it travels through the medium by n = c/v
where c is the speed of light in a vacuum, and v is the speed of light in the medium. The imaginary
part of the index of refraction, k, is known as the extinction coefficient and indicates how quickly
the electromagnetic wave is damped as it passes through a medium. As light travels through an
absorbing medium, its intensity decays according to I(2) = I,e~%* where « is the absorption
coefficient (a different quantity than the previously mentioned extinction coefficient) and I, is the
intensity of the light just inside the material. The absorption coefficient is related to the extinction
coefficient by k = 2 [48, p 614].

Since the index of a refraction of a metal is complex (k > 0), the reflection coefficients are also com-

plex. The reflectance (reflected power), is then calculated by multiplying the reflection coefficient

by its complex conjugate.

R=r.-r* 2.7

Therefore, the reflected power of a light ray incident on an interface is dependent on the angle of
incidence as well as the properties of the material. In the case of a metal film (with complex index
of refraction), both the real part of the index of refraction as well as the absorption of the material

affect the magnitude of the reflected power.
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Figure 2.5: Hollow waveguide modes

2.1.2.2 Expected Loss in a Hollow Waveguide

In a hollow waveguide, the power as a function of distance along the guide will be determined by
the reflection coefficient of the cladding material and the number of reflections per unit length that a
ray undergoes. For any given ray with a particular launch angle, the power as a function of distance

along the waveguide can be described as

P(z) = P,R™ (2.8)

where P, is the initial power in the ray, R is the reflectance (always < 1), n is the number of

reflections per unit length and z is the distance along the waveguide.

In a hollow waveguide, the ray angular distribution will narrow as it propagates. This is due to rays
with higher launch angles being attenuated more quickly than rays with lower launch angles. Rays
with higher angles are associated with waveguide modes of higher order [49]. In this discussion,
rays with high launch angles will be referred to as a higher order mode. Similarly, rays with a lower
launch angle are associated with a waveguide mode of lower order, see Fig. 2.5. The reason for this
narrowing of angular distribution is due to two effects. First, the higher order rays undergo more
reflections per unit length of the waveguide than the lower order rays. Since each reflection causes
loss, this attenuates the ray. Also, a higher order ray sees the reflections at reduced efficiency due
to the angular dependence of Fresnel’s equations. See Fig. 2.4 for an example refiection coefficient
curve. Rays with angle significantly different from glancing angles see a much lower reflection

coefficient. This also increases the loss per unit length for that ray.

It has been shown that when a hollow waveguide is used to guide light that has been launched from

a fibre, it decays according to Eq. 2.9 [37].

P(z) = (2.9)

(14 az)
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2.2 Simulation

In order to better understand the capabilities of the proposed microfluidic chip with integrated hol-
low waveguides, numerical simulations were undertaken. Custom software, coded in MATLAB,
used simple ray-tracing techniques to predict the behavior of the light in the waveguides. Since the
dimensions of the waveguide are much larger than the wavelength of the light used, diffraction and

interference effects were not considered in the model.

Waveguide structures were modelled as a collection of planes, each with an arbitrary refractive
index. Rays were launched into the end of the waveguide with a starting coordinate, propagation
vector and value for the optical power in two orthogonal polarizations, transverse electric (TE) and
transverse magnetic (TM). The software model considers TE to be the polarization at the launch
point with electric field vector that is in the y direction. Similarly, the orthogonal polarization TM,
is defined to be the polarization that is in the x direction at the launch point. Fig. 2.6 shows the
coordinate system for the waveguide simulations. It is a right handed system, with z being the
propagation direction. The rays are tracked as they propagate down the waveguide losing power as
they reflect off the planes that define the waveguide walls. Everytime a ray intersects a wall, the
TE and TM components are expressed in terms of vectors that are perpendicular and parallel to the
plane of incidence (refer to Fig. 2.3). Once decomposed, Fresnel’s equations (Eq. 2.3 and 2.4) are
used to calculate the power loss for each component. The resulting polarization vectors are then
transformed back to the waveguide coordinate system and stored as TE and TM according to the

initial definition.

Input rays are read in from a file which records the starting point (x,y,z), propagation vector (kx,
ky, kz) and optical power in TE and TM (Pte, Ptm). This allows for different types of launching
conditions to be used by simply generating a new input file. The output file contains the same
information and is identical in format as the input file, enabling the output of one simulation to be

used as the input to a subsequent simulation.

More detail on the usage of the simulation software can be found in Appendix A.
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Figure 2.6: Waveguide coordinate system

2.2.1 Simulation Outputs

There are several types of output that can be generated from a simulation. The power distribution
along the waveguide can be observed as crossections at specific z values, or it can be displayed as a
side or top view. Also, as each ray reaches the output plane, its coordinates, propagation vector and
power in TE and TM polarizations are recorded in a file. More detail on each simulation output and

detail of any significant results attained are given in the following subsections.

2.2.1.1 Crossections

Crossections of the power along the waveguide can be plotted by recording the rays as they pass
through a plane orthogonal to the waveguide. Every time a ray passes through a grid element, the
power of the ray is added to the value of the element. In this way, a picture of the waveguide power
at that crossection is constructed. Fig. 2.7 shows an 50 pm diameter input beam with an angular

spread of 12 degrees expanding in a 400 um wide v-groove waveguide.
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Figure 2.7: Power distribution of the TE mode as it propagates along a 400 um wide v-groove
waveguide

2.2.1.2 Power Loss

Power distribution crossections also allow the calculation of power loss with distance along the
waveguide. By summing all the power that remains inside the waveguide boundaries, a value for the
power at a particular z value can be determined. In this way, the power remaining in the waveguide

as a function of distance as shown in Fig. 2.8 can be constructed.

Simulations were done of a number of different sizes of v-groove waveguides in order to form an
understanding of the effect of waveguide size on the propagation loss. Fig. 2.9 shows the results of
these simulations. Each data point represents the average loss of TE and TM at a distance of 1 cm
along the waveguide. A distance of 1 cm was chosen as it corresponds to the distance between the

edge of the chip and the end-facet for the fabricated devices.
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Power Remaining in Hollow Waveguide as a Function of Position

T T T T T T ¥ T
-o- TE
- TM

-0.5F E

\ waveguide width is 200 microns

Power (dB)
b
w
T

-4f h

-5 L L L s L o - " i
0 0.2 04 06 08 1 1.2 1.4 1.6 1
Distance along waveguide in microns

Figure 2.8: Power as a function of distance along a 200 um wide hollow v-groove waveguide

Device Loss vs. Waveguide Size
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Figure 2.9: Variation of loss predicted by simulation in hollow v-groove waveguides as a function
of waveguide size

Two simulation runs were done corresponding to the two different types of optical fibre that were
used to test the waveguides. The first simulation run was done using a ray input file that corre-
sponded to the characteristics of a 50 um diameter core multimode fibre. The rays were launched
from within a 50 um diameter circle with an angular divergence of 12°. This corresponds to the

0.22 numerical aperture (NA) specification of the fibre. The second simulation run was done to sim-
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Waveguide PDL vs. Width
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Figure 2.10: Predicted PDL vs. waveguide width at a distance of 1 cm along the waveguide

ulate a singlemode 3 pm diameter core fibre as the input. In this case all rays were launched from
within a 3 pm diameter circle with an angular divergence of 5°. This corresponds to a numerical

aperture of 0.087.

The NA of both of these fibres was verified experimentally using a beam profiler. This measurement
was accomplished by measuring the 1/e points of the beam profile at known distances. The 50 um
fibre had known specifications for its NA, so this measurement reinforced the information provided
by the manufacturer. The 3 um fibre however had no documentation, so determining its NA was
necessary to simulate the performance of the waveguides with this type of fibre as the input. The
two types of fibre gave significantly different simulation results as shown by Fig. 2.9. As expected
from the discussion in Sec. 2.1.2.2, the simulations of the fibre with higher NA, and therefore higher
angular spread of rays, predicted higher losses. This corresponded well with the measured optical

performance of the waveguides (more details to follow in Sec 4.1).

As can be seen from Fig. 2.8, the model also predicts more attenuation for the TM polarization
mode than for the TE mode. By taking the difference between the power in the TE and TM modes,
the polarization dependent loss (PDL) can be predicted. The PDL vs. waveguide size is given
in Fig. 2.10. As with the loss, the measured PDL of the waveguide is also dependent on the
input conditions. This is due to the input rays with greater divergence angles contributing more
to the PDL. Fig. 2.11 shows the reflectance coefficient for an air/gold interface for varying angles
of incidence. For this interface, the largest difference in reflectance between the two orthogonal

polarization states is at about 75° to the normal. This angle is referred to as the principal angle.
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Reflectance Coefficient for an Air/Gold Interface
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Figure 2.11: Reflectance of an air/gold interface

Both the 50 pm fibre and the 3 wm fibre don’t have a divergence that high, but the closer the
incidence angle of a ray is to the principal angle the more polarization dependence it sees. Since
the 50 um fibre has more rays closer to the principal angle it is expected that it will show more

polarization dependence.

The PDL of the fabricated waveguides was measured and the results are in Sec. 4.1.

2.2.1.3 Side and Top View

A side and top view of the simulation can also be constructed as a visual aid that indicates how power
flows through the waveguide. These views are built by projecting the ray onto the appropriate plane
(side or top) and then lighting up all the pixels in between reflection points. The algorithm that
calculates the pixels to light up is the Bresenham line algorithm which is well known in computer

science [50].

Refraction at the waveguide defining planes can also be allowed. If the index of refraction at a
plane is purely real (no imaginary component), refraction can be enabled as an option passed into
the simulation code. This allows hollow waveguides with glass walls to be modeled. In the work
presented here, the v-groove waveguides have a glass window placed above the end facet. Fig. 2.12
was created by taking the output from a simulation of a 400 um wide hollow v-groove waveguide
and using it as the input to a different waveguide structure that had glass as the upper plane instead

of gold. The other three planes, the v-groove side walls and the end facet still have the index of
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refraction of gold. Refraction at the lower glass interface can be clearly seen.

End Facet Reflection from V-Groove Waveguide
Side view TM

fluidic
channel

Si(111)
end-facet

0 200 400

Figure 2.12: Sideview of simulation output showing reflection off an end-facet and refraction at the
air-glass interface

2.2.1.4 Output Plane

As well as being used as the input to a subsequent simulation, the output plane can provide useful
information for designing the devices detailed in this work. When using the hollow v-grooves and
end facet as a means to deliver light to the fluidic channel, it is important to know what the excitation
profile looks like. Fig. 2.13 shows the output of a 400 um wide waveguide after reflection from
the end facet 500 um above the waveguide. From this output, the beam location and dimensions at
the location of the fluidic channel can be determined. It is interesting to note that the scatter pattern

predicted by the simulations was observed when testing the waveguides.
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Figure 2.13: Output plane located S00 um above the end-facet shown in Fig. 2.12
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Chapter 3

Design and Fabrication

3.1 Design Overview

The design of the chips took into account different potential uses, as illustrated in Fig. 3.1. The
cross chip design was intended for use in capillary electrophoresis analyses. The intersection can
be used to create a plug that can be forced down the longer separation channel with a high electric
field. Collection waveguides along the separation channel can be used as the detection points. The
PCR chip was designed with real time polymerase chain reaction (RT-PCR) in mind. It has two
ports with a 10 L microreactor at the centre. Large collection waveguides underneath the PCR
reservoir are a means of guiding emitted fluorescence to the edge of the chip. The *T’ chip and the
’H’ chip are potentially useful for applications involving sorting and separating particles or cells.
The "H’ chip could be used to mix particles at one intersection and then separate them at the other.

This would be useful for testing particle sorting instrumentation.

The waveguides were envisioned to be either a means of exciting fluorescence in the biochip, or
a collector of emitted fluorescence. Waveguides used for excitation were designed to be smaller
(50, 75 pm) so that the excitation would be more spatially localized. Waveguides designed for

fluorescence detection are larger (200, 300, 400 um) to increase the collection area of the end facet.

Since the silicon crystal geometry defines the (111) planes, the end facet of the hollow v-groove
waveguide is formed at 54.74° (arctan v/2) to the surface of the wafer. Ideally, an angle of 45°
would be more convenient for the application of coupling light from the waveguide upward through
a fluidic layer. The deviation from 45° causes a ray travelling down the waveguide parallel to the
(100) plane to be reflected upward off the (111) end facet at an angle of 19.5° to the wafer surface.
This is an important detail when considering the placement of the fluidic channels with respect to the

waveguide end facet. More details on the design geometry of the end facet to microfluidic channel
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Figure 3.2: Device crossection. Three material layers make up the two functional layers of the
device, fluidics and optics.

distance are given in Appendix C.

3.2 Fabrication Overview

The two functional layers of the fabricated device, fluidics and optics, are made of three material

layers, PDMS, Pyrex 7740 glass and silicon as shown in Fig. 3.2.

The PDMS layer functions as a cap for the microfluidic channels. The pyrex component has etched
fluidic channels on one side, and metalized stripes on the other which serve as caps for the v-groove

waveguides. The hollow waveguides are v-groove trenches machined into the silicon layer of the

device.

A working knowledge of the theory behind the important processing steps increases the chances
for success in fabricating devices. To this end, the basic theory of the important process steps will
be presented here. A detailed step-by-step guide to the entire fabrication process is included in

Appendix B, which will be referred to as necessary.

A general overview of the fabrication process is shown in Fig. 3.3. A total of three masks were
needed to build the device. One mask was used for patterning the KOH etch features (mask #1), one
for the fluidics (mask #3), and one for the Cr/Au on the reverse side of the pyrex (mask #2). Mask
#2 was also used for patterning the Cr/Au that was sputtered into the v-grooves. Considering that
the metal on the reverse side of the pyrex does not cover the end facets, mask #2 had to be modified
when being used to pattern the Cr/Au in the v-grooves. The modification was a small narrow strip
of tape which was placed in the middle of each die over the end facets (on the top side of the mask).

This shields the resist over the end facets during exposure so metal that was covering the end facets
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remained after the subsequent Cr/Au etch.

The masks are described further in Appendix D.

3.3 Anisotropic Silicon Etching
Etching can be divided into two categories, isotropic and anisotropic. Isotropic etching is direction

independent, that is, etching occurs at the same rate in every direction. This produces features that

have a round geometry. See Fig. 3.4 (taken from [51]).

Figure 3.4: Isotropic etching

Anisotropic etching is direction sensitive. Wet chemical anisotropic etching is well known and has
been in use since the *60s [52]. This is the simplest way to “machine” structures in silicon with well

known geometry.

An anisotropic etchant preferentially etches some crystal planes faster than others. As shown in
Fig. 3.5, the crystal structure of silicon has a very high packing density in the (111) plane. Dur-
ing chemical anisotropic etching, the silicon (111) planes etch much slower than any of the other
crystal planes. Sato et al. [53] tabulated the etch rates of different silicon crystal planes in typical
anisotropic etch conditions (70°C, 30% w/w KOH), see Table 3.1. The etch rate of the different
planes is given in um/min for different concentrations of KOH, and the anisotropy relative to the
(111) plane (Rxxx/R111) is indicated in the brackets. The plane with the second slowest etch rate
is indicated by an asterisk. It can be seen that the (111) planes etch two orders of magnitude slower
than any other crystal plane. This leaves the (111) planes to be the defining features after the etch.
Using the knowledge of the relative crystal plane etch rates and careful mask design, interesting and

useful structures can be machined in silicon.

Depending on the desired features, the direction of the (111) planes relative to the wafer surface
is important. The two silicon wafer types most often used for anisotropic silicon etching are those
that have surface orientation of (100) and (110). Wafers with (100) surface orientation etch inverted
pyramid type structures due to the orientation of the (111) planes as illustrated in Fig. 3.6. The (111)

planes are at an angle 54.74° to the surface of a (100) silicon wafer. Wafers with (110) orientation
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(a) silicon unit cell

(b) silicon crystal with cleave along 111 plane

Figure 3.5: Silicon crystal structure

| Crystallographic orientation |  30% | 40% | 50% |

(100) 0.797 (159) | 0.599 (67) | 0.539 (60)
(110) 1.455 (291) | 1.294 (144) | 0.870 (97)
(210) 1.561 (312) | 1.233 (137) | 0.959 (107)
211) 1.319 (264) [ 0.950 (106) | 0.621 (69)
(221) 0.714 (143)* | 0.544 (60)* | 0.322 (36)*
(310) 1.456 (291) | 1.088 (121) | 0.757 (84)
311 1.436 (287) | 1.067 (119) | 0.746 (83)
(320) 1.543 (309) | 1.287 (143) | 1.013 (113)
(331) 1.160 (232) | 0.800(89) | 0.489 (54)
(530) 1.556 (311) | 1.280 (142) | 1.033 (115)
(540) 1.512 (302) | 1.287 (143) | 0.914 (102)
(11D 0.005 0.009 0.009

Table 3.1: Silicon crystal plane etch rates in 30% (w/w) KOH, at 70°C
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Figure 3.6: Anisotropic etching

can be etched to form structures with vertical walls since the important (111) planes are orthogonal
to the wafer surface [52, 54] (see Fig. 3.6 for illustration). It should be noted that it is possible
to etch silicon with 45° planes, but it is difficult and the resulting planes do not have good surface

quality [39].

The three most popular anisotropic etchants of silicon are potassium hydroxide (KOH), ethylene-
diamine pyrocatechol with water (EDP or EDW) and tetramethyl-ammonium hydroxide (TMAH).
When choosing an etchant the primary factors to be considered are: silicon etch rate, masking ma-
terial (and required mask thickness), etch smoothness, toxicity, and availability. A comparison of

the most popular anisotropic etchants is given in Table 3.2 (adapted from [51)).

KOH was the etchant used for this work as it is readily available and relatively safe to use. EDP is
reported to be the best etchant in terms of surface quality achieved on the silicon (111) planes and
the reliability of the etch reaction [55]. The main drawback with EDP is that it is a dangerous and
highly toxic substance that requires great care in processing. EDP was ruled out for this work due to
the dangerous nature of the substance and by the fact that the University of Alberta NanoFab does
not currently allow EDP into the fabrication facility. To use EDP for this work would have required

securing another venue for the anisotropic etch step.

| T KOH | EDP | TMAH |

Availability common | moderate moderate
Si Etch Rate (um/min) 1to2 0.02to0 1 ~1
Si roughness low low variable
Nitride etch rate low low 1 to 10 nm/min
Oxide etch rate (nm/min) | 1to 10 1to 80 ~1
Safety moderate low high

Table 3.2: Comparison of common anisotropic etchants for silicon
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| feature width (um) | depth of v-groove (um) |

50 35
75 53
200 141
300 212
400 283

Table 3.3: Nominal depth of v-groove for designed feature widths

In order to achieve smooth (111) planes, the anisotropy with respect to the (111) planes should be
as high as possible. Using a KOH solution with no additives (some people like to put IPA in the
solution), the highest anisotropy is achieved at a KOH concentration of about 30% (w/w). Results
of Price [56] and Herr [57] suggested that a KOH concentration of around 30% achieved the highest
anisotropy with respect to the (111) plane. Discussion with individuals that have done significant

work with KOH as an anisotropic etchant also suggested 30% as optimal [55, 58].

For this work, a KOH concentration of 30% (w/w) at a temperature of about 80°C' was used. No

IPA or other surfactant was added to the solution during etching.

It is possible to put all different sizes of features on one mask due to the nature of the anisotropic
etch. Once the (111) planes meet in a ’v’, there are no more exposed planes with high etch rates
available. Therefore, 50 pm wide features will effectively stop when the (111) planes meet at a

depth of about 35 pum (see Table 3.3 for a list of feature width and corresponding v-groove depth).

The choice of material for the masking layer of the KOH etch step turned out to be the most critical
for the fabrication aspect of this project. To achieve features of significant depth (greater than
280 pum), the selectivity of the etchant to attack the silicon and not the etch mask is an important
consideration. A secondary consideration was how easily the masking layer could be removed
after the anisotropic etch. For this work, both silicon oxide and silicon nitride were investigated as

materials for the KOH etch mask.

Initially, thermal silicon oxide was chosen as the etch mask due to the ease with which it can be
removed after the etching step and its immediate availability. Given that the reported etch rate of
thermal oxide in KOH is on the order of 1-10 nm/min [51], the oxide would need to be quite thick
to etch the silicon to a depth of 283 um (corresponds to a 400 um wide mask opening etching to
completion). The oxide etch rate was later measured to be about 13 nm/min with a KOH temperature
of 89 °C. The silicon etch rate was measured to be 1.8 ym/min, so the total time to etch 283 pum was
about 157 minutes. The oxide thickness then needed to be 2.04 um. A thermal oxide with thickness

of over 2.2 um was achieved by oxidizing a wafer in the minibrute furnace for a total of about 22
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hours (oven was turned off overnight, then switched back on in the morning).

Thermal oxide turned out to be a poor choice for the masking layer material as it consistently gave
unacceptable results for anisotropic etching. The walls were very jagged and would obviously not
work for hollow waveguides. The source of the problem was initially thought to be contamination of
the etch bath, possibly the reflux column. To this end the reflux column was not used for subsequent
etches. The poor results continued, so the container used to do the etch was replaced with a new
one that was only used for KOH etching of this work. This way contamination was controlled, as

all chemicals that touched the inside of the container were known.

After much investigation, the source of the problem was revealed to be bad lithography of the oxide
mask. During the opening of the oxide mask with a BOE etch, the HPRS04 resist started to lift
away from the oxide. Normally this is not a problem, as the BOE step for a normal oxide mask (1
micron thickness) is on the order of 30 minutes, not 90 minutes as was the case with the 2 micron
thick mask. This problem was not obvious at first. The interface line between the oxide and the
silicon was straight, but the top edge of the oxide was not. This was due to the resist lifting part way

through the BOE step. This upper edge is what defines the KOH etch mask as the etch progresses.

In the end, using silicon nitride as the mask layer proved successful. Nitride is not appreciably
etched in KOH [52] and therefore makes a good hard etch mask. The best type of nitride for use as
a KOH etch mask is a low stress nitride. For this work, low pressure chemical vapour deposition
(LPCVD) silicon nitride wafers manufactured by Strata Glass [59] were purchased from Norcada.
Using a low stress nitride reduces the lifting and cracking that can occur if a high stress layer is used

as a mask. The silicon nitride was removed after the anisotropic etch by a 90 minute dip in 49% HF.

LPCVD nitride is also a better material for the KOH etch mask due to the fact that it can be deposited
without subjecting the silicon wafer to high temperature. During high temperature processing steps
like thermal oxidation, oxygen in the wafer will form precipitates. These precipitates form defect

sites that will be evidenced as surface roughness after the KOH etch [54].

3.3.1 Accurate Alignment to Crystal Planes

An important consideration when fabricating anisotropically etched features is the alignment of the
mask to the silicon crystal plane. If the mask feature is misaligned with respect to the silicon crystal
plane, dislocations will be seen along the sidewalls. These sidewall dislocations will cause extra loss
for hollow waveguide applications. Silicon wafers have a machined flat that is aligned to the (110)

plane of the crystal. However, the wafer flat tolerance is typically accurate to only +/-0.5 degrees.
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LD

Figure 3.7: KOH pre-etch feature

Also, a slight radius to the flat can cause additional error when aligning the mask to the wafer flat.
To mitigate this problem, a pre-etch step is needed to accurately determine the exact crystal plane
of the wafers. To this end, a pre-etch feature was placed on the KOH etch mask near the edges. The
pre-etch feature, shown in Fig. 3.7 consisted of a partial wagon wheel like pattern with spokes every
0.2 degrees. The longer spokes were placed every 1 degree. The design for the pre-etch feature was
influenced heavily by [52] and [60]. The rest of the mask was blocked by tape during exposure of

the pre-etch features so that only the pre-etch features were exposed.

When this feature was etched anisotropically and inspected under a microscope the crystal planes of
the wafer can be determined within +/-0.1 degrees. Therefore, the alignment accuracy was improved
by a factor of 5. The dislocations due to misalignment with the crystal can be seen in the etched

features shown in Fig. 3.8.

For a more detailed description of the KOH pre-etch step see Appendix B.1.

3.4 Metal Layer Deposition and Characterization

This section describes the considerations for the metal layer as well as the deposition details and

method of characterization.

To increase the reflection coefficient of the hollow waveguides, it was necessary to coat them with
a metal. Metals that were considered included chrome, gold, platinum, titanium, silver, copper,
and aluminum. To evaluate the suitability of a metal for the hollow waveguide coating, a few
factors were considered. The reflectance of the material should be as high as possible and should

not deteriorate with time (by oxidization). Another consideration was the availability of etchants
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Figure 3.8: Pre-etch features showing dislocations due to misalignment
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Reflectance for Various Metals at Normal Incidence
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Figure 3.9: Reflectance of various metals considered for the reflective coating of the hollow waveg-
uides

for patterning the metal after sputtering onto the substrate. Unlike most thin film applications,
stress in the film was not a concern since it is only needed as a reflective surface. Fig. 3.9 shows
the reflectance of the metals that were considered. These curves were generated by calculating the
reflectance based on their real and imaginary index of refraction values (n and k). These values were
extracted from the variable angle spectroscopic ellipsometer (VASE) as material constant files. The

original tabulated values can be found in Palik [61].

Chrome and platinum are quickly ruled out due to their poor reflectance when compared to the
other metals shown. Of the remaining metals, reflectance degradation due to oxidation will affect
copper, aluminum and silver. This left gold as the best choice. If degradation of the reflectance
due to oxidation were not an issue, silver would obviously be the best choice as it has excelient
reflectance over the entire visible spectrum (400-700 nm). It is important to note that gold will not
work very well if the waveguides are to be used for any wavelengths shorter than about 600 nm. The

fluorescence experiments in this work were performed with 635 nm lasers and dyes that fluoresce

in the longer wavelengths.

A metal film of Cr/Au was sputtered onto the substrates as the reflective layer for the hollow waveg-
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uides. The chrome is needed as an adhesion layer for the gold. The thicknesses of the chrome and
gold layers was 30 nm and 75 nm respectively. The metal layer needed to be as thin as possible to
ease concerns of bonding. On the other hand, the gold layer had to be thick enough to completely
reflect light. To determine the minimum thickness of the metal layer needed, it is useful to calculate
the skin depth of the metal. The skin depth is the distance into the metal at which the electric field
decays to 1/e of the incident value. If the imaginary part of the material index of refraction is known

the skin depth can be easily calculated according to the following formula.

T 4nk

8s 3.1

where J; is the skin depth, ), is the wavelength of light in a vacuum and & is the complex part of the
index of refraction. For gold at a wavelength of 670 nm, k is approximately 4 (see Fig. 3.10). This
corresponds to a skin depth of 13 nm. To ensure that light would not penetrate through the gold, the

sputtered film thickness was chosen to be much greater than the calculated skin depth.

34.1 Measurement of the Metal Film Properties

The complex index of refraction of the sputtered Cr/Au film was measured with a variable an-
gle spectroscopic ellipsometer (VASE). Results matched tabulated values for Au very well [61] as
shown in Fig. 3.10. These results were used in the simulation model (see Sec. 2.2) in an attempt to

match simulation with measured waveguide losses (see Sec. 4.1).

Index of Refraction {real pan) versus Wavelength ‘"‘"“‘“‘:" c°°"'°'°"“ versus Wavelength

>

°
=

n (real part)
k (imaginary part)
w

e
@

~

1

s o
S_ 8
/i
7
(0
- ¢
s
i
e
|
'
t
.
gi
)
!
|

L " "
700 200 200 300 400

g
H

400 500 500 )
Waveglength (nm) Waveglength {nm)

(a) real part of the index of refraction (b) imaginary part of the index of refraction

Figure 3.10: Gold index of refraction
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substrate

Figure 3.11: Reflection from a substrate

The VASE is able to measure the complex index of refraction or thickness of a material by analyzing
light that is reflected from the sample. The ellipsometer analyses the reduction in amplitude as
well as the phase shift between two orthogonal polarization states after reflection from the material
surface. Using these two pieces of information, quantities such as film thickness and index of

refraction can be determined by numerical fitting with a material model.

The fundamental equation of ellipsometry is given in Eq. 3.2. The quantities that are measured by
the ellipsometer are 1» and A which contain information about the ratio of the complex reflection

coefficients of the material.

p= % = tan T (3.2)
In the case of a substrate, the values of ¥ and A can be easily related to n and & through Eq. 3.3.
A material can be considered a substrate if the reflected light is only due to the initial surface, not a
combination of reflections from multiple interfaces beneath the initial surface. For the Cr/Au sample
measured in this work, the Au was thick enough to be considered a substrate, so the measurement
was fairly straight forward. In the case of a more complicated thin film sample, the reader is referred

to a more thorough explanation of spectroscopic ellipsometry [47].

. . / 4psin? ¢
g =7nytan Wy/1 — T 17 3.3)

3.5 Wet Etching

3.5.1 Cr/AuEtch

Gold and chrome etching are both standard NanoFab processes. The gold is etched with Au etchant,

which is a mixture of hydroiodide acid (HI) and potassium iodide (KI). The chrome etchant is ceric
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ammonium nitrate, nitric acid and water. Gold and chrome etching is needed three times in the
fabrication process, to open the Cr/Au mask for the glass etch, and to pattern both the silicon and

the pyrex pieces after the sputter step.

3.5.2 Glass Etch

The top side of the wafer was etched with borofloat etch (HF/HNO3/H20 20:14:66) to form the

fluidic channels using a layer of Cr/Au as the hard mask layer.

Etching of microfluidic channels in glass is highly dependent on the quality of the masking layer,
Cr/Au in this case. If the metal film has a lot of stress in it, the etched features will be much wider
than expected. This is due to the stressed metal lifting away as the etch proceeds, causing a high
undercut rate. To achieve the expected feature sizes, a low stress Cr/Au film is imperative. To this
end, pyrex wafers with a low stress Cr/Au film already deposited where obtained from Micralyne

as an in-kind contribution to the project.

3.6 Dicing and Bonding

Dicing of the pyrex and silicon components was done on the diamond touch saw and disco saw
respectively. The diamond touch saw is only used for glass substrates and the disco saw is meant for
silicon substrates. The two saws have different kerf widths (width of material removed after a cut).
The diamond touch kerf is about 250 pm, while the disco saw kerf is only 50 um. The different
saw kerfs made cutting the chips to the same size a little more challenging but accomplishable. To
further complicate things, 1 mm from each side of every chip was cut off to fix a mistake in the
KOH mask layout (mask #1). The mistake was due to the dicing marks and the waveguide features
meeting in a convex corner that was substantially undercut during the KOH etch step. Further detail

is available in Appendix B.3.

After dicing the wafers into chips, the matching chips from the pyrex and silicon wafers were
fastened together. It was not possible to bond the wafers and then dice them due to the nature of the
hollow waveguides. The dicing saws use water jets to clear debris from the blade during the dicing
procedure. The water would inevitably carry debris into the hollow waveguides compromising their
performance. Since the hollow waveguides are only open on one end, cleaning them would be

impractical.
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3.6.1 Bonding Pyrex to Silicon

Fastening the silicon and pyrex components together turned out to be a bigger challenge than ini-
tially foreseen. The original intention was to contact bond them, then strengthen the bond by anod-
ically bonding them together. The contact bond was not anticipated to be of great quality due to the
metal features left between the components (refer to Fig. 3.3 for clarification). It was just meant to
initiate contact so that the chips could be aligned in the clean room and then brought out for anodic

bonding.

Contact bonding is done by bringing two flat, clean surfaces together such that they are held together
by the Van der Waals forces [62]. There are three different types of Van der Waals forces: orientation
force, induction force and dispersion force. The orientation force is caused by the dipole-dipole
attraction of two polar molecules. The induction force is generated when a polar molecule induces
a charge separation (weak dipole) in a non-polar molecule and attraction occurs. The dispersion
force is caused by an induced-dipole-induced-dipole interaction between two molecules. This is
possible because at any moment in time there exists a small dipole on one of the molecules due to a
non-uniform distribution of electrons. This dipole then induces a dipole in the other molecule and

the interaction begins.

The range of the Van der Waals force between two molecules is very short (F' o< r~7) [62]. How-
ever, when considering macroscopic body interactions, such as two parallel plates, the effective
force is made up of contributions from all the surface molecules. The van der Waals force per unit

area between two flat plates decreases with the inverse third power of the separation distance.

A

B = 6md3

34

where A is the Hamaker constant and d is the separation between the two plates. For silica-air-silica
the Hamaker constant is 6.5 * 107207 [62, p. 18-19]. If during bonding there is a particle or defect
in the surface that leaves circular regions of unbonded area, the radius of the unbonded region can
be calculated (for (100) Si) as R = [0.73Et3, /] /4 p1/2 where E is the Young’s modulus, t,, is
the wafer thickness, -y is the surface energy of the wafer, and 2 is the radius of the trapped particle
(see Fig. 3.12 for clarification). The radius of an unbonded area for a silicon wafer of thickness 525
pm, and surface energy of 100 mJ/m? is shown in Fig. 3.12 (taken from [62]). Using this analysis
and Fig. 3.13 (taken from [62]), the voids in the contact bond due to the metal features between the

pyrex and silicon were anticipated to be about 1.5-2 mm.

To further increase the probability of a successful contact bond, the silicon and pyrex surfaces were
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Figure 3.12: Trapped particle in a contact bond
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Figure 3.13: Unbounded radius around a particle trapped in a contact bond

treated to increase their hydrophilicity. When two surfaces to be bonded are hydrophilic, the surface
flatness requirement for a contact can be reduced due to water molecules bridging the gap between
the materials. Various surface treatment methods and a more complete description of the surface
chemistry involved can be found in Tong and Gosele [62, pg 57-62]. Surface hydrophilization of the
silicon and pyrex chips was accomplished by submerging them in KOH and gently massaging them
with a sponge for ~2 minutes (at room temperature, no appreciable etching of the silicon occurred).

KOH was chosen as the surface treatment due to its availability and ease of use.

Immediately following the surface treatment, contact bonding of the chips was attempted by mount-
ing the chips to carrier substrates and bringing them into intimate contact. The silicon chip was
mounted on a silicon carrier and pyrex chip on a blank mask plate. The alignment and contact was

done with the AB-M mask aligner. Despite best efforts, a contact bond was not achieved.

Since the contact bond was unsuccessful, alignment necessary for the anodic bonding process was

done manually on a hot plate with the aid of microscope, tweezers and patience.

The first attempt at anodic bonding was done at a temperature of 400 °C' and with 1000 volts applied

across the interface. The bond was initiated with a point probe as the anode, until the bond held
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when the potential was removed. The point probe was then replaced with a rectangular aluminum
anode just slightly smaller than the chip. This was done in order to speed up the bonding process.
The total time for the anodic bond was about 1 hour. After the bond was complete, the Cr/Au film
looked distorted. The Cr/Au had brown patches believed to be caused by the interdiffusion of the
two metals. When this device was later tested, the distortion of the Cr/Au was found to significantly

affect the performance of the waveguides (more details in Chapter 4).

A second attempt at an anodic bond was done at 330 °C with 1000 volts applied across the pyrex-
silicon interface. The lower temperature was used in the hope that the Cr/Au diffusion could be
minimized. The total time for the bonding took about 100 minutes. After the bond was complete,

the Cr/Au still had significant evidence of diffusion, though slightly less than the initial attempt.

It should be noted that the two pieces were very resistant to bonding. In fact, within a few days, one
of the anodic bonds failed and a device fell apart. The reason for the bad adhesion even after anodic

bonding is thought to be the large amount of metal left on the silicon chip.

Since anodic bonding was unsuccessful, epoxy bonding was investigated as an alternative means
of fastening the chips together. The epoxy bond was performed using the AB-M mask aligner and
secured with a UV curable epoxy, Norland optical adhesive (NOA) #61 [63]. This worked relatively
well, although the bond was not as intimate as the bond achieved by anodic bonding. When the
bond was particularly bad, light leaking from one waveguide to the adjacent one was visible when
inspecting the reflections from the end facets under a microscope. Another challenge with the epoxy
bond method was keeping the epoxy out of the v-grooves. This required dispensing the epoxy only

in the corners of the chips and in very limited amounts.

3.6.2 Bonding PDMS to Pyrex

In recent years, polydimethylsiloxane (PDMS) has emerged as an important material for microflu-
idic applications. It is optically transparent in the visible region of the spectrum, cures at low tem-
peratures, is biocompatible [29] and can seal reversibly or irreversibly to itself and other materials
[28].

PDMS was chosen as the superstrate for the devices fabricated in this work due to its ability to
form a reversible bond with glass. The ability to tear off the PDMS after an experiment has been
preformed is an advantage when considering the cleaning and reuse of the devices. After removing
the PDMS there is no residual left on the surface of the pyrex. The biggest drawback of the PDMS

/ pyrex bond being reversible is that it cannot stand high pressure flow in the microfluidic channel.
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According to McDonald et al. [28] pressures greater than approximately 5 psi in the microchannels

will cause the bond to fail.

The 2 mm thick PDMS layer was prepared by casting 10 grams of uncured PDMS and curing agent
(10:1 ratio by weight) over a clean silicon wafer. A silicon wafer is used because it is a known fiat
surface with controllable surface chemistry. The wafer should be cleaned in pirahna if necessary
and then treated with hexamethyldisilazane (HMDS). This surface treatment is necessary so that the
PDMS will peel off the wafer after curing. If the surface treatment is neglected, the PDMS will be

permanently bonded to the silicon.

The cured PDMS was cut to the size of the chips, and then access holes were punched in the
locations that would fall above the reservoirs. If both the PDMS and pyrex are sufficiently clean
and flat, they will bond together by van der Waals forces when brought into contact. See Appendix
B.5 for the complete details.

A complete fabricated device is shown in Fig. 3.14. This particular device is a cross design as
evidenced by the pattern of the fluidic channels that connect the reservoirs. The waveguides can
be seen between the edge of the chip and the microfiuidic channel. The waveguides look brown in
color due to the fact that the chrome layer is what is visible from above. At the edge of the chip, the
openings to some of the larger v-grooves can be seen. The gold region running down the middle of
the chip was left there due to the modification of the Cr/Au etch mask that was necessary to leave

metal on the end facets.
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Figure 3.14: Finished device
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Chapter 4

Testing and Application

4.1 Hollow Waveguide Performance

The optical performance of the hollow v-groove waveguides was tested using the setup shown

schematically in Fig. 4.1.

/ Laser
Optical Fibre - Diode

Figure 4.1: Loss measurement setup

Two types of optical fibre were used for the measurements. To measure the loss of the larger
waveguides (400, 300, 200 um widths), a 50 um core diameter multimode fibre was used to deliver
635 nm light to the edge of the chip. The fibre was aligned to a hollow v-groove waveguide while
a large area power meter gathered the light reflected upward from the end facet. The fibre and
detector position were both optimized to achieve the best signal. The loss of the waveguide was
then determined by taking the difference between the detected signal power and the launched power

measured at the fibre end.

Separate measurements were done using a singlemode fibre obtained from TRLabs. The exact

specifications of this fibre were unknown, but it was believed to be a 3 um core diameter which
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was singlemode at red wavelengths. This fibre was used to deliver 650 nm light to the smaller
(50, 75 pm) waveguides. The intent was to be able to test the smaller waveguides without excess
coupling loss due to light exiting the fibre missing the core of the hollow waveguide. At the same
time, the larger waveguides were measured again using this smaller fibre. The results of all the loss

measurements are shown in Fig. 4.2.
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Figure 4.2: Loss measurements

The anodically bonded devices showed significantly higher loss than the epoxy bonded devices.
This was due to distortion of the Cr/Au thin film at the elevated temperatures needed for the anodic
bonding process. It is suspected that the metals interdiffused causing the film to be a mixture
of gold and oxidized chrome. Also interesting to note was that the measurements using the 50
pm multimode fibre showed higher loss than the measurements done with the 3 um singlemode
fibre. These observations agree with the trend predicted by the simulations. See Sec. 2.2.1.2 for a

discussion on the effect of the fibre numerical aperture on the predicted loss of the waveguide.

A few extra observations were made about the loss measurements. Waveguides positioned farther
away from a fluidic channel exhibited lower losses. Due to a design mistake in the mask set, the
end facets of some waveguides were offset from the ideal position and therefore didn’t illuminate
the fluidic channel optimally. This design flaw, which reduces the efficiency of the coupling to the
fluidic channel, can be seen as a benefit when trying to measure the loss in the waveguide. Having

the fluidic channel out of the path of the reflected beam meant there was less scattering and hence
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lower measured loss. Waveguides whose end facets were correctly positioned did measure notice-
ably higher loss due to refraction and scattering from the fluidic channel. Of course, this doesn’t
mean that these waveguides are more lossy than others that were positioned incorrectly. Measuring
the actual coupling efficiency to the fluidic channel would be useful information to obtain; however

there is no immediately apparent method for achieving this.

On waveguides that did not illuminate the fluidic channel well, the repeatability from measurement
to measurement was +/-0.1 dB. On devices where the waveguide end facet is properly illuminating
the fluidic channel, the repeatability is poor. This is likely due to the amount of refracted and

scattered light that is contributing to the measurement.

After considering the effect of the fluidic channels on the waveguide loss measurements, it is ap-
parent that there is still a discrepancy between the simulations and the measurements. Two factors
are proposed as possible explanations for this. First, the intimacy of the silicon/pyrex bond affected
the loss of the waveguides. Waveguides positioned in regions of a chip that were bonded well (few
interference fringes observed) had less loss than those positioned in regions that were bonded more
poorly (many interference fringes visible). This would imply that bonded guides were leaking light
out of the corners of the v-grooves. Light leaking to the adjacent waveguide was visible under the
microscope when the bond was not very good. Second, the simulations assume perfectly planar ge-
ometry for the waveguide. This idealization was most likely not the reality of the fabricated devices.
Roughness of an anisotropically etched feature is generally on the order of hundreds of nanometers
and can have a pyramid-like shape [52]. Simulation of waveguide surfaces with roughness similar
to those that are anisotropically etched could reduce the discrepancy between the measurements
measurements and simulations. A more useful approach would be to refine the etch chemistry such

that the etched features approach the idealized planar surfaces.

Measurements of the waveguide polarization dependent loss (PDL) of the waveguides were also
done. The measurement setup is shown schematically in Fig. 4.3. A polarization controller was
used to manipulate the polarization of the light entering the hollow waveguide. The PDL was then
recorded as the difference between the maximum and minimum loss attainable by manipulating the
polarization controller. The singlemode 3 pm core fibre was used with the 650 nm laser for these
measurements as it was observed to be more stable than the 50 um core fibre and 635 nm laser. The
measured data is plotted along with the simulation predictions in Fig. 4.4. The measurements were
in reasonable agreement with the simulation results for the 3 um core fibre. A deviation of 0.2 dB

corresponds to a difference of only 5%.
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Figure 4.3: PDL measurement setup
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Figure 4.4: Measured PDL as a function of waveguide size

4.2 Fluorescence Detection Setup
In order to verify the devices described in this work are feasible for analyses involving fluorescent

detection, the detection system shown in Fig. 4.5 was used. The setup used is the same as the one

reported in Ref. [64] and [65] with a couple of modifications to improve sensitivity and ease of use.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



s

PMT

e

\‘\_1mm plastic { f /
optical fiber P/
| fitters
Lball lens
DAQ computer
system

Figure 4.5: Fluorescence detection system

A large core (1 mm diameter) plastic optical fibre is used to guide light from the region of detection
to a Hamamatsu R2949 photomultiplier tube (PMT). The high voltage required to operate the PMT
is obtained via a Hamamatsu C6271 socket that the PMT is mounted in. The output voltage of the
socket (which controls the gain of the PMT) is variable by means of another 0-10 V input. This
input is computer controlled with an analog output from a National Instruments PCI-MIO-16E-
4 data acquisition card (DAQ). The DAQ card is also used to record samples of the PMT output
voltage at a rate of 10 kHz.

Before the light reaches the PMT it passes through a ball lens and filter assembly which blocks the
laser light used for fluorescence excitation. The ball lens and filters are all 0.5” diameter and can be

easily interchanged with other standard 0.5” optics.

4.2.1 Improvement of the Detection System

There were two modifications done to the PMT detection system. First, the PMT box and filter
holder assembly were modified to minimize coupling loss to the PMT and allow access to the filters
without opening the box. The distance from the PMT window to the end of the fibre was minimized
so that more of the light diverging from the fibre would illuminate the PMT window directly. The
filter holder assembly was also redesigned so that it could be screwed in from the outside of the box.

This allowed for changing the filter configuration without opening the PMT box.

The second modification done to the detection system was the use of better filters to allow more
fluorescence light to pass into the PMT. The old filters were passband filters centered at 710 nm.

However, the fluorescence spectra is significantly wider than the passband of the filters. This un-
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necessarily eliminated the fluorescence above 725 nm. The replacement was chosen to be a Schott
glass RG665 long pass filter which has a cutoff at 665 nm. Using this filter, the majority of the
fluorescence above 665 nm should pass through to the PMT. See Fig. 4.6 for the spectral shape of

the excitation laser, fluorescence and the two filters used.
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Figure 4.6: Comparison of fluorescent detection filters

A direct comparison of the detection system using the two different filter sets was undertaken. The
results are shown in Fig. 4.7. This experiment was performed by illuminating a fluidic channel with
the v-groove waveguides and detecting from overhead with a 1 mm plastic optical fibre. Fluores-
cence was collected as particles passed by and the PMT output signal was captured with the DAQ
system. The filters were then replaced with the new RG665 filters and more data was gathered in the

same fashion. Great care was taken to not disturb the physical setup of the chip and optical fibres

when switching the filters.

From the data shown in Fig. 4.7 it can be seen that the signal-to-noise ratio (SNR) increased by
a factor of 10. This increase in performance is attributed to the more complete transmission of
the fluorescence signal as well as the improved peak transmittance of the new filters. The peak

transmittance of the old 710 nm filters is just above 50%, while the peak transmittance of the new

RG665 filters is above 95%.

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



New RG665 Schott glass filters

Oid 710nm filters

2

PMT gain set to 0.5

PMT gain set to 0.|

1000

PMT voltage (mV)

PMT voltage (mV)

g

30 15 20 25 30
Time (s) Time {s}

(a) 710nm passband filters (b) Schott glass RG665
Figure 4.7: Evaluation of SNR with new filters

4.3 Detection of Fluorescent Microspheres

To simulate real world analysis in the biochip, fluorescent microspheres suspended in water were
introduced into the microchannels. Fluid flow through the biochip was achieved by pressure driven

flow as illustrated in Fig. 4.8. Fluid flows from the higher pressure reservoir (left side) to the

Figure 4.8: Controlling fluid flow with pressure

lower pressure reservoir (right side). Since the size of the microchannels etched for these chips
was relatively large (110 um by 50 pm, roughly semi-circular), the velocity of the fluid flow in the
center of the channel was sufficiently high for the purposes of this work (several mm/s). Due to the
nature of the weak PDMS/pyrex bond, flow was initiated with a little bit of negative pressure. This

was achieved by blocking the downstream reservoir and then pulling back on the syringe gently.
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The fluid would not flow through the channel due to capillary action alone due to the hydrophobic
surface chemistry of the PDMS.

The microspheres are made of polystyrene and have a fluorescent dye incorporated into them. They
have a diameter of about 15 pm and are typically used to simulate cells due to their size. The
microspheres used in this work were scarlet microspheres. According to the manufacturer [66],
the absorption and emission peaks are at 651 nm and 680 nm respectively. These values describe
the peak of the spectra curves and give no indication of the overall shape. Typical absorption and
emission spectra are quite broad, see Fig. 1.1 for an example. The measured emission spectra for

the microspheres used in these experiments are shown in Fig. 4.6.

The integrated optics of the biochip described in this work can be used in one of two ways. The
v-groove waveguide and end facet can be used to direct light to the fluidic channel as a means of ex-
citing fluorescence. Alternately, it can be used as a way of collecting fluorescence originating in the

fluidic channel and guiding it to the edge of the chip. Both methods were successfully demonstrated.

Using the v-grooves as an excitation method worked with relatively little effort. Microspheres
transported by pressure driven flow in the microchannels were illuminated by 635 nm light which
was coupled into the hollow v-groove waveguide at the edge of the chip. The laser light excited
fluorescence in the microspheres as they passed over the end facet of the v-groove waveguide. The
emitted fluorescence was collected with a large plastic optical fibre and delivered to the PMT. The

experimental setup and resulting PMT output signal is shown in Fig. 4.9.

By reversing the positions of the excitation and collection fibres, the end facet and hollow waveguide
can be used to collect fluorescence. As shown in Fig. 4.10 (a), excitation light is directed at the
region above the end facet with an optical fibre. Fluorescence from passing microspheres was then
collected and guided to the edge of the chip where a large plastic optical fibre delivered it to the
PMT. The resulting PMT output signal is shown in Fig. 4.10 (b). Using the v-grooves to detect
fluorescence was not successful until the detection system was modified by replacing the 710 nm

bandpass filters with the more efficient RG665 Schott glass filters as described in Sec. 4.2.1.
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The structure of the fluorescence signal from the passing microspheres warrants further discussion.

Looking at the insets of Fig. 4.9 (b) and Fig. 4.10 (b), it is interesting to note that the shape of

the fluorescence signal from consecutive microspheres have similar shapes. The general shape of

a peak caused by a passing microsphere remains consistent for a given illumination and collection

geometry. This fluorescence signature is the result of the microsphere moving through the illumi-
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nation profile combined with the response of the collection device. For example, in the experiment
shown in Fig. 4.9, the illumination was delivered by the end facet and had a profile shape similar to
Fig 2.13. As the microsphere passes through this illumination profile the fluorescence light emitted
will be proportional to the strength of the excitation. At the same time the collection fibre was posi-
tioned at an angle to the surface of the chip in order to minimize direct illumination by the excitation
light. The convolution of the illumination profile, collection geometry and moving microsphere all
contribute to the multi-peak structure of the observed fluorescence signature. The two experiments,
Fig. 4.9 and Fig. 4.10, obviously use different illumination and collection geometry and therefore

differences in the fluorescence signature of passing beads can be expected.

The signature of a passing microsphere, if it were consistent, could be useful for velocity measure-
ments similar to the concept reported in Ref. [67]. If the physical apparatus surrounding the chip
were fixed to a particular geometry, it might be possible to calibrate the signature of the passing

microsphere is order to gain information about its velocity.
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Chapter 5

Conclusions

5.1 Summary of Work

The work detailed here can be seen as the initial foundation of a new type of hybrid silicon-glass
biochip with integrated optics. This work demonstrated the feasibility of a multi-layer biochip with
optics and fluidics in separate layers. Hollow metallized v-groove waveguides with reflective end
facet were able to successfully guide light between the edge of the chip and the area of interest. The
hollow waveguides were used both to guide excitation light as well as collect fluorescence emitted

from microparticles.

Simulations of the metalized hollow waveguides were performed to predict the losses in this type
of waveguide as well as understand the beam profile after reflection from the end-facet. The model

can handle planar geometries with arbitrary complex index of refraction for each surface.

5.2 Future Work

In an attempt to direct future work on this project, the following issues should be addressed. There
are several aspects of the fabrication process that could be improved. Refinement of the waveguide
end facet position with respect to the fluidic channel is needed as well as corrections to mistakes
in the mask set (undercutting of the KOH due to dicing lines and waveguide lines meeting to form
a convex corner). Also, switching to a four mask process would decrease the amount of unneeded
metal left on the silicon by using a separate mask instead of modifying mask #2. This excess metal

was most likely the cause for the contact and anodic bonding failures.

Improving the bonding between the silicon and pyrex should also be a goal of further development.

The quantity of waveguides on the chips should be reduced to leave more open space available for

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



bonding. Also, a metal capable of withstanding anodic bonding temperatures should be investigated.
Ti/Pt/Au has been suggested [68] as Pt is a good diffusion barrier. An alternate type of bonding that
could also be investigated is eutectic bonding [52, p 392).

Another area of improvement is the thickness of the glass layer. Currently, the glass layer is about
500 um thick. This was satisfactory for the initial work described here, but thinning this layer
would improve the collection efficiency when the waveguides are used to gather fluorescence. It
would also increase the amount of light that could be delivered to the fluidic channel if used for ex-
citation. Purchasing thinner wafers, or thinning (chemically or mechanically) should be investigated

as possible directions for this issue.

Determination of the best illumination angle of the fluidic channel which minimizes coupling to the
waveguide. This should be done by simulation or experiment. Optimization of this illumination

angle would help reduce the background noise when using the waveguide to collect fluorescence.

Advancement of the detection setup should also be considered. Specifically, investigating the use
of a photo diode, or avalanche photo diode (APD) instead of the PMT as the optical sensor [20].
This would most likely not be an advancement in the limit of detection but would be a step toward

a more robust hand-held type of detection system.

Attempting real-world analyses in these new biochips with collaboration with the Backhouse group

should also be pursued. Both CE and RT-PCR should be achievable with current designs.

More integrated ways of delivering light to the fluidic channel in combination with hollow waveg-
uides for collection could also be considered. For example, the excitation light could be delivered by
a silver doped ion-exchange waveguide embedded in the pyrex. Collection of emitted fluorescence
could then be done with the hollow waveguides. A project of this nature would involve a great deal

of fabrication issues.

Silver should be investigated as the reflective metal as it has a higher reflectance than gold and is
flatter through the visible region of the spectrum. The issue to be addressed is the degradation of the
film reflectance due to oxidation. A passivation layer to prevent this oxidation could be investigated

as a means of enabling the use of silver as the reflecting metal [44, 45].

The simulation model could be extended to deal with stratified dielectric layers on surfaces instead
of only a single reflection coefficient. This would be useful for adding a protective layer (like AgBr,
or Agl) over the silver to increase the reflectivity (instead of gold). The simulation software could

also be extended to include curved surfaces.

This is a promising project with many avenues of possibility for future work.
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Appendix A

Simulation Details

The simulation software is made up of five discrete programs. The general usage flow is shown in
Fig. A.1.

The core of the simulation code is a MATLAB function called reflect. It takes the input rays, waveg-
uide model, and optional output arguments and simulates the light propagation through the waveg-
uide and saves the outputs requested by the user. The other programs, WG_editor, ray_launcher,
simulation_launcher and simulation_explorer are friendly graphical user interfaces (GUIs) that

make running and analysing the simulations less tedious.

WG _editor allows the user to create a waveguide model and save it in the form required by reflect.
The program also attempts to display the waveguide model as it is created. Simple geometries are
displayed well, but more complex geometries like a Si (111) end facet at the end of a V-groove
are not handled as well. The coefficients of the waveguide planes are always what is saved as the
model no matter how the program attempts to display it. The output plane, as well as the overall

dimensions of the simulation space are defined as part of the waveguide model.

Ray_launcher is a GUI that enables the user to quickly generate a distribution of rays that is saved
as an input file. The input file passes the starting locations, propagation vectors and power of each
of the rays to be traced. In its current state, cartesian and radial geometries can be generated by

ray_launcher.

Simulation_launcher is a simple GUI that writes a script to call reflect with the correct inputs and
outputs so that the simulation runs as intended. This is needed due to the complexity of the pa-
rameters that can be passed into reflect. The main script that is generated can then be executed at a

MATLAB shell to run the simulation.

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3ok View of Wt V-Oroore Progapeton

-

Tap Yiow ol fivbon ¥-Grapwe Bramupsbn

Reproduced with permission of the copyright owner.

Ray
Launcher

side view

Waveguide
Editor

Simulation
Launcher

main
script

output
variable

Simulation
Explorer

<

top view output plane

—

ot remaining I boen wornpuias ¢ hmeten of peotion

oy

3
4.

o e LG
[

crossections

Figure A.1: Simulation software usage

58

Further reproduction prohibited without permission.



The output files for each simulation are named according to a “run_id”, which is specified by the
user (using simulation_launcher). The outputs (crossections, top and side views) of the reflect code
are saved in a MATLAB variable file, run_id.mat. The rays that intercept the output plane are
recorded in a different output file, runid_out.dat. This output file can then be used as an input for a

subsequent simulation as it has the same form as an input file.

Simulation_explorer provides a convenient way to quickly look at the output of a simulation. Simply
clicking on a log file from a list in the GUI brings up the details of the simulation. There are also

buttons to plot the side or top views, as well as the crossections and output plane.
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Appendix B

Fabrication Details

Fabrication for this project was carried out at the University of Alberta NanoFab. The following is

a step-by-step guide to fabricating the devices detailed in this work.

B.1 Fabrication of the Silicon Component

1. The fabrication of the silicon part of the device starts with a silicon wafer (500 um thickness)
with LPCVD nitride deposited on both sides. The wafers used for this work were purchased

from Norcada. The original manufacturer was Strataglass [59].

2. HMDS
Wafers are treated with HMDS vapour to improve adhesion of the resist. This step is done

in the YES HMDS Oven. The procedure is completely automated and is a standard NanoFab

process.

3. Spin Resist
HPRS504 resist is spin coated on the HMDS treated silicon wafers. The spread cycle is 500rpm
for 10 seconds. Spin cycle is 4000rpm for 40 seconds.

4, Resist Soft Bake

The freshly spun resist is soft baked on a Solitec vacuum hot plate at 110 degrees Celsius for

90 seconds. This is also a standard NanoFab process.

5. Mask Alignment and UV Exposure of the Pre-Etch Alignment Marks (mask #1)
After the wafer has been allowed to cool, it is placed in the AB-M Contact Mask Aligner.
The KOH etch mask (mask#1) is aligned to the wafer flat and brought into intimate contact

with the wafer. All sections of the mask except the pre-etch marks were covered with black
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tape in order to prevent exposure. The resist is then exposed with 435 nm UV light for
approximately 3-4 seconds. The exposure time can be accurately calculated by determining
the time to deliver 130 mJ/cm? of energy. The amount of time needed will depend on
the power delivered by the UV light source. This information can be attained from the last
routine calibration of the equipment. There is usually a notice detailing the results of the last

calibration posted on the equipment.

6. Develop Photoresist
The resist can then be developed using Shipley 354 developer. The develop time needed is
approximately 18 seconds. The wafer should be checked to make sure all the resist is cleared

from the desired features before proceeding.

7. RIE
The hard mask is opened by a 90 second nitride etch in the Trion RIE. The standard nitride
etch recipe stored in the Trion RIE was used to do the etch. The forward power was 125 W

and the pressure was 150 mTorr. The gas flow rates were 45 sccm of CFy and 5 sccm Os.

8. Strip Resist
The HPRS504 resist should now be stripped off by rinsing in acetone, then IPA, then DI water.
The nitride layer with transferred mask features should now be exposed. The patterned nitride
layer is the hard mask for the KOH etch.

9. KOH Pre-Etch
The KOH etch is a time consuming step due to the etch bath warm-up time. A fresh batch
of KOH should be mixed to 30% (w/w) and placed in the etch bath. See Appendix E for
details on mixing KOH to a specific concentration. The temperature controller should be set
to 105 °C and the magnetic stirring turned on to about 2 Hz. The stirring helps to keep the
temperature of the bath uniform. The bath will take approximately 2 hours to warm up to
~80 °C. The final temperature of the KOH bath may vary a bit depending on the ambient
air temperature in the NanoFab. The reflux was column was not used to cover the KOH bath
as it was suspected of contaminating the bath. A new KOH bath container was also used
to alleviate concerns of contamination. The wafer is suspended in the KOH bath using a
quartz holder. The wafer should be at an 45° angle (not vertical), as the hydrogen bubbles
produced by the reaction more easily escape from the etched features. The etch time used for
the pre-etch was 20 minutes. Once the etch is finished, the wafer should be removed from the

etch bath and placed in a container of water for about 20 minutes. This helps to dissolve any
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10.

11.

12.

13.

14.

15.

reaction byproducts that may be left on the surface. The wafer should then be placed in the
dump rinser for 5 cycles. This gave a depth of approximately 30 pm which was sufficient to
easily see dislocations due to crystal misalignment in the pre-etch marks. The Tencor Alpha
Step profilometer should be used to measure the exact etch depth of the features so that an

etch rate can be determined.

Identify Crystal Planes
Inspection of the pre-etch marks under a microscope should determine which trench is most
aligned with the crystal planes. See Fig. 3.8 for an example of what to look for. This should

be recorded and used later when aligning the mask for the next KOH etch step.

Repeat Steps 1 through 8

The only difference is that the KOH etch mask is now entirely uncovered (no black tape).
Also, the knowledge gained about the orientation of silicon crystal plane should be applied
when aligning the mask this time. The pre-etch marks allow for easy alignment to within ~0.1

degrees.

KOH Etch of the V-grooves

The etch time for the V-grooves is determined by the width of the widest feature. The ge-
ometry of the crystal defines what the the depth will be. To completely etch the 400 micron
features to a ’v’, a depth of 282 microns is required. With an etch rate of 1.3 pm/min, this

will take approximately 220 minutes.

Strip the Nitride Mask
Hydrofluoric acid (HF) was used to strip the nitride mask. Nitride etches very slowly, even in

straight HF. All of the nitride should be removed after about 90 minutes.

Sputter Cr/ Au

The chrome / gold metal film is deposited using the Leskar two target sputter system. The
deposition times are 3 minutes for the chrome and 9 minutes for the gold. This should deposit
a film of about 30 nm of chrome and 75 nm of gold. The base pressure should be 1.8 * 106
Torr and the deposition pressure was 7.0 mTorr. The power applied to the chrome target
and gold target is 300 W and 75 W respectively. These are standard parameters for Cr/Au

deposition in the NanoFab.

Spin AZ4620 thick resist

The metalized wafers are now spin coated with AZ4620 resist. A thick resist is needed as the
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deep v-groove feature can be a problem to cover. Spread speed of 300 rpm for 10 seconds,

and spin speed of 1800 rpm for 25 seconds should give a resist thickness of about 12.5 um.

16. Soft Bake thick resist and hydration
The soft bake for AZ4620 is done on the CEE vacuum hot plate. The hot plate should be
set at 100°C'. With the nitrogen flow on, the wafer is placed on the hot plate for 90 seconds.
Then the nitrogen flow is removed and the vacuum is applied for 60 seconds. The resist now
needs to hydrate before it can be exposed. To accomplish this, it is placed in a box with a wet

towel in the bottom for at least 2 hours.

17. Mask Alignment and UV exposure of the AZ4620 (mask #2)
Mask #2 has to be modified by placing strips of black tape about 3 mm wide down the middle
of each chip on the mask. This is so that when it is exposed, the resist over the all the v-
groove end facets will remain. This modification is needed since mask #2 is also used for
patterning the Cr/Au waveguide cap on the pyrex. The modified etch mask is now aligned to
the alignment marks defined by the previous anisetropic etch and brought into contact with
wafer. The resist should be exposed by 435 nm UV light for approximately 18 seconds. The

required exposure energy dose is 1190 m.J/cm?.

18. Develop the AZ4620 resist
AZ4620 resist is developed with AK400 developer (diluted 4:1) for approximately 100 sec-
onds. The wafer should be checked to make sure all the resist is cleared from the desired
features before proceeding. It is also necessary to check if the resist completely covered over

the corner of the v-grooves.

19. Auetch
Gold is etched with hydroiodide acid and potassium iodide (this mixture is simply known as
“gold etch™). The gold will turn black and then the chrome will start to show through. The

etch time used was 37 seconds.

20. Cretch

Chrome etchant is ceric ammonium nitrate (commonly known as “chrome etch’’). The chrome

etch step is 30 seconds.

21. Spin AZ4620 resist for protective coating
This step is purely a protective measure to minimize damage to the wafer surface during

dicing of the chips. The same procedure was used as is described in steps 15 and 16.
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B.2 Fabrication of the Pyrex Component

1. Start with Pyrex wafers that have a low-stress Cr/Au film on one side. The wafers used in this
work were obtained from Micralyne as an in-kind contribution. Using Cr/Au sputtered films
in the NanoFab as the mask for glass etch gives poor results as their is a high undercut rate

due to the stress in the film.

2. Spin Resist
The wafers are spin coated with HPR504 resist. The spread cycle is 500 rpm for 10 seconds.
Spin cycle is 4000 rpm for 40 seconds.

3. Resist Soft Bake

The freshly spun resist is soft baked in an oven for 30 minutes at 110°C. This is a standard

NanoFab process.

4. Mask Alignment and UV Exposure (mask #3)
The resist covered wafer is now placed in the AB-M Contact Mask Aligner. The fluidic etch
mask (mask #3) should be centered and brought into intimate contact with the wafer. The

resist is exposed with 435 nm UV light for approximately 3-4 seconds.

5. Develop Photoresist
The resist is developed using Shipley 354 developer. The develop time is approximately 18
seconds. The wafer should be checked to make sure all the resist is cleared from the desired

features before proceeding.

6. AuEtch

The gold etch step is 45 seconds. The details of this step are identical to step 19 in Appendix
B.1.

7. Cretch

The chrome etch step is 25 seconds. The details of this step are identical to step 20 in Ap-
pendix B.1.

8. Glass etch
Before the etch, the backside of the wafer should be protected from the etchant using blue
tape. The etchant used was the 'Borofloat Etch’ available in the NanoFab. The etch rate was
measured to be 0.95 um/min . The etch rate can vary with the ambient temperature in the

clean room. To deal with this, the etch rate should be measured by doing a short 5 minute
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etch, measuring the etch rate (using the Alpha Step profilometer), then finishing the etch by
calculating the time necessary to reach the desired depth. The channels should be etched to a
depth of 50 um.

9. Strip Resist
Strip the HPR504 resist with an acetone, IPA, H,O rinse.

10. Deposition of Cr/Au on the backside

The chrome/gold metal film should be deposited on the backside of the pyrex wafer (opposite
side from the etched fluidic channels) using the Leskar two target sputter system. In order to
align the Cr/Au etch mask to the fluidic channels (in a subsequent step), it is necessary to leave
areas over the glass etched alignment marks free of metal. To accomplish this, a permanent
marker can be used where the Cr/Au is not meant to stick. The outer most wafer alignment
marks should be colored over by permanent marker. See Appendix D for clarification. The
deposition times were 3 minutes for the chrome, 9 minutes for the gold. This should deposit
a film of about 30 nm of Chrome and 75 nm of gold. The base pressure was 1.8 * 106 Torr
and the deposition pressure was 7.0 mTorr. The power applied to the chrome target was 300
W and 75 W to the gold.

11. Rinse off the metal over the alignment marks
The metal that deposits over the permanent marker will lift off when rinsed with acetone and
IPA. Gentle scrubbing with a soft foam sponge away from the center of the wafer can speed

up the process.

12. Spin resist
The backside of the wafers (side with newly deposited Cr/Au layer) are spin coated with
HPR504 resist. The spread cycle is 500 rpm for 100 seconds. Spin cycle is 4000 rpm for 40

seconds.

13. Resist Soft Bake
The freshly spun resist is soft baked in the oven at 110°C for 30 minutes. This is a standard

NanoFab process.

14. Mask Alignment and UV Exposure (mask #2)
The resist covered wafer is now placed in the AB-M Contact Mask Aligner. The Cr/Au etch
mask (mask #2) is aligned to the pyrex etch alignment marks that are visible through the

lifted-off regions of the Cr/Au metal film. Once aligned, the mask is brought into intimate
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contact with the wafer. The resist is exposed with 435 nm UV light for approximately 3-4

seconds.

15. Au Etch

The etch time used was 45 seconds. This step is identical to step 6.

16. Cretch

The chrome etch step is 25 seconds. This step is identical to step 7.

17. Spin HPR504 resist for protective covering.
Similar to step 21 of the previous section, this is a protective measure to minimize damage to
the surface during dicing of the wafer. The resist should be spun on the patterned metal side

of the wafer (not the glass etched side). The glass etched side will be protected by blue tape

during dicing.

B.3 Dicing Details

To correct a mistake made on the mask design, 1 mm was cut off from the sides of both the silicon
and the pyrex chips. The mistake was due to the dicing marks and the waveguide features resulting

in a convex comer that was substantially undercut during the KOH etch.

A convex comer was left on the mask where the dicing lines met the v-grooves and substantial
undercut resulted from exposed planes with high etch rates. To correct for this, the undercut section

was simply cut off during dicing.

The chips have to be bonded individually to avoid leaving water and debris in the v-grooves during

dicing.

B.4 Silicon / Pyrex Bonding Details

To bond the silicon and pyrex chips together, it is necessary to attach them to a larger substrate so
they can be aligned using an AB-M mask aligner. The silicon chip was mounted to a blank silicon
wafer by using a trace amount of water to adhere it. Similarly, the pyrex chip was mounted to a
blank mask substrate (5” square glass plate) with a trace amount of water. The mask blank with the
pyrex chip and the silicon wafer with chip were then loaded into the mask aligner. The pieces were
brought together and aligned using the micropositioners. Once the alignment was good, the mask

was raised and epoxy applied to the corners of the silicon chip. The mask was then lowered and the
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alignment of the chips fine-tuned as the pieces were brought into contact. Once the chips were in

contact the epoxy was cured by exposing it with the UV lamp for 30 seconds.

B.5 PDMS Casting and Bonding

1. Clean a silicon wafer in piranha.
2. Treat silicon surface with HMDS in YES oven.

3. Mix the PDMS with 10 parts polymer, 1 part curing agent, for a total weight of 10 grams.
This should give a PDMS thickness of 2 mm when cast over a wafer in the standard NanoFab

PDMS apparatus.

4. Degas the PDMS for about 30 minutes in the PDMS vacuum/oven (with the oven off) or until

there are no bubbles visible.

5. Place silicon wafer in the NanoFab PDMS jig and our the PDMS over the wafer. The standard

NanoFab jig uses a rubber o-ring to contain the PDMS on top of the silicon wafer.
6. Cure in PDMS oven at 80°C for 2 hours.

7. Peel PDMS away from silicon wafer and immediately apply blue tape to the side of the PDMS
that was in contact with the wafer. This is done to ensure the surface remains clean until it is

ready to be bonded to the chip.

8. Cut PDMS into pieces that just fit inside the dimensions of the chip (leave the blue tape on

during this procedure).

9. Punch fluid access holes with 1.5 mm diameter punch in the locations of the reservoirs (blue
tape is still on). A plastic transparency can be used as a means of marking the locations of the

holes.

10. Peel off tape and apply to the clean pyrex surface of the chip.
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Figure B.2: Pyrex fabrication process
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Appendix C

Geometry of Silicon V-Grooves

Side View

1/
End View )
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19.4° silicon

(a) end view of v-groove

(b) side view of v-groove with end-facet

Figure C.1: Silicon v-groove and end-facet geometry

w
d= E (C.1)

Given a width of an anisotropically etched silicon v-groove, Eq. C.1 is useful for calculating the
depth.

= V2l +V3) ©
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Eq. C.2 calculates the maximum radius that will fit inside the v-groove. This is useful for determin-

ing if an optical fibre will couple efficiently into the hollow waveguide. See Fig C.1 (a).

w
o = 6 (C.3)
w 0
sin(19.4°
I3 = tglass ( - 2) (C.5)
\/n?]lass — sin®(19.4°)
B = arcsin ( sin(19.4°)>
Nglass

Eq. C.3 and C.4 assume that the power in the waveguide is uniformly distributed. A ray at the

centroid of the waveguide will be a distance of d/3 down from top of the waveguide. See Fig. C.1

for clarification.
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Appendix D

Mask Set Description

The current device fabrication process uses three masks. The complete mask set is shown in Fig.
D.1. The light blue are glass etch features, the turquoise features are KOH etch and the yellow
marks are what is to be left after the metal etch (Cr/Au). There are 4 separate chip designs on the
mask, with 2 chips of each type.

There are two different alignment markings on the mask set. The KOH pre-etch marks are meant for
aligning the KOH etch mask to the crystal plane of the silicon wafer. This is done after observing
these pre-etch features under a microscope after a pre-etch step. The wafer and chip alignment
marks are of the same type, but they serve different purposes. The wafer alignment marks are for
aligning watfer to wafer steps (ie. glass etch to Cr/Au etch, step 14 from Appendix B.2). The chip

alignment markings are needed during the bonding step.
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Appendix E

KOH Dilution Procedure

In general, KOH dilution is done by determining the volume of water to add so that the specific
gravity of the final solution reaches a desired value. The final volume of the solution is not additive.
Since KOH disassociates in water, you can not add the volume of the initial KOH to the volume of

the water added to determine the solution final volume.

The specific gravity of KOH varies with %(w/w) as follows

KOH specific Gravity
1 .7 T T T T T T T | I
: : ﬁ : - | — specific gravity
o initial concentration
16k o desired congentration_ ]
1.5+ d
2
E 1_4 RN -
(O]
KS}
8
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KOH concentration %(w/w)
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The formula used to calculate the volume of water added to achieve a particular concentration of

KOH is as follows

— 1000 - & Gdesz'red
1+ (C_Cdmd__)

initial “Cdesired

HyO (El)

where SGgesireq 18 the specific gravity of the desired solution, Cgegireq is the concentration in
%(w/w) of the desired solution and Cj;,;¢;4; is the initial concentration of the KOH in %(w/w). This
was modified from the dilution procedure given in the Caustic Potash Handbook from Occidental

Petroleum Corporation [69].

In this work, a 30% (w/w) KOH solution was desired. The SG jesireq Was 1.2880 for the desired
concentration, Cgegireq Of 30% (w/w) KOH. The original solution available in the University of
Alberta NanoFab had a concentration, Cjp;ei01 Of 45% (w/w). The dilution procedure that was

developed is as follows.

1. Pour 429 mL of water into a 1 L graduated cylinder.

2. Add 45% (w/w) KOH until the solution volume is 1 L.
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