Introduction

1.1 Personalized Biomedical Diagnosis

1.1.1 Personalized Diagnosis

The world’s older population continues to grow at an unprecedented rate. The proportion
of people aged 60 years and over grows faster than any other age group, as shown in
Figure 1.1 [1]. According to the expectation of the World Health Organization [2],
between 2000 and 2050, the world’s population of over 60 years of age will double from
about 11% to 22%, and the absolute number of such people will also increase from 605
million to 2 billion. Among the aging countries, the most dramatic changes are now
taking place in low and middle income countries with limited biomedical infrastruc-
ture, incomplete healthcare systems, and shortage of funds and resources. The current
aging society also comes with special healthcare challenges due to limited hospital
resources, doctors and related facilities. A portable and low-cost biomedical diagnosis
instrument is thereby in high demand to meet the needs of the growing aging popula-
tion in the form of personalized biomedical diagnosis.

Over the past several decades, biomedical diagnostic techniques such as the micro-
scope [3], ultrasound [4-6], flow cytometry [7-9], and genetic sequencing [10-12],
have improved the accurate monitoring of existing diseases, and also the understanding
of the underlying causes of those diseases. However, to obtain highly sensitive measure-
ments, current diagnosis instrument systems are usually bulky and expensive, their
complicated operation requiring professional personnel. As such, they are usually only
available in established hospitals or clinics, and hence are not flexible for multiple
functionality diagnoses for on-site personalized diagnosis. These problems pose
significant challenges for the personalized healthcare of aging populations, especially
in low-income developing countries. As such, portable and affordable biomedical
instruments that can be miniaturized are required to provide a point-of-care (POC)
diagnosis [13—-15].

A POC biomedical instrument is meant to perform the diagnosis at the site of
patient care by a clinician or by the patient without the need for clinical laboratory
facilities. The tests are rapid, portable, non-invasive, and easy-to-use, with timely
testing results, which allow rapid clinical decision-making and also mitigate treat-
ment delay. The development of these POC diagnostic and monitoring instruments

CMOS Integrated Lab-on-a-Chip System for Personalized Biomedical Diagnosis,
First Edition. Hao Yu, Mei Yan, and Xiwei Huang.
© 2018 John Wiley & Sons Singapore Pte. Ltd. Published 2018 by John Wiley & Sons Singapore Pte. Ltd.



2 | CMOS Integrated Lab-on-a-Chip System for Personalized Biomedical Diagnosis

Percentage of the total population aged 60 or over, 2012

Percentage aged 60 or over

O0to9 :

O10to 19 - g -
m20to 24

m25t029

m 30 or over

Percentage of the total population aged 60 or over, 2050

Percentage aged 60 or over
0O0to9
0 10to 19 - N
m 20to 24
| 25to 29
| 30 or over

Figure 1.1 Global aging trends for the percentage of the total population at 60 years of age or over
in 2012 and 2050 [1].

thereby allow individuals, especially these older people, to monitor their own health.
It leads to a paradigm shift from conventional curative medicine, to predictive and
personalized diagnostics [16]. Moreover, because factors such as medication adher-
ence, genetics, age, nutrition, health, and environmental exposure can vary, and also
the extent of biomedical treatment and drug response of each individual, people
are becoming more interested in exploring the biology of the disease and its treat-
ment at his or her own individual level. For example, people can use the information
about his or her own genes, proteins, metabolites, etc. at the molecular level, and the
leverage with the existing environment to prevent, diagnose, and treat the disease at
the individual level. Therefore, such personalized biomedical diagnostics, with the
existing supporting instrument platform, has emerged as a significant need for the
coming aging world.
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1.1.2 Conventional Biomedical Diagnostic Instruments

In the following section, three of the most widely-used traditional biomedical diagnosis
instruments, namely the high-resolution optical microscope, flow cytometer, and DNA
sequencer, are discussed as the starting point for comparison.

1.1.2.1 Optical Microscope

A microscope is an optical instrument that produces a magnified image of the
biomedical object under inspection, compared with what the naked human eye can
observe, using visible light with lenses. The optical microscope was invented more
than 400 years ago by two Dutch spectacle makers, Hans and Zaccharias Janssen,
then improved by Galileo and Antonie van Leeuwenhoek, and is the leading high-
resolution visualization tool and the gold standard for biomedical imaging at the
cellular level [17].

To achieve micrometer or sub-micrometer resolution, almost all microscopes
require precise and expensive optical lenses, as well as a large distance between the
objectlens and eyepiece lens for the light to travel and reshape, as shown in Figure 1.2.
The object to be observed is illuminated by a light source. As light passes through the
object, the objective lens (i.e. the lens closest to the object) produces the correspond-
ing magnified object image in the primary image angle. The eyepiece (i.e. the lens
that people look into) acts as a magnifier that produces an enlarged image by
the objective lens. The overall magnification of the microscope system is the
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Figure 1.2 A typical microscope and its optical path with objective lens and eye piece. To reach
high-resolution imaging capability, bulky, expensive, and sophisticated lenses are required.
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multiplication of both the object and the eyepiece. The principle of magnification is
based on the thin lens approximation as follows:

1 1 1 L, H,
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L, I, F
where L; and L, are the image distance and object distance, F is the focal length of the
objective lens, M is the magnification factor of the objective lens, and H; and H, are the
sizes of object and image respectively. Therefore, a significant space L; is usually required
to produce a large microscopic magnification, which is the main difficulty for the
minimization of the optical microscope.

Compared with the earliest compound microscope, the current design has evolved to
incorporate multiple lenses, filters, polarizers, beam-splitters, sensors, illumination
sources, and a host of other components, aimed at improving resolution and sample
contrast. However, this basic microscope design has undergone very few fundamental
changes over the centuries, so it bulky, expensive, and complicated, hence not suitable
for the desired POC diagnosis.

1.1.2.2 Flow Cytometer

Flow cytometer is another widely-used biomedical instrument for applications in, for
example, blood cell counting and sorting. Based on basic working principles, there are
two types of flow cytometry methods, optical-based and electrochemical-based, as
shown in Figure 1.3. With the help of sheath fluid and fluid dynamics effects, the blood
cells are injected and passed through the measuring tunnel one at a time. For the
optical-based cytometry shown in Figure 1.3(a), each cell along the path interacts with
the laser beam respectively and the light intensity of the scattering is measured by the
forward and orthogonal optical detectors. The measurement results depend on the size
of the cell and its internal complexity, which can be used for cell differentiation and
counting. Whereas, for the electrochemical based cytometry shown in Figure 1.3(b),
pairs of electrodes are placed on both sides of a narrow orifice and a low-frequency
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Figure 1.3 Diagrams of: (a) Optical-based; and (b) Electrochemical-based flow cytometry.
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Figure 1.4 BD FACSCount™ cell cytometer system.

current is applied. When blood cells are driven through, the impedance values are
measured, which vary with the cell size and composition.

As an example, the FACSCount, as shown in Figure 1.4, is one commercial optical-
based flow cytometer system that can provide absolute and percentage counting results
of various types of cells, such as red blood cells (RBCs), leukocytes, and CD4 T-lympho-
cytes. Clinicians rely on this system to diagnose the stage progression of HIV/AIDS,
guide the treatment decision for HIV-infected persons, and evaluate the effectiveness
of Antiretroviral Therapy (ART) [18]. However, it is only available in laboratory settings
due to the limitations of bulky desktop size, prohibitive equipment cost ($27,000),
high maintenance and reagent costs ($5-$20), low throughput (30-50 samples/day),
and the need for an experienced operator, etc. [19]. Thus, it cannot meet the needs of
personalized diagnosis.

1.1.2.3 DNA Sequencer
DNA sequencing, which detects the nucleotide order in DNA strands, enables the
study of metagenomics and genetic disorders for diseases in aging people on an
individual basis. Therefore, it plays an important role in personalized diagnostics.
The first widely-applied DNA sequencing technique was the Sanger sequencing in
the 1970s. This technique employs DNA polymerase to synthesize double-stranded
DNA (dsDNA) from a primed single-stranded DNA (ssDNA) template. Four stand-
ard deoxyribonucleoside triphosphates (ANTPs), adenine (A), cytosine (C), guanine
(@), and thymine (T), are used to extend the DNA, whereas four radioactively
labeled di-dNTP (ddNTP) elements (ddATP, ddGTP, ddCTP, and ddTTP) are used
to cease DNA extension. That is, once a ddNTP is attached to the DNA template,
polymerase synthesis of this strand is invalid and no more dNTPs (or ddN'TPs) can
be added.

During sequencing, four chambers are employed for DNA synthesis. Each cham-
ber is loaded with ssDNA templates, primers, polymerases, all four dNTPs, and one
type of ddNTPs respectively. With sufficient ANTPs and a certain volume of labeled
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ddNTP, DNA extension is randomly stopped, thereby producing a set of dsDNAs of
various lengths. Locations of terminating ddN'TPs in all four chambers can be visual-
ized with electrophoresis gel. Since ddN'TP in each location is complementary to the
nucleotide in the template, the DNA sequence can be obtained after combining all
the dAN'TP types and location information. Sanger’s contribution accelerated the
process of DNA sequencing from roughly 10 base pairs (bp) per year to about 100 bp/
day [20]. Later, the adoption of fluorescent labeling [21] and its associated optical
detection hardware further improved Sanger’s sequencing efficiency. In this tech-
nique, polymerase synthesis can be finished in one chamber by using four types of
fluorescent labels. With the help of an optical detection system, each type of labeled
ddNTP terminator can be identified based on the different color or wavelength they
emit. These improvements have greatly helped the automation of the DNA sequenc-
ing process.

Since 2005, the next-generation sequencing (NGS) techniques substantially advanced
the sequencing methods, targeting high-throughput and low-cost sequencing.
A typical NGS machine is shown in Figure 1.5. Important examples of NGS tech-
nologies include the Solexa/Illumina bridge amplification method, which dominates
this field currently [22], as well as Roche’s pyrosequencing method [23] with bead-
emulsified polymerase chain reaction (PCR) [24]. However, most of these methods
require bulky and expensive optical instruments, which greatly restrict their use at
the patient scale, such that only hospitals and research centers can afford them. In
order to reduce the cost and size, new technologies targeted at personalized sequenc-
ing should be explored.
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Figure 1.5 A typical optical DNA sequencer.
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1.2 CMOS Sensor-based Lab-on-a-Chip for System
Miniaturization

1.2.1 CMOS Sensor-based Lab-on-a-Chip

For bio-instrument miniaturization towards personalized diagnosis, effective solutions
can only be derived from technologies that can resolve the scaling. One proved technology
from the semiconductor industry is based on the complimentary metal-oxide semicon-
ductor (CMOS) process. CMOS technology has been utilized in digital, analog, and
mixed-signal integration circuits (ICs), such as microcontrollers, microprocessors,
cell-phones, amplifiers, data converters, and transceivers, etc. More recently, the CMOS
process has been developed in optical sensing, charge detection, temperature measure-
ment, and electrochemical sensing applications, which can be realized by integrating
readout circuits with on-chip sensing devices, such as photodiodes, ion-selected field
effect transistors (ISFET), and microelectrodes. The main advantages of CMOS are the
scalability in integration but also the variability in sensing. Large numbers or multiple
functions of sensing devices (also called multi-modal sensors) can be integrated on one
chip, so as to create mass-produced, low-cost, diversified, and miniaturized biomedical
sensors for personalized diagnosis.

In most applications, biomedical samples are prepared and detected in an aqueous
environment, which means that sensors usually need to be physically interfaced with
fluidic samples, so as to realize a portable size. Thus, the emerging Lab-on-a-Chip
(LOC) technique can combine a microfluidic system with the CMOS sensor. A micro-
fluidic structure directs fluid samples towards the sensing sites, which are then detected
by the underlying CMOS sensing devices. These devices, on the one hand, may act as
voltage or current sources for actuating purpose. On the other hand, they may convert
interesting biological information into an electric signal for sensing purposes.

As is implied by the name, Lab-on-a-Chip means a minimized chip-scale (a few square
centimeters in size) device that has the ability to perform one or several laboratory
functions [25-29]. Since LOCs need to deal with chemical or small biological objects,
analyses in extremely small fluid volumes (microliters or even picoliters), it greatly relies
on microfluidics for sample preparation, delivery, and on-chip processing. The recent
advancement of LOC technology has provided a promising solution to integrate micro-
fluidics [14], micro-electro-mechanical systems (MEMS), and CMOS multimodal
sensors [30—33] on one platform, which allows a miniaturized biomedical sensing sys-
tem without bulky mechanical components. For such a CMOS sensor-based LOC
method, the reduced sample volume, portability, low cost, and the possibility to inte-
grate multiple analytical devices, are key advantages over the traditional laboratory-
scale instruments.

A diagram of the CMOS sensor-based LOC is shown in Figure 1.6. The sensor chip is
fabricated through the standard CMOS process for the scaling benefit of low cost and
mass production. It usually consists of a large amount (millions) of sensing nodes, or
CMOS sensing pixels, to improve the sensing throughput. Thus, it can detect a great
number of biological reactions simultaneously. In order to increase sensor density, the
pixel design not only needs to consider the performance optimization, but also the scal-
ing capability of continuously shrinking the pixel size. The CMOS sensor array can be
further equipped with a fluidic package to carry and separate biomedical samples, so
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Figure 1.6 CMOS-based LOC integration for biomedical instrument miniaturization.

that a large volume of samples can be detected in parallel by their respective underlying
pixels. After the sensor chip is fabricated, post processed, and packaged, it can be
integrated with the microfluidic channel with fluidic packages to realize a completed
LOC integration. Thus, such CMOS sensor-based LOC microsystems can create
tremendous opportunities for future personalized diagnosis applications.

Building such CMOS-based LOC platforms can bring great potential and opportuni-
ties. It enables the development of multimodal CMOS sensors. The multimodal sensing
types can vary from electrochemical, electric impedance, terahertz, and optical, etc.,
which will be mainly addressed in this book. Note that CMOS-based LOC platform can
further integrate the data analytics part as well.

1.2.2 CMOS Sensor

1.2.2.1 CMOS Process Fundamentals

CMOS circuit design wasinvented in 1963 by Frank Wanlass at Fairchild Semiconductors.
In 1968, a group led by Albert Medwin at RCA invented the first commercial CMOS
integrated circuits that consist of 4000 series of CMOS logic gates. During the 1970s,
CMOS technology was used in computing processor development, which led to the
explosive growth of personal computers. It is estimated that the CMOS transistor is the
most manufactured device in the history of mankind. Now, more than 95% of integrated
circuits are fabricated in CMOS. One important reason behind this dominance is that
CMOS is scalable for system integration.
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Figure 1.7 Cross-section view (left) and symbol (right) of CMOS technology components: NMOS
and PMOS.

A metal oxide semiconductor (MOS) technology can be classified as PMOS (P-type
MOS), NMOS (N-type MOS), and CMOS (Complementary MOS). The basic physical
structure of MOS devices consists of a semiconductor, oxide, and a metal gate.
Nowadays, polysilicon is more widely used as the gate (G). Voltage applied to the gate
controls the current between source (S) and drain (D). Since very low power is con-
sumed, MOS allows very high integration.

Figure 1.7 shows the components of a modern CMOS technology. Basically, it includes
NMOS and PMOS transistors on the same substrate. For NMOS, the first letter “N”
indicates the kind of carrier that carries the current flow between source and drain
when the threshold voltage is reached. Thus, NMOS stands for transistors where nega-
tively charged electrons are the current carriers between source and drain. PMOS
stands for transistors where positively charged holes are the current carriers. The
CMOS circuit uses both NMOS and PMOS transistors for pulling down to ground and
up to power supply. The transistors are arranged in a structure formed by two comple-
mentary networks, Pull Up Network (PUN) and Pull Down Network (PDN). PUN is a
network composed of PMOS transistors between output and power source, whereas
PDN is an NMOS-type network between output and ground. Typically, in the CMOS
circuit, only one of PUN and PDN is switched on and the other one is switched off with
the corresponding gate capacitor to hold the charge information. This physical basic
can be utilized in sensing.

CMOS technology requires fabrication of two different transistors — NMOS and
PMOS on a single chip substrate. Actually, NMOS and PMOS need substrates with
different kinds of doping in one integrated circuit. A silicon wafer always has one dop-
ing type and doping level. Hence, to accommodate both NMOS and PMOS transistors,
CMOS technology requires creation of special regions, called wells, by impurity implan-
tation in the substrate. The semiconductor type in these regions is opposite to the base
substrate type. A p-well is created in an n-type substrate or, alternatively, an n-well is
created in a p-type substrate. Thus, if the base substrate is p-type, the NMOS transistor
is created in the p-type substrate, while the PMOS transistor is created in the n-well
built into the p-type base substrate.

Historically, fabrication started with p-well technology, but now has completely
shifted to n-well technology. This is due to the lower sheet resistance of the n-well
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compared with the p-well, as electrons are more mobile than holes. The simplified n-well
process to fabricate CMOS integrated circuits on a p-type silicon substrate works as
follows. First, n-well regions are created for PMOS transistors by impurity implantation
into the substrate. Next, a thick oxide (Shallow Trench Isolation, STI) surrounding the
NMOS and PMOS active regions is grown to isolate each transistor. A thin gate
oxide layer is then grown on the surface through thermal oxidation. After this process,
n+ and p+ regions (source, drain, and channel-stop implants) are created. Finally, the
metallization step creates metal interconnections in this process.

As each processing step requires that certain areas are defined on the chip by appro-
priate masks, the CMOS integrated circuit can be viewed as a set of patterned layers of
doped silicon, polysilicon, metal, and insulating silicon dioxide. A layer is patterned
before the next layer of material is applied on the chip. The lithography process is used
to transfer a pattern onto a layer, which should be repeated for every layer using a dif-
ferent mask, since each layer has its own distinct requirements.

The main processing steps to fabricate an n-channel MOS transistor on a p-type
silicon substrate are as follows. First, the oxidation of the silicon substrate
(Figure 1.8(a)) is performed, which creates a relatively thick silicon dioxide layer on
the surface, that is, the field oxide (Figure 1.8(b)). The field oxide is then selectively
etched to expose the silicon surface on which the transistor will be created
(Figure 1.8(c)). Then the surface is covered with a thin, high-quality oxide layer to
form the gate oxide of the MOS transistor (Figure 1.8(d)). A polysilicon layer is then
deposited onto the thin oxide (Figure 1.8(e)), which is used as both a gate material for
MOS transistors as well as an interconnect medium in silicon. The resistivity of poly-
silicon, which is usually high, is reduced by doping it with impure atoms. Next, the
polysilicon layer is patterned and etched to form the MOS transistor gate
(Figure 1.8(f)). The thin gate oxide not masked by the polysilicon is also etched away,
exposing the bare silicon surface. The drain and source junctions are to be formed,
as in Figure 1.8(g).

Diffusion or ion implantation is used to dope the entire silicon surface with a high
concentration of impurities (in this case donor atoms to produce n-type doping).
Figure 1.8(h) shows two n-type regions (source and drain junctions) in the p-type sub-
strate as doping penetrates the exposed areas of the silicon surface. The penetration of
impurity doping into the polysilicon reduces its resistivity. After this stage, the entire
surface is again covered with an insulating layer of silicon dioxide after the source and
drain regions are completed (Figure 1.8(i)). Then contact windows for the source and
drain are patterned into the oxide layer (Figure 1.8(j)). Interconnections are formed by
evaporating the metal layer (aluminum/copper) onto the surface (Figure 1.8(k)), which
is followed by patterning and etching of the metal layer (Figure 1.8(1)). A second or third
layer of metallic interconnections can also be added after adding another oxide layer, by
cutting (via) holes, depositing, and patterning the metal.

1.2.2.2 CMOS Sensor Technology

The development of CMOS technology offers the advantage of cost-effective CMOS
integrated sensors, and the CMOS process can be applied to realize various CMOS
sensors integrated for personalized diagnosis systems. Over the past few decades, many
CMOS-based sensors have been developed for analyzing biological or chemical samples.
Unlike conventional biomedical diagnostic instruments, new CMOS-compatible
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Figure 1.8 Process flow for the fabrication of an n-type MOSFET on p-type silicon.

biochemical sensing methods should be developed, especially for the conversion of
biochemical information to circuit understandable languages, such as impedance,
voltage, and current. For the CMOS process, the major materials involved are semicon-
ductor materials (e.g. Si, SiO,, and Si3N,) and metalic materials (e.g. Cu and Al); major
manufacturing methods are doping, etching, deposition, and photolithography; and
major fabricated structures are p-n junction, bipolar, and MOSFET. Thus, new CMOS-
sensor-based biomedical sensing methods should evolve from these existing materials,
processes, or structures to perform the biochemical-to-electrical conversion. One
method is to directly fabricate the biochemical sensing part in standard CMOS pro-
cesses. Another method is to first fabricate electrical-readout interfaces in standard
CMOS processes and then use special surface treatments or post processing to make
the biochemical sensing parts.
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On the other hand, even though most of existing biomedical diagnostic methods vary,
from either the substances used or procedures involved, the basic working principle can
be categorized as optical-based and electrochemical-based. For the optical method, one
way is to directly capture images to obtain the samples’ physical properties such as
shape, structure, or density. Another way is to first label or dye the samples and then
detect the luminous parts to determine whether the desired reactions have occurred or
not. Apart from optical characteristics, each object has its own electrical features that
can be represented by impedance, voltage, or current. For the electrochemical method,
one way is to directly measure these electrical properties of the target samples. Another
way is to monitor the changing environmental conditions due to the samples’ reactions
or activities. New techniques can also be evolved from these two basic methods.

As examples, three types of CMOS process compatible biochemical sensing struc-
tures are illustrated. As shown in Figure 1.9(a), the p-n junction structure is utilized as
a photodiode where photons are absorbed and converted into photocurrent. With illu-
mination from the top, light intensity changes caused by the biomedical sample’s optical
properties are captured by the photodiode. This is a common optical sensing method
utilizing a CMOS image sensor. In addition, electrochemical sensing structures are also
involved, such as the voltage sensing in Figure 1.9(b) and current/impedance sensing in
Figure 1.9(c). The electrode/electrode pair is normally employed to provide a steady
biasing environment. Biochemical information will be converted into voltage or current
signals that can be observed by CMOS sensors. In Figure 1.9(b), the non-conductive
passivation layer (SizNy) works as a sensing membrane. Ion density changes in the sam-
ple solution will charge or discharge the membrane. The resulting voltage shifts are
detected by CMOS devices, whereas in Figure 1.9(c), an on-chip metal electrode will be
fabricated, which forms an electrode pair together with the one in the sample solution.
After applying a voltage drop, the current will flow through the electrode. The ion cur-
rent value depends on the combined effects of sample and background solutions with
varying resistance and capacitance. The induced current signals will also be detected by
the underlying CMOS devices.

For CMOS sensors, large pixel arrays are preferred to reduce chip cost while improv-
ing the throughput, so that the capability to form a large pixel array and detect in paral-
lel are the key issues to be addressed. Apart from the biochemical sensing part, other
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Figure 1.9 Diagrams of biochemical sensing structures; the sensing parts are: (a) p-n junction;
(b) Passivation; and (c) Metal electrode pair.
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Figure 1.10 A typical architecture diagram of a CMOS sensor.

function blocks should also be involved to read out the converted signals or perform
data processing. A typical CMOS sensor architecture is shown in Figure 1.10. The bio-
medical-to-electrical conversion is conducted in each pixel cell. A large amount of pix-
els can be arranged in a 2-D and pixel array. The pixel array is operated by timing control
blocks and pixel signals are read out or processed by column readout blocks. All com-
munication behaviors between the CMOS sensor and peripheral instruments, such as
the voltage source or computer, are through the input/output (I/O) interface on chip.

In the following chapters, we will introduce impedance, terahertz, ultrasonic, MEMS,
optical, or electrochemical sensors, etc. The CMOS impedance sensor employs an elec-
trode array on top of the pixel array. It detects the sample’s change in impedance mag-
nitude and phase, which can be applied for single-cell detection. The CMOS Terahertz
sensor can be applied as a THz spectroscopy for in-vitro tissue diagnosis. The CMOS
ultrasound sensor can act as the front-end signal conditioner after the ultrasonic trans-
ducer for signal transmitting and receiving. The CMOS MEMS sensor can integrate the
CMOS readout chip with the MEMS accelerometer to realize data fusion in a low-cost
chip size fashion. The CMOS optical image sensor can capture images using a 2-D large
pixel array to reach high resolution towards cell counting applications. The CMOS elec-
trochemical sensor, or the CMOS pH sensor, can employ potentiometric ISFET pixels
to sense the ion changes for bacteria detection or DNA sequencing application. In addi-
tion, the CMOS fabrication technology makes it possible to implement multimodal
sensors that integrate multiple biomedical sensing modalities in one sensor chip, such
as optical-electrochemical sensor or optical-energy harvesting sensor. In this case, high
accuracy and diversified measurement can be realized when further fusing and recover-
ing data from multimodal domains.

1.2.2.3 Multimodal CMOS Sensor

In biomedical testing, some properties of a reaction or biological material can be
detected optically but not chemically, and vice versa for other properties. In some cases,
itis only when these properties are known together that we can draw conclusions about
the state of the reaction or biological material. The field of sensor fusion has received
much attention recently as the combining of sensors can improve sensing capability.
Thus, multimodal CMOS image sensors are required.

Light and electricity are two important media used in the measurement or control of
biological samples such as proteins, neural cells, and DNA. Conventionally, optical
imaging is based on microscopy technology, and electrical sensing of neural activity is
through micro-electrode technology. In [34] or [35], a dual-mode CMOS image sensor
is demonstrated. It can simultaneously capture optical and potential/electrochemical
images of targeted biomedical samples, such as DNA or neural cells. As shown in
Figure 1.11, the pixel array is composed of optical sensing pixels and potential sensing
pixels that are interleaved. These two different types of pixels share the same timing and
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Fluidic Figure 1.11 The concept of the optical and
package™~ potential dual-mode CMOS image sensor.
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column readout circuits, communication interface, package, and peripheral control
system. In this way, system cost and size are minimized compared to the situation when
these two sensor chips are separately fabricated.

For a CMOS sensor with a large pixel array, a small change in pixel size will make a
large difference to the whole sensor chip. Thus, another attractive structure is to
integrate multiple biochemical sensing devices into one pixel. Compared with the sepa-
rately placed pixels in Figure 1.11, the pixel-level readout circuit can be shared by differ-
ent types of sensing modes. In this way, chip size and cost can be further reduced. For
example, in [36], a multimodal CMOS image sensor for pH and light sensing in real
time is proposed. A photo sensor and a pH sensor are fused in the same pixel, as shown
in Figure 1.12, enabling the optical and pH signals to be detected simultaneously in the
same sensing area. As the pH sensing and optical sensing are built into the same area,
more accurate chemical information can be extracted without loss of spatial
resolution.

The fusion of various types of sensors has been receiving more attention recently,
aiming to achieve high performance in the detection of signals from multiple domains.
Next, more details about the LOC system components are introduced.

1.2.3 Microfluidics

1.2.3.1 Microfluidic Fundamentals
Microfluidics is a multidisciplinary engineering field where chemistry, physics, engineering,
and biotechnology intersect to develop microscale chips, where the fluid analysis can
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take place. The control and manipulation of the micro fluids are usually precisely and
geometrically constrained to a microscale or nanoscale volume. For the typical micro-
fluidic channel shown in Figure 1.13, the flow of the fluid can be characterized using the
Reynolds number as follows:

LV,
Re = —arP (1.2)
u

where L is the most relevant channel length scale, V,, is the average flow velocity, p is
the fluid density, and u is the fluid viscosity. For many microchannels, L =4A/P, where
A is the channel cross-sectional area, and P is the wetted channel perimeter. Re is usu-
ally much less than 100 (often < 1.0), due to the small dimensions of microchannels. In
this Re regime, microfluidic flow is completely laminar without turbulence. Thus the
micro sample can be transported in a relatively predictable manner through micro-
channels. When the Re increases to the range of 2000, the micro flow starts to change
to a turbulent flow.

There are usually two methods of fluid actuation, namely electrokinetic flow and
pressure driven flow. In electrokinetic flow, the fluids are driven by electroosmotic
pumping. In pressure driven flow, the fluid is driven through the channel by positive
displacement pumps such as syringe pumps. The advantage of electrokinetic flow over
pressure driven flow is that it can couple other on-chip electronic applications. However,
electrokinetic flow often requires very high voltages. Without off-chip power supplies,
it is difficult to miniaturize. One other significant disadvantage of electrokinetic flow is
the variability in surface properties. For example, the proteins absorbed into the chan-
nel walls can substantially change the surface charge characteristics, and hence lead to
a change in fluid velocity. This problem will result in unpredictable and irregular long-
term time dependency on the fluid flow

There is also another kind of microfluidics, droplet-based digital microfluidics. This
employs electrowetting-on-dielectric to precisely manipulate discrete droplets of
biochemical samples and reagents at microliter or picoliter volumes under digital
clock control. It can combine electronics with biology, and integrate together a num-
ber of bioassay operations, such as sample preparation, separation, mixture, analysis,
and detection to form a miniaturized digital microfluidic biochip (DMFB) and auto-
mate laboratory procedures in immunoassays, biochemistry, and molecular biology.
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Figure 1.14 Cross-sectional schematic of a unit cell on digital microfluidic arrays.

An example of DMFB is shown in Figure 1.14. Compared to conventional expensive and
cumbersome laboratory procedures, DMFBs show the advantages of lower cost, higher
sensitivity, easier system integration, and less likelihood of human error.

There are several advantages of using microfluidic devices in clinically useful tech-
nologies to perform biomedical diagnosis:

1) Microfluidic technologies make it possible to fabricate highly integrated devices so
that several different functions, such as blood or saliva filtering, desalting, denatura-
tion, concentration, and derivatization, can be performed on the same chip.

2) Small volumes lead to fast analyses; moreover, the small amount of reagents and
analytes used is especially important for expensive reagents.

3) Material cost is negligible in micro-systems. The techniques used to fabricate micro-
fluidic devices are relatively inexpensive and suitable for highly multiplexed devices
and mass production.

After the fundamentals of fluid flow and sample transportation becoming well devel-
oped, microfluidics has recently developed towards integrated devices that incorporate
multiple fluidic, mechanical, and electronic components as well as various chemical
processes onto a single chip. There has been a major push towards bio-imaging instru-
ment miniaturization.

1.2.3.2 Microfluidics Fabrication

To fabricate microfluidic channels, polymers, instead of silicon and glass, are commonly
used. Specifically, the poly-dimethylsiloxane (PDMS) is widely used as it is inexpensive,
flexible, optically transparent, and biological compatible. The fabrication of microflu-
idic channels using the conventional soft-lithography process is presented here:

1) Photolithography Mask

Some examples of the designed microfluidic channel masks are shown in Figure 1.15.
First, the channel microstructures or features are designed in a computer-aided
design (CAD) program, such as the AutoCAD (Autodesk, San Rafael, CA). Using
commercial services, the CAD-generated patterns are printed onto a transparent
photolithography mask. The photolithography mask is an opaque film or plate tem-
plate with transparent areas that allow light to shine through in the designed pattern.
The feature size (or the lateral resolution) of the mask is determined by its material;
three types of base materials are commonly used to make photolithography masks,
namely Quartz, Soda Lime (SL), and polyester film. Quartz and SL masks are high
resolution, easy to clean, stable, but expensive. Polyester film masks have less resolu-
tion, but are low cost and much easier to handle.
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Figure 1.15 Microfluidic channel masks designed by AutoCAD.

2) SU-8 Mold
After the turnaround time, the designed masks are sent back for microfluidic channel
mold fabrication. Here, the negative photoresist SU-8 (SU-8 25, Microchem, MA) is
used, which is a high contrast and epoxy-based photoresist for micro-machining. The
SU-8 has superb chemical and temperature resistance and can build a thickness from
1to 200 pum with the single spin coat process. A normal process is shown in Figure 1.16:
1) Substrate Pretreat
Both a silicon wafer and glass slide can be used as the SU-8 substrate. Here we
take the glass slide as an example due to its low cost. To obtain the maximum
process reliability, substrates need to be clean and dry before applying the SU-8
resist. The glass slide is pretreated in the following way:
1) Soak and wash the glass slide with acetone for at least 1 h for solvent cleaning.
2) Use distilled water to rinse the glass slide, and then use a stream of air or
nitrogen to blow to dry.
3) To dehydrate the surface, bake the cleaned glass slide at 200°C for 5min on a
hotplate.
4) Plasma treat for 10 min to further clean and dehydrate the glass slide surface.

1. Substrate | | Spin coat — 3. Soft bake »{4. UV expose
pretreat
8. Hard bake |« /"nse& ¢ | 6 Develop e S Post
dry expose bake

Figure 1.16 PDMS mold fabrication process.
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2) Spin Coat
Next, the SU-8 is spin-coated using a spin machine (SCS G3P-8, Indianapolis, IN)
onto the clean glass slide. The spin speed directly determines the height of the
mold, which is also the height of the final PDMS microfluidic channel. The
detailed steps are:
5) Pour SU-8 onto the glass slide (~10-15ml per glass slide for static dispense),
then degas in a vacuum oven for 1 h to remove air bubbles.
6) Spin coat for thin film deposition; the spin speed needs to be set to correspond
to different film heights.
3) Soft Bake
After the photoresist is spin-coated onto the glass slide substrate, it should be
soft-baked on a hot plate to evaporate the solvent as well as to densify the film. As
the solvent evaporation rate is affected by the heat transfer and ventilation rate,
baking times should be optimized for proximity and the convection oven bake
process. The process is:
7) Bake on a 65°C hot plate for 5 min, then at 95°C for 15 min.
4) UV Exposure
The soft-baked glass slide with SU-8 film is exposed to UV. SU-8 is practically
transparent and insensitive above 400 nm, but has high actinic absorption below
350nm. The exposure dose also affects the film thickness. The process is:
8) UV exposure of 200 mJ/cm? energy for 30s.
5) Post Expose Bake
Following exposure, post expose bake (PEB) needs to be performed to selectively
cross-link the exposed portions of the film. This is realized through a two-step
contact hot plate baking process, as indicated below:
9) Post UV exposure bake on a 65°C hot plate for 1 min, then at 95°C
for 4 min.
6) Develop
After PEB, the SU-8 is developed using an SU-8 developer. The approximate
developing time is 6 min, but it can vary widely as a function of temperature or
agitation rate, i.e.:
10) Develop the PEB glass slide using the SU-8 developer for 6 min.
7) Rinse and Dry
Following the development, the substrate should be rinsed using isopropyl alcohol
(IPA), and then dried under a gentle stream of air or nitrogen. It then undergoes
a final hard bake. The detailed steps are:
11) Rinse the substrate using IPA and dry.
12) Bake the substrate on a 200°C hot plate for 10 min.
13) Cool the slides and place them into the culture dish.
3) PDMS Replica
After the SU-8 mold is ready, we can cast the PDMS replica, that is, the microflu-
idic channel. The whole mask, mold, and PDMS channel fabrication process flow
is shown in Figure 1.17.
The steps are:
a) Prepare the PDMS mixture for casting, a volumetric ratio of 10:1 mixture of
PDMS (Sylgard 184, Dow Corning, MI) and curing agent, and pour into the
SU-8 mold.
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Figure 1.17 Microfluidic channel fabrication process using the soft lithography technique.

b) Degas for 1h in a vacuum oven to remove any bubbles from the PDMS

mixture.
c) Take out the glass slide and bake in the oven for 2h.

d) After the PDMS replica becomes dry and hard, take out and prepare to cut the

channel out and peel off from the glass substrate.

e) Use a puncher to punch holes in the top of the PDMS replica for inlet and
outlet channels, which are to be connected with silastic laboratory tubes to a

syringe pump and waste bin.

f) Use IPA and de-ionized (DI) water to rinse the PDMS channel. Dry the channel

for the final bonding with the CMOS sensors.

Now, the PDMS microfluidic channel fabrication process is complete.
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1.3 Objectives and Organization of this Book

1.3.1 Objectives

Towards the personalized diagnosis for the aging society, miniaturized bio-instrumentation
is demanded. As such, the conventional bulky optical lens and other mechanical com-
ponents can no longer be applied. We need to develop CMOS-based LOC integrated
systems that integrate microfluidics, MEMS, and CMOS sensors, as well as smart data
analysis for biomedical diagnosis. The standard CMOS process provides an low-cost
system-on-chip (SOC) solution to integrate sensors from multimodal domains, which
has raised many new design challenges, such as how to develop multimodal sensors for
system integration; how to integrate with MEMS and microfluidic channels from a
device technology perspective; as well as data fusing and smart processing of multiple
domains from the system application perspective.

Therefore, in this book, we have particularly reported on the recent progress in the
CMOS integrated LOC system for personalized diagnosis [38—61]. The CMOS sensors
we developed for the LOC integrated biomedical diagnostic system include multiple
modes, which are:

1) CMOS electronic impedance sensor for rare cell detection and counting;

2) CMOS Terahertz sensor for non-invasive imaging;

3) CMOS capacitive-micromachined-ultrasonic-transducer (CMUT) sensor for non-
invasive 3-D ultrasound imaging;

4) CMOS ISFET sensor for ion imaging towards DNA sequencing application; and

5) CMOS optical sensor for microfluidic imaging towards cell detection, recognition,
and counting applications.

We will illustrate the need and application of the five corresponding bio-imaging
diagnosis methods, as well as design problems addressed when being miniaturized. In
addition, for MEMS integration, we further present a 3-D CMOS MEMS integration
method for high-throughput sensing data readout with smaller form factor, latency, and
power consumption. Moreover, two dual-mode sensors are presented. One is from the
sensing capability point of view, where the CMOS optical sensing and CMOS ion sens-
ing are integrated together in the same sensing pixel for higher accuracy and lower
noise diagnosis. The other is to tackle the problem of energy, where a CMOS image
sensor with both energy harvesting mode and optical sensing mode is illustrated.
Finally, the smart data analytics are integrated into the discussion of optical image sen-
sor-based lensless cell counting applications.

Our thorough study to explore multimodal CMOS sensors in LOC for the portable
personalized diagnosis system could pave the way towards a variety of personalized
diagnosis applications. As a conclusion, the CMOS multimodal sensor-based LOC sys-
tem has shown great potential in providing future personalized e-healthcare solution
for the coming aging society.

1.3.2 Organization

The rest of the book is organized into three major parts. Chapters 2 to 7 discuss CMOS
sensor design and several CMOS sensor technologies, namely CMOS electronic impedance
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sensor, CMOS Terahertz sensor, CMUT ultrasound sensor, CMOS 3D-integrated
MEMS sensor, and CMOS optical sensor for microfluidic contact imaging. The two
dual-mode sensors are illustrated in Chapters 8 and 9, that is, dual-mode chemical/
optical image sensor and dual-mode energy-harvesting image sensing. Finally, based on
the aforementioned sensors, two important applications, DNA sequencing and cell
counting, are elaborated upon. Chapter 10 focuses on DNA sequencing applications.
Chapter 11 covers cell imaging and counting applications. Finally, Chapter 12 concludes
the whole book.
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