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Abstract

Current BioMems, “lab-on-a-chip” (LOC), and microfluidic-based analysis systems
suffer from large external power supplies, relays and optics. Thisreliance on exter-
nal bulk infrastructures prevents the devel opment of hand-held point-of-care medi-
cal devices and miniaturized genetic testing platforms. In thiswork, we have devel-
oped several generations of high-voltage CMOS integrated circuits to replace these
external components, offering for the first time, the possibility to reduce size and
cost of LOCs and significantly improve integration. The |Cs developed accomplish
this by generating high-voltage, integrating optical detection circuitry (for sensitive
laser induced fluorescence detection) and implementing low-voltage digital control
logic and a communication interface, al for the first time on-chip and on the same
substrate. Specifically, the high-voltage is generated using an inductive DC-DC
boost converter, optical detection isaccomplished using photodiodes and associated
amplification circuitry, and a successive approximation (SAR) ADC and a seria
peripheral interface are responsible for analog-to-digital conversion and communi-
cation of control information to and from an off-chip device. We demonstrate suc-
cessful high-voltage generation up to 150V and current source capability of 60uA
(sufficient for millimeter to centimeter microfluidic channel lengths), picowatt op-
tical detector sensitivity, and operation of the integrated ADC. Throughout, we also
propose additional methods of optical detection, such as using avalanche photo-
diodes and phototransistors, and alternative circuit configurations for low-power
high-voltage level-shifters - all essential components for future microfluidic con-

troller integrated circuit systems.
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Chapter 1

| ntroduction

Recent advances in semiconductor and mixed signal integrated circuit (1C) technol -
ogy has paved the way for the development of standalone life science diagnostic
platformsin the form of l1ab-on-a-chip (LOC), BioMEMS or microfluidic-based to-
tal analysis systems (UTAS). These devices offer the advantages of higher speeds,
throughput, and portability, while enabling immediate on site analysis at a reduced
reagent cost [17-20]. The potential of such systemsis rapidly attracting not only
academics, but also private commercial ventures. Forecasts ranging from $1 billion
to $19 billion [21] have resulted in the formation of numerous companies including
Aclara BioSciences, Affymetrix, Caliper, and Orchid BioComputers. Apart from
the slew of start-up companies, an abundant number of established chip and instru-
ment makers including 3M, IBM, Intel, Motorola, and PerkinElmer have quickly
followed.

Currently though, the mgjority of LOC systemsin development are “microscale
devices, coupled to macroscale [and external] infrastructures’ [17]. Even as efforts
have been made to produce portable systems, many of the devices till rely on
conventional and bulky external power supplies and optical detection instruments.

In addition to the benefits of :

e Mmacro- and micro-component integration for increased portability,

¢ the availability of digital information for increased knowledge transfer

and tracking,
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e integrated sample preparation and detection for point-of-care,

e direct measurement of a small volume of reactants for increased cost and

time savings,
e and quick assay developments,

thisresearch has many potential applications. These applicationsrange from screen-
ing and biological assays to genomics and diagnostics. Specifically, testing on fast,
sensitive, and automated microfluidic devices can not only facilitate vaccination
monitoring efficiency and disease-related genetic abnormality detection, but can
also aid in the prevention of health issues such as Adverse Drug Reactions (ADR),
the fifth leading cause of death in hospitals in the United States. Current methods
of genetic detection for inadvisable prescriptions are too costly to be performed
on a per patient basis [22], however, research with microfluidics at the University
of Alberta has demonstrated a less expensive and feasible alternative. The human
genome project is another great example of the benefits of this work. While the
project was initialy planned to span over seven years and cost nearly $3 Billion
dollars, using DNA sequencers implemented with miniaturized LOC technology,
the same feat was accomplished at atenth of the cost, and in only three years [21].

Though the individual components required for a complete LOC, such as HV
CMOS power supplies or CMOS based fluorescence detectors, exist, never before
in published works have all of the components been integrated into a complete sys-
tem, let along for microfluidic applications. Additionaly, integrating low-voltage
components along side high-voltage componentsin amixed LV/HV CMOS process
presents significant challenges. In a mature process, accurate modeling and areli-
able component set provides a strong foundation for successful design. However,
considering the process we are currently using is still young by general standards,
the challenges are compounded.
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1.1 ThesisOverview

This thesis deals with the design and integration of the individual components re-
quired for a complete LOC system with the focus centering on the microel ectron-
ics. Once the individual components have been laid out, four (ICKAALOC, ICK-
AALC2, ICKAALC3 and ICKAALC4) microfluidic integrated circuits, each build-
ing on the previous version, will be presented. All four 1Cs have been fabricated.
Along with design, implementation details, and simulation results, testing and ver-
ification data will also be presented.

Chapter 2 provides background information on the different types of and the re-
guirements for microfluidic capillary electrophoresis (CE) based systems. In Chap-
ter 3, existing works are reviewed to illustrate not only the accel erated pace at which
research is being pursued on such integrated systems, but also to further highlight
the novelty of the presented works. Following these, in Chapter 4 through 7, the
five critical components that make up the designed | Cs are examined. 1n each chap-
ter, specific requirements, design methodol ogy, and simul ation/measured resultsare
presented. The specific components discussed include the optical detection systems
(photodiodes and associated amplification circuitry), analog-to-Digital converters,
level-Shifters, high voltage generation (through the DC-DC inductive boost con-
verter) and lastly the communication and control interface. Finally in Chapter 8,
after a brief description, the four different systems are presented in a back-to-back
comparative manner. Thisthesis ends with Chapter 9 which discusses future works

and the closing remarks.






Chapter 2

Background

2.1 Microfluidics
2.1.1 Origin of Microfluidics

Microfluidicsis a highly multi-disciplinary field (involving physics, chemistry, en-
gineering, and biotechnology) of science and technology systems that process or
manipulate microliter or nanoliter amounts of fluids using channels with microm-
eter dimensions. Microfluidics is highly applicable to the life sciences, and more
specifically to medical diagnostics. Microfluidic systems offer high resolution and
sensitiveanalysis, require small quantitiesof samplesand reagents, and are amenable
to portable use.

The field of microfluidics has developed from four key areas [23]:

1. Molecular analysis and microanalytical methods such as Capillary Elec-
trophoresis (CE) coupled with advances in methods of optical (e.g. fluo-

rescence) detection.

2. Biodefense applications and military sources of funding like the Defense
Advanced Research Projects Agency (DARPA) of the US Department of
Defense. Investments in such initiatives to bring portable microchip and
microfluidic based chemical and biological threat detectors into reality
has been a driving force behind the interest in such devices in academic

research.
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3. Molecular diagnostics, like post sequencing of the human genome, and
the great benefits associated with knowing specific mutations and ge-
netic pre-dispositions, has triggered the development of inexpensive and

portable genetic analysis systems.

4. Microelectronics and microelectromechanical systems (MEMS), where
parallelswere seen in how the high-throughput fabrication and photolithog-
raphy technology could be ported to devel opment microfluidic systems.

2.1.2 TheElectrokinetic Phenomena

Microfluidic flows can be manipulated by variety of external forces such aselectric,
magnetic, pressure and capillary forces [24]. However, the most common method
for inducing movement either of charged analytes in fluids or the bulk fluid itself
in microchip channels is by electrokinetic transport. This process involves two

phenomena:

1. Electroosmatic flow (EOF): the bulk movement of a fluid past a solid
interface (e.g capillary) due to the formation of an electric double layer
(EDL) [25] at the surface under the application of an electric field.

2. Electrophoretic migration: the movement of charged particles in a solu-

tion due to the application of an electric field.

For the microfluidic systems discussed in the scope of thisthesis, the effects of
EOF (i.e. reagent-wall interactions) are minimized, allowing only the use of elec-

trophoretic migration. The two most common methods to reduce EOF are:

1. Permanent coatings of the microchannel surface with acovalently bonded

polymer layer.

2. Dynamic coatings by adsorption of a hydrophilic (water-liking) polymer

coating to the microchannel wall.
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For completeness, EOF has been mentioned, however, since the focus of thisthesis
is electrophoresis, further detail on EOF is not relevant. With EOF minimized,

electrophoresis becomes the dominant method of charged analyte transport.

2.2 Capillary Electrophoresis

To be able to put into perspective the advantages offered by electrophoresis with
microfluidics and to examine the origin of microfluidics, it is beneficial to review a
commonly used and standard method of separation, capillary electrophoresis (CE).

First highlighted by the work of Jorgenson and Lukacs [26] in the 1980s, CE
quickly became a dominant tool in DNA separation, clinical, biomedical and foren-
sic applications, and the analysis of pharmaceuticals. CE describes a family of
separation techniques which involve the application of high electric fields across
buffer-filled capillaries to achieve separation of a specific sample.

In mainstream and conventional commercia systems, CE involves a capillary
about 20-100cm long and 10-100 um wide. There are two basic types of CE, one
in which the capillary is filled with a solution that does not contain a gel, and the
other, aCE in which the capillary isfilled with agel (i.e. asieving matrix). Thetwo
methods are used to achieve different kinds of separation. The first method sep-
arates molecules based their different charge-to-mass ratios using EOF (and elec-
trophoresis). The second method, by ensuring molecules have identical (or near
identical) charge-to-mass ratios and by using a sieving matrix (i.e. an entanglement
of polymers), separates by size. The size-based separation occurs because the larger
molecules need to navigate through the “fish-net-like” entanglement, and thus their
migration rates are retarded.

Depending on the CE method chosen, both ends of the capillary are then placed
in reservoirs (or wells) also filled with the same solution (a.k.a buffer), but in one
well, the sample to be analyzed is also added. Application of a high voltage (5-
30kV) across the wells causes the analyte (e.g. proteins, DNA) to migrate towards
an appropriate electrode (e.g. through electrophoresis). A detector intersects the

capillary at its opposite end, and is used to plot the response of the detector (e.g.
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the measured fluorescence) with respect to time as samples pass by, thereby gener-
ating an electropherogram. A CE system along with a sample electropherogram is
illustrated in Fig. 2.1 and Fig. 2.2 respectively.

Capillary

Detector

Peak Height

Cathode (in buf.)

Anode (in buffer)

Source Wl Destination
Power Supply Time (s)
Figure 2.1: A generic CE setup Figure 2.2: A sample electropherogram

The most widely used method of detection in CE is fluorescence. This tech-
nique is used for samples that naturally fluoresce or can be chemically modified
to be “taggable” with a fluorescent molecule called a fluorophore. In fluorescence
detection, alight source (often a laser) of a particular wavelength is focused on the
capillary containing flowing fluorescently tagged samples. The light source excites
the fluorophore, which then emitsadifferent (usually higher) wavelength. The exci-
tation light (e.g. laser) isfiltered and the emission spectrum (from the fluorophore)
is collected and plotted with respect to time. Fig. 2.3 illustrates the excitation and
emission spectrum of the ROX fluorophore. In this image, the fluorophore is ex-
cited with a green laser and the excitation source is filtered with the pigment filter
(PSC).
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2.3 Microfluidic Electrophoresis

It has been shown that no loss of electrophoretic performance occursin microfluidic
channel-based devices compared with those that are capillary-based [27]. From
this, electrophoresis using microfluidics can be comparably discussed with respect
to standard methods.

A standard design of a microchip capable of injection and separation contains
two intersecting channels (illustrated in Fig. 2.4) [28]. The short (ak.a injection)
channel acts to electrophoretically load the sample by applying a negative and pos-
itive potential to the sample and sample waste wells respectively. Once a portion
of the sample has migrated along the injection channel, by applying a negative and
positive potential to the buffer and buffer waste wells respectively (while floating
the injection wells), an plug of charged particles with a precisely defined volume is
electrophoretically migrated along the longer (a.k.a separation) channel, and sepa-
rating out along this channel based on the size of the DNA.

Sample Preparation Injection Separation Separation/Detection

buffer well

sample well sample
waste

well

detector
buffer waste
well

Figure 2.4: Microfluidic channels illustrating sample
preparation, injection, separation and detection

Similar to the generic CE setup (Fig. 2.1), a detector is placed near the end of
the separation channel and is used to measure the intensity of light emitted by the

excited fluorophores. Based on Equ. 2.1 (i.e. for commonly encountered situations):

X =t (2.1)
v =ME (2.2

wherexisthedistancetraveled, v isthe average velocity, andt isthetime, the detec-
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tor is placed as far away from the intersection channel as possible, maximizing the
distance and hence the separation time. However, as can be seen from Equ. 2.1 and
2.2, where pisthe electrophoretic mobility and E isthe electric field, the separation
time can be decreased by increasing the electric field.

Macro CE separations are normally performed using voltages, and correspond-
ing currents, intherange of 5—30kV and 10—100 pA respectively. Higher currents
may lead to unstable and irreproducible operating conditions through:

1. Joule heating which can cause changes to the polymer pore sizesresulting

in anon-linear separation characteristic.
2. Reduced resolution through heating and convection flow.

Because microfluidic systems have shorter channel lengths, lower voltages can be
used while maintaining the same electric fields. For such systems, currents higher
than 100 pA have not been reported in literature. In regards to the voltage, if the
potential istoo high, the DNA becomes completely uncoiled, and regardless of size,
orients itself parallel to the field and migrates at the same velocity (a.k.a strongly
biased reptation) [29, 30], making mobility based separation infeasible.

Voltage selection is determined during method development in which several

factors and variables are considered:

e Resolution and migration velocity are a function of the electric field and
the polymers retarding capability. For example, lower electric fields may
provide higher resolution but at the cost of much slower speeds (and vice
versa). A polymer with smaller pores may result in enhanced resolution

in separation but slower speeds (and vice versa).

e Thesampleand itsdeltavelocity (i.e. differencein rates of travel between
varying fragment length samples). Must ensure electric field is a value

that allows for maximum resolution.

e Currents should not exceed 100 pA.

10
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Similar to the macro CE setup, the detection mechanism most commonly used is
laser-induced fluorescence (LIF) spectroscopy - which will be discussed in more

depth in the following section.

11



12



Chapter 3
Prior Work

This chapters presents an overview of the recent advancements in microfluidic in-
tegration. Specifically, the individual components required in such systems, along
with existing systems as a whole are examined.

Complete LOCs require the integration of several different components. These
components include reservoirs and fluidic interconnects for sample separation and
collection, high voltage generation and distribution networks to power the often
demanding bio-analysis tools, detection mechanisms ranging from optical (photo-
detectors) to chemical detectors, and some form of control/readout and data acqui-
gition circuitry. In the following, the key individual components are examined first,

followed by an examination of more complete and integrated systems.

3.1 Componentsfor a Complete LOC System

3.1.1 Fluidic Channels

There are a variety of strategies to fabricate enclosed channels [31-33], the main
methods (discussed in [34, 35]) are presented below:

1. Bulk etching with bonding or fusing of the patterned glass, silicon or hard
polymer (e.g. polystyrene or polycarbonate).

2. Use of asacrificial patterned resist under vapor deposited polymers [36].

3. Patterning channels in a polymer and sealing it to a solid substrate. Ex-
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amplesinclude PDM S (or polydimethylsiloxanewhichisasoft conformal
polymer) [37] or SU-8.

3.1.2 Power Supply

Recent efforts in academia at the miniaturization of the power supply include a
battery-powered, high-voltage power supply with electrochemical (EC) detection
and interface circuitsdesigned for microchip capillary electrophoresis (CE) by Jack-
sonet al. [1]. The power supply (Fig. 3.1) occupiesaspace of 7.62x 10.16x 2.54cm?
and can generate +1000V with a maximum output current of 380 yA. Garciaet al.
developed a battery operated 3-channel high voltage power supply for microchip
capillary electrophoresis (CE) with dimensions of 9.5x 18.4x 26.4cm? (weighing
approximately 3.5kg) capable of generating a 0 to £4000V range for a variety of
microchip setups [38]. Most recently, Erickson et al. developed a2.1x 10x 2.5¢cm?
device (Fig. 3.2) capable of generating 700V with a 12V input voltage [2]. All
of these devices rely on off-the-shelf high voltage (HV) DC-DC converters ver-
sus custom designing the HV power supplies, lending themselves to larger sizes
and higher costs. However, with the increasing demand in applications such high
voltage MEMs, automobile parts, medical devices, telecommunication circuits and

field-emission displays, and the recent developments in HV semiconductor pro-

On/Off Switch

High Voltage Electrodes

Figure 3.1: The power supply used by  Figure 3.2: Photograph of the power sup-

Jackson et al. [1] including the (a) dual-  ply used by Erickson et al. [2]
source high-voltage power supply, (b) in-

terface circuit, and (c) amperometric de-

tection circuit
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cesses, smart power technology [39] (integrated LV and HV) systems offer an ex-
cellent alternative to existing bench-top and off-the-shelf power supplies. Current
HV CMOS semiconductor foundries like AMS, Atmel, DALSA and X-FAB offer
voltages up to 70V, 40V, 600V and 650V respectively. With such voltages avail-
able, high voltage generation for microfluidic applicationsis not far away. Richards
et al. [40] reported a high voltage charge pump circuit (integrated in 0.8-um pro-
cess) capable of producing 50V output from a typical 5V input using a 16-stage
Pelliconi cascade charge pump (illustrated in Fig. 3.3) aong with stacked poly1-
metal 1-metal 2 capacitors. Though still shy of the required high voltage, thisdesign
demonstrates the possibilities of HV CMOS processes.

(@]
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Figure 3.3: Pelliconi cascade charge pump architecture

Besides generating the required high-voltages, switching of the output states
is aso required. Currently large and expensive off-the-shelf electromechanical
switches (e.g. relays) are used for this task. However, with new protocols which
take advantage of rapidly switching electric fields (e.g. 10— 100 Hz) to mimiclonger
channels in shorter channel systems, relays (with their limited lifetime of about
1 million or so number of fixed operations) pose serious limitations. Solid-state
CMOS circuits however overcome this by not only offering orders of magnitude
higher lifetime of operation but also direct integration with the high-voltage gener-

ation - all on the same substrate.
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3.1.3 Optical Detection

In regards to detection methods, most methods of optical detection for compact
systems rely on bounded glass substrate technology (for the microfluidics) with
an off-chip photomultiplier for laser induced fluorescence detection. However, the
large externa requirements limit the integration possible. Non-optical detection
techniques (e.g. electrochemical) [41] are practical for portable applications, how-
ever, fluorescence detection is preferred because it is chemically decoupled from
the analysis step, and many of the current biochemistry protocols already incor-
porate fluorescent labels. Webster et al. developed a CE device with integrated
fluorescence detector using an external LED and a custom photodiode on a sili-
con substrate [3]. Though sensitive, the measurement and readout equipment were
external. This microfluidic system is shown in Fig. 3.4. A more portable system
was developed by Novak et al [4] illustrated in Fig. 3.5. This system, inspired by
the DVD pickup head (and similar in size), integrated the optics (filter, mirror, lens,
LED, exciter, emitter), detector (photodiode) and the electronics (lock-in amplifier).

However, both of these examples still rely on large and bulky external components.

Dichroic mirror
Photodiode

\ =1 A Ambllfief

i \
Exciter Emitter

Figure 3.4: Microfluidic system [3] Figure 3.5: Optical system
schematic [4]

More recent work has investigated integration in conventional CMOS process.
This encourages miniaturization by allowing the optical detectors (e.g. photodi-
odes) to be on the same substrate as the amplification/detection circuits. Patounakis

et al. [42] developed an active CMOS biochip (in a 0.25-um process) with an in-
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tegrated pixel array using time-gated (sampling for some specified duration), time-
resolved (able to differentiate different sources) detection without the need for op-
tical filters. This was accomplished by using the fact that fluorescence intensity
exponentially decays slower than a pulsed laser can be turned off. Hartley et al. [7]
fabricated a 16-element linear array CMOS sensor chip (in 0.18-um process) using
active pixel sensors[43], correlated double sampling (CDS) [44], and spatial filters.
This design was used to perform flow cytometry (atechnique used to count, exam-
ine and sort microscopic particlesin afluid flowing medium) and is more useful in
counting then evaluating optical intensities of marked particles. Manaresi et al. [5]
introduced a chip (implemented in 0.35-um CMOS technology) consisting of an
active-pixel sensor, 2x 17 um photodiode and a readout circuit consisting of afully

differential charge integrator using correlated double sampling.

3.2 Integrated Systems

The following three works, though different in implementation and direct biologi-
cal application, illustrate excellent examples of CMOS chips integrated along with
the microfluidics. The first two methods allow for programmable manipulation of
individual particles without fluid flow, the first combining embedded optical detec-
tion and transport, and the second without the integrated detection. Thethird design
introduces an active pixel sensor and microfluidics for cytometry on a chip.
Manares et al. [5] (Fig. 3.6) presented the first device capable of individual
particle manipulation without fluid flow. Thiswas accomplished by implementing a
moving DEP (dielectrophoresis) cage approach. A DEP cageiscreated by applying
a counterphase sinusoidal voltage to an electrode on the chip and the asscoiated
microchamber lid, while at the same time applying an in-phase sinusoidal voltageto
the neighboring electrodes. By changing the pattern of voltages applied, cellscan be
trapped and moved. Each electrode site also contains areadout circuit consisting of
aCMOS active pixel sensor with afully differential charge integrator implementing
CDS. This chip is packaged with the microfluidics by gluing a conductive-glass

lid with SU-8 walls to the chip to define the microchamber and mounting the die
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directly on aprinted circuit board.

Leeet al. [6] demonstrated an extremely novel method of cell manipulation us-
ing magnetic fields. A SiGe chip (which providesahigh Q factor) containing an ar-
ray of microcoils (along with logic), each capable of producing spatially-patterned
microscopic magnetic fields was fabricated. A microfluidic channel was then post-
processed directly on the SiGe die using PDMS (illustrated in 3.7). Once sealed,
the microfluidic channel plus wells are injected with biological samples contain-
ing magnetic beads. The magnetic beads are then actuated using the microcoil
array. Thisillustrates an excellent method of cell actuation without the use of elec-
trophoresisforces.

Finally, Hartley et al. [7] introduced an active pixel sensor integrated with mi-
crofluidics for cytometry on a chip. This paper illustrates a clean and interesting
method of integrating the electronics and microfluidics. As shown in Fig. 3.8, the
CMOS sensor is solder-reflow flip-chipped bonded to athin (100 ) glass patterned
with Cr-Ni-Au (50 nm — 50 nm — 1250 nm) which is then permanently bonded to
a thicker glass (1.1 mm) which acts as mechanical support and contains the mi-
crochannel. Though the design and method of integration are relevant, the target
application (cytometry) caters towards cell counting, rather than identification (e.g.

via fluorescence) - which iswhat we are interested in.

Substrate

Figure 3.6: Manaresi
et al. integrated syss Figure3.7: Leeetal. in- Figure 3.8: Hartley et al.
tem [5] tegrated system [6] integrated system [7]
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Chapter 4

|ntegrated Optical Detection

In this chapter, the requirements for fluorescence based optical detection in CE is
first discussed, followed by background information on CMOS optical sensors and
their associated circuitry. The methodology and reasoning behind the design, along

with simulationsis then presented, concluding with actual measured results.

4.1 Motivation

Due to the high excitation powers and low background levels made possible with
lasers and dichroic mirror (plus filter) combinations, confocal laser-induced fluo-
rescence (LIF) offers the most sensitive method of detection to date for CE sys-
tems[45]. However, many of the current systems (asillustrated in Fig. 4.1) are not
conducive for integrated systems, and wafer level fabrication, as they rely on large
and bulky external components. Such systemstypically include [46]:

e A light source for excitation of the fluorophore (usually alaser)

A dichroic mirror to reflect the excitation wavelength while allowing the

emission wavelength to pass

A microscope objective to focus the light

A bandpass filter to reject the scattering of the emitted fluorescence (col-
lected by the objective and passed by the dichroic mirror) [47]

A pinhole aperture to spatially reject the out-of-plane light
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e A detector (e.g. avalanche photodiode or photomultiplier) and associated

signal processing to capture and process the image information.

However, by integrating the microfluidics and filter directly on top of the sub-
strate (containing the detector) and minimizing the distance between the sasmple and
detector, the focusing lens along with many of the other macro components can be
eliminated. The proposed system isillustrated in Fig. 4.2 and all future presented
detector and related circuit designs refer back to thisfigure.

excitation
excitation source
filter
—
objective lens ‘
J 40um Roof
- detector — jTample — .

10! Floor (& filter
substrate  dichroic emission lens e (. .

[3um 7 /7~ " SiN 502, dielectrics]
mirror filter pinhole L ] | Silicon substrate

Photodetector

Figure 4.1: Typical confocal LIF system Figure 4.2: Optical system schematic

4.2 Requirements

To design sensors and circuits capable of sensitive optical detection of emitted flo-
rescence (as in the system illustrated in Fig. 4.2) first order calculations can be
made to determine the optical power reaching the sensor. In this first order ap-
proximation, we assume a black box where excitation light(e.g. from a laser), o,
enters and emitted light (from the fluorophore), 1(z), exits after passing through a
distance, z. This relationship, illustrated in Fig. 4.3, can be expressed using the

absorption (Lambert-Bouguer) law as:
1(2) = loe™** (4.1)

Where o, the absorption coefficient (cm™1), is a property of a material that defines
the extent to which the material absorbs energy.

Considering though, that the assumed black box consists of a solution mixture
of fluorescently tagged analytes, the Beer-Lambert law and the quantum yield of
the fluorophore is used to quantify the light energy absorbed and emitted by the
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fluorescence. Beer-Lambert's Law (illustrated in Fig. 4.3) states that the incident
light, 1o, is absorbed by a given material of thickness T, and concentration C, such

that the exiting light is given by:
| =1910CT (4.2)

where ¢ is the extinction coefficient and is a measure of how strongly a chemical
species absorbs light (mol ~1ecm™1).

Assuming very low concentrations, the amount of light absorbed can then be
approximated using thefirst termin the Maclaurin series (i.e. a Taylor series expan-

sion of afunction about 0) as:
laps = lo— 1 = 1n10eCT g (4.3)

For fluorescence, the quantum yield, Q, is defined as the ratio of the number of
photons emitted to the number of photons absorbed. Using this and the absorbed
light energy, we can determine the released light energy as.

lemitted = Qlaps = QIN10eCT g (4.9)

From this, we can see that the energy emitted can be increased by increasing the
concentration, path length, the incident optical power, or by changing the fluo-
rophore (which affects the quantum yield and extinction coefficient). By increasing

the emitted optical power, we require less sensitive detectors and circuits.

Point Source

} I(z)

Figure 4.3: Diagram of Beer-Lambert ab-  Figure 4.4: Integrating over a sphere cut
sorption of a beam of light throughama  with dimensions equal that of the pho-
terial of thickness T todetector
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The second step required is to determine the amount of emitted optical power
reaching the sensor. Using Fig. 4.4, by assuming a point source in the middle of the
channel and integrating over the area of the sensor (assumed to be a square) divided
by the total area of a sphere wrapped around the point source, the light collection
efficiency is:
a2 12 @) 1) o

4mr2

collection efficiency = (4.5
Two additional factors also need to be considered:

1. The fluorophore may be excited at awavelength other than its maximum.
This does not change the shape of the emission spectrum, however, the
intensity of the emission is directly dependent on the amount of light the
fluorophore absorbs. Thus, using a LED or even laser where the spectral
(band) characteristics do not match the fluorescence efficiency (Fig. 2.3)

resultsin reduced (by some f2) emission from the dye.
2. The excitation filter attenuates (by some f2) the emitted light energy.

With these final factors, the total light collected by the sensor can be expressed as:

Total collected Light = (lemitted % 1) x (collection efficiency x f2) (4.6)

Table 4.1: Parameters for a ROX fluorescent marker and dimensions from Fig. 4.2

Parameters
Name | Description Value | Unit

Q Quantum Yield 70 | %

€ Extinction Coefficient 16.91 | nM
C | Fluorophore Concentration 82 | um M1
T Path Length 40 | pm
lo Excitation Light Intensity (532 nm) 200 | W
o] Half of the Detector Active Length 75 | pgm
a Distance from Sample Point Source to Detector 33 | um
f1 | Fluorophore Excitation Amount 40 | %
f2 | Emitted Light Transmission through Filter (@600nm) | 10 | %
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Using thedesign criteriain Table 4.1 and Equ. 4.6, the total optical power reach-
ing the sensor is determined to be about 30.4 pW. Thisprovides afirst-order approx-
imation of the optical power that may reach the detector. However, depending on

the peak height, the actual value may be an order larger or smaller.

4.3 Background

The amount of optical power reaching the sensor provides an idea of how sensitive
the detector and circuits need to be. In this subsection, background information is
presented on the different detectors and the techniques used to meet such low light

detection requirements.

4.3.1 Silicon Photodiode Physics

Silicon photodiodes are solid-state devices that convert light energy into electrical
energy. The photodiode regions are constructed when a p-type dopant (with ac-
ceptor impurities) is brought into contact with an n-type dopant (with donor prop-
erties). With no externally applied bias, the concentration gradient formed by the
large number of electrons in the n-type semiconductor, and large number of holes
in the p-type semiconductor causes the electrons to diffuse into the p-type material
and holes to diffuse into the n-type material. When the electrons and holes move
to their respective sides, they leave behind immobile (i.e. part of the crystal lattice)
positive and negative uncovered (ionized) dopant atoms respectively. An electric
field forms between the positive and negative exposed ion regions (forming a built
in potential), which quickly sweeps the carriers out, leaving the region depleted of
free carriers (i.e. the depletion region).

When a a photon of energy greater than the band gap of silicon 1.12eV (A <
1100nm - the infrared region of the electromagnetic spectrum) falls on the device,
an electron-hole pair is created. It isimportant to note that, with the exception of
carrier diffusion, only the light absorbed in the depletion region is used to generate
the photocurrent. Furthermore, different energies of light are absorbed at differ-

ent depths. The higher the wavelength of the photon, the deeper in the device it
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is absorbed. Thisis illustrated in Fig. 4.5 and based on Equ. 4.1. The electron-
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Figure 4.5: Light absorption coefficient, o, as a function
of wavelength for silicon [8].

hole pairs generated in the depl etion region are swept by the electric field and if the
two sides of the p-n junction are electrically contacted, an external current flows.
Electron-hole pairs created from photons not absorbed in the depletion region dif-
fuse for average time called the carrier lifetime (determined by the purity of the
silicon region), t. If the carrier lifetimeis short, the carriers quickly recombine and
do not contribute to the photocurrent. However, if carriers are generated within a
diffusion length, L of the depletion region, they are collected and contribute to the
photocurrent. The diffusion length is defined by:

L=+vD1 4.7)
Where D isthe diffusion coefficient defined by the process.

4.3.2 Silicon Photodiode M odes of Operation

There are two modes of operation for silicon photodiodes, photovoltaic (PV) and

photoconductive (PC). In photoconductive mode, the diode is reverse biased and
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acts like a current source, while in photovoltaic mode, the diode is not biased and
exhibits nonlinear characteristics with very bright light conditions or large load re-
sistance. The I-V curve for the two different modes, along with their associated
load linesisillustrated in Fig. 4.6. Increase in illumination shifts this curve down,

representing an increase in photocurrent. The output current can be expressed by:
lo = Ipn — Is(6WT) — 1) — gy (4.8)
and is determined using the equivalent photodiode circuit illustrated in Fig. 4.7.
In the above equation, the second term represents the diode current (Ip), Is is the
photodiode reverse saturation current, q is the electron charge, k is Boltzmann's
constant, T is the absolute temperature of the photodiode, |y, is the photocurrent
under illumination, and I ¢, 1S the current through the shunt resistance (Rgn).

If the terminals of the photodiode are shorted, a photocurrent 1= proportional
to the light intensity flows from the anode to the cathode, and when the circuit is
open, an open circuit voltage, Voc is generated with positive polarity at the anode.

The choice of PC or PV mode operation depends on several factors:

Light
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" Photovoltaic Mode
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Figure 4.6: |-V characteristic, operating Figure 4.7: The photodiode circuit [9]
regions (load-lines), and open/short cir-
cuit diagram for silicon photodiodes [9].

e PC mode exhibits a large (higher than nine orders of magnitude) linear
range of operation with increasing illumination. PV mode however has
alimited linear range of operation (which can be extended by decreasing

the load resistance).
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e The response time is dependent on the RC time constant defined by the
diode capacitance and load resistance. Under the application of areverse
bias (in the PC mode), the depletion width is increased reducing the ca-

pacitance and the response time.

e Defectsinthesilicon crystal lattice result in trap sitesin the forbidden en-
ergy gap (the region between the valence and conduction bands) and cor-
respondingly act as generation-recombination centers, producing current.
This current is generated in the depletion region and is proportional to the
junction area and depletion region width. It isthis current in combination
with the diffusion current (which saturates at |s under the application of
areverse bias) that resultsin a so called dark current, which acts to limit
the low light sensitivity of PC mode photodiodes. In PV mode, as no bias
is applied, the dark current is theoretically zero, alowing for high SNR
in low light conditions. It is important to note that there are two other
factors, band-to-band tunneling and thermionic emission currents, which
also contribute to the dark current. However, as their contributions are

small, they are not considered here.

4.3.3 Silicon Photodiode Characteristics

To determine the response of a photodiode to different wavelengths and its lower
[imit of detection, responsitivity, quantum efficiency, and the noi se equival ent power
(NEP) are introduced and examined respectively in this subsection.

One of the key parameters when dealing with photodiodes is responsitivity, R,
defined asthe current (l,) generated for each received waitt of incident optical power
(@) with units of ampere per watt (A/W). In the ideal case, each incident photon

generates an electron-hole pair and [1]:

o on
Rideal = > he (4.9)
where A is the wavelength of the incident light, h is Planck’s constant, and c is the

speed of light. However, as can be seen from Fig. 4.8, the typical responsitivity for

26



11/19/07 - Confidential - Khorasani Section 4.3: Background

real silicon photodiodes deviates from theideal case. Theinitia reduction is dueto
photons that are reflected from the surface, never penetrating the material and thus
never reaching the depletion region. For the case of normal incidence, thisreflection
coefficient (R) (assuming light passing from air into a material of refractive index,
n) can be calculated using Fresnels equation [1]:

R— (”1_”2)2 (4.10)

N1+ nN2

Asillustrated in Fig. 4.9, for silicon, with n ~ 3.5, the reflection coefficient is 31%,
leaving only 69% of the light left to penetrate into the detector material.

1'(1) / means  / \ Refractive index n=3.5
g 09 N [\ Normal reﬂectmty

0.8 100“(9 Quantum InGaAs 1
z 07 Efficiency (long) n - — 31%’ unless
> 0.6 e AR-coated
s g'i 75 ]V / Anode
30}
Foi) A — u-i

0.2 -

02 N \

0‘0 GaP ‘GaAsP \

0.2 04 06 0.8 1.0 12 14 1.6 18 20 22 24 26

Wavelength (um) Cathode

Figure 4.8: Responsitivity of different  Figure 4.9: High reflectivity of an air/sili-
semiconductor materials with respect to  coninterface (given by Fresnel equations)
100% QE [1]. [1]

Thisismirrored in the near 30% reduction of responsitivity from theideal 100%
guantum efficiency case (Fig. 4.8). In addition to thisreduction due to the interface,
at short wavelengths (i.e. less than 380um) and at wavelengths greater than 1.1 um,
there is a further minor and steep fall-off of responsitivity respectively. The minor
reduction is because the photons are absorbed too near to the surface; this prevents
the generated electron-hole pairs from contributing to the photocurrent as they are
not near enough to the electric field of the deeper depletion region to be swept
in. The steep fal-off on the other hand, is because the photons have insufficient
energy to overcome the bandgap of the semiconductor (e.g. 1.12eV for silicon) and
consequently pass through the crystal. Such deviations of the actual from ideal
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responsitivity is called quantum efficiency (n) [1]:

_ Ryctual  Ighc
N~ Rdea ~ @

(4.11)

and represents the ratio of the number of electron-hole pairs which contribute to the
generated photocurrent, to the number of incident photons.

Responsitivity and quantum efficiency help establish the amount of current that
is generated for a given incident light power, however, to quantify the limit of de-
tection, it is useful to examine the noise sources present in a photodiode. There
are three main sources of noise in photodiodes, thermal (or Johnson noise, | ;), shot
noise (Is), and flicker noise (Ig). Since these sources are independent of each other,

the total noise current can be expressed by [9]:
In=1/12+13+12 (4.12)

The thermal noise is generated by the random thermal motion of electrons and is
present in any linear passive resistor. For the photodiode, the thermal noise contri-

bution comes from the shunt resistance (Rg,) and is expressed as[9]:

2R g (4.13)
where k is Boltzmann's constant (1.38 x 1023 JK), T is the absolute temperature
(K), and B is the noise bandwidth (Hz). Most often, since the thermal noise is
independent of frequency, it is expressed in unitsof A/v/Hz

Shot noiseisgenerated by random fluctuationsin the normal current flow through
aP-N junction. Sincetheflow carriersis subject to random movements, anoise cur-
rent is generated. Since it is independent of frequency, similar to thermal noise, it

can be expressed in unitsof A/v/Hz and is given by [9]:

%: 20 lea)  (AVHZ) (4.14)

where q isthe electron charge.
For Flicker (1/f) noise, the mechanisms behind it are not very well understood,

instead, a general equation to represent this type of noise has been determined ex-
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perimentally and is given by [9]:
T Kl
VB f

where K is a constant that depends on the type of material and geometry, l4c is

(A/VH2) (4.15)

the dc junction current and f is the frequency. Flicker noise dominates when the
bandwidth of interest contains frequencies less than about 1 kHz.

Thelower limit of detection for a photodiode can then be expressed as the inten-
sity of incident light required to generate a current equal to the total noise currents
(In). Thislimit is called the Noise Equivalent Power (NEP) and is defined over a
frequency of interest by [9]: |

N

NEP = — 4.16
5 (4.16)

where R isthe responsitivity (A/W).

4.3.4 Avalanche Photodiodes

With internal gain, avalanche photodiodes exhibit quantum efficiencies greater than
100%. Thus, inlow light conditions, where the noise of the amplifier can exceed the
noise of theamplified signal, avalanche photodiodes provide an excellent aternative

to standard photodiodes by reducing strict amplifier dependence.

Cathode Anode

Active area
10-500 pm

10pm

(A) Shallow Junction Geiger Mode APD P-epi
P’ Substrate

Figure 4.10: Shallow junction Gelger-mode avalanche photodiode [10]

In the linear mode of operation, APDs are operated below their breakdown volt-
age, and the applied electric field determinesalevel of internal gain (i.e. the number
of electron-hole pairs generated per incident detected photon). Operated in ‘ Geiger-
mode’, silicon APDs allow for single-photon detection. Shallow junction Geiger-

mode APD detectors have been manufactured with CMOS compatible processing
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steps [48], however, their operation requires much higher reverse bias voltages then
standard silicon photodiodes operated in PC mode.

A schematic cross-section of a shallow junction APD isillustrated in Fig. 4.10.
For Geiger-mode, by applying areverse biasin excess of the breakdown voltage of
the device, asingle electron-hole pair created by an incident photon in the depletion
layer experiences a self-sustaining avalanche multiplication effect (impact ioniza-
tion). By reducing the reverse voltage below the breakdown potential, the device
can be “quenched,” [49] preventing damage due to high power (heating effects), by
ending the avalanche event. Thisis accomplished using either a passive quenched
circuit [50] which ssimply consists of a resistor in series with the APD or an active
guenched circuit [51]. Passive quenched circuits are only adequate for low count
rates (< 10°/s) due to the time constant delay (of the quenching resistor and de-
tector capacitance), while active quenched circuits are used for higher count rates
(e.g. 6.7GHz [52]) as the circuits can be optimized to reduce dead-times (i.e. time
it takes to place the APD in areverse bias state after quenching). Fig. 4.11 illus-
trates an example of an active quenched circuit [11]. The APD anodeisbiased at a
large negative potential (—Vnn) to allow low-voltage components to be used in the

guenching circuit.

R2
VNN

Figure 4.11: A basic active quenched APD circuit [11].
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4.3.5 High Voltage Process

The work described in thisthesisis designed using DALSA Semiconductor’s three
metal layer, triplewell, dual gate oxide 0.8-um 5V/HV CMOS/DMOS process. Itis
smart power technology [39] (i.e. incorporating both low-voltage and high-voltage
components on the same substrate) which uses double-Diffused M etal-Oxide Semi-
conductor (DMOS) transistors in order to obtain high voltage integrated circuits.
By defining separate low-voltage and high-voltage regions through deep or high-
voltage N-wells, 5V mixed signal circuits can be isolated from the high-voltage
components, which can support source-drain breakdown voltages up to 600V [53].

The multitude of layers available in this process allows us to define different
junction depths and structures for avalanche and standard silicon photodiodes. As
different wavelengths are absorbed at different depths, by using different junction
depths we can cater photodiode responses for specific wavelengths. The different

junctions availablein this process are illustrated in Fig. 4.12.

|<— No HV Def Mask —p|<t—— HV Def Mask—>|

P-Top

N-Base P-Base 0.9 um
1.2um
P-Well
3.5pm HV N-Well
Deep N-Well 25pm
6.0 um P—Epi
P-Substrate

Figure 4.12: Simplified cross section of the 0.8m 5V/High-Voltage process high-
lighting available junctions and associated depths

4.4 Design and Operation

Using DALSA Semiconductor’s 0.8-um 5V/HV process, five different junction
photodiodesand three different aval anche photodiode configurationswere designed.
In addition, an integrating transimpedance amplifier (TIA) utilizing a 3T active
pixel and “lock-in amplifier” approach was designed to convert the photocurrent

collected from the photodiodes into an acceptable voltage level for use with an
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analog-to-digital converter. An active quenched circuit, coupled to adigital counter
was also designed for avalanche photodiodes operating in Geiger-mode.

In the following, the first two subsections discuss the different photodiode and
APD structures. Thethird and fourth subsections present the design of the TIA and

the active quenched circuits respectively.

4.4.1 Photodiode Structures

In most classic N-Well CMOS processes, only three photodiode structures are pos-
sible (n+/P-sub, N-Well/P-sub, and p+/N-Well [54]), however the large number of
layers available in the DAL SA process allows us to create many different junction
combinations.

Five different photodiode structures were designed on two different chips, ICK-
AALC2 and ICKAATCL. The five configurations are illustrated in the Fig. 4.14 -
4.18. To understand the choice behind using specific junctions for each design,
it is important to reiterate the well known fact that the depletion region extends
into the lighter doped region. This can be explained briefly by the relationship
between dopant concentration (where Np and Na represent the donor and accep-
tor concentration respectively) and the total uncovered charge (Q) in unbiased P-N

junctions[12]:

Q1 = +q(d1A)Np (4.17)
Q2 = —((d2A)Na (4.18)

where g is the charge of the ionized (uncovered) atoms and d represents the width
of the depletion region extending into the specific P or N region. Under equilibrium
conditions, and assuming the n-type region is more heavily doped (i.e. Np >> Na),
the width of the depletion region (d1A) extending into the lighter doped (Na) region
must be larger than that of the heavier doped region to maintain overall charge neu-
trality (i.e. Q1 = —Q»). Thisisillustrated below in Fig. 4.13. For the five different
designs, the depletion region extending into the lighter doped regionisillustrated in
Fig. 4.14 - 4.18, through the dashed lines. As the depletion region extends mostly
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T E e e
©) @O OO——Qz

Figure 4.13: A P-N junction under zero bias[12]

into the lighter doped region, the shallower depletion region in the more heavily
doped region is not shown in our figures. By knowing in which junction the deple-
tion region predominantly extends, an estimate of its depth can be made.

Each of the five designed devices is discussed briefly below:

1. pt+/Deep N-Well Photodiode (PD1): The anode of this photodiode is the
p+ diffusion and the cathode is the Deep N-Well. This configuration al-
lows for substrate-isolated optical detectors asit can be placed in its own
seperate Deep N-Well. The p+ diffusion is approximately 0.4 um deep
and the N-Well is about 6.0um deep. However, since the p+ diffusion
has a much larger doping concentration than the Deep N-Well, the de-
pletion region extends into the Deep N-Well. The designed active arealis
50 um x 50 pm and the N-Well contacts are placed minimum design rule
distance away from the p+ diffusion.

=

anode cathode

Y

Active Area

—soum
50 um

Deep N-Well (6.0 pm)

P-Epi
P-Substrate

Figure4.14: PD1: p+/ Deep N-Well with
adepletion region around 0.3 um.
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2. P-Well/n+ Photodiode (PD2): The anode of this device isthe P-Well and

the cathode is the n+ diffusion. Thisdevice also allowsfor isolation since
it isin its own P-Well. The P-Well and n+ diffusion have a depth of
3.5um and 0.4 um respectively and the depletion region extends into the
lighter doped P-Well. Two different active area sizes were implemented,
a50pm x 50 pm photodiode in ICKAALC2 and a 150 pm x 150 pm pho-
todiodein ICKAATCL.

anode cathode

Active Area

—s0um
150 um

Deep N-Well (6.0 um)
P-Epi
P-Substrate

Figure 4.15: PD2: P-Well / n+ with a de-
pletion region around 0.4 pm.

. P-Epi/Deep N-Well Photodiode (PD3): The anode is the P-Epi layer and
the cathode is the Deep N-Well. The deep N-Well extends 6.0 um deep
and the depletion region extends into the lighter doped P-Epi region.
A 150 um x 150 um active area photodiode was implemented on ICK-
AATCI1.

anode cathode

Active Area

—50um
150 um

CHIEEEIG
|04 um 10.3um
. | Deep N-Well (6.0 pm) | |

EEEEEEEEEEEETE - P-Epi
P-Substrate

Figure 4.16: PD3: P-Epi / Deep N-Well
with a depletion region around 6.0 pm.

4. P-Epi/HV N-Well Photodiode (PD4): Once again, the anode is the P-

Epi layer, however in this case the cathode is the HV N-Well. The HV
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N-WEell is shallower than the Degp N-Well extending only 4.5 um deep.
The depletion region extends once more into the lighter doped p-epitaxial
layer. This photodiode was implemented on ICKAATC1 with an active
area of 150 um x 150 pum.

anode cathode

+ :P+

- \_HV N-Well (4.5 ym) ) -
P-Epi
P-Substrate

Figure 4.17: PD4: P-Epi / HV N-Wdll
with a depletion region around 4.5 pm.

5. P-Base/HV N-Well Photodiode (PD5): The anode isthe P-Base layer and
the cathodeisthe 4.5 um deep HV N-Well. With the P-base junction depth
of 1.2 um and its higher doping profile, the depletion region extends into
the HV N-Well. This photodiode was also implemented on ICKAATC1
with an active area of 150 pm x 150 pm.

anode cathode

Active Area

. 04um | 0.3um

! P-Base (1.2 ym)
HV N-Well (45 pmy - -~ -~~~ """~ -

P-Epi
P-Substrate

Figure 4.18: PD5: P-Base / HV N-Well
with a depletion region around 1.2 um.

4.4.2 Avalanche Photodiode Structures

Because of the high voltagesrequired for Linear and Geiger Mode APDs, thedesign

of such componentsis more involved than standard P-N junction photodiodes.
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The main issue is the higher electric fields which appear at the junction edges.
For proper avalanche operation, the highest electric field should be confined to the

center of the diode. However, since:

1. Thehighest electric field is present at the edges because of the non-planer,

spherical geometry of the junction and

2. Breakdown occurs in the region (i.e. edges) where breakdown is first
reached

it becomes difficult to contain the highest electric field to the center of the diode as
the edges (and hence the junction) breakdown at lower fields first.
The electric field at breakdown for Si at room temperature is defined by [55]:

 4Ax10°
1 —Llog;o(N/1016)

Em (4.19)

When the dopant concentration (N) in a semiconductor changes abruptly from ac-
ceptor, Np, to donor dopants, Np, you have an abrupt junction. In particular if
Na > Np (or vice versa), you get a one sided abrupt p™ — n (or n* — p) junction.
Assuming a one-sided abrupt P-N diode, the corresponding breakdown voltage can

be determined using [55]:
=

and the corresponding depletion region width equals [55]:
_ &Em

It is important to note however that the equations above are given for a one-sided
abrupt junction and in redlity, linearly graded or diffused junctions with curvature
have reduced breakdown voltages [33].

Even though the breakdown voltage isinversely proportional to the doping den-
sity, a circuit designer does not have direct control over this property. There are
however two common methods of addressing edge breakdown and they include

either using periphery guard rings or by using a virtual guard ring:
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1. By placing low-doped guard ring regions at the periphery (Fig. 4.19a),
premature breakdown of the edges can be suppressed allowing for higher

electric fields at the center of the junction.

2. By placing a highly doped region (n-base doping > n-well doping) at
the center of the diode (Fig. 4.19b), alower breakdown voltage region is
established, allowing for proper (center breakdown) avalanche operation.

p- | -
base
T newell n-well
(a) Edge guard ring (b) Virtual guard ring

Figure 4.19: Two methods of edge breakdown prevention

These two corresponding methods were used in the design of the four differ-
ent avalanche photodiode structures illustrated in Fig. 4.20, but the same structures
can also be used in the design of zener diodes. The first two designs use lighter
doped (higher breakdown voltage) guard rings at the edges of the anode junction.
APDL1 isin the deep N-Well for low voltage operation while APD2 isimplemented
in the HV N-Well for higher voltage (and thus superior avalanche) operation. The
pt/DeepN — Well breakdown voltage is 13V and the p™ /HVN — Well is 18 V. If
these are the potentials at which the edge breaks down first, then the center of the
junction never reaches these voltages. However, since the P— Well /DeepN — Well
and P— Base/HVN — Well breakdown voltage is 40V, by adding guard ring struc-
tures the the junction periphery, higher electric fields are achieved at the center
of the APDs. Similarly, by placing a virtual guard ring at the center of the junc-
tion, the depletion region width is extended around the edges allowing for optimal
electric fields at the center of APD3 and APD4. The active area of the avalanche
photodiodes was matched to the width of the microfluidic channel that would be
post-processed overtop of the detector.
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APD3:n+ Virtual Guard Ring APD APD4: p+ Virtual Guard Ring APD

Figure 4.20: The 4 different avalanche photodiode implementations

4.4.3 Photodiode Based Optical Detection Circuit

The design of the silicon photodiode based optical detection circuit involved ad-

dressing severa problems:

e Low light conditions: the estimated optical power reaching a 150 um
x 150 um photodiode (in the proposed optical setup, Fig. 4.2) is about
30.4pW (calculated in Section 4.2). Such low light conditions translate

to very low (picoamp) photocurrents, requiring very sensitive circuits.

e Significantly higher or lower optical powers. designing for a specific
range (e.g. based on calculation results) limits the circuit adaptability.
Depending on the size of the analyte passing by the detector, the detected
light may be an order larger or smaller than the cal culated value, requiring

wide dynamic range.

e Unavailable photodiode models: the designed photodiodes are a first in
this process, and no existing literature reviews their characteristics (e.g.
responsitivity, leakage currents or other parameters). Therefore, the de-

tection circuit needs to be as flexible and accommodating as possible.

e Photodiode mode of operation: PV offers low noise operation. PC mode

of operation however, theoreticaly, offers higher quantum efficiencies
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(e.g. 9% in Fig. 4.38, due to the larger electric field from the resulting
wider depletion region) in exchange for alarger dark current contribution
(e.g. 38% - seeFig. 4.39) .

e Noise: 1/f noise dominates at low operating frequencies (Equ. 4.15 and
Fig. 4.25).

Based on these requirements, the circuit architecture chosen is illustrated in
Fig. 4.21, and is designed using three blocks. The first (pixel) block is responsible
for integrating the photodiode photocurrent over time into a voltage then buffering
the voltage before it is passed to the next stage. The second stage stores the volt-
age from two different states, a dark and light state respectively. The third stage
subtracts the two (i.e. the dark current contributions from the signal of interest)
voltages using the amplifier (illustrated in Fig. 4.23), A1, then stores and holds the

final result at the output stage for further processing.
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Figure 4.21: Schematic of the three stage optical detection circuit.

diff_reset |

The pixel block is composed of three main transistors. a reset (M1), source-
follower buffer (M2) and aload transistor (M 3), along with support transistors (M4
and M5). On reset, the photodiode voltage is precharged to Vdd by pulsing M1
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(designed with a large width). Once reset, as light falls on the photodiode, the
V ppcathode NOde capacitance discharges through the generated photocurrent (leav-
ing the photodiode anode). M2 buffers (with its high input impedance) and “tracks’
this discharging node at its output. By ensuring constant current flow through M2
(by limiting the sink capability of M3 with alonger transistor design), the input/out-
put response of the source follower (M2) ismade as linear as possible, while ensur-
ing low current draw.

Because the photodiode is operated in PC mode, dark current is a continuously
contributing factor (even in the absence of light), discharging V ppcathode. FUrther-
more, ambient background light, present even if there is no fluorescently tagged
analyte passing the detector, also acts to skew the measured results. This back-
ground ambient light is reduced as much as possible by placing the devicein adark
enclosure. By sampling the contributions from the dark current and ambient light
sources, and subtracting their combined effect from the actual signal, these addi-
tional “noise”’ sources can be differentially eliminated. Thisis accomplished by the
second (CDS) stage.

Correlated double sampling is atwo step operation, first the “dark” (with no ex-
citation source) then the “light” (with emitted light source) value is sampled, then
the two are subtracted from each other respectively. This apparently “smart” sam-
pling is possible because the digital control logic for this circuit is aso responsible
for controlling the excitation light source (e.g., LED or laser).

Referring to the plot in Fig. 4.22, initially with the excitation source on (i.e.
LED_Citrl high), the reset transistor (M1) is pulsed and the “light” current is inte-
grated (through the discharge of Vppcahode) Over a fixed period of time. At the
end of this, the SHS pass-transistor is driven high and the corresponding sampled
(Vsrout) valueis stored on C1. Directly afterwards, the excitation source turns off,
M1 is pulsed, and the “dark” state (with its dark current and ambient light contri-
butions) is integrated for the same amount of time. At the end of this period, the
pixel stage output (V spout) is sampled by driving SHL high and its value stored on
C2. At the same timethat SHL is high, M8 in the third stage shunts the differential
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Figure 4.22: Timing diagram for correlated dou-  Figure 4.23: Differential
ble sampling amplifier schematic

output of the amplifier to C3 for storage and later processing (e.g. by an ADC).
Additionally, since flicker noiseisinversely related to frequency:

K 1
CoxWL f

by implementing an integrating transimpedance (versus a non-integrating - high

_2:
n

(4.22)

gain) amplifier, we can suppress the effects of flicker noise (Fig. 4.24) by operating
at higher frequencies. Using the equation for the 1/f noise corner frequency [13]:

K 3

= C07XWLgm8ﬁ (4.23)

fc

we can measure what part of the band is most corrupted by flicker noise and try
to remain outside of that range. From Equ. 4.23, with aflicker coefficient for this
process of K = 1.622x10~28V2F (determined from the DALSA model files for
the kit version cmosp8g V2P5), the corner frequency is calculated to be about
1.43kHz. Past this point, the flicker noise contribution falls off significantly and
the thermal noise determinesthe noisefloor (illustrated in Fig. 4.25). A final design
consideration in this circuit is regarding the problem of charge injection and clock
feedthrough in the three sampling sub-circuits (i.e. the two pass transistors and M8
along with their associated capacitors).

Charge injection results when the switch turns off, and the charge exiting the

collapsing channel (in the inversion layer) is absorbed by the sampling capacitor
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Figure 4.24: The flicker noise Figure 4.25: Flicker noise reduces be-
spectrum with respect to fre- low the thermal noise contribution past
guency. [13] the corner frequency. [13]

(Fig. 4.26). Thetotal charge in the inversion layer can be expressed by [13]:

Qch = WLCox(VbD — Vin — VrH) (4.24)

This contributes three types of errors on the output voltage, two of which are
expressed by [13]:

Vpp — V- 4.25
c, ch (Vop — Vr1H) (4.25)

where the first term represents a non-unity gain and the second term represents a

WL WL
Vo — Vi <1+ Cox) ~ WLC

constant offset voltage. The third error is because of the nonlinear dependence of
V1H onVi, (body effect) [13].

In the second stage, pass transistors were used because the opposite charge
packets injected by the two complementary switches cancel each other out (i.e.
when Ag: = Agp), reducing charge injection. However, this occurs only at one
input level (i.e., calculated in this case to be Vi, ~ 2.42V) defined by [13]:

WiL1Cox(Vek — Vin — [VrHN|) = WaLloCox(Vin — [VTHP|) (4.26)

The differential nature of the circuit also helps remove the constant offset and low-
ers the nonlinear component of charge injection [13].

Clock feedthrough introduces an error by coupling the clock transitions to the
sampling capacitor through its gate-drain or gate-source overlap capacitance (illus-
trated in Fig. 4.27). Clock feedthrough error is expressed by the capacitive voltage
divider equation given by [13]:

AV = Vck _WCo (4.27)

WCoy +Ch
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and can can be suppressed using a dummy switch with Wyymmy = 0.5Whactua and
Lgummy = Lactua [13]. Furthermore, assuming that half of the charge leaving M8
enters the amplifier and the other half enters the sampling capacitor, C3, the same
dummy transistor (aslong asit is clocked on the opposite edge) reduces the effects

of of charge injection of M8 on C3 by absorbing the injected charge, instead of C3.

Vino ) E ‘\J‘ ° Vout
1

Cx

Figure 4.26: Effect of charge injection [13]  Figure 4.27: Clock feedthrough
inasampling circuit [13]

444 Photodiode Detection Circuit Simulation Results

This subsection presents the simulation results of the source follower and differen-
tial amplifier, and the results of the complete optical detection system under differ-
ent operating conditions.

From the simulation results of the source follower (Fig. 4.28), it is evident that
once M2 turns on (Vg > VrH2), the output response of the source follower is
quite linear up to an input voltage of 5V (with an output of about 3.2V) dueto the
constant current through M3. The current through M4/M5 peaks at around 16 pA
and the mirrored current (through M 3) reaches slightly over 70 yA. However, there
isaloss of voltage headroom (i.e. maximum output isaround 3.2V for a5V input)
because of the buffering of the pixel stage from the CDS stage. Since the current
in the “light” mode is simply a superposition of the dark current and current from
any additional light sources, the photodiode photocurrent will always be larger in
the “light” mode than in the “dark” mode. This higher current translatesto alarger
discharge of the V ppcahode Capacitance and thus a lower voltage at the input of the
source follower and hence at the output (than the dark mode). Knowing this, the

input to the Vin_p input stage of the amplifier (Fig. 4.23) was chosen to be the lower
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Figure 4.28: Input voltage sweep with output response for M2 (in Fig. 4.21).

(“light” mode) voltage and the input to the Vin_n node, the higher (“dark mode”)

voltage. As illustrated in Fig. 4.31 this generates an exponential behavior for the

output voltage (and thus the gain). The benefits of which include:

1. Atlow currents and small changes (between the“light” and “ dark” modes

currents), the amplifier exhibitsalarge gain, but

2. At larger differences in currents, there is a smaller gain, but very linear

operation.

Using the Hamamatsu S2387-33R Series photodiode as a reference, witha5V

reverse bias, the dark current is about 5pA. At 600 nm, the responsitivity of this
photodiode is about 0.35 A/W. With 30.4 pW (calculated earlier) reaching the pho-
todiode, the generated photocurrent is about 10.64 pA. Varying this by a factor of

ten times larger or smaller and superimposing this on the dark current, a current

range from about 6 pA up to 112 pA isdetermined. Fig. 4.29 illustrates the response

of the circuit to this current range, integrating at 25.2 ps.

In this example, because the integration time is long, the larger currents dis-

charge the PDCathode node more. In the amplifier stages, the large differences

between the voltagesresultsin unequal gain (Fig. 4.31). Asillustrated by Fig. 4.30,
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Figure 4.30: TIA response integrating over 0.4 psfor 161 pA to 260 pA.
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Figure 4.31: Differential amplifier Vin_p sweep for varying Vin_n.

by using a shorter integration time, the resulting closer voltage increments at the
source-follower output (SFOut) and higher gain experienced by the amplifier pro-
duces more consistent results.

To determine the integrating time for largest gain and to be able to determine
which integrating time to use, Fig. 4.32 provides a log-log plot of the gain (V/A)
versus the input current from simulation results. Different integration times (with
base dark currents) yield different gains, with the lowest currents exhibiting the
largest gains because of the larger integration times and because very small incre-
mental changes place the source-follower output voltage in the higher gain region of
the amplifier. The operating range for each integration time can also be determined

from the figure.
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445 Avalanche Photodiode Active Quenched Circuit

In this subsection, the design and operation of the active quenched circuit (AQC)
for single photon detection is discussed along with simulation results.

For Geiger mode (single photon detection) avalanche photodiode circuits, it is
crucia to know what kind of circuit, either an active or passive quenched, to use.
Passive quenched circuits offer slower response due to the RC delay from the se-
ries resistor and APD capacitance. Therefore, with an expected 30.4 pW of optical
power (®) arriving at the detector, about 91.8 million photons/sec are calculated to
strike the APD (at a wavelength of 600 nm) based on:

Number of Photons/sec = % (4.28)

where h is Planck’s constant (6.626 x 10~34J - s) and c is the speed of light. Asa
result of this high count rate, an active quenched circuit architecture was selected.

To be able to further increase count rate, a smaller (thereby reducing junction
capacitance) 50 um x 50 um P+/Deep N-Well avalanche photodiode (using the vir-
tual guard ring approach) with an expected breakdown voltage (V) of 13V was
designed and used. The junction capacitance (Cq)was calculated to be about 1.7 pA
(from the provided diode model file) with adiode (Rqy) resistance of about 1.8 €.

Thedesigned circuitisillustrated in Fig. 4.33 and consists of amix of LV digital
and HV analog components. The avalanche photodiode model used for simulation
is also shown in the same image. The switch (S;) closes when a photon of light
strikes the APD and only opens once the voltage across the APD decreases below
its breakdown voltage (Vpq).

For single photon (i.e. Geiger mode) detection, the APD isoperated at an excess
voltage plus the breakdown voltage (Ve + Vpg). Avalanche breakdown probability
increases with increasing excess voltage up to a saturation point, however in most
cases an excess voltage of only afew voltsisrequired [48]. Here, an excess voltage
of 2V was selected, yielding a maximum applied voltage of 15V (to also conjunct
with the drain-source breakdown of the PM OS2 used in the circuit).

Because of the high voltage requirements, APD_Onisused as on/off logic. With
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Figure 4.33: Schematic of the APD active quenched circuit and APD model.

APD_On high, both HV LDMOS are off, thus reducing power consumption. In op-
eration, with APD _On driving low, the node A isinitially high (and complementary
input B is low) since with no photons striking the APD, only a small amount of
reverse bias current leaks through the diode, insufficient to pull V anoge high (and A
respectively low). This maintains the V cahode @ Ve + Vpg. Once a photon strikes
the APD and avalanche breakdown is triggered, the APD beginsto conduct alarge
amount of current, limited only by amount of current M4 can source (in this case,
about 3.5mA), generating sufficient voltage on R1 to trigger the series of inverters.
Thispulse pulls A_Bar high and B_Bar low (and inversely, A low and B high). With
M1 off, M4 aso turns off, shutting off the supply to the APD. Also, with B high,
M2 helps to further drive the V cahoge NOde low, enabling arapid quenching of the
APD. Once current no longer passes through the APD, A turns on (B off), and with
M4 sized with alarger width, the circuit is quickly charged and placed back into its
starting state (i.e. APD biased at Ve + Vipg).

The simulation results are presented in Fig. 4.34 and indicate correct circuit op-
eration to incoming photons (represented by the CLK signal) of light. The dead
time is defined as the time during which the APD is not operating in single pho-
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ton detection mode (because it is not biased above its breakdown voltage). It is
the sum of the quenching plus recharge time (i.e. for the voltage to reach about
99% of the Ve+ Vpg) and it places an upper limit on the operating speeds of the
circuit. From simulation, the dead time is measured to be about 10 ns, thus allow-
ing the circuit to operate up to about 100 MHz (meeting the specification of about
91.8 MHz). Finally, this device has been fabricated (ICKAALC4, ICKAATC2) but
not yet experimentally verified.
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Figure 4.34: Active quenched circuit simulation results.
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45 Measured Results

In this chapter, measurement and operation results of fabricated devices are ana-
lyzed and introduced. The photodiode structures are examined to determine their
value as low light and efficient optical detectors followed by a discussion on the
presence of parasitic bipolar phototransistors. Finally, the successful operation and
low light detection of the first generation transimpedance amplifier coupled with an

on-chip photodiode and off-chip ADC is presented.
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45.1 Photodiodes

Two setups (Fig. 4.35 and 4.36 respectively) were used to characterize the photo-
diodes, one local at the University of Alberta (System2 - S2), and the other more
complete setup at the University of Sherbrooke (System1 - S1).

Packaged IC
(photodiodes)

L/
White @-----H f-ermmmee ] feeeeeees
o
_ | N
Keithley 6487 LCD Neutral

Picoammeter Wavelength ~ Density

(-
I Filter Filters
PC + Data
= C) cquisition Keithley [ ]
(GED)-':] 24005MU (B8 TTVVTTTTTTTTT

Newport Optical - C)EE 7 Packaged IC

Powermeter Fluorescence @ Newport Optical (photodiodes)
Microscope Powermeter

Figure 4.35: Photodiode characteriza-  Figure 4.36: Photodiode characterization
tion setup at the University of Alberta. setup at the University of Sherbrooke.

oo

In the University of Alberta setup, an Axiovert 200M Fluorescence Microscope
was used to focus the light of a mercury lamp through varying filter cubes to gener-
ate three distinct wavelengths of light, 460 nm, 550 nm and 600 nm. At the highest
power objective (63X), the focused spot encompassed the entire photodiode (an area
of about 0.0225 mm?). The Newport 1930F Power Meter was first used to measure
the optical power for this spot size, then the different photodiodes were placed un-
der the microscope objective with varying optical intensities and wavelengths, and
the photocurrent was measured with the Keithley 6487 Picoammeter.

In the setup at the University of Sherbrooke, awhitelight source wasfirst passed
through a LCD variable wavelength filter (adjustable from 400 nm to 700 nm) then
passed through different neutral density filters to vary the attenuation. This light
was then focused through a microscope objective to about 80 % of the photodiode
active area. Again, a newport optical power meter was used to measure the inci-
dent optical power before the photodiode was placed. Once the optical power was
measured, the photodiode was placed and the generated photocurrent was measured
with a Keithley 2400 SMU to determine the responsitivity (Amperes/Watt). Using
this information, the quantum efficiency for the different photodiodes was calcu-
lated.(Fig. 4.37).
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Figure 4.37: Quantum efficiency measurements for three different photodiode con-
figurations under two different setups (S1 and S2).

The varying quantum efficiencies between the three different photodiodes is
explained by the penetration depth of light in silicon. Referring to Fig. 4.5, the
longest wavelength of light penetrates more to the deepest junction depth. Thus, the
P-Epi/Deep N-Well photodiode, with the deepest (about 6.0 um) depletion region,
has the highest QE at the higher wavelengths. The P-Epi/HV N-Well photodiode,
which has the next deepest (about 4.5 um) depletion region has the second highest
QE at the higher wavelengths. Finally, the n+/P-Well photodiode, which has the
shallowest junction (at about 0.3 um), respectively aso has the lowest QE at the
higher wavelengths. Because of electron-hole pair generation at the surface, the
lower wavelengths still contribute to the photocurrent. Clearly then, for our fluo-
rescence detection application, with an emission wavelengths of about 600 nm, the
deeper junction depth photodiodes provide better response in the region of inter-
est, and conveniently help attenuate the shorter wavelength (excitation) light. One
explanation behind the ripple behavior is interference effects (interaction between

incident light waves) resulting from the passivation layer (Fig. 4.2). Difference
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between results from S1 and S2 can be due to choice and selectivity of filters used.

As expressed earlier, QE can aso be enhanced in photoconductive mode under
the application of areverse bias. Thisimprovement (about 9%) for the n+/P-Well
photodiodeisillustrated in Fig. 4.38 and is because the reverse bias voltage (mod-
erately) improves collection efficiency through the higher electric fields and wider
depletion region.

Reverse Bias Effects on Quantum Efficiency for the n+/P-Well PN Photodiode

25% A

Quantum Efficiency (%)

380 430 480 530 580 630 680 730 780
Wavelength (nm)

=0V (81) =2V (81) 5V (S1) 0V (S1 Earlier Measurements) ——0V (S2)

Figure 4.38: Effects of reverse bias on quantum efficiency.

For such low light conditions, the NEP for the different photodiodes was then
calculated based on measurementsof dark current and shunt resistance. In Fig. 4.39,
the dark current (per unit area) of four designed photodiodes is measured with re-
spect to the reverse bias voltage. As expected, the dark current increases with an
increase in reverse bias (Vyp). Thisis expressed through:

lgark = Islel ) — 1] (4.29)

By sampling dark current, it can be subtracted from the signal of interest, however
its shot noise contribution cannot be directly reduced (i.e. Equ. 4.14).
The thermal noise contribution stems from the shunt resistance of the photodi-

ode (Equ. 4.13) and KT/C noise of every circuit node that follows. The calculated
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Dark Current vs Reverse Bias Voltage
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Figure 4.39: Photodiode dark current dependance on reverse bias voltage.

shunt resistanceis providedin Table 4.2 and isdetermined by cal culating the change
in voltage with respect to the change in current from a-10mV to 10mV sweep of
the photodiodes (illustrated in Fig. 4.40).

Shunt Resistance Measurements (made at +10mV and -10mV)
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Figure 4.40: Results from shunt resi stance measurements.
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Table 4.2: Shunt resistance for 4 different (150 um x 150 um) photodiodes

Photodiode Shunt
Configuration Resistance (GX)
n+/P-Well 19.82
P-Base/HV N-Well 17.87
P-Epi/HV N-Well 19.07
P-Epi/Deep N-Well 22.86

From the dark current and shunt resi stance measurements, the lower limit of de-
tection with varying amounts of optical power (which contribute different amounts
of shot noise) is calculated and illustrated in Fig. 4.41. Assuming 30.4pW of op-
tical power arriving at the detector, at a wavelength of 600nm, and operating at
1kHz, the lowest optical power that is detectable by the photodiode (i.e. for a SNR
of 1 where the generated photocurrent equals the photodiode noise currents) is cal-
culated (from Equ. 4.16) to be about 7.41 fW.

Lower Limit of Optical Detection (assuming emitted light with wavelength of
600nm, photodiode sampling at 1kHz, and using the n+/P-Well Photodiode)

14.00

12.00 -

10.00

6.00 -

Noise Equivalent Power (fW)

4.00

2.00 A

0.00 T T T T T
0.00 20.00 40.00 60.00 80.00 100.00 120.00
Incident Optical Power (pW)

Figure 4.41: Optical power resolvable by the photodiode given noise contributions
from incident light (e.g. shot noise).
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45.2 Phototransistor

Photodiodes, though sensitive and capable of providing linear characteristics, lack
internal gain. Invery low light applicationswhere the amplifier circuit noiseitself is
greater than that generated by the photodiode, detection is problematic. In such situ-
ations,thereis often atransition towards avalanche photodiodes due to their internal
gain. However, phototransistors, devices that take advantage of bipolar structures
available in CMOS processes, can be used instead to form photodiodes with inter-
nal gain[56]. Though this process supports bipolar transistors and the possibility of
phototransistors, none had been intentionally designed. However, several parasitic
phototransistors where found during testing of the fabricated photodiodes.

Fig. 4.42 highlights several bipolar phototransistors (both PNP and NPN as
fabricated in ICKAALC2) found surrounding two of the designed photodiodes.
Though both (PNP or NPN) phototransistors can be analyzed, for ssimplicity sake,

the PNP photodiode is examined.
N Al oo | T

1 v,
P-Well NPN1 P-Well P-Well |
PNP1 | ;
PNP2 Deep N-Well | |
s

! - P-Epi
P.

L J L J1 J L J L J
ESD Pad P+ / Deep N-Well Photodiode ESD Pad N+ / P-Well Photodiode ESD Pad

Figure 4.42: Parasitic bipolar phototransistors surrounding designed photodiodes.

There are two PNP phototransistorsillustrated, both with a P-Epi collector and
Deep N-Well base, however one with a p+ diffusion and the other with a P-Well
emitter. The excellent performance of the devices stemsfrom the high gain possible
when operated in the active mode of operation whereby the photocurrent (the base

current) is amplified by the transistors short circuit current gain factor (B):

lcollector = BI ph (4-30)

To this end, the collector is maintained at the lowest potential (ensuring the

collector-base junction is reverse biased), the highest potential is applied to the
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emitter (forward biasing the emitter-base junction) and the base can be left float-
ing. Under an applied bias and illumination, electron-hole pairs are generated in
or near the space charge region (the collector-base interface). The electrons from
the photogenerated carriers within a diffusion length or those in this space charge
region are collected into it. These electrons are then swept towards the emitter-base
junction by its (depletion region) electric field, defining the base (photo) current.
Furthermore, by properly biasing the base, higher gain is possible. Fig. 4.43
illustrates measurements of the gain characteristics of the P-Well PNP parasitic
bipolar device with varying base voltage. Fig. 4.44 illustrates the collector current

with respect to varying base current.

ICKAALC2 #4 - Parasitic PNP Phototransistor Voltage Sweep
(with a 10mA current limit and @ Ve = 2V, Vc = 0V)
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Figure 4.43: Measured gain of the P-Well PNP phototransistor (at Vcg = —2V)).

It isimportant to note that the p+ diffusion of both photodiode structuresis con-
nected in the fabricated design (Fig. 4.42), therefore, it isdifficult to ascertain which
of the two emitter junctionsis the active one. However, the P-Well to Deep N-Well
diode has a lower turn-on voltage than the p+ diffusion to Deep N-Well (0.61V
versus 0.73V respectively), thus we assumed that the emitter region of the charac-
terized PNP bipolar device isthe P-Well. This has been verified by using afocused

150 um x 150 pm source of light over both, and measuring significantly higher cur-

57



Chapter 4: Integrated Optical Detection 11/19/07 - Confidential - Khorasani

ICKAALC2 #4 - Parasitic PNP Phototransistor Collector
Current Characterization (@ Ve = 2V, Vc = 0V)
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Figure 4.44: Measured |c with respect to varying Ig (at Vce = —2V).

rents from the P-Well rather than the p+ diffusion device. Time not permitting,

further characterization isleft for future investigation.

4.5.3 Transmpedance Amplifier

The photodetector is only one essential component of the entire optical detection
system. The transimpedance amplifier stage connected to the detector is just as
important as it is responsible for the amplification of the generated photocurrent
and its accurate and sensitive current to voltage conversion.

The first transimpedance amplifier designed and fabricated in this process is
illustrated in Fig.4.45. The circuit consists of an n+/P-Well photodiode with its
anode connected to ground, reset transistor (M 1), and a common-source stage. In
this circuit, because the anode is directly connect to ground, the photodiode cannot
be operated in photovoltaic mode (as the generated photocurrent leaves the diode
anode, discharging directly to ground). The photodiode is configured instead for
photoconductive mode.

To reduce pin count, the photodiode reset voltage and the gate bias voltage of

the common-source PMOS (M 2) were connected together (Vp). From simulations,
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- Vdd

M1
0.8/1.0

reset |

n+/ P-Well PD

Figure 4.45: Basic transimpedance
amplifier circuit with photodiode
(ICKAALC3/TCY).

to provide high gain, linear operation and a wide output range, 2V was selected
for the bias voltage. This voltage was verified in the fabriated device through input
voltage (V cahode) SWeeps of the transimpedance amplifier at different bias voltages.
The simulation and measured results (for three separate chipsbiased at 2V) isgiven
in Fig. 4.46. It isimportant to note that the 2V not only biases the common source

load, but is also the voltage at which the photodiodeis (reverse) biased at.

Transimpedance Amplifier Input Voltage Sweep

0 0.5 1 1.5 2 25 3 35 4 45 5
Photodiode Cathode Voltage (V)

Actual (Vb=0) = = Simulation (Vb = 0)
Actual (Vb=2.33) Actual TC2 (Vb=2)

Actual TC1 (Vb=2) Simulation (Vb=2)
Actual TC3 (Vb=2)

Figure 4.46. Simulation and measured input-output characteristics of the tran-
simpedance amplifier.
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From simulation, the capacitance at the V cahoge NOde is about 4.28 pF (mostly
as a result of the photodiode junction capacitance). Using this capacitance, the
measured transimpedance amplifier input/output voltage results (Fig. 4.46) and the
responsitivity of the photodiode, the response of the circuit to varying amounts
of optical power can be estimated. Based on the information in Table 4.3, the
transimpedance response with respect to input optical power was calculated. This

was compared with the response of the actual circuit.

Table 4.3: Parameters for estimating transimpedance amplifier response

Parameters Value | Units
Reverse Bias 5 Vv
Dark Current 035 | pA
Integration Frequency 111 | Hz
Input Node Capacitance 429 | pF
Responsitivity (@600nm) | 0.16 | A/W

The actual circuit was tested by applying an increasing ramp function (up to
5V) to an LED which was used to excite the photodiode. The response of the
transimpedance amplifier to the generated photocurrent was then collected using
an 8-bit ADC on aPIC 16F877 Microcontroller. A Newport 1930F Single-Channel
Power Meters was used to measure the optical power at the varying LED intensities.
The actual versus estimated response of the transimpedance amplifier to varying
optical power is illustrated in Fig. 4.47. To ensure sufficient resolution between
peaks in an electropherogram, a minimum 1Hz sampling frequency is used. To
ensure maximum integration in the transimpedance amplifier, the 1Hz minimum
was used. However, because the transimpedance amplifier reset frequency was
1Hz at a duty cycle of 10% (i.e. reset every 0.10s and integrate over 0.909), the
integration frequency stated is 1.11 Hz.

Because the TIA characterized was on the test chip (ICKAATC1), and the
amplifier with integrated photodiode was on a system chip (ICKAALC3), the in-
put/output voltage sweep presented in Fig. 4.46 is not exactly representative of what
might be seen on another die. Process variations can easily shift the input/output re-

sponse of thisamplifier (asvisible by the ssmulated vs. actual responsein Fig. 4.46).
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Transimpedance Amplifier (Measured vs. Estimated) Response Integrating at 1.11Hz
Measured: 0 - 5V Standard Red (630nm) LED Ramp @ 5mHz, Vb=2V, sampled with a 8-bit ADC
Estimate: 0.35pA Dark Current (at 5V Rev. Bias), 4.28pF node capacitance

3.5

w
Ly

Output Voltage (V)

N
s}
|

0 1 2 3 4 5 6 7
Optical Power (pW)

——Measured Response A Estimated Response

Figure 4.47. Estimated and measured response of the fabricated transimpedance
amplifier to varying optical power intensities.

The resolution possible in such aconfiguration is heavily dependent on the NEP
of the photodiode and the resolution of the analog-to-digital converter. The smallest
change in optical power (A®) that can be detected using the 8-bit ADC can then be
determined using Equ. 4.31:

— 4.31
m TR ( )

In this equation, the input and output bias points of the transimpedance ampli-

AV, + —b\ C
A(I):<Qinput_ output + Qout put )

fier along with its slope and intercept at this point is given by Qinput, Qoutput, M
and b respectively. For an 8-bit ADC with a5V reference, the smallest change in
output voltage (AVouput) that is detectable is 0.0195V (i.e. 5/28). Again, using the
parameters in Table 4.3, the smallest change in optical power that is detectable is
about 0.17 pW. The analog-to-digital converter can only be increased up to about
12 to 13-hits. Past this point, the NEP of the photodiode (about 7fW) is reached
and the photodiode itself is not sensitive enough to detect changesin optical power
(that is, if the noise of the amplifier does not drown out the signal). The relation-
ship between lowest optical power detectable and the ADC resolutionisillustrated
inFig. 4.48.
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Dependence of Lower Limit of Detection on ADC Resolution

0.1+

0.01 4

Lower Limit of Detection (pW)

0.001 -

0.0001

ADC Resolution (# of Bits)

Figure 4.48: Lower limits of detection with different resolution ADC’s for the pre-
viously discussed transimpedance amplifier.

4.6 Conclusion

Integration of sensitive optical detectors and associated circuitry for microfluidic
L OC devicesisthe precursor to the successful development of miniaturized genetic
testing and portable point-of-care diagnostic systems. We have designed, fabricated
and tested our own custom photodiode, avalanche photodiode and phototransistor
detectors. Extrapolating from experimental measurements, we have demonstrated
that our integrating transimpedance amplifier plus photodiode circuit is capable of
very low light detection (< 0.1 pW) using ADCswith sufficient (> 8-bit) resolution.

Our optical detection system has the advantage of being integratable with ad-
ditional HV CMOS compatible components like high-voltage switching and gen-
eration and low-voltage analog-to-digital converters, logic and communication cir-
cuitry. When combined, an integrated, cost-effective and mass production ready
solution is possible. Future work will involve further exploring the use and bene-
fits of avalanche photodiode and phototransistors over conventional photodiodes as

detectors and the optimization of the optical detection system.
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Chapter 5

Analog-to-Digital Converter

In this section, the requirements for the implemented anal og-to-digital converter are
first discussed, followed by background on analog-to-digital converters and meth-
ods of characterizing them. The following section presents the design, operation
and simulation results of the converter and the final section presents the measured

performance metrics and analysis of the fabricated device.

5.1 Motivation

While outputs of components like the active quenched APD circuit are already dig-
ital and can be directly read out, there are many components in the complete sys-
tem that require analog-to-digital conversion. These include the photodiode tran-
simpedance amplifier voltage, on-chip current and voltage monitors and potentially
even voltages supplied from off-chip that need to be quantized. To accomplish the
task of analog-to-digital conversion, two generations of successive approximation
analog-to-digital converters were designed and fabricated, an 8-bit (in chip ICK-
AALC3) and a 12-hit (in chip ICKAALC4), both based around the same platform.
However, as multiple design errors were found in the 12-bit ADC, the scope of this

thesis only coversthe 8-bit variant.
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5.2 Requirements

The requirements of the analog-to-digital converter (ADC) are heavily dependent
on the specific application. The first generation ADC was designed to sample the

voltage outputs of 3 different components, each with its own specifications:

e Transimpedance amplifier: From the simulated input/output relationship
of the transimpedance amplifier (biased at Vb=2V), an output voltage
range from about 2V to 3V was expected.

e High-voltage reference monitor: A voltage-divider is used to monitor the
high-voltage supply (applied to or generated) in the system by dividing
down the voltageto 1% of its value. The maximum expected supply volt-
age is 300V and the minimum is expected to be about 100V, therefore,
establishing an operating range from 1V to 3V.

e High-voltage output current monitor: This component measures the cur-
rent passing through high-voltage output level-shifters. From simulation
results, connecting this current to an external (70k<Q) pull-up resistor bi-
ased at 5V, acurrent range of 0 - 60 pA can be monitored by measuring a
5V to 1V voltage range (respectively).

For the current monitor, 1 A resolution can be achieved using a 6-bit ADC. For
the voltage monitor, an 8-bit ADC witha5V referencerail (and 0- 5V input range)
would be ableto resolve 1.95V changesfor the high-voltage (e.g. up to 300V) sup-
ply. Finaly, for the previoudly discussed transimpedance amplifier (Section 4.5.3),
using Equ. 4.31, we can determine the different lower limits of detection possible
with different resolution ADC’s. Thisisillustrated in Fig. 4.48. From this, an 8-bit
ADC provides aresolution of about 0.17 pW and a 12-bit ADC achieves resolution
of about 0.01 pW. Finally, to ensure the ADC is synchronized with the bit readout
of the serial periphera interface (SPI), the ADC must be able to operate up to the
5MHz clock frequency of the SPI.
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5.3 Background

Analog-to-digital (ADC) converters and digital-to-analog (DAC) are essential com-
ponents that provide the interface between the analog and digital world (and vice
versa). The first and second subsections below, respectively, will provide back-

ground information on DACs and ADCs.

5.3.1 Digital-to-Analog Converters

The output voltage (Vo) of a digital-to-analog converter can be expressed as:

Vo = Vrer 2 o (5.1)

where b; represents the ith coefficient and is either O or 1, N is the total number of
bits in the digital word (i.e. the resolution of the ADC) and Vrer is the reference
voltage. Thisisillustrated in Fig. 5.1.

VRer

(MSB) by | -
b, —»| Digital-
b3 —» Analog |>Vourt
: Converter

(LSB) by

Figure 5.1: Digital-to-analog converter.

As per Fig. 5.2, each digital word of an N-bit DAC has its own unique output
voltage, the differencein levelsis called the LSB and itsvalue is defined as:

VRer
For a DAC with finite resolution, its maximum analog output does not equal Vrer,

rather the maximum output achievable, called the full scale voltage, is given by:

1

Ves = Vrer —LSB = Vrer (1 - 2_N) (5.3

The fundamental uncertainty in finite precision DACs is called quantization noise,

and is represented by the difference between the analog output of an infinite-bit
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DAC and the analog output of afinite-bit DAC (Fig. 5.2). The maximum error pos-
sibleis 1LSB, but by introducing a vertical shift in the DAC output, an error range
of +£0.5LSB can be achieved. As the magnitude of the error cannot be reduced
below the quantization noise, the accuracy (i.e. the comparison between the actual
output and the expected output) is also limited to at most +0.5LSB. The accuracy
however can be improved by increasing the resolution (and inversely reducing the

guantization noise).

1.000

0.875
Infinite Resolution

Characteristic

0.750 i

--- Original Characteristic --------

(with 0-1LSB
Quantization Noise)

0.625

0.500 l

Vertical Shifted |

i Characteristic (with +/- 0.5LSB
0.250 U Quantization Noise) T

Analog Output Value Normalized tOVREF

000 001 [010 |O11 100 101 110 111
Digital Input Code

Quantization Noise

-0.5LSB
000 001 010 011 100 101 110 111

Digital Input Code

Figure5.2: Ideal input-output charac-
teristic of a 3-bit DAC [14].

5.3.2 Analog-to-Digital Converters

Analog-to-digital converters convert an analog voltage (with typical values between
0V and VRer) to a digital code (most often represented by a binary sequence of
N-bits). The N-bit sequence (i.e. the resolution) represents how finely an analog
voltage can be represented and the accuracy conveys how much of that measure-
ment actually has value. Similar to DACs, the lower limit placed on the accuracy is

again limited by the quantization noise and in theideal caseis +0.5LSB.
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5.3.3 ADC Architectures

Depending on the specific requirement, there are several different ADC architec-
tures that can be used. Briefly, four of the more commonly used architectures are

presented, along with their advantages and disadvantages.

53.3.1 Flash

The highest speed analog-to-digital converter is the flash (a.k.a. parallel) analog to
digital converter [14]. Asillustrated in Fig. 5.3, this architecture uses 2N~ com-
paratorsto convert an analog voltageto an N-bit digital valuein asingle clock cycle.
While conversion time remains fixed with an increase in resolution, the number of
comparators increases at an exponential rate, and thus with it, so does the die size
and power consumption. Additionaly, it is difficult to increase the resolution past

8-bits due to limitations placed by component mismatch [57].

VRer Vin*=0.7VRer
o

7/8VRer

6/8VReF

5/8 VRer 2N Output
toN Digital
4/8VRer encoder Word

101
3/8 VRep

YYYYYY

2/8 VRer

1/8 VRer

Figure 5.3: A 3-bit flash ADC [14].

5332 SAR

Often used in medium to high resolution (8 to 16-bit) and lower speed systems,
an N-bit SAR ADC uses a binary search algorithm to sequentially converge to a
digital representation of the analog voltage in N-cycles. SAR ADCs (illustrated
in Fig. 5.4) consist of three main components: a digital successive-approximation
register (SAR), acomparator and a DAC and lend themselvesto small areasand low
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power consumption. Area, power consumption and conversion time all increase
linearly with resolution. However, due to the settling time constraints placed by the
DAC and higher frequency requirement of the clock, such architectures generally
operate at lower speeds.

O—+
Vin

Comparator <—,—<-‘—
—]
—
o andos gt o
VREF * | Regist L

o—>| | Negister <_| Shift
S Register
: Clock

L ===]ll  conditional
Output Gates

Figure 5.4: Architecture of aSAR ADC [14].

5.3.3.3 Pipdined

For high sampling rates and medium to high (8 to 16-bit) resolution, pipelined ADC
architectures present excellent performance. By using multiple stages of lower res-
olution ADCs and DACs (Fig. 5.5), the analog voltage is resolved into a digital
bit sequence from the most significant to the least significant bit (LSB). Both area
and conversion time increase linearly and throughput isincreased at the expense of
latency because of its fundamental multi-stage pipelined structure. Though power
consumption is less than in a Flash ADC, both the area and power is still higher
than the SAR architecture.

Clock
Vi1 + Vi
S/H 1403
v A
RfF VREF R =k
k-bit k-bit
ADC i P DAC i-th stage

k-bits

Figure 5.5: Single stage of a pipelined ADC [14].
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5.3.34 DedtaSigma

While Flash, SAR and Pipelined ADC architectures are referred to as Nyquist rate
ADC:s (i.e. their sampling rate being equal to the Nyquist rate), Delta Sigma con-
verters (Fig. 5.6) are oversampling ADCsin which asignal issampled at asampling
frequency significantly (i.e. B times) higher than twice the bandwidth of the signal
being sampled. Though this results in low to medium speeds of operation, much
higher resolution can be achieved (e.g. 18-bits).

;

X + Vv y

Integrator A/D :|—o
! D/A

Quantizer

v

Figure 5.6: Diagram of afirst order Delta Sigma ADC [14].

5.3.4 DataConverter Performance Metrics

There are nonidealities inherent in every circuit, some of which are caused by ele-
ments like opamps (offset, finite gain, bandwidth), comparators (offset, finite gain),
and passive components (mismatch, thermal noise), and others which are caused by
more fundamental circuit properties (e.g. parasitic elements, flicker noise, charge
injection, clock feedthrough). All of these manifest themselves as static or dynamic
and linear or nonlinear errors.

Wherethe ADC has had timeto resolvetheinput signal, theterm staticisused to
describe such errors, otherwise they are classified as dynamic. Such errors can then
either be linear or nonlinear. Linear errors, which include things like offset or gain
errors, are of less concern as they can be easily removed. Nonlinear errors, which
result from thingslike random mismatch between equivalent structures (e.g. resistor
banks in R-2R ladder DACs), however, cause much more irreversible problems.

Examples of static nonlinear errors include differential and integral nonlinearity
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(DNL and INL respectively).

When characterizing an ADC, there are several performance metrics in both
the static and dynamic domain used, however, as the ADC designed here mostly
operatesin the static regime (i.e. sampling rate is significantly faster than the rate of
change of the input signal), the static error performance metrics are only presented.
Metrics that will be discussed include DNL, INL, gain and offset errors, and are
generaly represented in LSB units (but can also be represented as a percentage of
the FSR).

5.34.1 Offset and Gain Errors

Offset error is defined as the difference between the nominal and actual offset points
and is determined by the step value when the digital output is zero (Fig. 5.7). This
error affects all the codes by the same amount and can be subtracted out.

Gain errors relate to the deviation in the slope of the actual versus the ided
transfer function (Fig. 5.8). Once the offset error has been eliminated, the gain
error is determined by examining the nomina gain point (i.e. the step value when
the digital output isat full scale).

Nominal Gain
Actual Gain Point x Point
A / m-r—-————————- T 7 ®
4 e
y (/2L58) ——» | |
// ‘ / /'r ‘
011 —— f;7—— — Actual Diagram /j‘/ } }
! ! \ S
3 ,/ \ g 10— ,—/,1—Lf -4
o // | ‘ S ‘ S }
> i1 ,
g ol0 - Ideal ~J f/%fJ y_‘ g withGain | A \
% Diagram | ‘\ Actual 3 Error \}\4// } Gain Error |
£ Nominal ¥ \ Diagram £ i (-3/415B) |
a Offset Point | ‘ 9 g 101+ —'—L* — |
N P ° R
001 - Fi/ﬁzi /4/" Ideal Diagram }
I /7 412188 oA
<+ Actual NN | |
‘A/V Offset Point I o ‘ \
N | |
0 1 2 3
‘Mﬂ Analog Output Value 0 > 6 /
(+11/4LSB) Analog Input Value (LSB)
Figure 5.7: Offset error in a 3-bit Figure 5.8: Gain error in a 3-bit
ADC [15]. ADC [15].
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5.3.4.2 Differential Nonlinearity (DNL) Error

Differential nonlinearity, illustrated in Fig. 5.9, is the difference between the actual
step width and the ideal value of 1 LSB. If the step width is 1 LSB, then the differ-
ential nonlinearity error is zero, otherwise, thereisthe chance that the converter can

become monotonic or that there might be missing codes.

5.3.4.3 Integral Nonlinearity (INL) Error

Integral nonlinearity error, illustrated in Fig. 5.10, is the deviation of the values on
the actual transfer function from the ideal (the straight line). The deviations are
measured at the transitions from one step to the next. The straight lineis most often
drawn between the end points of the transfer function (once the offset and gain

errors have been removed).

A m—-ar————————————— R
0..110 — /|/ ‘
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0..101 —— X s . Transition
Differential Linearity [~ |
Error (1/2 LSB) | 101 - ]_Véu |
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3 ‘ S 100 — }
5 1 .:9’- ‘ At Transition
g o-om 3 on - j 011/100 ‘
= I qise E "/J / (-1/2L5B) }
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e \ P*\ 4 End-Point Lin. Error |
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I |1LsB Error ( - 1/2 LSB) 001 =™ 77 At Transition |
! /(4 L—/om/ow(-wuss)
0..000 000 ‘—U—O—O—O—Q—O—O—‘
0 1 2 3 4 5 0o 1 2 3 4 5 6 7
Analog Input Value (LSB) Analog Input Value (LSB)
Figure 5.9: Differential nonlin- Figure5.10: Integral nonlinearity
earity error in a3-bit ADC [15]. error in a3-bit ADC [15].

5.4 Design and Operation

Due to the requirements of medium resolution (8-bits to 16-bits), moderate operat-
ing frequencies (5Mhz), and the need for smaller area (as required by the 0.8-pm
process) and reduced power consumption, the SAR ADC architecture was chosen.

By selecting this design, not only are the requirements met, but because of its its
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modular nature, it was very easy to modify the designed ADC for higher resolution
by simply exchanging the DAC and comparator with deviceswith higher resol ution.
The first section presents the design of the 8-bit SAR ADC and its subcomponents,
followed by a section on the performance metrics determined from simulation re-
sults. The final section discusses the performance metrics of the actual fabricated
device.

54.1 SAR ADC Top-Level

A top-level schematic of the ADC isillustrated in Fig. 5.11. Asdescribed earlier in
the background section, the SAR architecture consists of an all digital successive-
approximation register (SAR) component, a comparator, and an R-2R ladder DAC.
The SAR ADC employs a binary search algorithmic approach to converge to a
digital result from an analog voltage input. The digital processing occurs in the
SAR which plays the central role between the comparator and DAC. The ADC
operation along with a description of the SAR register is provided first, following
which, the sample and hold circuit, comparator then DAC operation and results are

presented.

Clk

Vin Inverter

Sample & Hold

Reset

Successive Approx. | ADC Out
Register (SAR) 1

Comparator
8

8-Bit R-2R
Ladder DAC

Figure 5.11: A block diagram SAR ADC architecture.

54.1.1 Successive-Approximation Register

The successive approximation ADC operates based on the principle of a binary
search where by it begins at half of the reference voltage then attempts to succes-
sively set (or not set) the N-bits, halving the search range each cycle, and thus also
setting a bit each cycle. Thisoperationisillustrated in Fig. 5.12 and an exampleis
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Section 5.4: Design and Operation

Start ¥

Initial Guess:

SR =0x80 —>

SAR = 0x00

Set DA Value:
DA =SR|| SAR

—|

Read DA Value

After 8 Cycles: SAR contains
the final 8-bit value

presented in Table. 5.1 for an 8-bit ADC, with a5V reference and a 3.21V input

Yes

Update SAR
SAR =SAR|| DA

No

SR = 8-bit shift register (which on reset begins with 0x80)
SAR = 8-bit successive approximation register (which on reset begins with 0x00)
DA = 8-bit temporary register and also the register used to set the (R-2R) DA value (on reset begins with 0x00)

Figure 5.12: ADC operation steps.

Shift SR Value:
SR=SR>>1

Table 5.1: Example of SAR binary search operation

SR Vaue | SARVaue | DACIn DAC Out (V) | Comparison Results
10000000 | 00000000 | 10000000 | 2.5 low keep bit
01000000 | 10000000 | 11000000 | 3.75 high drop bit
00100000 | 10000000 | 10100000 | 3.125 low keep bit
00010000 | 10100000 | 10110000 | 3.4375 high drop bit
00001000 | 10100000 | 10101000 | 3.28125 high drop bit
00000100 | 10100000 | 10100100 | 3.203125 low keep bit
00000010 | 10101000 | 10100110 | 3.2421875 high drop bit
00000001 | 10101000 | 10100101 | 3.22265625 | high drop bit

The SAR block isillustrated in Fig. 5.13 and isadirect mapping of the flowchart
logicinFig. 5.12. It consists of basic combinational logic and three N-bit registers:

1. The SA register is a shift register that begins with its MSB high and all
other bitslow. After N-cycles, the single high bit rotates back to the M SB

position, preparing the register for the next conversion cycle.

2. The DA register storesthe digital input valuesfor the DAC and isat an all
zero state on reset.

3. The successive-approximation register (SAR) stores the ongoing and also

final results of the ADC conversion.

All of the registers were implemented with Scan D-type flip-flops (i.e. with the ad-

ditional scan-in and scan-enable inputs) with outputs tied to the D input and new
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Figure 5.13: SAR register schematic.

inputs arriving at the scan-in port. Though increasing area, by driving scan-enable
low and cycling the outputs to the inputs, a constant state is maintained, reducing
power consumption from switching states. By increasing the width of each register,
the digital logic can easily accommodate higher resolution conversions. Finally,
the output digital code does not necessarily need to be read from SAR. Depend-
ing on the requirements, either the entire N-bit digital code can be read from the
successive-approximation register after N-cycles or one bit per cycle can be derived
(from MSB to the LSB) by sampling the inverted output of the comparator, saving
one additional read cycle.

54.1.2 Sampleand Hold

A single transistor-capacitor parallel SH circuit is used. The transistor width is
reduced to 2 um to decrease the effects of charge injection (Equ. 4.24), with are-
sulting on-resistance (Ron) of about 6.6 k<. Assuming all the charge istransferred
to the capacitor (in the worse case, where 8V isthe change in voltage due to charge
injection), 6V = 628 WV per calculation. Furthermore, because of the V1 drop of
the single NMOS transistor, the maximum voltage that can be passed to the ADC
iS: VouTmy = VIN — Ve — 0V = 3.916 V. As the maximum input voltage expected
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based on requirementsis about 3V, thisfallswithin specifications. A 1 pF capacitor
helps reduce charge injection (Equ. 4.24) while still allowing the sampled voltage
to remain constant for about 5ms (from simulation), sufficient for the ADC conver-

gence period (about 1.6 ps).

54.1.3 R-2R Ladder DAC

As illustrated in Fig. 5.14, an R-2R ladder DAC is used to implement the ADC.
The digital inputs (b;) range fromthe MSB (i =N — 1) to the LSB (i = 0) and are
switched between either OV or Vrer (Where Vrer = 5V). Operation of the DAC
is based on Kirchhoff’s current law where the current entering a node must leave
by way of two resistors. Thus, the output voltage is determined using V rer and
the resistance, which isinversely proportional to the summed binary weight of each
digit (Equ. 5.1). The max output voltage is given by Equ. 5.3 and is about 4.98 V.

R R R

Wv Wv ¢ W\l =
2R § 2R § 2R § 2R § 2R §

LSB MSB

Figure 5.14: N-bit R-2R ladder DAC with .

The R-2R ladder isavery simple and fast (with afixed output impedance of R)
DAC, however the output accuracy is heavily dependent on the resistor matching.

For higher resolution implementations, other alternative should be considered.

5.4.1.4 Comparator

For the 8-hit resolution ADC, the open loop (two stage op-amp) comparator illus-
trated in Fig. 5.15 was used. The resolution of this comparator at different input
common mode voltages is illustrated in Fig. 5.16. Asfor an 8-bit ADC, a resolu-
tion of 1LSB (0.019V) isrequired, from thisfigure it is clear that the comparator
operates well within thisrange from about 0.2V to 4.5V.
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Figure 5.15: Two-stage open loop comparator.
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Figure 5.16: Resolution of the open-loop comparator with respect to input common
mode voltage.

For the comparator to be able to sample the correct value at its inputs, the out-
puts of both the SH and the DAC must have settled to a constant value. The settling
time for the sample and hold circuit is based on the on-resistance of the switch
(Ron) and the sampling capacitance (Cy) and is calculated to be about 14.5ns. The
settling time of the DAC output depends on the output impedance of the ladder net-
work (R) and the input capacitance of the comparator, and is calcul ated to be about
111 ns. Thus, both sufficiently meet the 200 ns (5 MHz) operating requirement.
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5.4.2 Simulation Results and Performance Metrics

To quantify the performance of the ADC, alinear ramp was applied to itsinput with
astep size of 1.22mV (i.e. 5/2'?) and the resulting output codes were examined.
From this, the offset and gain errors were determined to be 2L.SB and 1LSB re-
spectively up to afull scale range of 197 LSB (i.e. about 3.848V - as expected from
the SH Section 5.4.1.2).

TheDNL and INL errorswere determined using the histogram method (Fig. 5.17
and Fig. 5.18 respectively) after the offset was subtracted and the gain (slope) er-
ror was adjusted for. The maximum and minimum DNL errors were found to be
0.0562 L SB and -0.130 L SB respectively. It isclear from the INL that some form of
nonlinearity is present. This could be aresult of the comparator performance (non-
linearity is illustrated in Fig. 5.16) or charge injection from the sample and hold
circuit (in which V1 exhibits a nonlinear dependence on V )y - see Equ. 4.25).
However, both the DNL and INL are minimal and the ADC response isfound to be
both monotonic (with continually increasing codes) and complete (i.e. no missing

codes).

55 Measured Results

In characterizing the fabricated ADC, an instrument to generate a precise linear
ramp was not readily available so ADC histogram testing was done using a sinu-
soidal input. For histogram testing, applying a sinusoidal input results in a his-
togram that is not flat, rather is “bath-tub shaped.” Thisis because at the sinusoid
midpoint crossing there are the least number of samples (i.e. dv/dt = max) and at
the sinusoid amplitude peaks, there are the highest number of samples (i.e. dv/dt
= min). Based on the works of Bossche [58] and Murmann [59], a correction is
provided to address this. Using this correction, the DNL and INL of a 500Hz si-
nusoidal input (3.5V pk—pk) sampled at 4800Hz is givenin Fig. 5.20 and Fig. 5.21
respectively. A moreintuitiveillustration of the deviationisin Fig. 5.19.

From the DNL, short code word lengths (i.e. less than -0.9LSB) indicate the
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Figure 5.17: DNL results from simulation of the 8-bit ADC with an applied ramp
with 4096 steps.
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Figure 5.18: INL results from simulation of the 8-bit ADC with an applied linear
ramp with 4096 steps.

possibility missing codes [59]. Based on this, there are 15 missing codes based
on the actual measurements. Furthermore, from the INL plot we can see that the
actual signal begins to deviate from the expected signal at higher input voltages.
An explanation behind some of these observed behaviors might again first be due
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HV Chip 8 Bit ADC Characterization
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Figure 5.19: Actua versusideal response of the 8-bit ADC to a 500 Hz sinusoid.

to charge injection and nonlinear performance of the comparator at higher voltage
ranges, but also due to the nonlinear performance of the DAC. In ssimulation, the
R-2R ladder DAC performsideally, however, in reality, accuracy is strongly depen-
dent on matching which may not be ideal. Parasitic sources may aso contribute
to longer settling times of the DAC output causing other deviations. From these
results, the ADC is operating with about a 7-bit resolution, sufficient to meet the

initial requirements.

5.6 Conclusion

High-resolution ADCs are essential for sensitive optical detection systems. Addi-
tionally, complete L OC systems, which incorporate voltage and current monitoring,
require analog-to-digital conversion to be able to communicate analog values off-
chip. We have designed an 8-bit and 12-bit successive approximation ADC and
successfully demonstrated the operation of the fabricated lower resolution ADC at
7-bits for the 0-3V target operating range. The performance of the ADC could be
improved in future work by replacing the R-2R ladder resistive DAC with a current
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Figure 5.20: DNL results from actual measurements of the 8-bit ADC with an
applied 500 Hz sinusoid.
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Figure 5.21: INL results from actual measurements of the 8-bit ADC with an ap-
plied 500 Hz sinusoid

mode variant, and the comparator with a clocked version that incorporates positive

feedback to improve resolution.
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Chapter 6

High-Voltage Generation and Output
Stages

In this chapter, high-voltage generation through an inductive step-up boost con-
verter is first presented. This is followed by a comparison previously published
level-shifter circuits (used to switch the high-voltages required for microfluidic ap-
plications) with several proposed designs.

6.1 Motivation

As discussed in earlier chapters, besides the optical detection, the high-voltage
power supply and associated switching elements like relays are the next largest
external component in electrophoretic based microfluidic systems. So, to create a
truly portable solution, the power supply and the switching elements need to be

reduced significantly in size.

6.2 Requirement

For millimeter (and potentially even micrometer) channel lengths, sufficient elec-
tricfields (e.g. 150 V/cm [60]) for size-based separation of analytes can be achieved
with only several hundreds of volts. As the maximum voltage possible across the
high-voltage transistors in the DAL SA process at the time of thiswork was 300V,
atarget voltage of 300V was set. Further, as currentsin microfluidic systems gen-

erally do not reach 100UA, a target source current capability of 60uA was also
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Set.

As presented in the background section, the two most common operations used
in our application of microfluidics is an injection step followed by a separation
step. These two steps require outputs, which are capable of being placed in a high-
voltage, floating (or high-impedance state) and aground (low) state, with switching
frequencies that may range between to 10-100 Hz.

6.3 Inductive DC-DC Step-Up Boost Converter

To reach the high-voltages required, a inductive step-up boost converter is used.
Background and its principles of operation are presented first, followed by smula-

tion and measured results.

6.3.1 Principlesof Operation

The basic boost converter circuit isillustrated in Fig. 6.1. This circuit steps-up an
input voltage to higher voltage at the output. As power must be conserved (Ohms
law), the output current islowered from the source current. In thiswork, the switch
is implemented with LDMOS (laterally diffused high-voltage NMOS) transistors.
With the transistor sinking current, amagnetic field formsin the inductor (L) as cur-
rent passes through it. With the transistor off, as the magnetic field cannot collapse
instantaneously, current instead passes through the flyback diode, charging the load
capacitor (C). To reach atarget voltage, this transistor is switched repeatedly until
sufficient charge is stored on theeapacitor. |

Input —_ _l—|_|_|_|—|__|[: 1

Voltage — —
T Output

Switch capacitor

Figure 6.1: Basic inductive DC-DC boost converter circuit.
Depending on the size of the load, the maximum output voltage (and thus gain)
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becomes dependent on severa factors. A large load limits the gain as it places
the boost converter in the continuous regime. In this mode, the gain is dependent
only on the duty cycle. However, when the load is sufficiently small (i.e. 1o/]} <
0.1 [16]), the boost converter operates in the discontinuous mode and the gain is
dependent on the duty cycle (D), input voltage(V,), and the output current (1p) and
the gain can generally be higher. Fig. 6.2 illustrates the relationship between gain
and the ratio of the output to input current. The two different modes of operation

are discussed in more detail below.
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Figure 6.2: Gain dependent on output-input current ratio for the discontinuous and
continuous modes of operation. [16]

6.3.1.1 Continuous mode

When the load is small, the boost converter operates in continuous mode and the
inductor current (I,.) never falsto zero (Fig. 6.3).

Assuming all of the components are ideal, when the switch (pull-down transis-
tors) is on, the inductor voltage equals the input voltage and a change in current

occurs given by:

DTV, . VDT
AILON_/O o gt = - (6.1)
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T
A on off

Switch State

Figure 6.3: Boost converter continuous mode of operation.

Where D is the duty cycle (i.e. on-time) and T is the switching period. Assuming
there is no voltage drop across the diode, when the switch turns off, the change in
current equals:

(1-D)T \/ _ _ -
Al e :/ M Lvodt = (M Vo)lfl D)T

(6.2)

As energy must be conserved, the change in inductor current during the on cycle

must equal that of the off cycle (i.e. Al = Al o). Thisyields:

Vo 1

6.3.1.2 Discontinuous mode

During the discontinuous mode of operation, the amount of energy required by the
load is small enough that it can be transferred in less then a full duration of the off
cycle (i.e. 8T). Thisresultsin aperiod of zero inductor current (Fig. 6.4).

When the switch is on, the inductor current isinitially zero but reaches a maxi-
mum defined by:

VDT
Iy = IT (6.4)

When the switch is off, as the load requires less energy, the inductor current falls

to zero earlier at 0T. Furthermore, as the output current (1) equals the average

inductor current during the off state, the output current can be written as:

o = L S (6.5)
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Figure 6.4: Boost converter discontinuous mode of operation.

Knowing again that change in current during the on-time and during the off-time

must be equivalent, and solving for:

M —Vo)(1-D)T

Al yax + L =0 (6.6)
Yields:
ViD
o= 6.7
Using Equ. 6.7 in Equ. 6.5 yields the output voltage gain in discontinuous mode:
Vo ViD2T
—=1 6.8
vi o, (68)
Input Frequency Input Voltage

Comparator

Freq.In Voltage In
Reference Voltage

g Voltage Out
Enable Freq.Out Freq.In Voltage Out

Boost Controller Boost Converter

Voltage Out Voltage In

Voltage Divider

Figure 6.5: This basic controller turns off the input frequency source once the (di-
vided down) output voltage surpasses a reference.

Because the gain can become quite large in discontinuous mode, a control cir-

cuit is required to monitor the output voltage and ensure it remains within some
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threshold. A basic control schemeisillustrated in Fig. 6.5. In thisfigure, a scaled
output voltage (e.g. 1%) is compared with a reference voltage. If larger than the

reference, the off-state is extended, ensuring the output voltage drops.

6.3.2 Simulated and M easured Results

A current controlled oscillator implemented with 31 current starved inverter stages,
followed by a divide by 80 stage (which modified the duty cycle to 90%), is used
to generate the required frequency and duty cycle for the boost converter operation.
Simulation and measured results of the generated boost converter input frequency
isillustrated in Fig. 6.6.

(Divided Down) Current Controlled Oscillator Input Current vs. Frequency Relationship

1.60E+04 -
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Figure 6.6: Measured and ssimulated results of the divided down oscillator fre-
guency with respect to input current.

Along with the oscillator, the flyback diode for the boost converter circuit isaso
implemented on the actual HV CMOS chip using a diode connected extended drain
HV PMOS (EDPMOS). However, because of a parasitic bipolar PNP transistor
in the layout (Fig. 6.7), a larger amount of the input current (passing through the
emitter) is sunk into the (collector) substrate than pushed through to the (base)

output. This significantly reduces the efficiency of the boost converter.
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Gate
Drain Source

T &
HV N-Well P-Base

P-Epi
P-Substrate

Figure 6.7: Parasitic PNP in the boost converter diode connected transistor.

Both the current lost to the substrate (i.e. through the collector region) and the
current that reaches the output (i.e. through the base region) are dependent on the

common-emitter current gain (B) as shown in Equ. 6.9 and Equ. 6.10 respectively.

isubstrate = %ie (6-9)

iout = mie (6-10)

Ideally, to maximize current to the output through the base region (and con-
versely reduce current loss to the substrate), B should be as small as possible.
Fig. 6.8 shows the measured B values of the EDPMOS (labeled PEG95EA) and
a custom HV diode with a base width of 10um. B isinfluenced inversely by two
factors: the width of the base and the relative doping of the base and emitter region.
As the doping cannot be altered, the base width can be increased to decrease .
However, as the width can only be increased to a reasonable point, the leakage to

the substrate must be tolerated when using an internal diode.

Gummel Plot

IE (mA)
——PN Junction Diode (10um wide base region) - - - PEG95EA

Figure 6.8: Measurement results of gain dependence on input (emitter) current.
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To address the leakage to the substrate through the parasitic PNP, an external
fast switching diode (Fair child Semiconductor 1N4148 switching diode) with a
junction voltage of 620mV (min) to 720mV (max) was placed in paralel with the
internal diode. Asthe internal diode junction voltage is about 700 mV, the external
diode turns on sooner, limiting the leakage to the substrate. Furthermore, asit was
found during testing that the reference voltage used in the boost controller feedback
loop was not accurate, the on-chip boost controller did not function. However, the
diode, with its breakdown voltage of around 142V - 150V (rated to breakdown at
100V though), helps regulate the voltage at 150V, but unfortunately does not allow
the voltage to reach the target 300V. For a higher voltage, a fast switching diode
with a higher breakdown voltage is required. Fina implemented and measured
boost converter specifications are listed in Table 6.1 and simulations results are

givenin Fig. 6.9.

Table 6.1: Boost Converter Specification
Parameter | Value | Unit
VN 5 \Y
IIN 76 | mA
V oUTyax 150 | V

loutyax* | 60 | PA
Frequency | 24 | kHz

L 100 | mH
C 100 | nF
RL 10 | MQ

ToUTya, @ 150V
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Figure 6.9: Boost converter simulation results.
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6.4 Leve-Shifter Circuit

In this section, background information on level-shifters will be first provided, fol-
lowed by description behind the operation of five different level-shifter designs.

The final section will discuss the measured and simulation results.

6.4.1 Background

A conventional high-voltage level-shifter (Fig. 6.10) consists of a complementary
output stage with independent control of the LDMOS and EDPM OS transistors, M1
and M2. While the LDMOS can be controlled by standard low-voltage (5V) logic,
an appropriate signal (Vg < Vpp— V1) must be applied to the gate of the EDP-
MOS for proper operation. Gate voltage for the EDPMOS and LDMOS to control
the outputsis given in Table 6.2. Especially for portable devices, these signal must
be provided in an energy efficient manner. To address this, the five designs below
employ four static: (1) pseudo-NMOS, (2) pseudo-NMOS with current limit for
reduced power (3) full-static cross-coupled (4) resistive pull-up, and one dynamic

implementation.

Vpp

Vpp HV PMOS
Vpp - Vdd Level-up Stage —(4
Vpp
vdd M1 Vss
Vss Control Logic _{

111

HV NMOS
Vss

Figure 6.10: Components of a conventional level-shifter circuit.

Table 6.2: Output stage gate voltage and respective outputs.

HV NMOS HV PMOS
Output State | Ve,ynmos state | VG,upvos State
High < Vsgs+Vrun | Off <Vpp—V1Hp | On
Float <Vss+Vtun | Off | >Vpp—Vrup | Off
Low >Vss+Vtun | On > Vpp— V1p | Off
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6.4.2 Implementation and Operational Detail

Five different level shifters were implemented and fabricated. This section de-
scribes the different designs and explains their operation. The circuits discussed
below are composed of six different kinds of n- and p-type MOS transistors, al of
which are available in some form in most HV CMOS technologies. Illustrated in
Fig. 6.11, devices (a) and (b) are standard LV NMOS and PMOS transistors, which
can float up to 40V above the substrate potential, but have aV gs and Vps limited
to 5V. Device (c), (d) and (e) are the high-voltage MOSFETs with source-drain
breakdown voltage (Vgps) in excess of 300V and gate-oxide breakdown voltage
(Veox) of 30V. Device (c) is a floating HV extended drain PMOS (EDPMOS)
while devices (d) and (e) are floating and non-floating lateral diffused HV NMOS
(LDMOS) transistors. Device (f) is athick-oxide medium voltage PMOS (PMOS2)
with Vox ~ 30V and Vgps ~ 15V. Capable of floating in excess of 300V when

placed in its own well, this device serves well as an active load in current mirrors.

S 4
S
a) 5V NMOS b) 5V PMOS c) EDPMOS
d) LDMOS e) LDMOS f) PMOS2

(non-floating) floatlng

Figure 6.11: The 5V and high-voltage CM OS devices used.

6.4.2.1 Circuit 1- Pseudo-NMOS

Presented in [61] and [53], this circuit adopts a conventional cross-coupled level-
shifter configuration (Fig. 6.12). Transistors M2 and M3 are used as pull-ups to
drive Vpneg and Vpnz to Vpp, and to ensure the output EDPMOS is turned com-

pletely off or on. To prevent Vgox when either M6 (VN high) or M7 (VN low) are
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on, and when the HV supply exceeds 30V, M1 and M4 are used to limit the voltage
drop across Vpne or Vpn7 to Ve — Vpp.

The major drawback of this design is the continuous power dissipation in both
output high and output low due to the fully-on pseudo-NMOS (LDMOS pulldown
and PMOS2 pullup) configuration. From simulation resultsin Fig. 6.13, a constant
2.69mA of current flows through the drain terminal of M6 or M7 in either case,

which at Vpp = 300V resultsin over 800 mW of quiescent power!

Vpp

e

Figure 6.12: Circuit 1: Pseudo-NMOS level-shifter schematic.

Vout Vin

300 //”““"5
s /—\_ _
0 7

IDN6

VDN6

0 50 100 150
Time (us)

Figure 6.13: Circuit 1: Simulation results.

6.4.2.2 Circuit 2 - Pseudo-NM OSwith current limit

To reduce the power consumption of circuit 1, a current limit can be enforced by
adding the LV current mirror transistors M10 to M12, and the load transistor M9
(illustrated in Fig. 6.14). Asshowninthe simulation resultsof Fig. 6.15, the current
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mirror transistors are sized to limit their on-current to about 970nA (a factor of
about 2700 reduction from circuit 1). However, the addition of the LV transistors

requires M6 and M7 to be replaced with floating versions, otherwise their source

and bulk is connected to the drain of the LV transi

While power consumption is significantly reduced with these modifications, the

propagation delay increases from the reduced current, and area increases signifi-

stors.

cantly due to the larger floating LDMOS transistors.

Section 6.4: Level-Shifter Circuit

35

VDN7

Mg
Mg [*1' M7

Figure 6.14: Circuit 2: Pseudo-NMOS with current limit level-shifter schematic.
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Figure 6.15: Circuit 2: Simulation results.
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6.4.2.3 Circuit 3- 3T resistiveload

To reduce power consumption further, athreetransistor (3T), full-static level-shifter
using a resistive load is presented. The design and the corresponding simulation
results are shownin Fig. 6.16 and 6.17.

While a conventional level-shifter may use a PMOS load rather than aresistive
one, such acircuit suffers a near threshold drop at the gate of the EDPMOS when
M1 is off. Consequently, the output EDPMOS, with a slightly different threshold
voltage, is not driven completely off and the output voltage is not an ideal OV.
By accounting for subthreshold leakage through M1 and appropriately sizing the
resistive load, the V gs of M2 can be minimized to ensure it remains off.

By using the current limit concept introduced in circuit 2 in conjunction with
aresistive load, not only can a sufficient voltage drop be achieved at the gate of
the EDPMOS during output high, but the on-current can also be controlled and
reduced. The LV transistors are sized to alow around 450 nA through the drain of
M1, reducing the current draw by half compared to circuit 2, but also resulting in
an increased propagation delay. For output low, as M1 is completely off, the power

dissipationisvery small asit isafunction only of the (sub-nanoamp) subthreshold

leakage.

1 Vown |E I
M4

& 4

Ms Mg

I——I[1

Vpp

Figure 6.16: Circuit 3: 3T resistiveload level-shifter schematic.

94



11/19/07 - Confidential - Khorasani

Vourt

Section 6.4: Level-Shifter Circuit

/yﬂ

/

5
=

0

1

VDN1
300
B

0 50 100 150
Time (us)

Figure 6.17: Circuit 3: Simulation results.

6.4.2.4 Circuit 4 - Full-static PMOS

To reduce power consumption to an absolute minimum, a full-static level-shifter,
similar to circuitsin [62], is presented. The design and the corresponding simulation
results are shownin Fig. 6.18 and 6.19.

While the first circuit relied on active loads to limit the voltage drop across the
cross-coupled PMOS2 transistors, this design uses transistors M3 and M4 biased at
Veias > Vpp— Vpox to limit the voltage-drop and ensure the voltage at the gates
of M1, M2 and M5 do not exceed Vgox. Specifically, when theinput iseither logic
high or low, respectively, Vpp1 or Vpp are pulled low until their voltage drops
below Vgjas+ VT1H, a which point M3 or M4 turn off, preventing further voltage
drop.

Implemented with the medium voltage PMOS2 transistors, gate-oxide break-
down of M1 and M2 due to subthreshold leakage in M3 and M4, respectively, is
prevented by sub-nanoamp drain-bulk (non-permanent) breakdown of M1 and M2
(since Vgps < Vpox for the PMOS2).

As the subthreshold |eakage, equivalent to the sub-nanoamp drain-bulk current,
is the only continuous current draw, the power consumption of this circuit is sig-
nificantly reduced compared to the earlier designs. The requirement of a circuit to
generate the bias voltage is the main overhead of thisdesign. A voltage divider can

be used at the expense of increased area (and power consumption).
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Figure 6.18: Circuit 4: Full-static cross-coupled |level-shifter schematic.
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Figure 6.19: Circuit 4: Simulation results.

6.4.2.5 Circuit 5- Dynamic

In thiscircuit (adopted from [63]), power consumption is reduced through dynamic
control of the charge on the gate of the output EDPMOS transistor. Fig. 6.20 and
6.21 show the circuit and corresponding simulations.

A strobe signal, V1 controls the operation of the level-shifter. When M2 is off
and the strobe signal is high, C1 is discharged and the output EDPMOS is turned
off. However, if M2 and the strobe are high at the same time, M2 carries a 750 pA
drain current, causing a5V drop across the PMOS2 load transistor M5. When the
strobe (and Vn2) signal go low, Vgps is isolated and the voltage drop is ideally
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retained. However, because of subthreshold leakage through M5, V gpg must be
periodically refreshed to maintain the level-shift operation.

Because power is consumed only during the strobe pulses, low average power
dissipation is achieved by ensuring the duration of the strobe pulse is small. Also,
because of already available dynamic control of input signals, crowbar current at
the output stage can be eliminated by ensuring M3 is off before the EDPMOS turns
on for output high, and turning the EDPM OS on only after the output stageLDMOS
has been turned off for output low. Though not demonstrated here, crowbar current
can also be eliminated in the static circuits.

To reduce power dissipation further, an improved design takes advantage of the
Zener diode, Z1. With Z1 designed for a breakdown voltage of less than 15V (to
prevent Vgps of the PMOS2 M5), M2 now only needs to be pulsed for output high
(rather than also pulsing the strobe signal), thus eliminating the additional current
draw through M 1.

Vpp

My Ms z

Gy Mg
i EE;]

VGpe

A}

VGPa_s

Vout

M4

My M3
ViNT | | ViN2 - VIN3 |EE;iJ

Figure 6.20: Circuit 5: Dynamic level-shifter with proposed zener schematic.

6.4.3 Measured versus Simulated Results

The simulation and measured results are presented in Table 6.3. Only simulation
resultsare currently available for Arch. 4, however the design isfabricated and sim-
ply requires testing. The circuits were ssimulated and tested with a 52 pF capacitor
in parallel with a10MQ resistor and verified for a high voltage supply range from
5V to 300V. Only the 300V results are presented. Similar to conventional gate
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Figure 6.21: Circuit 5: Simulation results.

logic, the propagation delay is measured with respect to its input crossing Vpp/2

and its output crossing Vpp/2.

Table 6.3: Level Shifter Comparison at 300V (52 pF || 10MQ Load)

Parameter Circuit 1 Circuit 2 Circuit 3 Circuit 4 Circuit5

Sim. Mes. Sim. Mes. Sim. Mes. Sim. Mes. Sim. Units
Rise Time (10%-90%) 13.0 148 157 119 237 105.1 525 9.99 10.25 ps
Fall Time (90%-10%) 4.72 6.95 7.96 6.73 8.15 552 472 5.82 474 HUs
Slew Rate (rising) 184 15.69 15.2 20.1 10.2 23 14.89 240 236 V/ps
Slew Rate (falling) 50.7 354 305 39.7 289 42.0 50.8 42.0 533 V/us
Tprop (L —H) 8.08 8.97 229 9.44 24.2 615 3.68 5.89 6.2 us
Tprop (H-L) 291 4.06 5.39 457 4.97 3.56 2.80 384 3.0 s
'VPPQ High 2689 2363 1.0 0.450 0.619 16 0.040 0.037 0.044 PA
'VPPQ Low 2689 2338 0.976 1.16 0.002 0.009 0.002 0.003 0.030 PA
Min Vpp 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 \%
Source Current (@Von = 299V) -179.4 -150.3 -182.8 -149.9 -179.1 -149.9 -218.1 -149.9 -177.8 HA
Sink Current (@VoL = 1.00V) 401.7 3115 401.7 353.8 401.7 387.6 401.7 387.6 401.7 PA
Energy (rising edge) 28.0 4.97 4.80 4.80 0.163 W
Energy (falling edge) 5.87 4.38 0.049 0.049 0.053 [IN]
Area (sum of components) 95,188 163,114 122,049 122,991 133,653 Hm2

Circuit 3 also offerslow power consumption compared to circuits 1 and 2, how-
ever, reduced operating frequency limits its use in high speed applications. The
higher rise time is explained by reduced voltage drop across the gate of the EDP-
MOS due to process variations of the HV resistor in the fabricated device. Circuit 4
achieves the fastest measured rise time because the voltage drop across the gate of
the output EDPMOS is larger than the 5V drop used by the other circuits. Exclud-

ing the area and power consumption contributions from the bias generation, circuit
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4 also exhibits the lowest area and power dissipation combination among all other
designs.

The dynamic level-shifter achieves comparable performance and area with cir-
cuit 4, replacing the bias generation with a method of generating control pulses.
The higher current consumption in the output high state is a result of the large ca-
pacitance seen at the gate of the EDPMOS (illustrated by the additional voltage
drop on Vppy in circuit 4 and V gpg in circuit 5 when the input goes high). Though
circuit 2 offers reduced power dissipation from circuit 1, an increase in area and
reduced operating frequency is the trade-off. Circuit 1 offers the smallest area but

at the expense of high power consumption.

6.4.4 Conclusion

Eliminating reliance on large, bulky and external power supplies and relays is a
large-step forward towards a compact and portable microfluidic LOC system. We
have developed a system capable of generating and switching the high-voltagesre-
quired for millimeter to centimeter microfluidic operations. We have demonstrated
that our DC-DC boost converter system can successfully generate up to 150V and
potentially even 300V with a sufficient external diode, and that our level-shifter
circuits offer the low power consumption required to operate off the low-current
source capability of the on-chip power supply. Future work will involve examining
aternative ways of generating the bias voltage required for the full-static level-
shifters, and pursue dynamic approaches to obtain even lower power consumption

while maintaining or even surpassing current performance.
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Chapter 7

Communication and Control
| nterface

The optical detection, high-voltage generation and output switching components
of the complete integrated system have already been presented. Furthermore, the
analog-to-digital converter, which iscapable of converting the information gathered
from all of these systemsand converting it to adigital code, has also been presented.
The remaining component, the communication and control interface (CCl), is the
final component that ties all of these units together. Figuratively speaking, the CClI
is the brains of the system, capable of controlling the operations of the different
components and communicating information to the chip and off the chip. In the
first section, motivation behind its presence is discussed, followed by the specific
requirements. Background about the serial peripheral interfaces (SPI) (the commu-
nication protocol used for communication) is then provided. Finally, the design,

simulation and testing results of the fabricated deviceis presented.

7.1 Motivation

A core is required that is capable of communicating information and commands
with an off-chip device. The off-chip device should be able to control the operation
of the device and receive information regarding the status of the different compo-
nents. By placing the control and communication interface on-chip, it allows for

minimal off-chip components, furthering the goal towards an integrated solution.
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7.2 Regquirements

There are several key components that need to be controlled:

e Boost-converter: to be able to control the value of the HV generated on-

chip.

e Output level-shifters: to be able to place the level shiftersin one of three

states (high voltage, float or ground).

e Analog-to-Digital Converter: inputsto the ADC should be selectable (be-
tween external voltage, current and voltage monitor and the transimpedance

amplifier).

e Transimpedance Amplifier: control of the operating frequency (i.e. inte-

gration period) of the transimpedance amplifier.

e Reset: asystem wide reset to place the system into aknown state.

Therefore, there must be a method to send commands to the chip to perform the
specific operation for each component, and there must a so be amethod of receiving
information from the chip regarding the status of the different components (e.g.
from the ADC). Finally, because of the limitations placed due to the larger (0.8-pm
process) feature size, the digital logic must be as compact as possible to prevent

excess area consumption.

7.3 Serial Peripheral Interface Background

Based on the above mentioned requirements, custom control |ogic wasimplemented
around a seria peripheral interface (SPI). The serial peripheral interface is a syn-
chronous serial data link which requires three control signals. a clock (SCK), a
master-out-slave-in (MOSI), and a master-in-slave-out (M1SO). Between a mas-

ter and a dave, the SPI module operates as a large shift register (as illustrated in
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Fig. 7.1) where the data |eaves the master and is shifted into the slave through the
MOSI pin, and data leaves the slave and enters the master through the MI1SO pin.
A common clock (SCK) is used by both the master and the slave and is generated
by the master. The slave just sends and receives data, and can only do this when
the master generates the necessary clock signal. The master however generates the
clock signal only while sending data. Thus, the master has to send data to the slave
to read data from the slave. To allow the master device to communicate with mul-
tiple devices, an additional active low chip select (CS) signal is used. By setting
CS high for a specific dlave, the device ignores al incoming commands, only the

device with CS low can accept commands or respond.

Slave

Master MSB LS8

MSB LSB

1
1
1

Mosi  8-Bit Shift Register miso :: Miso  8-Bit Shift Register  mosi
SCK | SCK

1
|
—>
1
1
T
1
1

SPI Clock Generator

Figure 7.1: The SPI protocol works around one big shift register split between the
master and the slave device.

To account for delays that may occur through the communicating channel (e.g.
wire) which may cause the data from improperly latching when clocked on the
same edge, the data is sent on either the rising or falling edge and is read on the
complementary edge. Different devices operate in one of four different SPI modes
(Table 7.1) dependent on the setting of two control bits, CKP and CKE [64]. CKP
(clock polarity select) determines if the clock idles low or high and CKE (clock
edge select) determines when the data is transmitted relative to the clock (SCK).

Table 7.1: SPI Modes of Operation

CKP | CKE | SCK State | Transmit Edge | Read Edge | Mode Name
0 0 Idlelow Rising Falling Mode(0,1)
0 1 Idlelow Falling Rising Mode(0,0)
1 0 Idlehigh | Falling Rising Mode(1,1)
1 1 Idlehigh | Rising Falling Mode(1,0)
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7.4 Design

Because of unavailability of tools, the communication and control interface was
custom designed at the gate level but laid out with the tools. Furthermore, of the
four modes available, Mode(1,1) was selected because it was compatible with the
existing protocols used by other membersinvolved in this project. In the following

section, the top-level design followed by the different subsectionsis discussed.

7.4.1 Top-Level

The communication and control interface is composed of three main components
(illustrated in Fig. 7.2):

1. Shift register and decoder logic: which respectively sample and interpret
the data.

2. Register file: containstheregistersfor control over the ADC, HV outputs,
HV supply output voltage and the general control register.

3. ADC: containsthe successive-approximation ADC and outputs data through
the M1SO pin on the falling edge to the master device.

|
|
MOSI ! ! c
i . ore
CSb | Decoder&Shlft Componnts
: > Register :
[ |
| ’y |
reset_b! !
1 v v Register File |
MISO ! |
: ADC < |
SCK | a :
| |
| |
| 4 |
| |
| |

Figure 7.2: High-level overview of the SPI components.

Along with the three main input/output signals (i.e. SCK, MISO, MOS!), two
additional signals were added:
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1. CS.b: Isan active low chip select signal. When high, the MISO pinisin
a high impedance state and the SPI module ignoresincoming data. When
transitioning to the active low state, it resets the internal counter while

maintaining the current state for all the other registers.

2. reset_b: isan active low reset signal. When thissignal islow, the internal
counter and the registers are cleared, the high voltage outputsare put in a
safe (floating) state, and the target V pp voltage (to be generated) is set to
oV.

7.4.2 Shift-Register and Decoder Logic

Though data transmission in SPI may involve any number of clock cycles, an 8-
bit data packet scheme was chosen to conform with the 8-bit SPI read and write
commands of the PIC Microcontroller being used to interface with the HV CMOS
chip. Using this convention, the three M SB bits represent an opcode, while the five
remaining bits represent the data. The different opcode and data combinations is
briefly presented in Table 7.2.

Table 7.2: CClI Valid Opcode and Data Sequence Table 7.3: 8-bit Gray code
Opcode | Data Description Decimal | Binary
000 XXXXX | NOP 0 000
001 UDDDD | Vref control register 1 001
010 AAADD | HV outputs control register 2 011
011 AAAVO | ADC control register 3 010
100 OPTHL | Genera control register 4 110
101 XXXXX | NOP 5 111
110 XXXXX | NOP 6 101
111 XXXXX | Synchronous reset 7 100

A 3-bit Gray counter is used to keep track of the arriving bits. Illustrated in
Table 7.3, a Gray counter takes advantage of the fact that successive values differ
in only one digit to reduce the presence of logic glitches (which occurs due to
the delay in logic values changing, and momentarily holding a previous value).

The Gray counter beings at zero, and once it has been incremented by three, it
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indicates the opcodes have arrived. The opcodes are then processed by a basic
3-to-8 decoder. The one (out of eight) output that goes high, sets the respective
register in the register file active, and the register in the register file smply shifts
in the incoming remaining data bits. The relationship between these componentsis

illustrated in Fig. 7.3.
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Figure 7.3: SPI Decoder and shifter register logic.

The communication and control interface supports only one read-from-slave
command while all other commands write to the device (to perform a specific op-
eration). The only information the CCI can send to the master is the 8-bit digital
code from the ADC. The CCI requires one operation (i.e. one 8-bit packet) to turn
the ADC on and to select which line the ADC samples from. Immediately follow-
ing this packet, the slave device begins to output the 8-bit digital code. As per the
ADC chapter, one hit is then generated each cycle from the ADC, and this bit is
transmitted by the MISO pin on the falling edge. A simulation showing an ADC
opcode read, followed by turning on the ADC, sampling the input signal, then the
final conversion to the digital code output onthe MISO pinisillustrated in Fig. 7.4.

106



11/19/07 - Confidential - Khorasani Section 7.4 Design

[7cTk 5.0V 1

 Uyivvuvuproouuay

'cf

V (V)

o

6.0 /MOSI [5.0V]

s bitd [bit1 bit2 |bit3 |bit4 bit5 bit6 bit7

> ol 1 1 Lo |1 11

6.0 [/MI 5.0V

s ] bit0 | bit1 bit2‘bit3 bit4‘bit5|bit6 bit7
> 7 1 Lo]1lo o]1lo0o o

)

6.0 [/reset [5.0V

3 ADC Input =3.21V |SH Out = 3.20V ADC Out= 10100100 = 3.203V
o
6.(5733_1’075V1_‘
s
N
0.0
6.0-/134/adc_reset [5.0V] _t
s
>
0
6.0 [/T347adc_on [5.0V]
s
>
o
6.0 [/T347130/T37/SH_out [3.206V] T

v (V)
o
—

o
5
w
5
IS
5

2.0
time (us)

Figure 7.4: ADC operation through the CCI.

7.4.3 Register File

The register file contains all of the registers that control the different components.
The registers are activated by the control in the shift-register and decoder logic
component and read the bits on the rising edge of the clock. Once the values are
written into the register, the respective combinational |ogic becomes active immedi-
ately, making use of theinformationintheregisters. Fig. 7.5 illustratesthe different
registers available in the register files and their responsibility.

Register File

[
v ¥ v ¥

(8x) 2-bit HV 8-Bit Vref Register 5-Bit ADC Control 5-Bit General
Ouput Registers 9 Register Control Register

| | : |

Sets the 8-bit DAC that controls Turn the ADC on or off and Controls the Transimpedance

lect f four diffe tinput: . P
the reference voltage used to set select one of four ditterent inputs integration time and three

the target high voltage supply. (Vmon, :Er:toel:,ng'avr;sllt:;ee)dance, external switches.

Level-Shifter (1-8) State:
High Voltage/ Float / Ground

Figure 7.5: Theregister file contains aregister for each component, with each rep-
resenting a different function.
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7.5 Testing

The operation of the communication and control interface was verified on the fabri-
cated chip ICKAALC3. Several different tests were done to ensure complete oper-
ation of the CCI. The basic test setup used isillustrated in Fig. 7.6, and the separate
tests are highlighted in the subsections below:

HV Chip (ICKAALC3

. )
PIC Microcontroller -
i et >
usB SpI TVVVVVVVTVUVVTT
@ Multimeter gg@ <—T

Oscilloscope |(__ &g

PC+
ata Acquisitio

Figure 7.6: The setup used to test ICKAALC3 and verify the CCl operation.

The basic test setup consisted of a computer running hyperterminal interfaced
through aUSB to an FTDI USB to Serial chip that was then interfaced to a 16F877
PIC Microcontroller. The PIC microcontroller was preloaded with the required
compiled commands. On running the program, different opcodes and hence chip
operations could be selected. Furthermore, data could also be read from ICK-
AALC3 through the PIC and captured in hyperterminal for further processing.

7.5.1 Switch Test

Three different digital switches were added to control various external devicesin-

cluding:

1. Heater Switch (opcode: 100XXXHX): a switch to turn on and off an
external resistive heater used in PCR (polymerase chain reaction) appli-

cations.

2. Valve Switch (opcode: 011X XXV X): aswitch to control an external valve
or pump used in PCR applications.

3. Light Switch (opcode: 100X XXXL): a switch to control either alaser or

LED driver used for fluorescence detection.

108



11/19/07 - Confidential - Khorasani Section 7.5: Testing

Testing these three switches was the easiest method to verify correct functionality.
The chip was sent the specific the three above mentioned opcodes and the specific

pins were monitored. Toggling indicated correct operation.

7.5.2 High-Voltage Outputs

The control of the high-voltage output registers was tested by applying an external
high-voltage and toggling the states of the outputs. Initially 15V, then up to 300V
was applied while the different outputs were monitored using a 10MQ load (i.e.
from the multimeter resistance). There are eight separate high-voltage outputs, five
of which support high-voltage, float and a ground state (i.e. are tri-state), and three
of which support just ground and float state (i.e. are bi-state). All channels were
tested and fully functional.

From Table 7.2, the high-voltage outputs register supports three additional ad-
dress bits and two data bits. The three address bits specify the differen to output
channels while the two data bits determine the state of the high-voltage output. For
the data bits, the first bit sets whether the channel is on or off (floating) while the
second bit determines its high or low value. The address and the corresponding
output channel is specified in Table. 7.4 while the data bit and its respective output
stateis presented in Table. 7.5.

Table 7.4: High-Voltage Output
Channel Addressing Scheme

Address | Channel | Type Table 7.5: High-Voltage Output
000 Channel 1 | Tri-state Channel State Setting Scheme
001 Channel 2 | Tri-state Decimal Binary

010 Channel 3 | Tri-state 00 Floating

011 Channel 4 | Tri-state 01 Floating

100 Channel 5 | Tri-state 10 Ground

101 Channel 6 | Bi-state 11 High-Voltage
110 Channel 7 | Bi-state

111 Channel 8 | Bi-state
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7.5.3 General Control Register

Besidesthetwo controls switches (i.e. heater and valve), the general control register

contains three other control bits:

1. PWM (opcode: 100XPXXX): Allows the user to select between an in-
ternally generated frequency source for the boost converter switch or an

externally generated source.

2. Output channel (opcode: 1000X X XX): by toggling this switch, the all of
the high-voltage outputs can be turned off or on directly.

3. Transmpedance amplifier clock (opcode: 100X XTXX): by toggling this
bit at different frequencies, the transimpedance amplifier integration time
can be varied.

All three of these are essentia switches for their respective components, and all

have been verified individually to ensure their proper operation.

7.5.4 ADC Control Register

The ADC control register allowsthe ADC to be turned on or off to conserve power.
When on, by selecting a specific address, different inputs to the ADC can be se-
lected. The input choices are listed in Table. 7.6. The ADC operation has been

Table 7.6: ADC addressing scheme.
Address | Input Source
000 Voltage monitor

001 Current monitor
010 Transimpedance amplifier output
011 External voltage input

IXX Undefined

verified using the external input voltage. The results of this are presented in the

ADC section and will not be repeated here.
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7.6 Conclusion

Though methods of optical detection, analog-to-digital conversion and high-voltage
generation are essential for microfluidic operations, ameans of communicating con-
trols and data between the LOC and off-chip is crucial. We have developed a com-
pact control logic, which uses the serial peripheral interface protocol to communi-
cate off-chip. We have demonstrated its functionality both through simulation and
verification of the fabricated device. This communication and control interface is
sufficiently robust to accommodate future commands and data additions with rapid
and minimal modification. Not only is the design robust, but by using the SPI pro-
tocol, varying clock frequencies (while considering the minimum clock frequency
required for the ADC operation) can be used allowing the system to be interfaced to
various external controllers. Future versions will offer the ability to read from reg-
isters, rather than ssmply outputting an ADC value, and potentially even alow the
deviceto act as a master, rather than passive slave device, and thus send commands

to other devices off-chip devices (or even multiple HV CMOS chips).
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Chapter 8
System Chips

In this chapter, the design of four generations of high-voltage CMOS controllers

are presented and compared.

8.1 Motivation

There has been much work in both academia and industry towards complete and
portable microfluidic platforms. However, to the best of the authors knowledge,
there has not yet been a published report of such a complete system capable of
integrating the high-voltage generation, optical detection and control circuitry on
a single substrate. Building on the components presented in earlier chapters and
through the evolution of four generations of HY CMOS microfluidic controller de-

signs, thisworks aims to present such a solution.

8.2 Requirements

A complete system composed of HV generation, optical detection and control and
readout circuitry for microfluidic applicationsis required. The system must be able
to generate and switch up to 300V and source 60 pA to at least four output chan-
nels during which it must also be able to detect low optical powers (i.e. 0.1 pW to
100 pW) emitted from fluorescently marked and excited analytes. The system must
be capable of receiving control commands and transmitting information (such as

optical power measurements) between itself and an external device (e.g. computer).
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8.3 Designs

To accomplish the above goals, four generations of continually improved up HV
CMOS chips were designed. The first chip was designed exclusively by Leendert
van den Berg and is discussed here for completeness. The second generation chip
was designed by Maziyar Khorasani and Leendert van den Berg with additional
components designed by Philip A. Marshall. The third chip was designed by Mazi-
yar Khorasani, Mohammad Behnam, Meysam Zargham and Philip A. Marshall and
fourth chip was designed by Maziyar Khorasani and Philip A. Marshall.

8.3.1 Generation 1: ICKAALOC
8.3.1.1 Design

Thefirst HV CMOS controller designed was ICKAALOC (Fig. 8.1). The chip spec-
ifications are summarized in Table. 8.1. The chip has three tri-state (high-voltage,
high-impedance, and ground) outputs and one bi-state output (high-impedance or
ground). Thelevel-up stageisillustrated in Fig. 8.2 and relies on pull-up resistorsto
prevent gate oxide breakdown of the HV PMOS transistors (as described in Section

27).
LT3
:1 M8
M4 | M5 .

vpp |: bias_h I vpp E
5
o

M3

ctrll I%
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ctrl2_b I% ctrl2 I%
Vss

Figure 8.1: Die photo of ICKAALOC Figure 8.2: ICKAALOC level-snifter
with pull-up resistors.

vss_mon

The high-voltage outputs are controlled using three digital input pins. An on-
chip voltage-divider isresponsible for generating the biasfor the level-up stage. An
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on-chip boost converter with aninternal diode and two pull-down transistorsis also
present. Thereis no on-chip oscillator or boost controller, rather must be provided

from an external source.

Table 8.1: ICKAALOC Specifications
Specification Value
Dimensions 2mmx2mm
Pins 15
Control logic 3 digital input pins
Output drivers | 3 Tri-state
1 Bi-state
Level-up stage | Static with resistive pull-ups
Voltage Divider | Rygtg = 24MQ
Rvpp—— = 1.44MQ
Rvmon = 240kQ
Boost converter | Internal diode (PEG21FA)
2 NDG20FD Pull-downs

The simulated total static power consumption is about 1.54mwW (with a 300V
power supply) excluding the boost converter operation. Of this, the digital compo-
nents contribute an insignificant 3.65nNW (static) with the majority of the current
draw due to the voltage-divider. For its operation, the boost converter draws about
5.08 mA from the 5V supply.

8.3.1.2 Verification

The relationship between the digital logic inputs and the high-voltage outputs has
been verified, as has the operation of the voltage-divider used to generate the bias
voltage for the level-up stage and the voltage monitor (which should 1% of the
high-voltage supply). Fig. 8.3 illustrates the ideal values of the voltage divider
versus measured. Thevisibledeviationisnot completely unexpected asthe DAL SA

documents suggest possible variation of about +3k< in the fabricated result.

8.3.1.3 Experimental Results

Using the setup illustrated in Fig. 8.4, consisting of an external power supply op-
erating a 150V, and external CCD based optics (discussed in the Appendix X),
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ICKAALOC - Voltage Divider Characterization
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Figure 8.3: ICKAALOC voltage-divider measured versus ideal s results.

a electropherogram of a successful microfluidic separation of ALFExpress from
Pharmaciaisillustrated in Fig. 8.5. ALFExpressis a 50-500 base pair DNA sizer
(a sample with known number of base pairs, in this case ten plus one primer peak)
used for calibration in genetic analysis and mutation detection.
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Figure 8.4: Setup for using ICKAALOC for switching the HV required for mi-
crofluidic CE of ALFExpress.

8.3.2 Generation 2: ICKAALC?2
8.3.2.1 Design

Besides the addition of a control and communication (i.e. SPI) interface, 1CK-
AALC2 (illustrated in Fig. 8.1) makes several improvements over ICKAALOC.
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Figure 8.5: Electropherogram results of the separation of AlfExpressat 150V.

Figure 8.6: Die photo of ICKAALC2

All four outputs are now tri-state, and the resistive pull-up level shifter isre-
placed with the PMOS2 implementation (Arch. 3 from Section ??). The voltage-
divider resistanceisincreased asisthe number of pull-downsin the boost converter,
respectively decreasing current draw and increasing boost converter efficiency. A
boost control circuit (discussed in Section 6.3), along with a current controlled os-
cillator is also added. ICKAALC2 component listing is provided in Table. 8.2.

In regards to testing, there exists some problems between the control logic and

level-shifters, preventing further characterization.
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Table 8.2: ICKAALC2 Specifications
Specification Value
Dimensions 2mmx2.2mm
Pins 19
Communication | Serial peripheral interface
Output drivers | 4 Tri-state
Level-up stage | Static cross-coupled PMOS
Voltage Divider | Rrotg = 605MQ
Rvpp—— = 2L.175MQ
Rvmon = 6.05MQ
Boost converter | Internal diode (PEG95EA)
8 NDG20FD Pull-downs
Current controlled oscillator
Boost controller

8.3.3 Generation 3: ICKAALCS3
8.3.3.1 Design

The third generation HV CMOS controller, ICKAALCS3 (illustrated in Fig. 8.7),
has thus fur been the most successful of al of the designed chips. This chip has
the improved communication and control interface (CCl) discussed in Chapter 7
along with an 8-bit ADC, five tri-state and three bi-state high-voltage outputs and
an integrated photodiode along with transimpedance amplifier. The voltage-divider,
voltage monitor current monitor, level shifter circuit, boost converter and boost
controller are reused from ICKAALC2, but are now interfaced to the on-chip CCl
(and ADC). Table 8.3 summarizes the chip features. The most novel feature is
the presence of electrodes on the die for future post processing of the microfluidic

channels directly on the chip.

8.3.3.2 Verification

ICKAALCS3 has been the most completely characterized chip thus far, and the re-
sults have been presented throughout thisthesis. The results presented in each chap-
ter regarding the CCI, ADC, transimpedance amplifier with the photodiode and the
boost converter (up to 150V with an external diode) have been derived from this

chip and so will not be revisited.

118



11/19/07 - Confidential - Khorasani Section 8.3: Designs

Figure 8.7: Die photo of ICKAALC3

Table 8.3: ICKAALC3 Specifications

Specification Vaue
Dimensions 3mmx2.9mm
Pins 33
Communication Serial periphera interface
Output drivers 5 Tri-state
3 Tri-state

Level-up stage Static cross-coupled PMOS
Voltage Divider Rtota = 605MQ

Rvpp—— = 21.175MQ
Rvmon = 6.05MQ

Boost converter Internal diode (PEG95EA)

8 NDG20FD Pull-downs
Current controlled oscillator
Boost controller

Optical detection | 150 pmx 150 pum photodiode
PC transimpedance amplifier
On-chip electrodes | 5

8.3.3.3 Experimental Results

Similar to Section 8.3.1.3, microfluidic CE separation has been accomplished using
this chip. Unlike the case for ICKAALOC where the chips primary function was
to switch the HV outputs, in this experiment, ICKAALC3 not only switched the
outputs, but also generated the required (150 V) voltage. The experimental setup is

similar to Fig. 8.4 and uses the same AL FExpress sample, except the 150V power
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supply is generated on-chip. The electropherogram result isgiven in Fig. 8.8.

ALFExpress DNA Ladder Using Microchip Based CE System

25

15

Arb.

os - /\ n [\ I /\
| AJUYV U UUV by

Figure 8.8: Electropherogram results of the separation of AlfExpressat 150 V.

8.3.4 Generation 4: ICKAALC4
8.3.4.1 Design

ICKAALCA (illustrated in Fig. 8.9) isthe largest chip design yet with an improved
12-hit ADC, heater switch capable of switching up to 300 mA (asrequired by an ex-
ternal platinum heater), and avalanche photodiode detection (and related circuitry).
Though still containing five tri-state and three bi-state HV outputs, the static level-
up stages have been replaced with dynamic variants (Section ??) where the logic
operates based on afully synchronous design using the on-chip 10 MHz clock. The
on-chip 10MHz clock is generated using a 15 stage current controlled oscillator
(CCO) which alows either an external or internal current control. Finally, the low-
voltage digital (e.g. for the CCl) and noise sensitive logic (e.g. ADC), aong with
the high-voltage components (e.g. boost converter) have been placed in separate
wellsto provide isolation and reduce noise. In regards to verification however, this

designis currently undergoing testing.
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Figure 8.9: Die photo of ICKAALC4

Table 8.4: ICKAALC4 Specifications

Specification Value
Dimensions 3.22mmx 3.22mm
Pins 45
Communication Serial periphera interface
Output drivers 5 Tri-state
3 Tri-state

Level-up stage Fully dynamic

Boost converter Internal diode (PEG95EA)

8 NDG20FD Pull-downs
Current controlled oscillator
Boost controller

3 voltage monitors

Optical detection | 150 pmx 150 um photodiode
PC transimpedance amplifier
Avalanche photodiode

APD active quenching circuit
On-chip electrodes | 4

Heater switch Switch up to 300 mA

8.4 Conclusion

Four generations of microfluidic controller integrated circuits have been designed
and presented. Capable of varying levels of integration, from high-voltage gener-
ation and optical detection to high-current switching, these systems bring portable
and hand-held POC diagnostic systems much closer to reality. The first genera-
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tion chip is capable of only high-voltage generation and switching. The second
version improved the logic, communication interface and the performance of the
entire system. The third version provided a significant advance by integrating op-
tical detection and offering the possibility of post-processing microfluidic channels
directly on the die. The fourth version made improvements on the third by using
dynamic level-shifters and offering a higher-resolution ADC and provided high-
current switching capabilities. In addition, two test chips provided space to char-
acterize componentsindividually, and to explore additional components that might
be placed on future chips. Future work will involve the integration of additional
components required for complete analysis, such as controls for PCR heaters and
microcoils for movement of magnetic beads, as well as optimization of existing
designs.
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Chapter 9

Conclusion and Future Direction

9.1 Summary

In this thesis, the problem of integration for microfluidic systems has been ad-
dressed at both the component level and at the system level. The three main com-
ponents for a microfluidic controller, including the high-voltage generation, optical
detection and control and communication, has been discussed in depth. These com-
ponents were then integrated in a complete HV CMOS microfluidic controller ca-
pable of generating and switching sufficient voltages to accomplish capillary elec-
trophoresis.

Chapters 2 and 3 provided background information and reviewed existing works
respectively. Chapter 4 provided an in depth review of CMOS compatible opti-
cal detection methods, components and circuits. Chapter 5 delved into analog-
to-digital converters and digital-to-analog converters required in processing analog
values generated on-chip to allow for off-chip communication. Chapter 6 discussed
the method of high-voltage generation and switching and Chapter 7 ended with
the communication and control interface, the core required to connect all of these

individual components together.

9.2 FutureDirection

Currently, capillary electrophoresis separation of analytes on microfluidic channels

isonly one step in creating a truly complete analysis system. There is preprocess-

123



Chapter 9: Conclusion and Future Direction 11/19/07 - Confidential - Khorasani

ing of the sample through polymerase chain reaction (PCR) that occurs before the
analysis. Thus, theinitia future objective should be to able to provide the circuitry
that can help accommodate PCR on the same platform being currently used. This
requires innovative methods of controlling resistive heaters, measuring temperature
and controlling valve switches (among many things).

Further, electrophoresis actuation of analytes is not the only means available
on a CMOS processes. As mentioned in the literature review chapter, research has
explored methods of moving particles using inductor coils to generate magnetic
field for actuation of analytes tagged with magnetic beads. Similar research should
be done to determine whether the DALSA HV kit can support such techniques.

Improvements in the area of optical detection including avalanche photodiode
circuitry and phototransistors, as detectors with internal gain, provides a very at-
tractive solution to current transimpedance amplifier approaches using basic photo-
diodes.

Finally, besides using boost converter circuits requiring large external induc-
tors, capacitors and diodes, future work should revisit charge pump circuits, which

provide on-chip solutions, requiring no external components.
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