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mance while decreasing cost and size compared to traditional detectors. There is
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circuit dice in a planar epoxy substrate, which allows for the use of standard pho-

tolithographic processes for metallization, as well as the incorporation of planar



microfluidic delivery. We demonstrate combined fluidic and electrical routing over
CMOS-integrated optical sensors in an accurate and reproducible way, as well as
demonstrate an optical transmission experiment in the complete sensor platform.
This scalable technique will enable a broad range of future IC-based biosensors
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Chapter 1: Introduction

THERE have been continuous advances in combining solid-state sensors with mi-
crofluidics to create new ways of analyzing biological and chemical assays. These
methods prove promising, less expensive solutions to typically expensive, slow, or
labor intensive processes, but may not be conducive to modern mass production
techniques. The problem lies in the cost of semiconductor processing, which is
mitigated by the volume of chips produced at any given time. If silicon real estate
is given up to enable microfluidic channels, the cost goes up proportionally. Like-
wise, the material and processing techniques for some sensors conflict with modern
CMOS processing, making it difficult to take signals from sensors that may be in
the nano-amp range and amplify them without significant distortion, when they
are located on a different die. In this thesis, we will review technologies that may
benefit from a reliable means of integrating fluidics with integrated circuits and
what has been previously accomplished integrating ICs with microfluidics, and we
will introduce a new scalable method we have developed for doing the same.
Modern CMOS chips, including sensors made in CMOS technology, put bond-
ing pads at the edge of the chip for connecting to the outside world. Typically, this
connection is done using a wire bonding procedure (Figure 1.1). A micro-wire is
connected vertically to the pad, then to an external pin or other connector. This

is a fragile connection, and commonly some form of glue or adhesive is placed to



Figure 1.1: Wire bonds are a means of connecting an integrated chip to an external
carrier. Wire bonds extrude vertically from the chip and are extremely fragile.

encapsulate the connection, supporting and protecting it. Sensors, located on the
chip surface, and inside of these wire bonds, need physical access to the sample of
interest; in the case of liquid material, this presents an added difficulty in getting
the sample to and away from the sensor, as microfluidics are typically planar. As
silicon processes become more efficient, the cost of creating these CMOS circuits
and sensors has gone down, making their use more common and more cost effec-
tive. We are finding more, better, and cheaper ways of measuring, controlling and
diagnosing disease every year using CMOS sensors, and fluidic integration is now
the primary driver of the cost and size of the chip and system. A compromise must

be made to effectively use these sensors, with two primary options:

1. We can increase the size of the sensor substrate, giving additional physical
access space to route a fluidic sample down to the sensor and out again.
If we do this, it means that a single silicon wafer, typically 5 to 12 inches

in diameter, will be able to hold fewer chips on its surface. Therefore, to



create the same volume of chips will take a greater quantity of wafers, longer

processing time, more energy, and much greater cost.

. If we desire to keep the die as small, and therefore as inexpensive, as possible,
we must find an alternative method of connecting the die to both electrical
and fluidic sources. The primary challenge is developing a means of placing
and connecting dice in a planar fashion, including planar metallization and
fluidics. In this manner, where fluids need to be routed using channels, they
may adhere to the silicon with a water-tight seal where the sample meets the

Sensor.



Chapter 2: Background

There are numerous electrical sensors and electro-mechanical sensors that have
been created with microfabrication technologies that have become useful tools
for research and commercial applications in a number of different fields. Such
technologies include detection of nucleic acid amplification [1] and hybridization
2] in fluids, quantification of protein-based and cell-based assays [3, 4], magneti-
cally enhanced biosensors [5, 6, 7], multiplexed gravimetric and gas sensing [8, 9],
nanopore sensors [10], opto-sensors [11, 12] and increasingly miniaturized electro-
chemical sensor systems [13]. There have also been a number of methods developed
to incorporate a microfluidic delivery system into electrical and electromechanical
sensors [14, 15, 16]. In this work, we focus on a number of biosensors and biomed-
ical applications that require microfluidic delivery. Sometimes these needs can be
met by simply applying a fluidic sample directly onto the sensor through bulk de-
livery [17], or applying a sample to a wicking device such as doing a blood sugar
test [18], where the paper that the blood is applied to has two purposes: 1) it
mixes the blood with an enzyme that creates a signal that is measurable, and 2) it
limits the amount of sample that reaches the sensor. For context, I present a num-
ber of applications that use a fluid sample in conjunction with electrical sensors

implemented in CMOS.



2.1 Previous work in CMOS-integrated fluidic biosensors

The following examples of IC biosensor applications all require fluidic delivery of a
sample of interest. Most use bulk fluid transport transport, and each of these novel

sensors would require microfluidic delivery to be useful in a real-world application.

2.1.1 Microelectromechanical detection of DNA

In an article entitled, “A CMOS Cantilever-Based Label-Free DNA SOC With
Improved Sensitivity for Hepatitis B Virus Detection,” [19] the authors develop
the idea that a microelectromechanical system (MEMS) cantilever can be used
to detect a specific DNA sequence, in this case the hepatitis B virus. Cantilever
fabrication involves creating a layered substrate of polysilicon and metal layers
with silicon dioxide (SiO3) on a silicon substrate [20]. A passivation layer is used
to define the structure of the cantilever, and the SiOs is removed. A layer of gold
is applied to the top surface of the structure due to its biocompatibility with DNA
probe molecules that are used to detect the virus. Finally, some of the silicon is
removed from under the entire structure to release the cantilever. This creates
a “diving-board” shaped sensor that includes a piezo-resistor, or a resistor that
changes its resistivity based on how much it bends, as seen in Figure 2.1.

As complimentary DNA attaches to the probe DNA the sensor bends, causing
a resistance change. This resistance change is converted to frequency using an RC
oscillator, and then to a digital number through a series of CMOS-based amplifiers

and logic. The DNA solution being tested needs to be exposed directly to the
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Figure 2.1: Cross-sectional view of micro-cantilever based piezo-resistor for the
detection of DNA [19].

cantilever sensor, which requires a fluidic solution containing the sample to be

delivered over the sensor without applying undue pressure directly to the sensor.

2.1.2 Ton-sensitive field-effect transistor

In “An integrated semiconductor device enabling non-optical genome sequencing,”
[17] the authors developed a method to use transistors to determine the sequence
of DNA bases in an unknown sample. A sample of DNA is fragmented (Figure
2.2b), and each fragment attached to a magnetic bead (Figure 2.2c), amplified,
and placed inside a well created in the CMOS structure. At the base of this well
is an ion-sensitive field-effect-transistor (ISFET), which is used as a pH sensor
for this process. With all of the elements in place, the sensor, magnetic bead,
and DNA are exposed to a deoxyribonucleotide (ANTP). There are four dNTPs
found in DNA, they are commonly referred to a A, T, G and C and are base
pair units, A pairing with T, C pairing with G. When the correct nucleotide is

exposed to the DNA on the beads, it attaches to the chain as seen in Figure 2.2d
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Figure 2.2: ISFET genome sequencing overview [17]: a) Overview of ion sequencing
work flow. b) DNA is fragmented to appropriate size and forward and reverse
adapters ligated. c¢) Identical DNA segments are attached to micro-beads. d)
The micro-beads are placed onto the chip containing the ISFET wells. In an
automated process the chips/micro-beads are exposed to one of the four dNTPs;
if a complimentary base is found, the dANTP attaches to the DNA, releasing a
hydrogen ion in the process. The hydrogen ion changes the pH of the system
and is detected by the ISFET. The volume of hydrogen ions is measurable and
correlates to the number of matching pairs. The substrate is rinsed and the next
nucleotide is applied cyclically.

and releases a hydrogen ion in the process. A hydrogen ion in aqueous medium
creates a change in pH of the system, which in turn creates a change in charge on
the metal-oxide sensing layer above the ISFET. When enough of these reactions
happen at the same time, a measurable difference can be recorded, and the next

nucleotide of DNA can be determined. The chips were manufactured in packages

with a disposable polycarbonate flow cell, which isolates the fluids to regions above



the sensors (Figure 2.3). While commercially successful, this cartridge still enables

Figure 2.3: A polycarbonate cover to protect the wire-bonds and other electronic
parts from the liquid that needs to get to the ISFET sensors in the center of the
die. [17]

only bulk delivery of the fluidic reagent to a large array of sensors.

2.1.3 Microfluidic impedance cytometer

In “Resonance-enhanced microfluidic impedance cytometer for detection of single
bacteria,” [21, 22| the researchers expound on the idea that most biological assays
are only able to analyze bulk samples, meaning that they can only detect some-
thing if it is in large enough concentration. Increasingly, there is the desire and

need to develop techniques that provide single-cell resolution. The researchers have



developed a process that combines a microfluidic cytometer with impedance spec-
troscopy, and they are able to do this with label-free samples. The system consists
of a front-end PCB that contains the microfluidic system, dielectrophoretic focus-

ing electrodes, and measurement electrodes, as seen in Figure 2.4C. The back-end
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Figure 2.4: Schematic of the complete microfluidic cytometer [21]: A) A schematic
of the microfluidic system. B) Schematic of the top view of the focusing region.
The focusing electrodes are connected to the signal generator, These electrodes
electrically (not mechanically) align the the cells to be measured in the measure-
ment region. C) The lock-in amplifier drives the series resonance circuit, formed
by the discrete inductor and the impedance between the measurement electrodes,
with an alternating current (AC) signal at a frequency close to resonance. The
resonance frequency shifts when cells or particles pass through the measurement
area due to a change in the channel impedance.

comprises a lock-in amplifier and recording circuit. The focusing electrodes are lo-
cated above and below the microfluidic channels, which is difficult to fabricate with

scalable microfluidic techniques. The measurement electrodes intersect a narrow
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(25 pm) fluidic channel.
While successful for a single channel, adapting this technique to multiple chan-
nels requires a more robust method for interfacing sensors and CMOS electronics

with microfluidic delivery.

2.2 Previous methods for fluidic delivery to CMOS-integrated biosen-

SOTI'S

The integration of fluid samples with CMOS is manageable in a laboratory setting
through heterogeneous approaches [23], but an elegant, reliable fluid-IC interface
solution continues to elude the lab-on-CMOS community. A common approach is
to use bulk fluid delivery [2, 5, 10], which is robust but limits the ability to deliver
nanoliter fluid volumes, or to route fluids to individual sensors in an array. In
contrast, for microfluidic delivery, a primary challenge is the need to mesh planar
microfluidic channels on a chip surface that, due to wire bonds, is not planar.
Additionally, the integration of soft PDMS fluidics with rigid silicon substrates is
a challenge for making reliable fluid seals, due to the small (mm?) chip-side contact
area, as well as the non-planar top-level topography of an IC.

Here we will discuss several of the approaches have been demonstrated for

interfacing micron-scale fluid channels with chip surfaces.
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2.2.1 Fluidic integration using a physical spacer

In “A Hybrid CMOS-microfluidic contact imaging microsystem,” [24] the authors
demonstrate an alternative to a planar approach to microfluidic CMOS integration.
In this paper, the authors demonstrate contact imaging of a microfluidic sample
volume, which requires fluidic channels located directly on top of optical sensors.

The authors developed a multi-layered approach as shown in Figure 2.5. The fluids

BOTTOM LAYER

INLETs ORIFICES

T I X
MIXING NETWORK OUTLET
(a)

800ym

(b)

Figure 2.5: To avoid the wire-bonds and other electrical components a multilayered
fluidic network is used [24]. a) The top layer contains the inlets, outlet, a mixing
network, and orifices that connect to the lower layer. b) Two examples of lower
layer networks, the whole of which is smaller than the silicon die.

are introduced, mixed, and travel to a point close to the imaging sensors, then travel
down to a layer in contact with the sensor, then back up and away from the CMOS

surface. This method of microfluidic integration makes it possible to interact with
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the sensors while avoiding obstacles such as non-planar wire bonds. This method
is successful, but as chips and sensors continue to shrink the microfluidic channels
can not scale at the same rate.

Using this technique, the authors demonstrate chemiluminescence detection
through the channel. As the material that was used to create the microfluidic
channels is transparent, the chemiluminescence reaction was detected by sensors
that were not directly in the path of the microuidic channel. A limitation of this
approach is that the sensor chip must be large enough for the microfluidic channel,

plus the orifices (for transporting between layers), to fit within wire bonds.

2.2.2  Fluidic delivery using flip-chip bonding

In “Seamless integration of CMOS and microfluidics using flip chip bonding,” [25]
the authors demonstrated a method for connecting a bare silicon die directly to a
flexible polyamide PCB, as shown in Figure 2.6. This method consists of creating
a copper contact on a flexible PCB, followed by application of a layer of SU-8 on
the PCB, leaving open areas only around the copper pads. This creates a small
well around each pad that can be filled with a solder paste. Then an IC chip is
soldered to the underside of the flexible PCB, which has an opening cut out where
the sensor lines up. The microfluidic layer is then attached to the top side of the
PCB without any interference from the traces, which are being routed out on the
PCB, as seen in Figure 2.6.

This work demonstrates a way to expand the adhesion area of the microfluidics
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Figure 2.6: Electrical connections to a CMOS chip on a flexible PCB [25]: A)
A Flexible PCB with unpatterned bare copper. B) Using S1813 positive resist
pattern the copper. C) Etching copper to leave traces and bonding sites on the
board. D) Patterning SU-8 to form the openings over the copper pads. E) Cavities
above copper bonding areas are filled with a solder paste and an opening is cut in
the polyimide to allow access to the sensing region of the chip. F) Finally a CMOS
chip is flip-chip bonded while in contact with the SU-8 layer to simultaneously
create electrical connections and insulate them from fluids.

without effecting the primary die area. In addition, soldering the silicon chip
directly to a flexible PCB may be a very scalable approach. The contact pads on
the die are 100 um by 100 pm, which is possible to manufacture and purchase
through commercial PCB vendors. This work demonstrates that SU-8 can be used

both to guide solder ball formation, and for planarizing the surface, which reduces
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the possibility of leakage and provides an electrical insulation between the pads.

This method still provides only bulk fluid delivery to the IC surface.

2.2.3 Flexible PDMS substrate for electrical and fluidic contact

In “Flexible packaging of solid-state integrated circuits chips with elastomeric mi-
crofluidics,” [26] the authors chose to use only flexible materials for fabrication.
To accomplish this, they created a microfluidic layer for both the fluidic sample
and the fluidic interconnects, as shown in Figure 2.7. The CMOS chip was aligned
and adhered directly to a thick PDMS substrate. Embedded within the substrate
were tubes or tunnels, in which not only the sample could flow but also a liquid
metal, which is used for the electrical connections. The liquid metal, Galinstan, is
a combination of gallium, indium, and tin, which is liquid at room temperature,
non-toxic, and non-evaporative. Having this interconnect in fluidic channels allows
them to bend and stretch while being used. This method could allow a sensor to
be applied as a band-aid or other conformable shape.

The results showed that a primary limitation of this design is that the inlet
for each input/output (I/O) is about 750 pum and needs to be separated by about
1 mm. The Galinstan itself is more conductive than mercury and has been used
for antenna creation and RF circuits. Increased strain on the fluidic channels does
not affect the IpS characteristics of a transistor embedded in the substrate, and
with multiple photolithographic steps, multiple layers of fluidic channels can be

created. This work demonstrates a method for combining rigid chips with non-
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Figure 2.7: Flexible PDMS substrate for electrical and fluidic contact [26]: a)
Image of the packaged CMOS /microfluidic integrated system with a dime for size
comparison. b) Image showing the microfluidic channels (for traces and sample)
are aligned with CMOS pads and sensors. c¢) Image showing the interconnect
channels are filled with liquid metal and the microfluidic sample delivery channel
filled with red food dye. d) Image of an interconnect channel aligned with a CMOS
contact pad before (left) and after (right) liquid metal is injected. e) Image of the
microfluidic channel accurately aligned with the sensor area.

rigid microfluidics, though it may be limited in utility for scalable manufacturing.

2.2.4 Fluid delivery and manipulation using electrowetting

In “An integrated CMOS quantitative-polymerasechain-reaction lab-on-chip for
point-of-care diagnostics,” [27] the authors created a surface that could take a
small fluidic sample (1.2 nanoliter) and move it across and through a gridded area

on a CMOS chip, as seen in Figure 2.7. While previous studies have demonstrated
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Figure 2.8: Droplets of the test sequence and PCR reagents are delivered to one
of four reservoirs on the chip. The entire surface is heated with three heaters at
columns 1 4, and 7. Measurements can be made from the photodiode located at

(3,7) [27].

electrowetting, this work also included sensors on the array that could be used for
sensing. Specifically, they included heaters to warm the sample, and photodiode
sensors to detect phosphorescent tags within the sample. The authors describe
an issue with evaporation of the sample when there was no cover slip, but as a
proof of concept it was successful. This work demonstrates an alternate way to
use CMOS and sensors in a microfluidic environment, without a confined channel,

but does not provide true defined-channel sample delivery.

2.2.5 Planar integration in an epoxy carrier

In “Packaging commercial CMOS chips for lab on a chip integration,” [3] the

authors embed a sensor chip in the center of a epoxy disk, as shown in Figure
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2.8a. They then pattern gold traces from the contact pads on the chip to outer

Figure 2.9: CMOS chip encapsulated in epoxy [3]: a) The die is connected to
external pads in an Epoxy Molded Chip Carrier. b) close up view of the die and
the connections along the chip-substrate interface.

probe pads on the epoxy disk. This method demonstrates metallization (Cr/Au)
process from IC to carrier, even on a not completely planar surface, as well as the
subsequent addition of microfluidic channels on top of the carrier. This approach
requires only two additional masks for the electrical connections, and the authors

show that the PDMS had a sufficiently smooth area to adhere to and create sealed
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channels. This method also introduces molding the IC into an epoxy carrier;
similar methods have been used using a silicon carrier [28, 29]. While promising as
a general approach, this method is done chip-by-chip, and the pour-over process
leaves large gaps at the IC edge. A more repeatable epoxy encapsulation method

is needed for scalable and robust integration.
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Chapter 3: Wafer-level integration approach

“..., there is a great need to integrate microfluidics with microelec-
tronics for further signal processing, and an urgent necessity to co-join
microfluidics and micromechanics to develop advanced physically based
functionalities.” [30]

The primary challenge combining integrated circuits with microfluidics is the
non-planar surface created by wirebonding. To address this challenge, we have
chosen a process that planarizes the entire substrate using a fan-out-wafer-level-
packaging (FOWLP) [31, 32] process, while promoting access to sensors on the IC
surface. FOWLP is a mature technology commonly used in ball-grid-array (BGA)
IC packaging. FOWLP takes individual dice and embeds them in a low cost mate-
rial such as epoxy mold compound (EMC) under compression, with space allocated
for additional 1/O connection points. This avoids the use of expensive silicon space
to accommodate a high I/O count. Redistribution layers (RDL) are formed using
physical vapor deposition (PVD) and subsequent electroplating/patterning to re-
route I/O connections on the die to the mold compound regions in the periphery.
We have adapted this method not to accommodate additional I/O, but rather to
provide additional space for applying a microfluidic layer that is co-planar with
the silicon/EMC substrate. The complete process flow uses common tools and
methods used for silicon IC production. The basic process flow is similar to that

which would be found in any foundry:
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1. Clean the substrate, using wet and dry methods.

2. Use photolithography to apply patterned layers of photoresist and insulation

or passivation on the wafer.
3. Deposit metal on the surface to define metal traces.
4. Use wet processing/etch to remove unwanted materials.

The following section summarizes the process flow by first reviewing the layers

that comprise the final device, followed by greater detail on each process step.

3.1 Layer process flow for FOWLP and metalization

The material layer stack-up for integrating metal electrodes and fluidic channels
on top of FOWLP-embedded integrated circuit chips is shown in Figure 3.1a. The
primary layers and fabrication steps are summarized in this section, and optimiza-
tion of selected process steps is described in additional detail in Section 3.2. A
primary goal of this developed process flow is to create access to portions of the
chip that require either electrical or physical access, while protecting and passivat-
ing those areas of the chip that do not need to be accessed. In addition, we must
also minimize the interface height between layers, as subsequent metallization and

fluidic layers need to contact across these interfaces.
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Figure 3.1: (a) Molded epoxy disk with embedded CMOS chip. (b) A 2 um layer of
SU-8 is applied as passivation and to smooth the epoxy and epoxy/chip interface.
SU-8 is patterned to give access to pads on chip. (¢) LOR is applied to help with
lift-off. SH1818 is patterned to create traces that connect to the chip. (d) Metal is
applied to the substrate through a sputter process; approximately 20 nm of chrome
followed by approximately 200 nm of aluminum. (e) After lift-off, all LOR and
SH1818, and any metal on top of the SH1818, is removed, leaving only the desired
traces. Microfluidics are created in one of two methods: fla) A laser cut adhesive
is attached to a cover slip and adhered directly onto the prepared chip-substrate,
or f2a), a 50 pm layer of SU-8 is patterned on the substrate and 2b) an adhesive
layer and cover slip are placed directly on the SU-8.

3.1.1 Surface cleaning

In preparation for the application of different materials to the EMC and chip
surfaces, we use an oxygen plasma treatment to clean the substrate. This has shown
to help in the adhesion of the various materials to the epoxy disk, including both

photoresist and metals. As the substrates are molded by an external collaborator,
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we receive the prepared substrates and must remove any residual adhesive or other

chemicals that remain on it after the compression molding process.

3.1.2 Patterned substrate passivation

The first layer in the process stack (Figure 3.1b) is the passivation layer, which
is used to protect portions of the embedded chip from both environment and
subsequent layers of the process-stack. The other benefit of the passivation layer is
that it normalizes the surface height and smooths the interface between chip and
substrate. We use SU-8 2002 (Microchem) for this layer, which provides about
2 pum of passivation when spun at 3000-4000 RPM. SU-8 is a permanent, inert,
photo-patternable epoxy. When fully cured, it adheres well to both the chip and
the epoxy substrate, smooths the surface of the epoxy, and minimizes the interface
ridge or gap between the chip and the epoxy disk. SU-8 is also transparent to
visible wavelengths and therefore does not affect light transmission to underlying
photodiode sensors, and thus we are able to apply a fluidic layer directly on top
of passivated diodes. We use a custom chrome-on-glass photolithography mask
to pattern the SU-8, leaving openings in the passivation layer to access top-metal
bond pads on the chip. An example of such passivation openings (or ‘windows’)
is shown in Figure 3.2. We perform a second oxygen plasma ashing step after

patterning, and we permanently cure the SU-8 at 165° C for 30 minutes.



23

SU-8 passivation

Passivation Opening ©

Figure 3.2: SU-8, a clear patternable epoxy, covers the entire surface of the chip
with the exception of openings used to access bond pads on the chip.

3.1.3 Primary photolithography for metallization

After curing the passivation layer, we use a two-step photoresist process to create
the pattern (Figure 3.1c) that defines the metallization pattern. We apply a lift-
off-resist (LOR 30B, Microchem). This LOR assists in the metallization stage,
where it allows the metal traces to have a smoother interface on their edges and
aids the removal of excess metal during lift-off. This is especially important for
thick metals. The LOR is spun on and soft-baked at 165° C for 10 minutes. After
soft-baking the LOR, we spin on SH1818 photoresist (Microchem), and expose the
photoresist through a custom mask that defines the electrical connections to the
chip and, if necessary, between chips. A final oxygen plasma ash is performed to

help prepare the surfaces for metallization.
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3.1.4 Deposition and lift-off of metallic interconnects

After substrate patterning, metal traces are applied using either a sputtering de-
position process or thermal evaporation (Figure 3.1d). Each of these provides
advantages, whether to deposition rate, adhesion, or conformity. Metal deposition
through evaporation is a fast way to apply thicker amounts of material (hundreds
of nanometers thick). Melted metal evaporates from a single point, creating a

very directional (anisotropic) deposition flux, as seen in Figure 3.3a. This direc-
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Figure 3.3: Metal deposition: a) Metal evaporation is emitted from a single point
forming a monolithic layer of metal. b) In metal sputtering the metal particles
approach the substrate from all directions, giving a more even distribution of metal
on all surfaces.

tionality creates non-conformal deposition, and subsequent lift-off is much cleaner.
Deposition through a sputter process is typically slower than evaporation, but the

metal particles arrive from all directions, as seen in Figure 3.3b. Metal deposited

through sputtering is conformal and creates a more consistent electrical connection
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over ledges.

Aluminum is used as the primary metal for traces to interconnect encapsulated
chips, and to connect to the outside world through redistribution of bond pad
contacts. Unfortunately, aluminum does not adhere well to the SU-8 passivated
substrate. For this reason, we deposit an initial layer of chromium (aproximately 30
nm), which has much better adhesion characteristics to both SU-8 and aluminum.
The chromium is followed by aluminum deposition (approximately 200 nm) which
is chosen for its lower resistance and lower stress in thick films.

Following blanket metal deposition across the substrate, we need to remove
metal from the unwanted places, which is done through a lift-off process. The
entire substrate is submerged in Remover PG (Microchem) heated to 40° C. The
LOR is dissolved away, leaving only the metal that was not on top of the LOR
(Figure 3.1e). This is the final step of the electrical connections. Additional
process steps provide the microfluidic connections but do not affect the electrical

properties.

3.1.5 Addition of fluidic layers to metallized EMC substrate

Once the electrical connections are fabricated, we can add a microfluidic delivery
layer directly above the metallized IC. We have established two approaches for
applying microfluidic channels to the prepared substrate. In the first method, we
laser-cut channels in a double-sided, pressure sensitive, adhesive sheet, and cut

a plastic cover-slip with the necessary inlets and outlets (Figure 3.1fla). Using
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the adhesive sheets, we can create fluidic channels with a height of 170 ym and
width as small as 750 ym. The second method is to pattern microfluidic channels
using SU-8 2025 or SU-8 2050 (Microchem). The SU-8 is again applied using a
spin-on process, and a negative photolithographic mask is used to define the fluidic
channels. After development, we can create microfluidic channels from 20 - 100
pm wide and approximately 25 - 50 um deep (Figure 3.1f2a). Finally, a cover-slip
of mylar, with openings for inlets and outlets, is adhered over the open channels

(Figure 3.1f2b).

3.2 Fabrication process details

Significant process development iteration was required to develop optimized pro-
cesses that were robust and reproducible. The following sections will detail results
of experimentation on how to optimize passivation, metallization, and application

of microfluidics on the co-planar IC encapsulated disks.

3.2.1 Co-planar CMOS IC encapsulation in EMC wafers

Starting with known good die from a conventional IC fabrication process (Figure
3.4a), ICs are placed face down onto a thermal release tape within a carrier (Figure
3.4b). The carrier is then filled with granuals of the epoxy compound, sifted
through a gridded plate to form an even distribution on the carrier. The prepared

carrier is compression molded at temperatures of less than 200° C, forming a
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Figure 3.4: An overview of the co-planar CMOS encapsulation process is illus-
trated: (a) Two example IC wafers fabricated in different processes and different
target designs; (b) a carrier substrate prepared with a thermal release tape allows
temporarily bonding heterogeneous silicon dice ; (c¢) epoxy overmolding using a
compression tool; (d) molded wafer de-bond from thermal-release tape; and, (e)
reconstituted heterogeneous wafers with varying silicon density. Image provided
by Chien-Hua Chen and Michael Cumbie

fused semi-conductor-grade epoxy mold compound (EMC), with a thickness of
approximately 1 mm (Figure 3.4c). The EMC is then de-bonded from the carrier
at an elevated temperature to activate the thermal release adhesive, followed by
a hard bake to fully cure (Figure 3.4d). The EMC has been engineered to bring
its thermal expansion coefficient closer to that of silicon, to minimize stress and
warpage as the molded wafer returns to room temperature. At this point, the
EMC substrate can be cut with a router or laser-cutting tool to the desired form
factor. For this work, the EMC was cut into 7bmm wafers with an IC centered in

each substrate.
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3.2.2 Passivation layer

The decision to apply a passivation layer was made following failed attempts to
apply aluminum traces directly to an epoxy wafer. We found that adhesion of the
metal to the substrate was difficult, and that when metal was applied the surface of
the epoxy, it was not smooth enough for a 400 nm thick trace to be continuous (for
details see Section 3.2.4.) The interface between the silicon IC and the epoxy was
also found to be of an inconsistent texture. The decision to add a passivation layer
also helped to protect portions of the IC that we did not want exposed (especially
to liquid samples).

We applied a passivation layer of SU-8 2002 (Microchem) over the top of the
chip and epoxy substrate. We found that 2 ym was enough to smooth the non-
conformity of the substrate and remove the interface gap between the chip and
epoxy. Again, the substrate is prepared by a 1-minute oxygen plasma ash before
applying the SU-8 via a spin-on process. We expose the SU-8 with a custom mask
to expose the pads on the chip. Before curing the SU-8 (30 minutes at 165° C),

another oxygen plasma ash is performed in preparation for the next layers.

3.2.3 Patterning lift-off metallization mask

The next layer applied to the passivized substrate is a lift-off-resist (LOR 30B,
Microchem). This was found to be necessary to ensure a clean lift-off and improve
connectivity when a metal trace connects from the top of the passivation layer

down into a connection well (Figure 3.5). On top of the LOR is applied SH1818
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Figure 3.5: Lift-Off-Resist (LOR) process: (a) When SH1818 is developed LOR is
also dissolved away faster than the SH1818 leaving an overhang. (b) When metal
is sputtered on to the surface because the sputtering comes from all directions
metal adheres under the overhang. (c) Image of bare epoxy disk with LOR and
SH1818 patterned on top. The light area on the edge is the SH1818 overhanging
the LOR.

photoresist (PR), which is patterned with a mask to define traces that connect to
the chip. The LOR was found to be necessary, where aluminum’s tensile strength
tended to exceed the strength of its adhesion to the layers beneath it, resulting
in poor lift-off. LOR is a sub-layer placed below standard SH1818 PR. When the
SH1818 PR is developed, the LOR underneath is removed at the same time as
the SH1818 with the same developer. Because the LOR is not photo-sensitive,
even after the SH1818 has completed developing the LOR continues to dissolve,
creating an overhang of SH1818 on top of the LOR (Figure 3.5a). This overhang
has multiple benefits including improved metal adhesion and cleaner lift-off process.

In addition, we found that SH1818 PR and LOR will adhere will directly to
the epoxy substrate as long as an oxygen plasma ash is performed beforehand. It

should also be noted that acetone should never be used at any time to clean the
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surface of the epoxy. Even after thorough rinsing, any photoresist we used, SU-8,
LOR or SH1818 had a tendency to peal up at the edges after development on a

desk exposed to acetone.

3.2.4 Metallization

There were two methods attempted for metallization of the patterned substrate.
The first method used, thermal evaporation, was also used to determine what would
adhere well to the substrate; the second method used was a sputtering process.
The benefit of sputter deposition is that it is an omni-directional application of
metal, although it is a much slower process. Figure 3.6 shows how deposition

profile is different for each of the two different processes.

a) b)

Metal | | ' Metal | | |
SH1818 | | | SH1818 | | |

LOR LOR e
h
Metal Metal

Figure 3.6: Difference between thermal metal evaporation and sputter deposition:
(a) In thermal metal evaporation the metal comes from one direction (directly
above) which can cause discontinuities. (b) Sputtered metal comes in from every
direction, which improves connectivity.
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Early testing of metal adhesion determined that evaporated aluminum would
adhere to the patterned epoxy coupon but would not lift off cleanly. A plasma
clean helped improve adhesion, but lift-off still had a tendency to cause traces to
peel away, as the tensile strength of aluminum overcame the adhesion strength of

aluminum to the epoxy. Figure 3.7 shown some of the early tests after lift-off.

Figure 3.7: Early metal adhesion tests: (left) Metal tended to peel away before we
used lift-off-resist in our photo-lithography process. (right) After using LOR, the
traces were well defined but the topography and surface roughness of the epoxy
caused challenges for connectivity.

To address this issue, we developed a two-step photolithography process using
LOR and SH1818. This solved our metal to epoxy adhesion problem, but the
problem of epoxy surface roughness remained (Figure 3.7b). Adding a passivation
layer then created a more conformal surface, but aluminum alone does adhere well
to SU-8. Thus, our final process for adhering metal to the substrate is to use a dual-
metal sputter process. We start by sputtering a very thin layer of chromium (10
to 20 nm), which adheres to SU-8 much better than aluminum, onto the substrate,

followed by a thicker layer of aluminum (greater than 200 nm.) We use this dual
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metal process, as opposed to just using chromium alone, because chromium has
much greater resistivity than aluminum (Cr = 13 x 10® ohm m?/m, Al = 2.65 x

10® ohm m?/m.)

3.2.5 Integration of planar fluidic delivery

To create a successful biosensor, fluid channels need to be added on top of an
existing IC sensor encapsulated using EMC. We developed two different methods
for applying microfluidic channels over the embedded IC sensors. The first method
was to laser cut a double sided pressure sensitive adhesive (PSA) and acrylic cover
to create the channels [33]. This was faster and easier to produce than the second
method, but the channel sizes were much larger than traditional microfluidics. The
second method uses a more traditional photolithography processes. This allows
for smaller and more precise fluidic channels, but it is more time consuming and
difficult to produce. Size comparison of microfluidic channelsn is shown in Figure

3.8.

3.2.5.1 Laser-cut fluid channels

A method for building laser-cut channels was initially developed by two students at
Oregon State University, Kevin Bishop and Megan Co. A laser-cut, double-sided

adhesive sheet (3M 9474LE) is used to form fluid channel walls. After channel

layout using open-source CAD software, patterns are cut out of the adhesive sheet
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750 pm

Figure 3.8: Size comparison of microfluidic channels: (A) Laser cut channels are
fast and fast to produce, the narrowest channels are 750 pm wide and 170 pm tall.
(B) Microfluidics created in SU-8 have been as small as 20 pum but the adhesive
cover is not optically transparent.

using a consumer, bench-top laser cutter. For standalone fluidic devices, cutouts
are placed on top of an acrylic or glass substrate, which forms the channel floor;
a second acrylic piece is laser-cut with holes at each fluid entrance and exit point
and placed on top of the adhesive sheet. Using this method we have demonstrated
leak-free fluid channels with a minimum 750 gm width; channel height is defined by
the sheet thickness of the pressure-sensitive adhesive (170 pm). Finally, adhesive

tubing adaptors are placed over the access holes to allow fluid injection or removal

via syringe. A complete standalone device is shown in Figure 3.9a-b. This method
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Glaéé-d Acrylic

Figure 3.9: Laser-cut adhesive tapes and acrylic sheets (a) are aligned to form
laminated fluidic devices. (b) By using a bare IC embedded in an EMC wafer
using FOWLP as the bottom substrate, a channel can be rapidly fabricated above
a sensor IC for fluid delivery to the chip (c-d).
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can also be extended to multi-layer devices and 3D fluidic paths using aligned
holes as fluidic vias. Laser-cut fluidic overlays were fabricated to demonstrate
liquid routing to ICs embedded in EMC wafers. A typical device is shown in
Figure 3.9c, where a 1 mm fluid channel is routed across a 3 x 5 mm? CMOS die;
the device includes a Y-channel inlet and a collection reservoir at the output. Dye

solution is injected into the channel to demonstrate leak-free operation (Figure

3.9d).

3.2.5.2 Patterned SU-8 fluid channels

The SU-8 process used to define microfluidic channels requires the same prepara-
tion as any structural SU-8 layer. The substrate is put into a oxygen plasma ash
for 1 minute and dehydrated for at least 10 minutes at 95° C. Different depths of
the channels can be obtained by using different thicknesses of SU-8. SU-8 2025 will
create channels of approximately 25 um deep and SU-8 2050 will be approximately
50 pm. The desired SU-8 is spun on the the prepared substrate and soft baked
to start the hardening process. The prepared coupon is then exposed to UV light
through a custom mask with the desired microfluidic design and put through a
post-exposure bake and then developed and cured.

The greatest benefit of this method is that, like all photo lithography processes,
there is a greater level of accuracy and resolution that can be obtained as to the
width and positioning of the channels with respect to the underlying sensors. It

is possible to place channels as small as the resolution of the SU-8. We have
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developed channels ranging from 100 pm to 20pm in width, in both 50 pm and 25

=M

SU8 2025 SU8 2050 SU8 2025

pum SUS8 (Figure 3.10.)

. 50 pm

100 pm

Figure 3.10: Microfluidic channels were fabricated in channel widths ranging from
20 to 100 pm and heights of 50 or 100 gm depending on the type of SU-8.

The final step is to put a lid on the open SU-8 channels, which is done by
adhering a thin, double-sided pressure sensitive adhesive, which has been laser-cut
with holes for the inlet and outlet, to a clean mylar sheet. Holes are then added
to the mylar where the inlets and outlets are needed. This flexible cover can then
be applied on top of the SU-8 channels, and adhesive tubing adapters are placed

over the access holes.
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Chapter 4: Experiments using FOWLP-integrated ICs and fluidics

The experimental procedure for all of the experiments that follow uses the same
general process: the prepared IC-encapsulated wafer was aligned on an enclosed
probe station and connected to a parameter analyzer (HP4156B) using needle
probes to connect to the metallized pads, discussed in Section 3.2.3. To determine
proper diode function, which was performed before each experiment, we biased the
photodiodes at voltage ranges from -13 to 2 volts, measured in steps of 0.25 mV;
we limited the current through the diodes to +10uA. This test allows us to see

both the forward and reverse breakdown voltages, as seen in Figure 4.1. Once we
1.5E-04
1.0E-04
5.0E-05

0.0E+00

Current (A)

-5.0E-05

-1.0E-04

Applied Diode Bias (V)

Figure 4.1: The photodiodes were found to have the forward and reverse bias
curves at the same voltages as a chip that was not embedded in an epoxy wafer.
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can confirm proper diode function, we adjust the measurement range to from -9
to 0 volts. At this time we also adjust the light source for the type of test we are

performing. The light source differences are as follows:

e Metallization Tests - No light source change made. Microscope light used to

measure current through photodiode at the given voltage ranges.

e Optical Transmission using Dye Solution — The microscope light is used but
the intensity is reduced to the first marker on the light control box. We do
this to prevent saturating the diode in our tests. We also close the probe

station cabinet to minimize extraneous light sources.

e Optical Detection using Quantum Dots —Microscope light is turned off and
UV light source is placed inside of a closed cabinet to illuminate the Q-dots

(description of Q-dots in Section 4.3)

For the optical tests, measurements were performed, followed by a DI water rinse
and an air dry of the channel before the next measurement is taken. Samples are
introduced to the fluidic channels via a syringe pump and small tube. The epoxy
disks and light source are not changed or moved in between measurements. Each

measurement is made in as close to identical environment as possible.

4.1 Metallization validation

The first set of experiments we conducted were to determine if connection could

be made to chips embedded in the substrate to verify continuity, impedance of the
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traces, and the condition of the sensors (or other devices) after the encapsulation
process. For these experiments, we used an array of CMOS-integrated photodiodes
as the device under test. Following over-molding of the bare ICs, these experiments
were intended to verify that the CMOS devices still worked as photodiodes, and

that they could be measured remotely using the deposited electrical re-distribution.

4.1.1 Single-chip metallization

The initial test was with a single chip embedded in the epoxy wafer. We processed
the chips using our stack up procedure, described in Section 3.1, up through the
lift-off step (i.e. we did not put the microfluidics on top). While all of the diodes
are functional, being able to probe multiple diodes provided redundancy. Electrical

contacts were made to multiple diodes on the chip (Figure 4.2a). Using a parameter

Figure 4.2: Fanout of metalized traces on a CMOS chip array of photo diodes. (a)
Image of the bare photodiode array embedded in over-molded epoxy. (b) Traces
were taken from both sides of the chip in a FOWLP process. Improved connectivity
yield was found in traces from larger continuous openings in the passivation layer.

analyzer (HP4156B) we measured various photodiodes (Figure 4.2b). The light of
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the probe station was left on to provide a light source for the diodes. Results from

embedded, metalized CMOS photodiodes can be summarized as follows:

e Larger openings in the passivation layer provide better, more consistent con-
tact over the ledge features. This may be due to insufficient access to fresh
developer in the smaller cavities, which could be solved with a different de-
velopment apparatus. Alternately, it could be caused by over exposure to

the smaller details.

e The traces do not provide a substantial source of impedance in the lengths

available, and can be decreased using thicker and wider traces.

e 2 um of passivation proved to be more effective than the previously used 5
pm. The 2 ym was tall enough to smooth the rough surface of the epoxy and

created smaller ledges where metallization needed to connect to the pads.

e Making the spacing between the traces larger (greater than 50um) makes lift

off easier and cleaner.

In summary, the established process for encapsulation of CMOS ICs, passiva-

tion, patterning, and metallization is successful.

4.1.2  Multiple-chip metalization

After demonstrating a reliable process for single chip metallization, we extend the

process to demonstrate multiple chips interconnected on a single substrate. The
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process for the layer stack was the same, with an initial passivation layer followed
by planar metallization. For this demonstration, the metallization (Figure 4.3a)
crosses the entire chip and connects to bond pads of a second embedded photodiode

IC. We connected to four photo diodes on the two chips, two of the same device
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Figure 4.3: Two chips embedded in epoxy substrate. Four diodes, two from each
chip, are traced out. (a) The metal traces go across the chip on top of the SU-8
passivation, so as not to interfere with any other part of the chip. (b) The traces
start on one chip travel across the second then move away from the chip to probe
points.

from each chip. The first two chips shared a common base connection but the
N-wells and P-wells were traced out to separate pads. An example measured I-V
curve from a connected photodiode is shown in Figure 4.4a. In Figure 4.3b, a pair
of photodiodes is measured that shared common contacts for the base and P-well
connections, and separate contacts for the two N-wells. Thus with three contacts
(rather than six), we could measure the reverse bias on the two separate diodes
(Figure 4.4b). The success of this experiment shows that the placement of the

chips in the compression molded epoxy is within tolerances of our being able to
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Figure 4.4: Bias measurements made to multi-chip photodiode chips (a) Bias mea-
surement made on individually connected photodiode. (b) Reverse bias measure-
ment of diodes with common bases and P-wells.

accurately route to the chips with a single, fixed photo mask.

4.2 Optical Transmission

We conducted a set of optical transmission experiments to demonstrate the fully-

integrated combination of FOWLP-integrated sensor IC, planar RDL metalliza-

tion, and laser-cut microfluidic overlay. The over-molded CMOS substrate contains

an array of photodiode structures, and photo-current is measured under reverse

bias. A microfluidic channel was placed over a row of contacted photodiodes (Fig-

ure 4.5). The photodiodes, located in the floor of the channel, were used to measure

optical transmittance through clear and dyed solutions.
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Sensor chip w/ RDL: Empty fluid channel: Filled fluid channel:

Figure 4.5: Laser-cut microfluidic overlay: (left) Co-planar encapsulated photodi-
ode array IC with FOWLP connections to on-chip pads. (center) Prepared sub-
strate with (empty) laser cut microfluidic channel. (right) Prepared substrate with
die filled microfluidic channel.

4.2.1 Optical transmission through dye solution

To demonstrate the ability to detect light transmission through a dyed liquid,
we start by getting a baseline measurement through an empty channel. We took
five measurements (of each state) to confirm that the results were reproducible.
We then measured the channel filled with DI water and found that results were
essentially the same as the empty channel. Finally, we measured the channel filled

with a dye solution; the averaged results are found in Figure 4.6.

4.2.2  Optical transmission using dye dilution series

To demonstrate broad utility of the hybrid integrated method for bioassay and
lab-on-chip applications, we measured optical transmission across a broad dilu-
tion series. A dye solution was prepared that mimics the absorption spectrum of
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), a common chro-

mogenic substrate used in peroxidase-based immunoassays. A two-fold serial dilu-
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Figure 4.6: Measured IC photodiode current when illuminated through clear and
tinted liquids under high illumination.

tion was performed to produce a sample set with a concentration range of 100%
down to 0.01%; a subset is visible in the inset of Figure 4.7. A reverse bias of ap-
proximately 5.5 V was applied to each photodiode, and photocurrent was recorded
using a parameter analyzer (HP4156B). Each dye sample was injected into the fluid
channel. To minimize cross-contamination, the channel was flushed with deionized
water and air between samples. Deionized water was used to established baseline
transmission, followed by increasingly concentrated dye samples. The experiment
was performed on a probe station using a white light source for illumination, and
absorption of the dye samples was concurrently measured at 405 nm using a plate
reader for reference. Photocurrent measurements from a CMOS-integrated photo-

diode across the full dilution series are shown in Figure 4.7.
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Figure 4.7: Measured IC photocurrent using a serial dilution series to measure
optical transmission across a broad range of opacity for use in chromogenic im-
Munoassays.

4.3 Optical detection using quantum dots

To further assess the potential of this set up to be used for bioassay quantification,
optical experiments were performed using a solution containing quantum dots.
Quantum dots (Q-dots) are nano-sized crystal semiconductor particles which have
composition and size-dependent absorption and emission [34]. The particular dots
we obtained absorb UV light and emit yellow light.

The photodiodes used in our experiments have a low sensitivity to light emitted

in the UV range (300 - 350 nm). We can therefore expose the diodes to a UV source
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and have minimal photocurrent going through the diode. For the optical detection
experiment, we used the same setup as the transmission experiment, with the only
difference being the light source used. A broad-spectrum UV illuminator was used
for excitation in place of a white light source. A Q-dot solution was obtained that
is a 1 gram of Q-dots in 1 ml of water. This was diluted to a 50% and 25% solution.
In the past few years, Q-dots have been used successfully in immunofluorescence
assays, DNA labeling, and cell biology [35].

Initial measurements were taken from the photo-diode without light and with-
out liquid in the channel, to establish a baseline. All further measurements were
taken with the UV light source on. We measured an empty channel and a chan-
nel injected with deionized water for reference. Each concentration of Q-dot was
measured with the channel flushed with deionized water and air in between, to min-
imize cross contamination. A deionized water measurement was taken in between

each sample, and results are shown in Figure 4.8.
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Figure 4.8: Optical detection using quantum dots. An increase of (negative) cur-
rent was detected when 50% Q-dot solution was passed through the fluidic channels

and excited by UV light.
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Chapter 5: Future Work

The work presented in this thesis represents a developed and repeatable processes
for delivering a fluid to an IC-integrated sensor in an efficient and cost-effective
manner. There is a long way to go to develop a true lab-on-a-chip device, but
this work represents a comprehensive and scalable approach to a predominate
integration hurdle. In this section we present a list of proposed future research

based on this work:

1. We have a developed a viable reproducible method of patterning and metal-
izing multiple ICs embedded in compression-molded epoxy. In this process,
we have added one additional routing layer to what was existing on the IC.
It is often impossible to properly connect two (or more) chips together using
a single routing layer. The next logical step is to develop a process to have
multiple layers of patterned metallization on the prepared substrate to create

true electrical networks.

2. In addition to laser-cut microfluidic devices, we have developed a process
using SU-8 to create monolithic microfluidic channels. This process allows
us to pattern small, micron-scale controlled channels. This work can also
be combined with our laser-cut microfluidic channels to create multi-layer

microfluidics.
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3. We have embedded two sensor chips in a single substrate, and we have shown
they can be connected. The next step is to combine a sensor chip with the
necessary amplifiers and logic to collect (and possibly transmit) data directly

from the integrated multi-chip device.

4. All of the microfluidic devices we have completed in SU-8 have been single
channel systems, one path from input to output. Further development needs
to be done with the SU-8 to create multi-path systems, for example two

inputs, one output

5. Performing a more definitive bio-assay using the current processes and tools.
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Chapter 6: Conclusion

In this work, we have presented a highly scalable approach for the co-planar in-
tegration of CMOS integrated circuits using a fan-out-wafer-level-packaging tech-
nique, with integrated microfluidic sample delivery. By using the compression
molded ICs as the basis for this work, we were able to form a near-seamless pla-
nar substrate. Metal interconnects were patterned, connected to multiple chips
on the same substrate, and two methods of fabricating fluidics on this substrate
were demonstrated. The rapid laser-cut fabrication was used for prototyping, and
SU-8 microfluidic channels were developed as a more precise and accurate method
of transporting fluids. We presented results for our development of the FOWLP
process for both single and multi-chip IC. We also presented results for optical
transmission experiments and an optical detection experiment using quantum dots
with CMOS-integrated photodetectors.

This work demonstrates the applicability of the hybrid approach to lab-on-chip
measurement, of chromogenic assay chemistries, and can be extended to include
additional electrical or optical sensors, logic, or communication hardware. The
planar IC-EMC approach enables a broad spectrum of scalable lab-on-chip appli-
cation devices that can be re-configurable, where a library of sensors, controllers,
logic ICs, or transmitters can be arranged and developed on over-molded substrates

with incorporated microfluidic sample delivery.



o1

6.1 List of Contributions.

e New scalable method of integrating microfluidics and integrated circuits.

e Demonstrated measured light transmission and light emission through a flu-

idic channel using FOWLP.

e Published demonstration of co-planar integration of integrated circuits and

microfluidics in IEEE BioCAS 2017 [36].
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