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The growing interest in analyzing single cells or even single molecules has in-
spired a great deal of research and engineering in developing low cost, high through-
put, and high sensitivity biosensor systems. This work focuses on integrated CMOS
optical sensors for fluorescence detection and contact imaging.

Among many relevant techniques available for biological testing and molecular
detection, fluorescence-based methods generally achieve the highest sensitivity and
are the most widely used. We describe several contributions towards incorporat-
ing fluorescence sensing into low cost, miniaturized platforms. We first investigated
the spectral responsivities of photodetectors available in a commercially available
CMOS process in order to assess the need for additional optical filtering. Further,
we developed a low noise photodetector in a standard CMOS process. Both the
reset noise and readout noise of the sensor were significantly improved compared to
a conventional pixel structure widely used as a CMOS image sensor. The sensor

successfully detected nanomolar concentrations of fluorescence indicator, 2 orders of



magnitude less than the recommended assay concentration for commercial fluores-
cence detection devices.

Miniaturized high-throughput biosensor systems for single cell characteriza-
tion require the ability to steer microscale biological cells to distinct locations with-
out requiring macroscale imaging systems. One simple and promising approach to
building a miniaturized imaging system with microscale resolution is to directly
couple the sensor array with the sample of interest. To investigate this approach,
we explored the theoretical limitations of contact imaging with the aid of an optics
simulator. Experimental results confirmed the theoretical predictions. Two possi-
ble applications of contact imaging were also demonstrated. We further describe a
contact image sensor with improved spatial resolution. A novel pixel structure is de-
veloped for suppressing increased dark current in a commercially available 0.18 um
CMOS process. Simple on-chip processing was implemented to alleviate the need
for subsequent image processing for locating small particles.

The original contributions of this thesis include:

e Low noise active pixel sensor (APS);

Demonstration of integrated fluorescence sensing;

Simulation of contact imaging;

Experimental validation and demonstration of contact imaging applications;

Low dark current APS pixel;

Architecture for threshold generation and on-chip particle detection.
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Chapter 1

Introduction

The ability to analyze single cells will significantly improve the understanding
of many biological processes and enable detailed studies of intracellular processes,
which will in return lead to many potential applications including drug develop-
ment, medical diagnostics, and the development of cell-based sensors. This growing
interest in single cell analysis [1] requires more information about cell content and
the interaction between cells and their environment than what conventional instru-
ments, such as capillary electrophoresis and flow cytometry, can deliver.

The rapid developments in micro- and nano-fabrication technologies and the
growing needs for high quality single cell analysis gave rise to the concept of laboratory-
on-a-chip (LOC) [2—4] , also known as micro total analysis systems (uTAS). Fig-
ure 1.1 illustrates a typical LOC device. Though its appearance can vary dramati-
cally depending on the specific application and sensing modality, a LOC system is
often a small package (palm or postage-stamp sized) consisting of microfluidic chan-
nels, microactuators, electrodes, and detectors and is capable of performing sample
handling, detection, and analysis. It offers the promise of multiple sensing modali-
ties, low cost due to minimum sample usage, high throughput, and portability.

Research towards developing such highly integrated biosensing systems often

falls into one of the following categories: actuating, sensing, computing, and integra-
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Figure 1.1: Diagram illustrating main components of a lab-on-a-chip (LOC) device.

tion. The focus of this dissertation work
sensing: fluorescence sensing for sample

preparation.

This chapter first provides an overview of fluorescence sensing in order to aid
the reader in understanding why fluorescence detection is one of the most valuable
bio-sensing modalities. A review of CMOS image sensors is then presented to provide

necessary background for further discussion on CMOS contact image sensors in later

chapters.

1.1 Fluorescence technique

Fluorescence is a form of luminescence characterized by a brief light emission

following the absorption of excitation light. The delay between light absorption and

is on two distinct contributions in optical

analysis and contact imaging for sample



emission is on the order of 10 ns or less. If this delay between light absorption and
emission is between 10 ns and 10 us, the emission is called delayed fluorescence.

For even longer delay times, the emission is known as phosphorescence.

S, A 3 '
S Intersystem crossing
S, Ylnternal conversion
) .
o (Internal conversion
Excitation light Fluorescence Vr
Phosphorescence
;| Y S

(Ground state)

Figure 1.2: Jablonski diagram.

Molecules which can fluoresce are called fluorophores, fluorochromes, or fluo-
rescent dyes. A fluorescent probe is a fluorophore designed as a spatial or biochem-
ical sensor which localizes one kind of component within a biological specimen or
responds to a specific stimulus. Fluorescing is a three-stage process: light absorp-
tion, excited state, and photon emission. This process is illustrated by a Jablonski
diagram shown in Figure 1.2. Upon absorption of a photon supplied by an external
light source, a fluorophore transfers from the ground state Sy to an excited energy
state Sy. A fraction of excited fluorophores will lose part of their energy through

internal conversion and result in lower excited energy states (between Sy and Sp).



These relaxed states will soon lose their remaining energy by fluorescing and return
to the original ground states. Some of the excited fluorophores may transfer into
lower energy levels with different spin states through intersystem crossing and emit
phosphorescence with a longer delay. The remainder of excited fluorophores may
loss their energy through collision with their molecular environment and return to
the ground state without photon emission. Since not all excited fluorophores will
fluoresce, the quantum efficiency of a fluorescent probe is defined as the ratio of the
number of emitted photons to the number of absorbed photons. Since fluorescence
emission occurs from a relaxed state, the emitted photon has lower energy (longer
wavelength) than the absorbed photon. The difference in frequencies between the
absorbed photon and the emitted photon is known as the Stokes shift, illustrated
in Figure 1.3. Because not all excited fluorophores can emit photons, fluorescence
is usually several orders of magnitude weaker than the excitation light. The phe-
nomenon of Stokes shift makes it possible to observe weak emission light in the
presence of much stronger excitation light by using spectral filtering to selectively
block excitation light and transmit emitted fluorescence. A fluorophore can undergo
the cycle of photon absorption and emission many times before it completely stops
fluorescing, a phenomenon known as photobleaching. The excitation and emission
light are spread over a broad spectra rather than concentrated at two isolated spec-
tral frequencies. There is normally some overlap between the excitation and emission
spectra.

Fluorescent probes offer researchers the capability to detect specific compo-
nents within cells with unprecedented sensitivity and selectivity. Nowadays, there

4
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Figure 1.3: Schematic of fluorophore excitation and emission spectra.

are over three thousand fluorescent probes commercially available for cell biology [5].
These probes were designed to assay specific components or properties including
cell viability, proliferation, receptors, ion channels, membrane potential, pH level,
reactive oxygen species, ionic concentrations, etc. While most signals in biological
systems, such as cells, are biochemically derived and communicated, signals in most
engineered systems are often electrically represented and processed. There are few
ways of transducing chemical expression to electrical signals, and fluorescence detec-
tion represents a feasible approach to establish these connections between biological
and engineered systems.

Several important properties a qualified fluorescent probe must possess are

briefly described as follows [6, 7]:



1)

Specificity

In the complex biochemical environment within the cell, nonspecific compo-
nents compete with the specific target component for binding with the flu-
orophore. This nonspecific binding will affect the relationship between flu-
orescence and the target properties, such as concentration and distribution.
Therefore, specificity of interaction between the florophore and target com-

pounds is a primary issue in selecting a fluorescent indicator.

Optical response

The fluorescence of a fluorescent probe (indicator) should change once it binds
to target elements. This change can be manifested as a variation of fluorescence
intensity, a shift of excitation spectrum, shifts of both excitation and emission
spectra, or a variation in excited state lifetime. It’s this change of fluorescence
in response to binding of target elements that makes fluorescence such a useful

tool for biochemical analysis.

Large extinction coefficient (¢)

Extinction coefficient is defined as the fraction of light lost per unit length
due to absorption and scattering as the light travels through a medium. For a
fluorescence application, the extinction coefficient corresponds to the fraction
of excitation light absorbed by fluorophores. Therefore, a large extinction
coefficient for light within the excitation spectrum is required to provide strong

fluorescence signals.



4)

High quantum efficiency

As mentioned above, quantum efficiency is the number of released fluorescence
quanta per absorbed excitation photon. High quantum efficiency generally

means better sensitivity for a fluorophore to its target component or property.

Short or very long excited-state lifetime

Fluorescent probes with very short or very long lifetimes offer improved sensi-
tivity for measurements. A fluorescent probes with very short excited lifetime
can be excited again immediately after it has fluoresced. Thus during a short
illumination time, a short-lifetime fluorescent probe can fluoresce many times
and radiate strong fluorescence. This property is very useful for increasing
sensitivity in flow cytometry since a fluorescent probe with short lifetime can
provide relatively strong fluorescence when it passes through the light beam.
On the other hand, if a fluorescent probe has very long excited-state lifetime,
the emitted fluorescence can be measured well after the indicator was excited
with a short light pulse. This temporal separation of excitation and emission

minimizes interference due to scattered excitation light and background light.

Appropriate dissociation constant

Normally, a fluorescent probes’ optical response is maximal when the target
has a concentration near the probes’ dissociation constant (K;). Therefore,
the dissociation constant of a fluorescent probe needs to be matched to the
intracellular concentration of the target to achieve high sensitivity to relative
changes in the target concentration.

7















































































































































































































































































































































































































