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This dissertation describes the development of the first CMQgbesphoton
avalanche diode (SPAD) fabricated in a deep-submicron commeénd@s process.
Single photon detection is often necessary for high-sensitivity, diyglamic range
time-resolved optical measurements in diverse applications incimegdibiology,
military, and optical communication links. Single photon avalanche diS&AD)
detectors have become the device of choice and have made stroagngaecent

years. They are unique in that they provide digital informatiothefarrival of an
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individual photon impinging on the detector, thus being a very powerful thehw
time-of-arrival information and timing resolution are cruciaimifig precision of the
detector will improve contrast in fluorescence lifetime imggand resolution in laser
ranging applications.

Traditionally, single photon detectors have been fabricated usistpro
processes because of the conditions under which the devices operate under. Because of
the need to sustain high currents and high electric-fields, sprgiim fabrication
processes have been developed. These fabrication processes hbvemgéts such
as low-noise, high detection efficiencies, low jitter, andotadl spectral responses
towards longer wavelengths. However, these fabrication techniquesoftme
undesirable due to increased capacitance from off-chip quenchetgrgeng, and
processing circuitry, resulting in longer detector dead tamelsslower sampling rates.
Furthermore, large-scale production and scalability to arrayspsactical. There has
been a trend towards using Complementary Metal-Oxide-Semicond{@xt®S)
technology for constructing SPAD pixels and arrays with intedratircuitry to
overcome these limitations. Though commercial CMOS technologiebyanature,
generic, and are not designed for SPAD devices, they can séll ofihsiderable
advantages in certain areas where custom processes lack.

This dissertation describes the modeling, simulation, and full dieaization
of a CMOS STIl-bounded Single Photon Avalanche Diode (SPAD).-8ftdke-art
sampling rates, dead-time, and jitter performance are ¢barsd, and the device is

compared to traditional diffused-guard ring structures for solig-S8&ADs. Further,
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novel applications of the CMOS SPAD for acousto-optic signahmecgment and
frequency up-conversion of 1550nm are described. An optical scaitms for
acoustic characterization of ultrasound responsive microbubbles andlepars
designed and developed. Further, a novel method of fluorescence modutatign

dye-loaded microbubbles is demonstrated.
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1. INTRODUCTION

1.1. Principles of CMOS Single-Photon Detection

Single photon detection is often necessary for high-sensitiviti, dymamic
range time-resolved optical measurements in diverse apphsaith medicine [1-8],
biology [9-13], military [14-17], and optical communication links [18-25ingke
photon avalanche diode (SPAD) detectors have become the device ofarbicave
made significant progress in recent years. They are unigbeatinhey provide digital
information of the arrival of an individual photon impinging on the ctete thus
being a very powerful tool when time-of-arrival information and tigniesolution are
crucial.

Traditionally, single photon detectors have been fabricated usistpro
processes because of the need to sustain high currents and higo-fedéats. These
custom fabricated devices have great benefits with low-noise, higéctioa
efficiencies, low jitter, and tailored spectral responses rasvéonger wavelengths.
However, custom fabrication techniques are often undesirable due ®asadr
capacitance from off-chip quenching, recharging, and processing mireagulting in
longer detector dead times and slower sampling rates. Furtlegri@asge-scale
production and scalability to arrays is impractical. There has leetrend towards
using generic Complementary Metal-Oxide-Semiconductor (CM@&)nblogy for
constructing SPAD pixels and arrays with integrated circuibryovercome these

limitations. Though commercial CMOS technologies are by natergerg, and are



not designed for SPAD devices, they can still offer considerablenteyes in certain
areas where custom processes lack.

CMOS has become a standard technology for digital logic grauith as
microprocessors, microcontrollers, static RAM, as well aalagncircuits such as
image sensors, data converters, and transceivers for wirel@ssunications. In the
image sensor market, CCDs have long been superior in imagey qudtitiow noise
characteristics, good sensitivity, high dynamic range, and high urijordowever,
manufacturing costs remain comparatively high. In the past twaldec&MOS has
become the technology of choice for inexpensive low-power image sengbrfast
readout rates over CCDs. The emergence of CMOS transistor Hagicallowed
CMOS image sensors to compensate for inherent physical longathrough
integrated circuitry for image acquisition and on-chip processinth @évelopment
of newer architectures, CMOS sensors have gained in performancedaed the
gap in performance with CCDs.

In this dissertation, | will further add to this trend towards@3/technologies
for single photon avalanche diode (SPAD) detectors with improvedrpenice and
demonstrate new emerging applications where CMOS SPADs are aiffiestive,
particularly with respect to timing resolution and fast samphaigs. Through a
complete design and fabrication cycle—device simulation, cirauitlsitions, layout,
and device characterization—I will show the power of CMOS SPWilis integrated
circuitry to overcome inherent physical limitations and improve aiowus aspects

over custom fabricated and previous CMOS SPAD implementations.



In this chapter, | will give an overview of various SPApphcations and the
current state-of-the-art in single photon detection. Many aplicafor single photon
detection are based on time-correlated single photon counting (CBR&e a
probability distribution of single photon detection is generated afieexaitation
pulse. Through time-correlation, a photon count histogram can be constamcied
utilized in a number of powerful applications. With a solid understanafirgyrrent
challenges in single photon detection and implementations, we eell véhere
improvements can be made and how to address them with novel desigtesvered

structures.

1.2. Applications of Single-Photon Detectors

1.2.1. Molecular Imaging and Single-Molecule Spectroscopy

Molecular imaging and spectroscopy have gained increased redevarecent
years, particularly in studies of biomolecular interactions amdhmhics in live cells
and tissues. Through the development of confocal microscopes, two-photon
microscopes, and fluorescent probes, specific protein interactionsednfdinctions
can be studied. Furthermore, development of such proteins has increzlsedlan
probe applications in monitoring gene expression, detection of protaeipr
interactions, membrane potential, and single-molecule detection [26](Z'8en
fluorescent protein (GFP), in particular, has had a strong impachaging methods

in biophysics, neuroscience, and developmental and cell biology [28][29][30].



One of the key components in laser-scanning confocal and two-photon
microscope systems is the optical detector [31]. Typically, tegseems use laser
excitation and wavelength filter-sets for specific fluorophoreitatton-emission
spectra. Furthermore, the excitation intensity is usuallyrabweders of magnitude
greater than the fluorescence emission. Hence, number of photonsdepgtte
fluorophore molecule is low, requiring highly sensitive, low noise aptietectors to
obtain good image resolution and contrast, with fast image acquisition spagds [

Traditionally, laser-scanning confocal and two-photon microscopes use
photomultiplier tubes (PMTs) as optical detectors whose current astjntegrated
over time and converted to a voltage which corresponds to the number ohgphot
collected on that pixel. When photon flux levels are medium to highgration
methods are acceptable due to sufficient signal-to-noise &NR) and signal-to-
background ratios (SBR).

Detection of single-molecule dynamics has proven to be difficalise only
one or a few fluorescent molecules are observed at a given time, leadingiodtmm
flux rates, short acquisition times, and ultimately poor SNR and [S®BR.
Furthermore, photobleaching becomes an issue when averaging ovecdoigitian
times with detectors that exhibit long dead-times. Fast photon-ogudétectors are
necessary for such applications to overcome poor SNR and to shortentiaoquis

times.



1.2.2. Time-correlated Single Photon Counting

Time-correlated single photon counting (TCSPC) is a powerful tool f
waveform reconstruction when signal levels are low such thglesor few photons
impinge on the optical detector during each measurement tigileg a periodic light
source, waveforms are reconstructed by measuring the tinrehaftaof individual
photons (Figure 1.1) over many sample periods. This method is paltiquoaverful

in applications with low light levels and high repetition rate signals.

| Optical Waveform

Detector Signal: Time
Period 1
Period 2 A_
Period 3
Period 4 A
Period 5 A
Period §
Period 7
Period 8
Period 8 ‘

Period 10

Period N A

Result after
collecting many
Photons

memory location ——»

Figure 1.1 Time-Correlated Single Photon Counting [33]

The detector records the time-of-arrival of randomly distribygel$es due to the
detection of individual photons. When a photon is detected during the measureme
cycle, the detection event is recorded into a time-of-arrivabdniam. After many

measurement cycles, the target waveform is produced. The imippaemeters for



TCSPC measurements are sensitivity, timing resolution, accueaty sampling
speed.

Sensitivity is defined as the light intensity needed foigaat equal to the

N
AR

Q

detector dark count:

Equation 1.1 Sensitivity for TCSPC

whereRy is the dark count ratéy is the number of time channeld,is the quantum
efficiency of the detector, and is the total integration time. Sensitivity is mainly
limited by the dark count rate of the detector.

Timing resolution is of particular importance since single phatmmting is
now not dependent on the width of the detector impulse response, butdatetiBon
of the leading edge of the pulse. Better timing resolution resulteore accurate
waveform reconstruction.

Accuracy is essentially the signal-to-noise ratio of te@asarement. TCSPC is
powerful in that many measurement cycles can be collecledufficient SNR is
achieved. FoN number of photons, SNRAN .

Recording speed is limited by the pulse repetition rate sswlthe detection
sampling rate. This is one of the bottlenecks of TCSPC measuserfaster pulsed
laser sources, faster pulse counting cards, and faster detectplingarates will

improve slow acquisition times.



1.2.3. Fluorescence Lifetime Imaging Microscopy (FLIM)

Fluorescent molecules not only have characteristic excitatroagion spectra,
but also characteristic lifetime decays. Fluorescence nietimaging microscopy
(FLIM) is an effective method that produces high contrast imdnesnapping
fluorescence lifetime decays of fluorescent molecules [9-12] fllibeescent lifetime
of the particle is used instead of intensity, so images argsttsity-dependent, which
can be a problem with tissue absorption. A fluorophore is excitegamequently
drops to its ground state with a probability determined by itsydeharacteristics
through radiative and non-radiative processes. Through the spontanesa®merof
photons, the fluorophore will emit a photon at a characteristic diftee it has been

excited with an exponential distribution:

Fit)=Fe""

Equation 1.2

andt is time,z is fluorescence lifetime, arfg, is initial fluorescence intensity &t0.
Figure 1.2 compares a steady state intensity image andradtence lifetime image

demonstrating the increased contrast of looking at lifetime instead of tgtalwsie.



Figure 1.2 Steady State Intensity Image (left) and Fluorescence Liii@me
Image (right) [34]

Furthermore, fluorophore lifetime can be affected by local pr@gsersuch as
pH, ion concentrations, or oxygen saturation by fluorescence quenchamgeH
combining intensity and lifetime information is a powerful tool tdedéntiate various
fluorescent markers or the same fluorophore in different local environments.

To produce high quality images in FLIM, optical detectors witlcetignt
timing resolution are necessary, particularly with sub 100ps floenes lifetimes.
With environment-sensitive dyes, better detector timing resolutitbmesult in better
image contrast with improved lifetime decay measurementsthéforore, high
detection efficiencies are needed to detect few numbers of photondimit
photobleaching of the fluorophore, fast acquisition times are needednimire

exposure to the excitation laser light.



1.2.4. Time-Domain Optical Imaging

Time-domain diffuse optical tomography utilizes scatterindiglit to gain
insight of the tissue through which the photons have passed, in paytsalid tumors
in the breast or brain [1-5]. It has benefits over other maimstreadical imaging
techniques such as MRI, X-ray/CT, and PET since it is non-ioninog;invasive,
portable, and comparatively low-cost.

Time-domain optical imaging typically uses near infrared (Night because
of its deeper penetration depth in tissue [6]. Time-domain opticaging systems
traditionally have a pulse excitation source and detector, dithgmnsmission or
reflection geometry. As the laser pulse propagates through the,tige photons
undergo multiple scattering events, spreading into ballistic photbithwravel in an
unscattered straight path, snake photons which travel in a zigdagnpalong the
straight path, and diffuse photons which undergo multiple random scadetse
Light propagation is governed by the diffusion equation [7]:

104(r,)

—DV23(r,t) + p,(r,t) = S(r,t)
c ot

Equation 1.3 Diffusion Equation for Light Propagation

with

Equation 1.4 Diffusion Coefficient
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where ¢(r,t) is the photon fluence ratd) is the diffusion coefficienty',is the
reduced scattering coefficient, is the linear absorption coefficie,is the speed of

light in the medium, an&(r,t)is the source term.

Light propagation depends on both the tissue absorption and early-arriving
photons ballistic photons which arrive earliest because they akorg the straightest
path through the tissue, providing the highest spatial resolution instattering
media. Single photon detectors are useful in time-domain opticansydiecause of
their sensitivity to a low number of photons. With increased deteefitziency of
early-arriving photons, more precise optical properties can be adbtaesulting in
more accurate forward and inverse propagation models and betterqomegge. The
challenges for single photon detectors in time-domain opticalingagye detection

efficiency, timing resolution, and sensitivity at longer wavelengths.

1.2.5. PET/CT

Positron Emission Tomography (PET) and X-ray Computed Tomography (C
have merged functional and anatomical information together to lechlizctional
information in tissue. PET produces a three-dimensional image tbgtidgg gamma
rays emitted indirectly by positron-emitting radiotracerag¢ya reconstruction is often
aided by an X-ray CT scan done on the same machine [35-39].

A radioactive isotope is typically injected in the bloodstream diodved to

circulate. After allowing the isotope to circulate for sonmeeti the patient is placed in
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the scanner. Through positron emission decay, the radioisotopeagnoissiron. After
traveling a few mm, the positron collides with an electron, whiebults in
annihilation of the two to produce a pair of gamma photons which travetaaot
opposite directions. These gamma photons impinge on a scintillatislcsych as
LSO or LYSO and create a burst of photons shifted towards UV-visialelengths.
Optical detectors situated opposite each other on a detectdookdor coincidence
photon detections or temporal pairs (Figure 1.3). If two detection ewents on
opposite detectors in a given time window (on the order of a few nammsg¢then
the event is recorded. Through these coincidence detection eventge ima

reconstruction is carried out.

Photomultiplier

Scintillator
Crystals

Detector Block

Figure 1.3 Scintillator Detector Block for PET/CT Imaging [40]

PMTs have generally been used, but recently Si Photomultipligt®é$ and
avalanche photodiodes (APDs) have been implemented [8]. For good PlTAGAs,
we must know precisely the location of the gamma interaction pothiei scintillator

crystal. Reducing the uncertainty at the point of interaction mwdrease image
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resolution. It is essential for the single photon detectors to lmwvenbise, high
sensitivity, good timing resolution, and good energy resolution to producebadity
PET/CT images. Increased timing resolutions result in reductiothefposition

uncertainty of the annihilation event.

1.2.6. Classical Optical Communication Links

Single-photon detectors have been used in classical optical link®1]18
(Figure 1.4), particularly with pulse position modulation (PPM) comnatiaoie links
[41-43]. PPM uses optical pulses of uniform height and width and mosldiregulse
sequence in timeM message bits are transmitted using single-pulses for eagh bi
one of 2! possible time-bins. This has advantages over pulse amplitude modulation
(PAM) and pulse duration modulation (PDM) because it only requiresetieetion of
the photon event, not the amplitude or duration, which enables better noisaiiynm
The information that is useful with PPM is the photon’s time-afal Average

system power for PPM is much lower than PDM, but at the expense of bandwidth.
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Figure 1.4 Optical modulation techniques [44]

PPM is also used extensively in deep-space communications for batk upli
and downlink transmissions [45],[46] because high peak-powers caretbenushort
duration pulses, providing good SNR over background radiation and thermal noise.
Timing-resolution or jitter of the optical detector is oneha tain limiting factors in
transmission bit-rates. Full-width-at-half-maximum (FWHM)generally used as the
metric for measuring timing-resolution. However, because olesipigoton counting
detector pixel structures and architectures, a so-called oiffusil, described in
Section 2.5.6, increases the timing uncertainty of the photons armel piarticularly
at the full-width-at-hundredth-maximum (FW(1/100)M) and the futkh-at-
thousandth-maximum (FW(1/1000)M). The reduction of this long tail serves to
provide potential benefits in increasing bit-rates and reductidmit-@irors via inter-

symbol interference.
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1.2.7. Quantum Key Distribution (QKD)

Quantum Key distribution (QKD) was developed for secure communication
links using quantum mechanics. With a proper “key,” two parties can corate
securely using a shared random bit string to code and decodengs.sirthe security
in QKD systems relies on fundamentals of quantum mechanics wekjpbses the
presence of an eavesdropper interfering with the communication linke Mor
specifically, the measuring of a quantum system disturbs itltiregs in increased bit-
error-rates. Significant bit-errors present in the systencatelithe presence of a third-
party eavesdropper and the communication link is subsequently closed or moved.

There have been several protocols developed for QKD systems, nBedy
[47] which originally utilized photon polarization states. In typiaghantum
cryptography systems, Alice and Bob are denoted as the sendereeaider,
respectively, and are transmitting to each other through a quantumucication
channel, usually through optical fiber or free-space. Quantum commanigatolves
the transmission of quantum states (gbits) usually in the forrmglesphotons with
polarization [22],[48],[49],[23].

There has been movement towards increasing key generation rates and
distribution over longer distances. Bit-errors caused by deteatkrcdunts are one of
the main limiting factors in key-distribution distances. Two eifecapproaches to
increasing distribution distances and reducing bit-error-rategoareduce detector
dark count rates and increasing system timing resolutionr)jifReducing detector

dark counts reduces the number of falsely recorded bits, resuitimgrieased bit-
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error-rates. Increasing timing resolution (reducing timitigr) allows for increased

bit transmission rates and faster key generation.

1.2.8. Laser Detection and Ranging (LIDAR)

Laser detection and ranging (LIDAR) is often associated withtany
applications, though the concept is used in archaeology, geology, asgrdnology,
imaging, and 3D mapping [14-17]. LIDAR measures scattered Iightfind
information of distance targets, usually through active illuminatwdh laser pulses.

It is also referred to as laser radar, since laser ikghsed instead of radio waves as in
conventional radar.

LIDAR was developed to overcome limitations of conventional radar,
particularly for non-metallic objects which don’t readily reflenicrowave/radio
frequencies and can be considered “invisible” to radar. Using alitim@riation with
pulsed laser sources, light is scattered off the target andtetbtesith an optical
detector. This scattered light is termed “backscatter,” andims&ayleigh, Mie, and
Raman scattering.

The ability to focus and collimate laser beams provides extefipatial
resolution while the ability to pulse a laser for short time-loma provides excellent
timing resolution. Backscattered light is then collected and émtwsto a detector
pixel or array, usually through a scanning system, and timegbitfinformation is
recorded. Since few of the backscattered photons can be expected tdesfkeio the

detector, particularly at long distances of tens of kilometersytordeep space, high
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detection efficiencies are necessary for optimal LIDARtem design. Furthermore,
reducing timing-uncertainty of the photons’ arrival time alldarsincreased distance
precision. Moreover, tracking moving targets requires fast acquisaind short data

processing times.

1.3. State-of-the-art Single Photon and Low-light Lebekectors

1.3.1. Photomultiplier Tubes and Micro-Channel Plates

Photomultiplier Tubes (PMTs) are vacuum tubes which utilize the
photoelectric effect and internal gain mechanisms to produce a cirne&sponse to
low light levels [50]. Incident photons on the photocathode produce electioese T
electrons are accelerated and focused on the first dynode and igdiiipl secondary
electron emission. These secondary electrons are acceleratadigothe second
dynode and subsequently multiplied. After multiple stage dynode arafilih, the
electrons are collected by the final anode and the current is read out.
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Figure 1.5 Construction of a photomultiplier tube [50]
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Figure 1.6 Band diagrams for alkali (1) and IlI-V semiconductor (2)
photocathodes

The photocathode is a semiconductor, typically alkali or a 1ll-V mpmmd
semiconductor, and can be characterized with band models (Figur&@HeGjuantum
efficiency of the PMT is determined by the efficiency aminverting photons into

detectable electrons and is described by the probability process:

()= - R)%'(lJrll/ij' i

Equation 1.5 Quantum efficiency

whereR is the reflection coefficienk is the full absorption coefficient of photorisis
the probability that light absorption may excite electrons tevallgreater than the
vacuum levelL is the mean escape path lend®s,is the probability that electrons
reaching the photocathode surface may be released into the vacuum,isatioe
frequency of light. Spectral response of PMT materials psc#yly most suited for

UV-visible with a steep drop-off in the NIR/IR wavelengths.
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Figure 1.7 Typical spectral response characteristics of reflection mode
photocathodes [50]

Dynode design has a strong impact on the timing spread of th&oeke
incident on the final anode and becomes the limiting factor in th& EMing
resolution. As soon as the large number of electrons hits the ahedfarge must be
quickly removed to prevent surface-charge effects.

More recently, microchannel plates (MCPs) have been usedptoven PMT
performance by replacing conventional discrete dynode stagesngfgeater timing
resolution down to picoseconds as well as photon counting modes. A MCHauma
of a 2D array of glass capillary tubes bundled to form a thin @iglure 1.8) [50].
They are advantageous over discrete dynode stages in that they mxine compact
sizes, faster time response, two-dimensional detection with pajtakresolution, can
operate in high magnetic fields, are sensitive to charged partidV, x-rays, gamma

rays, and neutrons. Furthermore, they have low power consumption.
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Figure 1.8 Schematic structure of MCP (a) and its method of
multiplication (b) [50]

For medium-high light levels, the PMT integrates the currentaftequate
SNR. At low photon flux levels, integration of current is unsuitalle to poor noise
performance with multiplication noise, thermal noise, and aftergul$n this regime,
different detection methods must be used, such as single photon counting, to overcome
poor SNR. Cooled photon counting PMTs have been developed to reduce thermally
generated dark current, though their long dead-times have previeatedrom being
used more widely in microscope systems. Nonetheless, PMTs rémaiachnology
of choice in many imaging systems because of their matarty availability.
However, because they are fragile, are not scalable to larggsaand have poor
spectral response at longer wavelengths, other technologies nmagréesuitable for

certain applications.

1.3.2. Charged-Coupled Devices

Charged-Coupled Devices (CCDs) are silicon-based devices thatichgive

energy into electronic charge. These photogenerated elect®rc@rmulated in a
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potential well and subsequently transferred across the chip througiterggand
output to an amplifier. The transfer gate applies a voltage to bhecktored charges
from overflowing, and when the integration time is complete, the feargate
unblocks the potential wells, allowing the stored charged be read-out.

CCDs suffer from different noise mechanisms, namely shot noidecdaent
noise, photoelectron noise, and read-out noise. Noise sources such reishaind
read-out noise can be reduced by increasing integration times.chagnt can be
reduced by either using higher quality silicon with fewer dsfectoy cooling. Highly
sensitive CCDs are generally cooled to reduce the effects of dark current.

CCD have historically provided better image quality over CM@&sars, but
through recent advancements in CMOS sensor technologies, the gaggm guality
has shrunk considerably. Other variations of the CCD for low lighl Idetection
include the electron-multiplying CCD (EMCCD), which utilizesgain register in
between the shift register and the output amplifier. In each ggister, amplification
is achieved through impact ionization, similar to an avalanche photo@edause of
this, read-out noise becomes negligible, but it introduces ampbificabise which is
by nature a statistical process.

Similarly, the intensified CCD (ICCD) has been developed fottebe
sensitivity in low light situations by implementing an image nstiker (such as an
MCP) on the CCD through a phosphor screen and fiber-optic bundle [51]. ICCDs
offer advantages in improved sensitivity, improved SNR, and the alolityime-

gated operation. However they suffer from drawbacks such as MCPe abisigh
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gains, reduced MCP sensitivity at NIR/IR wavelengths, b&iMCP sensitivity at

short time-windows, low spatial resolution, and are fragile and bulky.

1.3.3. Silicon Photomultipliers (SiPM)

Silicon photomultipliers (SiPM) have been developed as an alternitive
PMTs and are silicon devices that typically consist of 100-1008lleaavalanche
photodiodes (APDs) on a single chip (Figure 1.9) [52-56]. An avalandch®yione of
the diodes will result in a current pulse at the output. If muligalanche events
occur simultaneously, the output will be an integration of these pwsegsponding

to the number of incident photons on the detector.

v

Bias

out

Figure 1.9 Schematic of SiPM [53]

SiPM have shown great promise for nuclear medicine applications, in
particular with PET/CT systems. Because of their high gain, hoige levels,
insensitivity to magnetic fields, and large areas, SiPM ap&llya becoming the

detector of choice in PET systems. Furthermore, because of their fagt piroperties
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(<100ps jitter), they become particularly suitable when timdigifif information is
needed. However, fast signal read-out remains an issue due tackhefIcircuitry

integrated on-chip, requiring high performance ASICs and electronics [53].

1.3.4. Superconducting Nanowire detectors

NbN based superconducting nanowires have been developed as single photon
detectors [57-59] and have shown promise in delivering sub 30ps timingti@ss|
with greater than 5% detection efficiencies at 1550nm. Each detsmhsists of a
nanowire, cryogenically cooled below the critical temperature-#&K to reach
superconductivity. When a photon is absorbed in the nanowire, a local hot spot is
created where superconductivity is disrupted. The hot spot crebieal ancrease in
resistivity resulting in a measureable voltage drop. Thisnigae provides extremely
good timing resolution, of less than 30ps, comparable to the best detection
technologies developed.

Resetting of nanowire detectors requires cooling of the hot spdt toac
superconductivity, which is by nature a slow process, which sesullow detector
recharge times. Furthermore, the only know technique for pattetimgsg nanowire
structures is electron beam lithography, which is a seeahnique, preventing

scalability towards large scale integration at the present time.
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1.4. Single-Photon Avalanche Diodes

Avalanche diodes are highly sensitive semiconductor detectarausleaan
internal gain mechanism to convert photons into an electricallsighe is done
through high-electric fields that initiate impact ionizationgl ecreate a so-called
avalanche of charge that flows through the diode. The physical pescéss
photoabsorption and charge multiplication will be described in Chaptér will
describe state-of-the-art avalanche photodiodes (APDs) and G@Gwigeer- single

photon avalanche diodes (GM-SPADS) in the next subsections.

1.4.1. Avalanche Photodiodes (APDS)

Avalanche Photodiodes (APDs) are semiconductor-based photodetectors tha
utilize an internal gain mechanism through applying a reverse/bitage. Because of
this internal gain mechanism, APDs are useful in detecting low kgktd and used in
a variety of applications. APD structures are typically purcfions or p-i-n junctions

(Figure 1.10) [60].

NLICHT SEE0RITION RECION|

B

Figure 1.10 Cross-section of an APD [60]

When a photon enters the photodiode, an electron-hole pair is genétated i

energy of the photon is greater than the bandgap of the matehah We electron-
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hole pair is generated in the depletion region of the p-n junctionatieeyubsequently
separated from each other by the electric field generateédebrseverse bias voltage,
with electrons drifting towards the n+ side and holes drifting tdsvdhe p+ side.
Because of the high electric field, the electrons and hole®saare accelerated and
can collide with the crystal lattice with enough energy tater@a secondary electron-
hole pair. This phenomenon is termed impact ionization. These secaidainpn-
hole pairs can generate subsequent electron-hole pairs in a exb-asllanche
process. Impact ionization begins at electric field strengths of%&m [60].

APDs suffer from various noise sources such as shot noise, muligplica
noise (excess noise factor), photoelectron noise, and dark current. yehespif each
of these noise sources will be described in more detail in Chiap&licon APDs are
sensitive from ~450nm to 1100nm, with peak quantum efficiency in the 600-800nm
range and low multiplication noise. Germanium (Ge) APDs aratsensp to 1.7um,
but suffer from high multiplication noise. InGaAs APDs are sefgsitip to 1.6um and
have less multiplication noise than Ge APDs. Furthermore, InGd&3sAave high
absorption at telecom wavelengths at 1550nm. Unfortunately, APDs dbamet
sufficient gains for single photon detection. Further, they exipbibr timing

resolutions because of their avalanche multiplication mechanism.

1.4.2. Geiger-mode Single Photon Avalanche Diodes (GM-SPAD)

Similar to an APD, a Geiger-mode single photon avalanche diode- (GM

SPADs) utilizes impact ionization as its internal gain medmaniMuch of the
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pioneering work with the avalanche phenomenon in p-n junctions came from Shockley
laboratories in the 1960’s [61],[62]. P-n junctions were designed anctdtdat to
have uniform behavior over a small area and reverse biased abolecétkelown
voltage. The physical phenomenon of avalanche breakdown was studiedtideyth
by Haitz et al [62-64]. Furthermore, Mcintyre and Webb observedragigme of
single-photon induced pulses when biased above breakdown [65].

GM-SPADs operate at a reverse bias above the breakdown voltageasvhere
APDs operate below the breakdown voltage. When biased above the breakdown
voltage, by definition, electron-hole pairs are generated on avéaatps than they
can be extracted. Hence, when a photon impinges on the photodiode andhsdbsor
in the depletion region, an electron-hole pair will be generated, aetf-austaining
runaway avalanche process will be occur. Immediate quenching of the ruclaavgg
IS necessary to prevent damage to the photodiode and this f@most Zurrent pulse
indicating the detection of a single photon. This avalanche pulseascisbinary
signal, whether or not a photon was detected, unlike the analod) sigamed from
electron multiplication in APDs. Quenching can be achieved throsgh@e passive
guenching resistor or through more complex active quenching circoitsorant
SPAD figures-of-merit include detection probability, spectrapomse, dark count
rate, timing precision (jitter), sampling speed, active areafilinthctor. Sampling
speed and timing jitter are of particular importance with tofilight applications

with which SPADs excel. These will be described in more detdllhapter 2. In the
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following subsections, | will describe previous implementations ofistate single

photon detectors as well as current state-of-the-art.

1.4.2.1. SPAD devices fabricated in custom processes

Solid-state SPAD devices were originally developed in custalmidation
processes and have shown good performance particularly withioletefftciencies,
low jitter, and tailored spectral responses. There have beendyeo implementations
with such custom fabricated devices: reach-through bulk devices ¢FiglLt) [66-68]
and surface devices [61],[69],[70]. Early SPAD implementationse vaesigned by
Haitz et al. and Mcintyre and Webb. Mcintyre and Webb developeBADSNn a
dedicated reach-through process technology with ultralow dopedep<ijizon
substrates (Figure 1.11). Their devices had thick depletion regia2@bd0um and
high breakdown voltages of 100-500V, resulting in good detection effieis, but
poor timing jitter. Improvements to this first reach-througiABRvas implemented in
Perkin-Elmer's (formerly RCA ElectroOptics) Sl device [66]. This device was
also manufactured in a dedicated process with large active af&d0um and high
detection efficiencies and low dark count rates of 150 counts per sécpsyd
However, they require high operating voltages of 300-400V and due toldhge

diameter, they suffer from poor timing resolutions of >300ps FWHM.
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Figure 1.11 Cross-section of reach-through SPAD developed by Mcintyre
et al. [65],[71]

Further, Haitz et al. developed devices using a planar technoldty awi
diffused guard ring structure (Figure 1.12) to prevent prematureledgkdown. The
diffused guard ring is a lighter doped region where the etefieid at the curved
regions is spread out over a large area, thereby eliminatieghaure edge
breakdown. They utilize a thin junction depletion layer and with a bosakdown
voltage of 15-50V. The diffused guard ring structure has become thd gugr
structure of choice in current SPAD architectures in commeaaidlnon-commercial

process technologies.
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Figure 1.12 Cross-section structure of planar SPAD developed by Haitz
[61],[62]

Cova et al. developed a planar SPAD in a double-epitaxy process tomeer
drawbacks of the diffused guard ring structure (Figure 1.13) [69]. fikeubstrate p-
n junction limits the neutral region from where electron-hole paies collected,
thereby reducing the associated diffusion tail in timing remwiuiThese devices had
1pum thick depletion regions and exhibited good detection efficierafie®0% at
500nm with a breakdown voltage of 20V. Further, they exhibited low dark cdest ra
at room temperature of a few kcps or lower with little afterpulsing.

(a) 10 - 50 ym

Figure 1.13 Cross-section of Cova SPAD designed with double-epitaxy
[69]
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Surface SPAD implementations have a few drawbacks, namely deduce
detection efficiencies due to thinner depletion regions and spestfzonses shifted
towards shorter wavelengths due to shallow junction depths. Howevesuitesed in
reduced jitter, reduction in dead-times due to smaller junctiorcitapees, reduction
in breakdown voltages, and the potential for large-scale integratitim on-chip
processing circuitry. As noted earlier, Haitz’s planar diffugedrd ring structure has
become the basis for many SPAD implementations in standardSCtdéhnologies

today.

1.4.3. High Voltage Commercial CMOS

CMOS technologies are not specifically designed for operation above
breakdown voltages, so implementation of SPADs in CMOS is clyalignFurther,
implementing SPADs in commercial CMOS technologies requulesrance to fixed
process design rules. In 2002, Rochas demonstrated implementationAiD avBP a
similar structure to Haitz’'s, utilizing a diffused guardgistructure in an Austria
Microsystems 0.8um high-voltage CMOS (HV-CMOS) technology uifeigl.14)

[72],[73].
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Figure 1.14 Doping profile of Rochas design implemented in HV-CMOS
process [73]

Doping profiles were inverted compared to Haitz's design todmepatible
with the p-substrate used in CMOS processes. A shallow p+ souncefdpdant and
n-well form the diode terminals. To make contacts to the ntewtinal, a triple-ring
structure, consisting of a deep n-well, n-well, and n+ contactimgpMere used. The
diffused guard-ring was implemented using a p-well structure.

The 0.8um CMOS Si-gate technology offers two metal layerspoplayers,
and requires 2.5V and 5.5V VDD. Because of the diffused guard-ringerigverse
bias voltages are possible without inducing diode damage, allowingpknation
above breakdown at 25V. Because of the shallow junction of 0.3um, pesitiate
efficiency was 30% at 450nm. The Rochas design exhibited lowcadankt rates of
100cps for a 7um diameter active-area, dead-times of 30-50ns, @0k &EWHM
jitter, but with a long 2ns FW(1/100)M diffusion tail.

Following Rochas’s first CMOS implementation, several groups have
implemented SPAD designs in other HV-CMOS processes. Charbon &t

developed SPADs in 0.35um HV-CMOS processes for applications in bicsnatd
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biological applications [74-76]. A number of other groups have designed SCMO

SPADs with diffused guard-ring structures with integratedudirg targeting specific

applications, also in high-voltage processes [77],[78].

1.4.4. Low voltage Commercial CMOS

Recently, there has been movement towards implementation in lovgerolta

CMOS technologies with smaller feature sizes of 0.18um antlesm@oneered at

UCSD by Hod Finkelstein and me [79] that utilizes a novel Shalleendh Isolation

(STI) guard ring structure. This design was implemented to addras®acks of the

triple-well diffused guard ring structure, namely:

1)

2)

A diffused guard ring suffers from poor fill factors, becaosgh of the
pixel is dedicated towards the p-well and n-well guard-rindgsjewthe
active area is only at the p+ to n-well interface. Lowféttors from the
pixel alone result in poor sensitivity of the photodetector when gontu
efficiency and fill factor are taken into account together.

The diffused guard ring is also very wide and still exhibitslaatec field,
albeit weaker than the high-field region. Nonetheless, eletibtn pairs
are capable of drifting towards the high-field region and ieitiatpact
ionization, resulting in greater timing spread. This is typically
characterized by a long diffusion tail in the jitter distribnf and becomes
detrimental in applications such as fluorescence lifetimgimgaand pulse

position modulation links.
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Chapters 3 will describe the design, simulation, and charadienzaf the UCSD
designed SPAD in a standard low-voltage 0.18um CMOS procesgsthef fis kind,
and how its novel STI guard ring structure addresses the abouengesl of the
triple-well diffused guard ring structure for SPADs.

Following the design of our prototype SPAD test chip, various SNBPADs
and SPAD arrays have been fabricated in other low voltage 0.C3@S processes
[80-82]. Further, recently implementations in 130nm processes haveréakzed
[83],[84], as well as in 130nm CMOS image sensor technologiesi8iih utilizes a
an STI-guard ring structure with passivation for improved perfoom&haracteristics
(Figure 1.15, Figure 1.16). Further, Richardson et al. have devised a rtreithodes
both STI and a diffusion ring with promising performance [80] (Figure 1.17).

N-wWell

T Buried n-type irnEhrlt

P-type
passivation

Figure 1.15 Cross-section of STI-bound SPAD implemented in 130nm
CMOS process with p-type passivation [85]
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Figure 1.16 Photomicrograph of STI-bound SPAD implemented in 130nm
process [85]

P-well

Deep retrograde M-well

P-substrate

Figure 1.17 SPAD Cross-section implemented with STI- with diffusn
ring by Richardson et al. [80]

1.5. Aims and Challenges

Single photon detectors have been developed for various applications in
biology, medicine, communications, and distance ranging, and arenwagtito
improve in performance and cost. The choice in the type of detectoudsl for
optimal performance for each application. CMOS SPAD detectansl $0 improve in
areas where traditional single photon detectors, such as PMTs, namely
robustness, size, scalability, power requirements, cost savingsg tiggponse, room

temperature operation, and low noise. Moreover, detector performancetsand
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surrounding integrated circuitry can be tailored for optimized pmdace in various
applications. Figures of merit include detection efficiency, specesponse, dark
count rate, timing resolution, dynamic range, robustness, and power dissipation.

Custom dedicated SPAD fabrication processes have produced SPADs with
good performance, but they have shortcomings in scalability, lgwgetion
capacitances, afterpulsing, in part due to their inability to rategon-chip processing
circuitry.

This dissertation develops and characterizes a novel SPAD devibeanvi
emphasis on noise characteristics, spectral response, and fitengrhe following
areas will be explored to address the design and characterization aslleng

1) Electric-field simulations to determine electric-field distition over
planar and curved junctions. Knowing the electric-field distribution over
the whole device will help with proper device design for planar breakdown.

2) Circuit simulations for optimal fast read-out circuitry aeqquired for
proper electrical read-out of ultrafast photo-induced pulses and
compatibility with pulse-counting acquisition boards.

3) Characterization setups for detection efficiency, spectrgporese, and
timing jitter. It is of the utmost importance to know the exact loemof
photons incident on the photodiode to make accurate calculations of the
above metrics. Furthermore, it is of great importance to haveatect
data acquisition cards and oscilloscopes with enough precision and

bandwidth to measure the high-speed nature of the SPAD test devices.
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Furthermore, after design and characterization, various SPAD dppigawill be
explored for frequency up-conversion, acousto-optic imaging enhanceaptical
characterization of ultrasound contrast agents, and fluorescence noodutanhg dye-

loaded microbubbles.

1.6. Dissertation Outline

The outline of this dissertation is as follows. Following the oesvwof single
photon detection and the state-of-the-art in low light level opticattien, we outline
the background physics of solid state single photon avalanche dioddmjmeC?2.
Device operation and various figures of merit will be descrilgldapter 3 will
describe advances of a UCSD designed CMOS Shallow Trenchdso&fil) SPAD
from device concept, electric-field simulations, circuit simats, and a complete
device characterization. Also in chapter 3, we will describe pybobncept of a
frequency up-conversion hybrid device for detection of 1550nm light.hbapter 4,
we describe work done in the area of acousto-optic signal aetewsith various
optical detectors, including the CMOS SPAD, and signal enhancemuiht
ultrasound microbubbles. In Chapter 5, the design of a light scatteystgm is
described and utilized to characterize the acoustic responseriofisvalltrasound
sensitive microbubbles and particles and detection of fluoresceodslation with
dye-loaded microbubbles. We conclude this dissertation with a sunamdrgutlook

for future research directions for the work described here.



2. PHYSICS AND OPERATION OF SINGLE PHOTON

AVALANCHE DIODES

2.1. Introduction

In this chapter, we will describe the physics and operatimgiptes of solid-
state single photon avalanche diodes. We will understand avalanchieddwe
mechanisms in semiconductor p-n junctions and examine how curvatures in the
junction cause premature avalanche breakdown. Further, we williexpdw guard
rings are used to prevent premature breakdown. Following, we will examinechalan
guenching and junction recharge methods. Lastly, we will identifikélyefigures of
merit for SPAD performance. Knowledge of the physics of SPAD operatlballaw
a solid understanding of the STI-bound CMOS SPAD that we have dededmge

characterized.

2.2. Basic Properties of the p-n Junction

2.2.1. P-n Junctions at Thermal Equilibrium (zero applied voltage bias)

The p-n junction is the basis for semiconductor SPAD devicesfdtiieed by
joining a p-type and n-type semiconductor in contact with one anobheing a
junction at their interface. Often, p-n junctions are formed omglessubstrate by
doping via diffusion of dopants, ion implantation, or grown with epitaxiielva p-n
junction is formed, a space-charge region is formed at the junciierface. This is

attributed to electrons from the n-region diffusing towards thegpon leaving behind

36
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positively charged donors in the n-region. Likewise, holes in the p-redjfuse
towards the n-region leaving behind negatively charged acceptorsg2dyr These
positive and negatively charged regions form a space-chargs regdepletion layer

(Figure 2.2) [86].
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Figure 2.1 Energy band diagram of p-n junction at thermal equilibrium
[87]
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Figure 2.2 A p-n junction at thermal equilibrium with zero bias voltage.
Plots for carrier concentration, charge distribution, electric field, and voltage
[86].

Derivations for space-charge densities, electric field digion, and built-in voltage

are not in the scope of this dissertation and can be found in Sze [88].

2.2.2. Reverse-biased p-n Junction

Under reverse bias, the p-type region is attached to the negative tewhitel,
the n-type region is attached to the positive terminal. Becaus¢hisf bias
configuration, holes in the p-region are pulled away from the junetiole electrons
in the n-region are likewise pulled away from the junction. Tlaslte in a widening
of the depletion region. An increased potential barrier proportionddetalifference

between the Fermi energy in the n-type and p-type quasi-neegians is created
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resulting in high resistance to charge flow thus minimizingciimeent that can flow

across the junction. This is illustrated in the energy band diagram (Figure 2.3).

E i

Reverse bias

Figure 2.3 Energy band diagram for a reverse-biased p-n junction [87]

The strength of the electric-field in the depletion region ine®agth reverse
bias voltage. When the electric field is increased beyond aatrigwel, the p-n
junction will undergo breakdown and current will flow. Breakdown can betale
number of processes, namely thermal instabilities, Zener breakdawmeling) or

avalanche breakdown, which will be described in the next subsection.

2.3. Breakdown Mechanisms in p-n Junctions

The strength of the electric field in the depletion region is@gawith
increased applied reverse bias voltage. There is a cptiail where the electric-field
strength is sufficiently strong to induce breakdown in the p-nipmand current
begins to flow. There are a few physical mechanisms attribt@egunction

breakdown, namely thermal instabilities, Zener effect (tunnelingkdvn), and
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avalanche breakdown. These breakdown processes are non-destructierecasidle

as long as the current flow does not reach levels where thdamage can occur. It is
in this regime in which solid-state SPADs operate and requirechiumento stop the
runaway current flow, usually with an in-series current limgjtresistor. Quenching

mechanisms will be described in Section 2.5.2

2.3.1. Thermal Instability

At high reverse-bias voltages, high current flow causes temperatueases
in the p-n junction. This temperature increase increases theseemarent that flows

through the junction [88]. Because of the heat dissipation, a negatieeenifal

EQ
resistance is observed. Further, the current varies With?exp X" . This effect is

more prominent with semiconductors with relatively small bandgaps, such as Ge.

2.3.2. Zener Breakdown (Tunneling)

Quantum mechanical tunneling of carriers through the bandgap is the dominant
breakdown mechanism for highly doped p-n junctions. An electron wiibti&i
energy less than the barrier potential energy can tunnel fronpateatial well to

another (Figure 2.4).
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Figure 2.4 Junction breakdown through electron tunneling [89]

This is based on Heisenberg’s uncertainty principle:

AEAt <h

Equation 2.1 Heisenberg's Uncertainty Principle

If the product of the energy barrier height and the time redjume tunneling is

smaller than Planck’s constamtthen tunneling will occur. This will occur when the
barrier heightAE is low or if the tunnel barrier thickness is thin. A large nundier
filled states and a large number of empty states separgtadpbtential barrier are

necessary for tunneling breakdown. The depletion region width is related to thg dopi

profile by:

1 1 1/2
W, oo | ——4—
NA ND

Equation 2.2 Depletion region width

It follows that heavy doping makes a narrow depletion width. Lighthped p-n

junctions also exhibit tunneling, albeit at very high reverse-bidtaiges. Tunneling
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current density is given by Equation 2.3 with a tunneling probaleigyal to the
exponential term:

5V 2m g°EV ex;{— a42m ES’ZJ

v 4r°n’E}” 39En

Equation 2.3 Tunneling current density [88]

2.3.3. Avalanche Breakdown (Impact lonization)

Avalanche breakdown or impact ionization is the operating principle for
avalanche photodiodes and Geiger-mode single photon avalanche diodes, and has been
studied extensively [61],[64],[90-94]. With sufficiently high elecfiields, electron
and hole carriers are accelerated to a speed that upon colliliothevcrystal lattice,
an electron is kicked out of its orbit thereby ionizing the atom eumegting a
secondary electron-hole pair. These secondary electron-holewplaicseate further
electron-hole pairs by impact ionization leading to carrier plidation and high
current flow through the junction (Figure 2.5). When electron-holes pane

continually generated in a self-sustaining manner, avalanche breakdaws. occ
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Figure 2.5 Band diagram of impact ionization in a reverse biased p-n
junction [89]

The electron-hole pair generation rate during impact ionization is given by:

G=¢,nv,+a,pv,
Equation 2.4 Electron-hole pair generation rate [88]
where g, is the electron ionization rate (the number of electron-holes g@inerated
by an electron per unit distance) aaglis the hole ionization rate ((the number of

electron-hole pairs generated by a hole per unit distance).dgathd «, are strongly

dependent on electric field and can be expressed as:

a(E)= qEEexp{— E /[E+e/E,)+E, ]

Equation 2.5 lonization Coefficient [88]

where E;: is the high field, effective ionization threshold energy

Exr: thermal scattering threshold fields
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Ep: optical-phonon scattering threshold fields

E . ionization scattering threshold fields
Knowing the ionization rates of electrons and holes is necessanptse the optimal
semiconductor material. For silicon, electrons are much morg ligghitiate impact
ionization than holes which leads to low multiplication noise for AFB®todiodes
tend towards materials with either strong ionization rateseatrens or holes, but not
both. Figure 2.6 illustrates two hypothetical materials where @elytrons can initiate
impact ionizations (top) electrons and holes initiate impact idorzgbottom) [68].
Both diagrams have the same average gain. However, in the f@m grith many
electrons in the high-field region, many impact ionizations occyanallel, making
up for any electrons that don’t have sufficient energy to genarsg¢eondary electron-
hole pair. In the bottom diagram, where both electrons and holes aily effieative
generating secondary electron-hole pairs, the ionizationsemd to grow in series
because of the equal probability of an electron or hole generatiegandary pair.
Though the overall gain is the same, this takes a much lomger which leads to
statistical variations in the gain resulting in greater mudtlon noise. Hence it is

necessary to choose proper materials for optimal gain-bandwidth chiatexste
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Space

Space

Time

Figure 2.6 Hypothetical impact ionization diagram. Top, only electrons
initiate impact ionization. Bottom, both electrons and holes initiatempact
ionization equally [68].

Analytical expressions for avalanche multiplication and junction baaikd
for an abrupt p-n junction are derived by Sze [88]. The junction breakdoltage
can be obtained numerically and can be represented with the followimgseion

with known boundary conditions for an abrupt one-sided junction:

EW &FE? B
m :sm(NB)l

Vg (breakdown voltagg = >

Equation 2.6 Breakdown voltage for abrupt one-sided junction

An approximate expression for planar junction bdemin for semiconductors with
bandgapEy (eV) at room temperature amd (cm®) background doping is given by

[88]:
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V, = 60(, /L1f"*(N, /10°)"

Equation 2.7 Approximation for breakdown voltage for an abrupt planar

junction

2.3.4. Avalanche Breakdown in Non-planar Junctions

Cylindrical or spherical junctions exhibit higheleetric field densities and
higher current densities, leading to lower breakdovoltages at these junctions
compared to planar junctions. The voltage poteatal electric field at non-planar p-n

junction scan be calculated from Poisson’s equafmlowing Sze [88]:

1dy., _p(r)
r—na[r E(r)]—g—

S

Equation 2.8

wheren=1 for a cylindrical junction and=2 for a spherical junctiork(r) is given by:

n
e

E(r) = —== [ 1"p(r)dr +rﬁn

Equation 2.9

wherer; is the radius of curvature of the junction and ¢bastantA must be adjusted
to satisfy the breakdown condition. The breakdowhage for a cylindrical junction

is:
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V., = [%(772 n 2776/7)|n(1+ 277—8/7)_ 2n6/7:t\/8

Equation 2.10 Breakdown voltage for a cylindrical junction

while the breakdown voltage for a spherical juntiis

Vg, = 772+ 2.14?76/7_(773_’_37713/7)2/3}/8
Equation 2.11 Breakdown voltage for a spherical junction

where Vg is the breakdown voltage for a planar junctionhwihe same doping

. r,
concentrations ang = VT]

m

2.3.5. Avalanche Breakdown Temperature Dependence

Thus far, we have discussed avalanche breakdowroaah temperature.
Temperature dependence of avalanche breakdowrgeoti@n be described using the

optical-phonon mean free path [88]:

E
A=A, tanh) —=
2KT

Equation 2.12 Optical-phonon mean free path

An increase in temperature results in hot carrlessng some of their energy to
optical-phonons as they traverse the high ele@ld-region of the depletion region.

The optical-phonon mean free pathdecreases with increasing temperature leading
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to hot-carriers losing more energy over a shorth gength given the same field-
strength. It follows that carriers must overcomgreater voltage potential to initiate

impact ionization with increased temperature.

2.4. Solid-State Guard Rings for High-Field Devices

Solid-state guard rings are used for a number agaes in high-field devices
such as device isolation and the elimination ofmatire junction breakdown in
curved regions. More specifically, guard-rings armaplemented in avalanche
photodiodes operation since these devices needstais high instantaneous current
spikes. Device isolation becomes of particular ingozce when designing arrays of
pixels where electrical crosstalk is an issue. Hartone of the biggest challenges in
high-field devices is fabricating a planar junctigkchieving a planar p-n junction
with high-field devices is critical for uniform bakdown characteristics over the
detection area. Planar junctions have been achieitach number of different guard-
ring structures in both dedicated custom processesvell as, in commercial CMOS
processes.

Custom fabrication has the advantage of being tablailor their process flow
to achieve highly planar junctions. Planar juncsidrave been achieved a number of
ways such as physically cleaving the device [95],[® create a beveled-edge leaving
just the p-n junction remaining (Figure 1.2). Thethod, while effective, is not

practical for mass production.
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2.7 Beveled planar p-n junction [95]

Similarly, mesa etching physically planarizes tinection by etching vertically
and isolating neighboring pixels by filling the leéxl holes with a dielectric and has
been demonstrated with arrays, albeit with potfdittors [97]. Fabrication methods
such as the double-epitaxy and a straddled junttave been demonstrated to create
planar junctions by extending the shallow implasiges past the deep implant thereby
creating a planar junction at the shallow-deep anpinterface [69],[98].

The most common structure for guard-rings in SPA®she diffused-ring
structure. A low-doped ring is implanted at the exigf the high-doped implants,
overlapping with the curved regions where one wawddnally get premature junction
breakdown due to high current densities at thegems. By implanting a low-doped
ring, the high electric-field is spread over a &rgrea, reducing the current densities
at the regions of highest curvature. Because ofigily doped profile at the edges,
breakdown voltages here are much higher here cadparat the highly-doped p+ to
n-well junction planar interface. This type of pessing is compatible with standard
CMOS technologies and SPAD device implementatiawe lbeen demonstrated [80-

83],[99-101].
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As mentioned previously, this dissertation involvethe design,
characterization, and development of a novel Shalleench Isolation (STI)- guard-
ring structure which will be described in detailGhapter 3. Following our work, STI-

guard ring structures with passivation have begrl@mented [85].

2.5. Geiger-Mode Single Photon Avalanche Diodes

2.5.1. Principle of Operation

Geiger-mode Single Photon Avalanche Diodes (GM-S&#dde p-n junctions
biased above the breakdown voltage. The term “Gargele” is derived from Geiger
counters which measure ionizing radiation, suchnaslear radiation. Instead of
detecting ionization radiation, Geiger-mode SPAP®dt individual photons.

When a p-n junction is biased above the breakdouwltage, by definition,
electron-hole pairs are generated on average fédsterthey can be extracted. Hence,
an electron-hole pair, photo- or thermally geneatatan trigger a strong avalanche
current pulse through impact ionizations becaush®fextremely high electric-fields.
This avalanche is self-sustaining and therefored®ide be quenched in order to
prevent irreversible damage to the diode. A curhemting resistor or circuit is used
to stop the avalanche and reduce the junction toidselow the breakdown voltage.
Because of the high instantaneous current densitiesurrent spike is output
corresponding to a photon detection event, produaibinary signal, whether or not a

photon was detected. After the junction is biasetbw breakdown, the junction
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recharges back to above the breakdown voltagestd esd wait for the next detection

event.
Table 2.1 Comparison of APD and SPAD characteristics
Figure of o
_ APD SPAD Implications
Merit
. Below breakdown Need for quenching
Bias Above breakdown voltage S
voltage circuitry in SPADs
. ) o Multiplication noise in
Gain Linear “Infinite” .
APD but not in SPAD
# of photons
Proportional to #| Binary signal corresponding resolvable with APDs
Output of impinging to detection event, regardless as long as above the
photons of # of impinging photons noise floor of the
detector.
Avalanche Timing precision
Slow Fast )
Buildup better with SPAD
Noise Different noise mechanisms which will be illustihie Section 2.5.5

2.5.2. Avalanche Quenching and SPAD Recharge Methods

When a photon is incident on a SPAD and is absoabeldcreates an electron-
hole pair in the high electric-field of the deptetiregion, an avalanche occurs through
self-sustaining impact ionizations resulting in anaway current. To prevent
irreversible thermal damage to the diode, an acalkamuenching mechanism must be
used which temporarily drop the diode’s voltagesthalow breakdown levels. After
guenching, the SPAD must be reset back above boeakdhrough a recharging

mechanism. In this section, we will illustrate wars quenching and recharge methods.
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2.5.2.1. Passive Quenching and Recharge

A simple way to quench the avalanche in SPADs addae the voltage bias
of the device below breakdown is to use a high-lsades resistor (Figure 2.8). A
model based on [102],[103] is used for equivalerduit models for SPADs (Figure
2.9). The SPAD is reverse-biased with an excestagel above breakdown with
vV, =V,-V,, whereVy and V, are the diode bias voltage and breakdown voltage
respectively, through a high-load resistBf with a small resistorRs (usually
500hms). The diode junction has a capacita@gavith parasitic capacitancg, in
parallel. Avalanche triggering corresponds to ¢igsof the switch, or discharging of

the junction capacitor.

(b) +V

A
Re
Lk
| % 500
A-.rale'mche =

trigger time

Figure 2.8 Schematic Diagram of a SPAD with passive quenching circuit

[103]
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Figure 2.9 Equivalent circuit model for passively quenched SPAD [103]
The current flow is given by:

Vi) Ve _ Vi)

1, (t) =
(t) R, R

Equation 2.13

An avalanche current spike induces a voltage dropsa the load resistor and
decreases the voltage towards the breakdown voltagelting in a subsequent
decrease in the avalanche current. With the realudgti the junction current and
reduction in the overbias voltage, the probabiitympact ionization in the junction
effectively goes to zero resulting in quenchinghef avalanche.

It follows that the diode voltage and current fldvop exponentially towards:
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Vi =V + Ryl
| —VA_VB :V_E
" R+R R

Equation 2.14 Asymptotic Steady-state values for diode quenched voltage
and current

The characteristic quenching time constgnis set by the total parallel capacitance

and resistance:

g = (Cd +Cp) Rde+RLRL = (Cd + Cp)Rd

Equation 2.15 Quenching Time Constant

The voltage necessary for quenching can be appetgohby the voltage necessary to
bring the diode to the breakdown voltage:

Vo=V + 1Ry
Equation 2.16

Following the avalanche quenching, when there isureent flow in the junction, the
diode voltage bias is brought back up to above KWol@an and the junction is
recharged. Further, the total charge per avalapciee is important to know when
considering trapping effects on afterpulsing. Tatadrge per avalanche pulse is given
by:

Que = (V4 —V, JCy +C.) =V, (Cs +Cy) = 17,

Equation 2.17
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wherer, is the characteristic junctidRCrecharge time constant:
7, =R(C4+C,)
Equation 2.18

The recharge time constant has implications withdeireset speeds which
puts a limit on the sampling speed of the devita.photon arrives before the SPAD
has been given sufficient time to recharge, the Bl be prematurely discharged,
resulting in variable detection efficiencies andywag pulse heights (which effects
pulse counting edge thresholds and in effect tinpiregision). Junction capacitance is
fixed as are the resistor values determined byattadanche current flow. To reduce
the RC recharge time constant, one can reduce parasipacitance and thermal

effects of external quenching resistors by usitggrated quenching resistors [104].

2.5.2.2. Active Quenching and Recharge

Active quenching and recharge circuitry has beeveld@ed to improve on
slow response times from passive quenching andirgehSeveral methods have been
explored where the circuit senses the avalanchesepahd immediately drops to
voltage bias below breakdown with a controlled agé source and then resets the
device by bringing the voltage back above breakddww],[105-108]. Active
guenching is useful for SPADs with slow responseeti, particularly those with large
junction capacitances. Active recharge has beeth tasgpeed up the device reset time

by using separate quenching and recharge resiStoesactive quench circuitry senses
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the onset of an avalanche pulse and quenchedlawiitg this, the quenching resistor
is disconnected and a smaller resistor is conndctedcharge the junction, thereby
reducing the characteristic recharge time deterthime Equation 2.18. Using active
guenching and recharge circuitry, it is possibléuioe the delay between quenching
and recharge to optimize noise performance, pdatiguin the form of releasing of

charge traps to reduce afterpulsing effects [109].

2.5.2.3. Negative-feedback quenching

There has been development of a self-quenching adetthere a resistive
layer is utilized to form charge accumulation & thsistive layer to silicon interface
[110],[111]. This is a nice method where externedutry is unneeded and may have
implications for improving SPAD arrays, particuiarh non-CMOS processes where

circuit integration is difficult.

2.5.3. SPAD Figures of Merit

We have described several applications for singketgn detection in Chapter
1. It is critical to recognize the challenges armeds for each of these applications
when designing SPADs and to tailor various spedtifbtms for the best possible
performance. However, it is difficult to optimizevexy parameter simultaneously,
necessitating trade-offs in performance. In thitiea, | will describe various figures

of merit for SPAD performance and how they relatgdrious SPAD applications
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2.5.4. Single Photon Detection Probability and Spectedpdnse

To register a single photon detection event, sévanaditions must be met.
First, a photon must impinge on the active arethefdetector. Next, the photon must
be absorbed to create an electron-hole pair. Follpthis, the photogenerated carriers
must initiate impact ionization resulting in a @nt pulse. In the following

subsections, | will outline factors that influereach of these conditions.

2.5.4.1. Transmittance from air to silicon

In standard CMOS technology process flows, p-ntjonadiodes in silicon are
buried deep under a layer of silicon dioxide filfinis non-absorbing film can act as a
reflector and has a wavelength dependent transmmissurve depending on its
thickness. Further, multiple reflections can besprg in the oxide layer creating a
cavity for constructive and destructive interfe@nd@nti-reflection coatings are
designed to maximize transmittance of light to jhection and can be tuned to
specific wavelength ranges. The transmittance ifetoasilicon through an oxide layer
is given by [112]:

4nSi

2 2
{(nSi +1)coss — kSisiné} + [(nSiJrnOX)sincS —Kq cos&}

r]O nOx

X

Equation 2.19 Transmittance for air-to-silicon through silicon dioxide
layer
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wherenoy, Nsi, andkg; are the real and imaginary parts of the silicatemnof refraction
(Figure 1.2) and is the phase change on the traversal through xide dayer of

thicknesd given by:

Equation 2.20 Phase change from silicon dioxide layer traversal

real and imaginary refractive index of silicon

oA

reflectivity
——

q ] ]
Mk 300 400 SOS A0 T R 90k 100 1100 1RO 1300 7400
wavalength [nm)

Figure 2.10 Real and imaginary refractive index of silicon [113]

2.5.4.2. Absorption in silicon

After the incident photons penetrate the silicooxdle layer, they will reach
the silicon to be either absorbed or cross the mahtaltogether. The fundamental
condition for photon absorption is for the photorhave enough energy to excite an

electron to surpass the bandgap energy of the imat8ince silicon is an indirect
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band-gap semiconductor material, transition froen\hlence band to the conduction

band requires phonon interaction for conservatiom@mentum (Figure 2.11).

Energy 300 kK Eg: 112 eV
E =208V
E =128V
E_=0044 eV
E =348V
E=42eV
\‘\‘-‘—!——.__
f
EL
\ <111=>
Wave vector
Heavy holes
Light holes

Split-off band

Figure 2.11 Energy Band Diagram for Silicon [114]

Silicon has a bandgap energy of 1.12eV resultingaircutoff wavelength of
approximately 1100nm.

4 =128

(o

=11um
g

Figure 2.12 Cutoff wavelength for Silicon

Because of the need for suitable phonon interacttbe absorption coefficient
increases from the NIR to visible-UV wavelengthgy(ffe 2.13). It follows that the
absorption depth is wavelength dependent, shov#igure 2.14, where the absorption
depth is defined by where the light intensity halkeh to1/e (36%) of its original

value.
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Absorption Coefficient of Silicon
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Figure 2.13 Absorption Coefficient of Silicon [113]
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Figure 2.14 Absorption depth in Silicon [113]

Further, the probability of photon absorption apttlez and wavelength follows a

cumulative distribution function given by:
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P(2) =1-e?®W?

Equation 2.21 Probability for photon absorption of wavelength. and
depth z

2.5.4.3. Surface recombination

When an electron-hole pair is generated, there @hance that they will
recombine with each other (or another electron haokk) preventing them from
initiating impact ionization. This can be a direffect where the electron relaxes from
the conduction band to an empty hole in the valdraed, or it can be through an
indirect transition using traps or defect centarthe crystal lattice.

Surface recombination has implications with SPADIcks, particularly those
with thin depletion regions. High energy photondl vde absorbed at shallower
regions in the silicon where there is no high eiedteld and will likely recombine
before the carriers are able to diffuse to the gl region to initiate impact
ionization. This reduces the avalanche probahidityshorter wavelengths, particularly
those in the UV range as those carriers will neecely on diffusion to generate an

avalanche pulse. The probability of a carrier diifig into the depletion region is

sinf % L.s+cos z D,
Le Le ~
L

given by:

z
I:)eHZO (Z) = = Z
sinr{z‘)j L.s+ cos{ JDe
Le Le

Equation 2.22
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whereL, is the electron diffusion lengtls,is the surface recombination velocity, and

D¢ is the diffusion constant of the electrons. Equrat2.22 can be approximated to

iWhen surface recombination and diffusion lengthlarger than the junction depth
z,

at %.

2.5.4.4. Avalanche Breakdown probability

Avalanche breakdown probability is dependent on dleetric-field strength
(or excess voltage). As electric-field strengthréases, the probability of avalanche
breakdown approaches 100%. Further, higher dopestiquns will achieve maximum
avalanche breakdown probability at lower excessagels. Low doped p-n junctions
have high breakdown voltages of tens of volts [@6npared to just a few volts for
highly doped junctions [115-117]. However, avalamchreakdown probability
saturates even though the depletion region corginoeexpand at high excess bias

voltages.

2.5.4.5. Single Photon Detection Probability

The calculation of the single photon detection pholity of a junction
combines the aforementioned factors of transmidamneavelength, depth, and is

expressed as:
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DP(2) = T(2)| P.(z,)] (a(4) expf- a(2) 2))dz+ [ (a(2)exd~ a(2)2)P, (2) bz
0 %

Equation 2.23 Single Photon Detection Probability

where we combine the transmittance, photon absorpind diffusion to the depletion
region from outside the high-field region at thegwode, and photon absorption at the

depletion region.

2.5.5. Noise

SPAD noise comes in the form of false counts, wheye-photo-generated
electron-hole pairs can initiate impact ionizatidfree carriers can be generated
thermally, through band-to-band tunneling, and ulgio afterpulsing effects, and
produce false counts in the photodiode. Dark coaiiets in SPADs vary with overbias
voltage due to increased avalanche probabilityasa high-field effects. Further, the
different noise mechanisms have different tempeeadependencies. In the following
subsections, | will describe the various noise seslin SPADs and their implications

on design and performance.

2.55.1. Band-to-band Thermal Generation

Dark current from thermally generated electron-hpkgrs is present in
photodetectors of all sorts. In semiconductorsrnia generation of carriers is

attributed to band-to-band transitions, via eith@lirect band-to-band transition or via
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trap-assistance by generation-recombination centssribed by Shockley-Read-Hall
(SRH) theory [118]. A direct transition is unlikelparticularly in indirect bandgap
materials such as silicon with a bandgap of 1.12aMn at high temperatures. Trap-
assisted generation-recombination is a much mé&ayliphenomenon. SRH theory
uses four basic processes to illustrate trap-assistermal generation/recombination
(Figure 2.15):

(a) electron capture

(b) electron emission

(c) hole capture

(d) hole emission

L.

(]

&

W Ey, ] = =

z
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EE“’ ! +

z (a) (b) (c) (d)

Figure 2.15 Trap-assisted recombination [118]

As with dark current in regular photodiodes, thdrgeneration of carriers increases

with temperature.
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2.5.5.2. Field-assisted Tunneling

At very high electric fields, direct band-to-bamdrtsitions may occur without
trap assistance. The Poole-Frenkel effect enhamaesitions from the valence band
to the conduction band in high electric fields. &sindirect bandgap semiconductor,
tunneling in silicon diodes requires phonon inteoas for conservation of
momentum. Tunneling has a weak dependence on tataper putting a lower limit

of how much cooling the detector will benefit dadunt rates in SPADSs.

neutral p

Figure 2.16 Energy band diagram of reverse-biased p-n junction with
band-to-band tunneling transition [119]

Hurkx et al. describe a model for band-to-band éling and derive an expression for

tunneling generation rate as [119]:
I:'2Tunn(z) = _B|F|5/2 D(F’ E, Efn’ Efp )eXF(_ I:0 /|F|)

Equation 2.24 Tunneling generation rate
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where F is the electric fieldFo is the electric field at room temperature (1.9E17
V/cm), B is a temperature independent constant 4E14%##°s*. The function

D(F,E, Efn,Efp) accounts for relative position of the Fermi levélg,E in the

neutral regions on the n and p side, respectively.

2.5.5.3. Afterpulsing

During each avalanche pulse, millions of electrotehpairs traverse the
junction. Carriers may be trapped by deep levelthandepletion region at trapping
centers in the forbidden band and be releasedchtiacteristic time after the initial
avalanche pulse (Figure 2.17). The release of thegped carriers may initiate a

secondary avalanche pulse correlated to the fimnst and is termed an afterpulse

[120],[121].

VB

Figure 2.17 Trap release from forbidden band [121]
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Afterpulsing is a statistical phenomenon with arelgeristic emission probability
density function Figure 2.18 and a temperature-deget trap lifetime Figure 2.19.

Trap lifetime is modeled using the Arrhenius equafil22]:

Equation 2.25 Arrhenius equation for Trap Lifetime

whereT is the temperature;, is the trap cross-sectionsv(T) is the average thermal
velocity of carriers to be trapped, aN&N(T) is the effective density of states of the
relevant band. It is assumed tivat T2 andNoc T2, makingovN o T2 Figure 2.19
shows that a temperature reduction of tens of Ikalvtreases the lifetime by an order

of magnitude for a custom silicon photodetectorl]12

0 1000 2000 3000 4000
Time (ns)

Figure 2.18 Probability density function of trap release [121]
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Figure 2.19 Arrhenius plot of temperature dependence on trap lifetim
[121]

Since trap release has a characteristic decay samibti dependent on whether an
avalanche pulse has occurred or not, the probabilitrap release at tintds the sum
of all previous trapped charges released at a prlitlyaefollowing their characteristic
trap release time:

P(t)At = BAL+ ) AAtexp(-t/z)

Equation 2.26 Carrier emission probability [120]

whereAt is the time width of each interval in the histagrd is the background rate
due to thermally generated carriers, aqds the initial number of charges trapped
after avalanche pulge This probability distribution function allow theptimal hold-

off time for trap release to be determined.
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In addition, afterpulsing can act as a positivedbeek loop producing self-
propagating avalanche pulses and a stark increagbei dark count rate, unless
avalanche probability is small. Trapping centees wamlikely to be saturated, thus the
number of charges trapped is linearly proportiadnahe amount of charge that flows
through the junction. Therefore, afterpulsing canrbduced by reducing junction
capacitance or be allowing traps to be releasedréaksetting the detector above
breakdown. Active quenching and recharge circuiggcribed in Section 2.5.2.2 has
been developed to have a variable hold-off time jtorction reset to allow the
majority of trapped carriers to be released. T@akesummarizes the dependencies of

each type of SPAD noise:

Table 2.2 Noise dependencies in SPAD

Shockley-Read- | Tunneling Afterpulsing

Hall (SRH)
Correlation Uncorrelated Uncorrelated Correlated
Distribution Poisson Poisson Exponential
Voltage Strong dependence Very strong Strong
dependence dependence dependence
Temperature Strong dependence Weak dependence Inverse
dependence dependence
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2.5.6. Timing Precision (Jitter)

SPADs detect the arrival of photons and knowingrtpeecise arrival time is
important for many applications. Timing precisianaiffected by the device structure
as well as sense amplifier design. CMOS SPADs ttoandilly use a diffused guard-
ring structure to prevent edge breakdown by extepdine region across which the
electric field develops [123]. This guard-ring sfiure leads to increased jitter due to
the lateral drift and diffusion of electron-holernsacreated by photon absorption in the
low-field and neutral regions (Figure 2.20) [12This results in a main photon arrival
time distribution peak where photons are absortredhe high-field region and
immediately initiate an avalanche pulse and a gliffa tail where photons absorbed in
the low-field and neutral regions diffuse to theghifield region to initiate an

avalanche pulse (Figure 2.21).

Figure 2.20 Photon absorption in different regions of SPAD [121]
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Figure 2.21 Photon time-of-arrival distribution [121]

The resulting diffusion tail limits SPAD timing germance, e.g., in QKD
systems [124] and in classical pulse position matiluh optical links [20], where
diffusion tails limit bit-error-rates and bit-rateiespectively, and in high resolution
FLIM [125], where better timing resolution trangatinto better image contrast.
Therefore, it is necessary to optimize SPAD desiginonly for a minimal Full-Width-
at-Half-Maximum (FWHM), but also for a minimal FuVidth-at-Hundredth-
Maximum (FW(1/100)M). A jitter-optimized CMOS SPAas recently been reported
with a FWHM jitter of 36 ps using a high-voltageMHCMOS process albeit with a
1.1ns FW(1/100)M [77].

Several methods can be used to reduce a SPADsgtifitter namely,
localizing the SPAD high-field region to smalleeas, reducing/eliminating the low-
field region for carrier diffusion, optimize avalare sensing circuitry to better detect
the onset of the avalanche pulse, and utilize pigitision integrated time-to-digital

converters.
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2.5.7. Dynamic Range and Dead Time

Dynamic range and Noise Equivalent Power (NEP) RABs is dark count

rate limited as is defined by the incident powezdedl to have a SNR of 1:

P, [DCR

NEP= —£ ="
DPV At

Equation 2.27 Noise Equivalent Power

whereP; is the optical poweP is the detection probability)CR is the dark count
rate, andAt is the integration time. Dark count rate is assdine follow Poisson
statistics.

Dead-time is the time during which the SPAD resBistore the voltage is
brought back above breakdown, the SPAD does na havadequate electric field to
initiate impact ionization, thereby making it “bihduring the dead-time. This puts an
upper limit on count rates and the maximum photox the detector can handle.
Dead-times also have implications on noise chanatitss mentioned in Section 2.5.5.
In particular, longer dead-times are used to altpped charges to be released to
reduce afterpulsing effects on the dark count rate.

When incident photon rates increase, photons mayeaduring the detector
dead-time and must be taken into account. Furthes, to junction recharge times,
non-uniform detection probabilities become an issueen a photon reaches the

junction before it has fully recharged.



3. STI-BOUND CMOS SPAD DEVELOPMENT — CONCEPT,

MODELING, AND CHARACTERIZATION

3.1. Concept

Various SPAD designs have been described in Chaptéfe have developed
a new type of SPAD in a deep submicron CMOS proedssh eliminates the timing
jitter diffusion tail with a Si@ Shallow Trench Isolation (STI) guard-ring [126R[.
This isolation trench is constructed early in thbrication process and is traditionally
used to prevent punch-through and latch-up in CM{®&uits [128]. The edges of the
drain implant are confined by the oxide trench prdging any lateral diffusion and
subsequent formation of curved edges, thus elinmgahe need for a diffused guard-
ring structure. A cross-section schematic of theadeis shown in Figure 3.1 [126].
Two generations of test chips were fabricated inB 0.18um CMOS technology
through the MOSIS service. No design rules weréateo during the layout. Further,
design of various pixel sizes was possible, pronggdhe power of CMOS design for
single-pixel applications where large area detsctwe desirable for easy alignment,
or small area pixels for better spatial resoluaon formation of scalable arrays.

With smaller feature sizes (and reduced junctigmacdances) and integrated
guenching and recharge, we have demonstrated dtttte-art performance with the
STl-bound SPAD in parameters such as short deasbtiffiaster recharge and
guenching), fill-factors [129],[126],[127] and ting precision [130]. Further,

integrated active quench circuitry for dark coumpression [131] and demonstration
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of a dual-junction SPAD where the deep n-well teupstrate is used as a second
junction for spectral response shifted towards éngiavelengths [132]. In this
chapter, | will describe the development of thisABPthrough device simulation,
electrical and optical characterization, and appiocn development, with a focus on

timing precision.

STI

Figure 3.1 Cross-section of STI-Bound SPAD

3.2. Device Modeling

3.2.1. Physical Modeling
Electric field simulations were done with the ISEAD software to confirm
electric field distributions and planar breakdowh the p-n junction. Due to

unavailability of exact CMOS process parametersrtage assumptions and
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approximations were utilized in simulation. A comipan of the electric-field of an

STl-bound SPAD and a SPAD with a diffused guardyiane shown:

Figure 3.3 Electric field distribution — SPAD with diffused guard+ing

The STI-bound device model was formed with a shkallp+ implant
surrounded by an n-well, with STI truncating theved regions. Further, shallow n+
implants were formed as contact pads to the n-wéle diffused guard-ring SPAD
was formed with a p+ implant also surrounded by rawell. However, p-well
implants are used for the guard-ring and a deepelh-is formed for electrical

connection to the n-well. Because the STI guard-timncates the curved regions of
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the p+ implant, there is little possibility for pnature breakdown at the curved
regions. The diffused guard ring SPAD works by gdow-doped p-well implants to
distribute the high-field region over a larger arélaereby preventing premature
breakdown of the junction at the curved regiondse of the large area of the low
doped p-well implants, fill-factors remain limiteBurther, there remains a low-field
region in the p-well implants where carriers getestain that region can diffuse
towards the high-field region and initiate impaghization. This has implications in
timing jitter as outlined in Section 2.5.6. Sindee tSTI guard-ring eliminates the
diffused guard ring and hence the low-field regithre diffusion of carriers in the low-

field region is eliminated.

3.2.2. Electrical Modeling

Electrical modeling of the SPAD was based on methdeveloped in [102]
where the SPAD acts as a switch to charge and ahigeha capacitor, with its
characteristilRGtime constant. Novel electrical modeling was duthe scope of this
dissertation. Two electrical output buffers weresigeed—a source-follower and an
inverter chain.

The source-follower, also known as common drairgraigs as a voltage
buffer. Figure 3.4 illustrates a source-followehematic where the output load is
driven at the source allowing the source potemtidbllow the gate voltage with near

unity gain. This provides an analog output of tkalanche charge flow through the
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junction, giving a clear view of the avalanche dup, quenching, and recharge

mechanisms.

<<
=]
s}

Figure 3.4 Source-follower schematic

An inverter chain output buffer was designed toegate uniform output pulses
for better compatibility with pulse counting elewtics. It is important to design
inverters with high slew rates such that the legdedge timing precision is
maintained. The importance of these output buffegsomes more apparent when

analyzing SPAD jitter characteristics in Sectio.3.

3.3. Device Characterization

3.3.1. Introduction

Accurate characterization of single photon detectsrchallenging. Not only
do you need to know the precise number of photonsnging on the detector active
area, it is essential to have fast electronics doable to count pulses and high-
bandwidth oscilloscopes to extract precise timimgrmation. Two generation of test

chips were fabricated. The first generation tesp etas designed to prove junction
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planarity in an IBM 0.18m RFCMOS process with various test structures, gget
in a 44-pin plastic lead chip carrier (PLCC) paakag

The second generation test chip was designed veth test structures for
measurement of different SPAD figures of merit gatkaged in a 121-pin plastic
grid array (PGA) package. Later the second geroerdést chip was repackaged in a
high speed quad flat no-lead (QFN) glass top paekémy high speed jitter
measurements. The second generation test chip ewaitas improvements over the
first, namely the removal of a metal auto-fill gatt on top of the diode which is used
to reduce mechanical stress across the wafer vgnahously blocked the active area
from clear light exposure. Further, a cobalt sileilayer was removed, which is
shown to have strong absorbance at longer wavdisnigt this section, | will describe
the characterization setup design and figures oftroetlined in Section 2.5.3 for our
SPAD test structures, with an emphasis on charaatem of the second generation
test chip and comparison of a diffused guard-ringrid SPAD compared to an STI-
bound SPAD. All printed circuit boards (PCBs) werdf designed and manufactured
though theExpressPCBervice.

A digital Agilent E3631A DC power supply was useal hias the SPAD
devices. Initially, pulse counting was done with Taktronix 3032B sampling
oscilloscope controlled with Labview. Further, dgea excitation source, a Spectra-
Physics DUO-210 <30Hz repetition rate pulsed dgerawas used initially for proof-

of-concept demonstration, despite the slow repetitates.
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Because of the large number of pulses necessaryn&aningful counting
statistics and slow data acquisition speeds oflLtieview-Oscilloscope interface, a
dedicated pulse counting/multiscalar, Becker-HigI3A-1000, was obtained for the
second generation test chip development. The MSF1B&es 128-bit memory for a
dead-time free accumulation of subsequent sweefs Ims time bins (Figure 3.5)
[133]. The MSA-1000 counts all pulses whose amgétis greater than a selectable
discriminator threshold and stores them in subssgoeemory locations, with a
maximum recording time of 13%. In addition, a pulsed diode laser (BHL-600) was

used with a 20MHz repetition rate at 650nm with pd.Pulse-to-pulse jitter.

Count Input ns Shift ReTster 16 bi

g | HEEEEEEEEEEN

\I/BOns
data
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read-increment-write

AT

16 x Memory 32 K x & bit

Figure 3.5 Block Diagram of MSA module [133]

3.3.2. Temperature dependence on breakdown voltage

Breakdown voltage temperature dependence was t¢barad with a TE-
cooler coupled to the SPAD package with thermaltepd#rtic Silver) with a

thermistor coupled to the package surface with ntlaérepoxy to monitor the
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temperature in real-time. An ILX Lightwave LDT-5918mperature controller was
used to control the TE-cooler. An integrated orpchiesistor with a known
temperature coefficient was simultaneously mondoas a validation for the chip
temperature. The SPAD voltage bias was swept withAgilent E3631A power
supply and output pulses were monitored on a TD3B@&cilloscope. Vdd was fixed
at 3.3V and the p+ voltage was swept to find attvdias avalanche pulses begin to
appear at each temperature point (Figure 3.6). ¥We see the breakdown voltage
follows temperature trends outlined in Section 2.3wvhere breakdown voltage
increases with increased temperature due to thectied of the optical phonon mean
free path. Temperature measurements were onlyt@albe carried out to 277K, due to
non-vacuum experimental conditions. A 10mV/K ina@an breakdown voltage is

measured.

Temperature
Controller

Thermistor
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183|005 31
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Figure 3.6 Schematic of SPAD Temperature Measurement
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Breakdown Voltage vs. Temperature
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Figure 3.7 Breakdown Voltage vs. Temperature

3.3.3. Noise and Dark Count Rate

Noise characteristic measurements of the SPAD wee in a dark
environment where the test chip was shielded fraght Iby a metal cover. Pulse
counting was done with the MSA-1000 on STI-boundBRand diffused guard-ring
SPAD, both with inverter output buffers. Since dadunts are not correlated with
light pulses, the MSA was operated in a non-trigdemode with Ons holdoff time

(Figure 3.8).
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Figure 3.8 Dark Count Rate Measurement Setup

Dark count rate is measured by counts per sec@y] {s. voltage bias and calculated
using:

DCR- (AveragetCount9
(BinSizé(Total# Sampley

Equation 3.1 Dark Count Rate

where the bin size was 1ns and total # samplesl®asAverage # of counts was
taken as the average over the full sample windo®3dk time bins. Figure 3.9 shows
the dark count rate as a function of junction i@asboth an STI- and diffused guard-
ring SPAD with identical inverter outputs, with igrsficant difference in behavior of
the two devices. In particular, there is a largéedeénce in operating voltage where the
diffused SPAD begins registering dark counts ablsage 0.4V lower than the STI-
SPAD. The expected breakdown voltage should besginee due to identical doping
profiles at the p+-nwell junction. It is not entyeclear the source of this difference,

but it is indicative of premature breakdown in thBused junction. It is possible that
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localized premature breakdown is occurring at tbatacts at the n-well and p+

implants. This is supported by the initial highpoof its DCR at low device bias.

1.E+08
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1.E+07- —— Diffusec
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Figure 3.9 Dark Count Rate vs. diode bias for STI SPAD and Diffused
SPAD

Further, the slopes of the dark count rates arg ddéferent between the two
devices, where the STI-bound SPAD increases drealigtiover a small voltage
range. This stark increase in the dark count naiés an upper limit on operating
voltage, where dark counts saturate the detecewrepting it from fully recharging,
thereby reducing its effective detection efficieratyhigh voltage biases. The gradual
slope of the diffused SPAD can be attributed tooasple lower junction field at
equivalent voltage biases compared to the SPADi@l@esmall electric potential that
develops across the long n-well to deep n-well-teefl path. Thus, a slightly lower
junction field strength perhaps reduces the nunabe@mpact ionizations from dark

carriers.
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Temperature characterization of the dark count pateides insight on the
dominant noise mechanism is the SPAD, namely SkygdRead-Hall, tunneling, or
afterpulsing summarized in Table 2.2. Figure 340ws dark count rate vs. overbias
of the STI-bound SPAD at various temperatures. Teratpres were measured using
an on-chip polysilicon resistor with a known termadare coefficient. Heat was applied
using a heat gun while constantly monitoring théygibcon resistor for stability

throughout the measurements.
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Figure 3.10 Dark Count Rate vs. Overbias of STI-bound SPAD at varying
temperatures

A TE-cooled measurement of the dark count rate alss carried out in the
same setup as outlined when measuring breakdowageolvs. temperature. The
SPAD is set at a fixed bias 1% above its breakdeoltage. We can see a reduction in
dark count rate of 6x when cooled to 277K compacedoom temperature (Figure

3.11). It seems that Figure 3.10 indicates the dantinoise is afterpulsing, due to the
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release of greater numbers of trapped chargesglthendead time. However, Figure

3.11 indicates that thermal noise is the dominanirce, particularly below room

temperature.

Dark Count Rate vs. Temperature (1%
above Breakdown Voltage)
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Figure 3.11 Dark Count Rate vs. Temperature at a fixed 1% above
breakdown

Autocorrelation of avalanche pulses can be usel@taonstrate the presence of
afterpulsing. Autocorrelation was done in two waysst with Labview data
acquisition of pulse arrival times processed witMatlab script (Figure 3.12) and
second using an avalanche pulse to trigger the M&#8e counter and recording the
subsequent pulses (Figure 3.13). Autocorrelatiortiag-of-arrivals processing in
Matlab used time-series to calculate correlatioalb$ubsequent pulses. In both cases,
it is clear that an autocorrelation peak is pres¢rtbout the 20ns time bin, indicating
a dead-time of >20ns is necessary for adequate rebgase for suppression of

afterpulsing effects at room temperature.
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Figure 3.12 Autocorrelation of SPAD using Labview and Matlab
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Figure 3.13 Time-of-arrival histogram of SPAD triggering MSA-1000

pulse counter with dark pulse
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3.3.4. Detection Efficiency and Spectral Response

Detection efficiency and spectral response charaateon of SPADs is
challenging because it is necessary to know thetepaoton flux incident on the
detector active area. Further, to do single phaletection efficiency measurements,
on average one photon should be incident on th¢éodhtector at a time. We use a
650nm pulsed diode laser (BHL-600) as our lightrsewand connect its sync output to
the trigger signal of the MSA pulse counter (FigBre4). Because the beam profile of
the diode laser output is elliptical, au@b pinhole spatial filter is used to transform the
beam into a uniform circular Gaussian profile. Aseguent lens collimates the beam
and passes it through a wavelength calibrated bsgditter. In one arm of the beam
splitter, an optical power meter constantly morsttirte reflected power such that the
transmitted power is always known. A calibratedtredudensity (ND) filter is placed
in line for beam attenuation. A focusing microscay®ective is used to focus the
beam to a spot on the SPAD test chip. The SPAD RCHBhounted on a 3D
micrometer stage which is then mounted on aPRiysique Instruments M227.25
piezoelectric stage. The piezoelectric stage isl isanove the SPAD precisely into
the laser focus. We expect the highest photorespahen the active area is placed at
the focus of the laser (i.e. highest photon flux peea). On the other arm of the
beamsplitter, a CCD camera is mounted to moniterléser beam location for rough

alignment to the test structure of interest.
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Figure 3.15 Photo of detection efficiency setup
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To know the photon flux incident on the SPAD actiwvea, one can overfill the
SPAD with a known laser profile and known powettribsition where the detector is
placed. Alternatively, one can under-fill the SPAaich that all the pulsed photons are
incident on the active area. For measurement ofdiitection efficiency with the
pulsed excitation source, we under-fill the SPAD thkat all pulsed photons are
incident on the active area of the detector @in7 Spectral response measurements
were done by over-filling the SPAD active area tlughe difficulty in focusing the
coherent light source {om sized beams.

We first find the pixel visually with the CCD andughly align it using the 3D
micrometer stage while watching the SPAD output @nTektronix TDS3032
oscilloscope. Once the beam is centered on thé, pixeemove the output cable to the
MSA1000 pulse counter. We then control the pieatgte stage to move the pixel
forward and backward to find the position with thighest photoresponse. We move
the pixel in the horizontal direction with the poetectric stage and record the number
of photocounts. If the laser spot under-fills tlogivee area, we should expect a planar
region with respect to photoresponse. If it is efléng the SPAD, we should expect
to see a convolution of the Gaussian beam profiidr a square area (step function)
(Figure 3.16). The planar response across theigmatdicates uniform breakdown

characteristics in the planar region of the aciresa.
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Figure 3.16 Position sweep of pixel with focused laser spot

We then move the pixel back to the center positibthe beam for the optimal
point of planar photoresponse and attenuate tlee fEsver such that, on average, one
photon is incident on the active area per pulsendgJsme correlated single photon
counting, a photon count histogram is obtained @moton detection statistics can be
extracted. The laser is pulsed at 20MHz, resulimgphotons impinging on the
detector every 50ns. Non-correlated avalanche gulsgister as a flat DC
background. Signal-to-noise ratio (SNR) is promovél to the square root of the
number of recorded photons(R, thus by simply acquiring more samples, increased
SNR is obtained. This method becomes particularigartant in applications where
photon flux is low. This measurement setup was usetketermine the single photon

detection efficiency of 650nm for all structurestbe SPAD test chip.
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Figure 3.17 Time-Correlated Single Photon Counting Histogram

While detection efficiency measurements at a singg@elength is suitable
using a pulsed excitation source, determining thecisal response is not as trivial,
due to the need to sweep the wavelength of thaagixei light. We use a continuous
wave (CW) mercury arc lamp light source with broaad emission with calibration
peaks. The lamp is output fed through a Digikron® 24onochromator with a 600
grooves/mm diffraction grating tunable from 350rmi700nm. Because slits are used
at the input and output port of the monochromadarylindrical lens is used to shape
the beam more uniformly and then passed througtadjnstable iris to create a
circular beam profile. A beamsplitter is placedéries with a microscope objective to
focus the light. The beamsplitter's spectral resgois calibrated by measuring the
split ratio with two calibrated power meters atleacm, with one after the microscope
objective. The SPAD PCB then replaces that powdemns® that incident photon flux
can be monitored with the other power meter atiraks. Photon flux is kept constant

for all wavelengths by adjusting the monochromaidr size and is attenuated such
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that the average inter-arrival times of photonsnaoee than twice the dead-time of the

device and 10 times slower than the dark count rate
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Figure 3.18 Spectral Response Setup Schematic

The relative spectral response curve is obtaingd tliis method. The absolute
spectral response curve is obtained by normalithiegrelative detection efficiencies
by the single photon detection efficiency obtaimsthg the pulsed diode laser source
at 650nm. The spectral response of an STI-boundCSEémpared to a diffused

guard-ring SPAD is shown in Figure 3.19.
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Figure 3.19 Spectral Response of STI-bound SPAD compared to diffused
guard-ring SPAD

It is worth noting the higher detection efficienoy the diffused guard-ring
SPAD. This is attributed to the noise charactessof the STI-bound SPAD, where
because of the high dark count rate of the dewviceeldom has a chance to fully
recharge, thereby reducing its effective singletphaletection efficiency. Because the

diffused SPAD is able to fully recharge, its samgit is greatly increased.

3.3.5. Timing Precision (Jitter)

A test chip was fabricated in an IBM 0.8 CMOS technology through the
MOSIS service, packaged in a high speed Quad Fatédd (QFN) glass-top
package with ultra-short wiring to minimize capaote and inductance. Two

different output buffers were used—a source-followwed an inverter chain. The
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source-follower buffer uses a simple circuit whimltputs a voltage proportional to
the current flow, thus allowing a direct observatiof the avalanche pulse. The
inverter chain output buffer generates uniform-atagé pulses for improved
compatibility with pulse counting electronics.

We characterized devices with a source-followepoubuffer to examine the
temporal spread of an STI-bound device. We usedAgitent 86100A 20GHz
sampling oscilloscope in conjunction with a Beckigckl BHL-600 pulsed laser at
650nm with <10 ps jitter. The oscilloscope wasgered using the laser’s electrical
sync signal and the SPAD output was fed into tleetatal input. The oscilloscope
recorded a time-of-arrival histogram of leading &slgt a set voltage threshold.

STIl-bound SPADs of @n x 2um and 14m x 14um active areas are
characterized to determine the mechanism with teatgst impact on the device jitter,
namely longitudinal diffusion or lateral drift. Botdevices were biased 7% beyond
their breakdown voltage of 11V. The instrument cese functions (IRFs) for both
devices are shown in Figure 3.20. The jitter of $fié@ guard-ring SPADSs is shown in

Table 3.1 and compared to previously reported SEéwices.
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Figure 3.20IRF of STI-bound SPADs of 2um x 2Zum (a) and 14um x 14um
(b) active areas with source-follower output buffer biased 7% above its
breakdown voltage

The nearly identical pulse arrival time histogramfsthe 2um and 14m
devices demonstrate that lateral avalanche sprgadihich was reported to be the
dominant jitter source in larger devices [134],[L3% not the dominant jitter
mechanism in these devices. The symmetric timea+ofed histogram is typical of
avalanches seeded in the high-field region; thk tdca long diffusion tail indicates
that lateral drift and longitudinal diffusion argtually eliminated.

The jitter performance of the STI-bound SPAD dent@bss a significant
reduction of the FW(1/100)M compared to previouglyblished SPAD device
performance. The measured FWHM for the STI-bound3Ps comparable to the
best reported results of both custom fabricated@wd®S SPADs. The FW(1/100)M

of the STI-bound SPAD is 3x better than that of best reported CMOS SPAD

devices and comparable to that of custom SPADs.
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Table 3.1 Comparison of IRFs of STI-bound CMOS SPAD and prior

SPAD art
Device Process Guard-ring| FWHM | FW(1/100)M
2 um STI- 0.18im CMOS STI 26.7 ps 96.1 ps
14 um STI- 0.1&m CMOS STI 27.4 ps 98.9 ps
Cova [136] Custom Double Double 28 ps Not shown
Epitaxial Epitaxy
Spinelli Custom Silicon Diffused 35 ps 950 ps
[137]
Tisa [77] 0.&m HV CMOS Diffused 36 ps 1.1ns
Tisa [138] | 0.3m HV CMOS Diffused 39 ps 617 ps
Niclass 0.35%um HV CMOS Diffused 80 ps 290 ps
[139]
Niclass [84] 130nm CMOS Diffused 144 ps (>4 ns)
Gersbach 130nm CMOS STI w/ 125ps Ins
[85] Image Sensor passivation

In order to further demonstrate the benefit of 8% guard-ring in terms of
timing resolution and diffusion tail, we compared SAl-bound SPAD with a
traditional diffused guard-ring SPAD fabricatedtbe same die. Both test devices had
7um X 7um active areas and identical sampling circuitryd arere characterized with
a setup similar to the one described earlier, Wt sampling oscilloscope replaced
with a Picoquant Picoharp300 TCSPC pulse countke [aser’'s electrical trigger
served as the “START” input to the PicoHarp300 #relSPAD output was routed to
the “STOP” channel input of the counter. The deviaere also biased at 7% beyond

their breakdown voltage.
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Figure 3.21 IRF of the STI-bound SPAD (a) and the diffused guard-ring
SPAD (b) with inverter output buffers biased at 7% above their breakdow
voltage.

The STI-bound SPAD IRF (Figure 3.21) exhibits adaof two improvement
in the FW(1/1000)M, 1256ps to 624ps, comparablehwiésults from cooled
superconducting SPADs [140]. The longer IRFs shawfRigure 3.21 compared to
those in Figure 3.20 with source-follower outputffers are due to a suboptimal
sensing threshold. Ideally, the sensing threshiotailsl be positioned low at the onset
of the avalanche pulse [137]. The source-followgtpat stage follows the diode’s n-
well terminal voltage, making it possible to seafohthe optimal sensing threshold.
The inverter stage has a fixed threshold definethbyrelative sizes of its transistors.
Consequently, its sensing threshold could not hedun the current test chip and the
respective IRF was longer.

In addition to the low jitter of the STI-bound SPAdRvice, it also exhibits
shorter dead-times and higher fill factor thanws#d-ring SPADs [131]. This comes
at the expense of a relatively high dark countsréite the 16-10° counts per second)

and afterpulsing, possibly due to interface statethe Si@-silicon boundary. Time
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gating and active recharge, which are commonly wsild SPADs can reduce the

effects of this noise to acceptable levels.

3.4. Single Photon Frequency Up-conversion via Hot-earri

Electroluminescence

3.4.1. Introduction

Single photon detection of infrared (IR) light iSparticular interest in optical
communication links, in vivo optical imaging, eyafs LIDAR, optical time-domain
reflectography, and in semiconductor failure analy$R single photon detectors
should have high sensitivity, short dead-timesfést bit-rates in the tens to hundreds
of MHz, low noise, and high timing precision. Othactors such as active area,
scalability to arrays, pixel pitch, and cost arepariant. In addition, low power
consumption and operation at room temperature esieable.

IR sensitive detectors have been implemented iaraéways. As described in
Section 1.3.4, superconducting nanowires used asoaalorimeters in response to
single photons have been developed and have demimustgood quantum
efficiencies, excellent timing precision, and loarkl count rates [57-59],[141-145].
However, they require special fabrication process®d cryogenic cooling to <4K
making them impractical for large scale integratiBarther large arrays have not been

demonstrated yet.
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Solid-state IR sensitive SPADs require low bandghporbing materials and
have been fabricated with planar geometries usikty | semiconductor materials
with separate absorption and multiplication regidPisotons are absorbed in a thick
lightly doped InGaAs layer and then swept away byekectric field toward a high
electric-field InP multiplication region for impaainization. Similar to silicon SPAD
described earlier, IR SPADs need to quench theaaghk current and is typically
done with off-chip external active or passive queng circuit, usually in silicon. The
off-chip quenching and recharge circuitry is theinmsource of capacitance in the
device.

Recently, there has been development of a new eypguenching scheme
which uses a resistive layer deposited on top @fpdm junction [146] eliminating the
need for external quenching and has been implemexite) CSD by Zhao et al. with
InGaAs/InAlAs materials [147]. This device usesransient carrier buffer (TCB) to
form an energy barrier as a negative feedback nmésinawhere charges accumulate
at the resistive layer and create a charge scrgeeifect which quenches the
avalanche current. The carriers slowly escape teieb which leads to device
recovery. Integration of a self-quenching resistlager eliminates the need for
external circuitry and reduces overall junctionaafance resulting in faster recharge
times and reduced afterpulsing effects, a commablem with IlI-V detectors.
Further, power dissipation is reduced.

There have been trends to up-convert IR photonasible wavelengths for

detection with silicon photodetectors. Using noreir sum frequency generation,
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wavelength conversion can be achieved with peradlgicpoled lithium niobate
(PPLN) waveguides coupled to silicon SPADs with @jgitter performance of 40ps
FWHM [148]. Peak up-conversion efficiencies of 5-78tter losses have been
demonstrated for single detectors, though withube of a 980nm diode laser with
300mW power to pump the non-linear crystal.

Recently, a novel read-out scheme has been inteadby Finkelstein et al
[149] where electrical interconnection betweenlR&PAD and CMOS SPAD is not
required resulting in low power consumption and ghespect of scalability to arrays.
Instead, optical coupling is achieved by exploitengnormally adverse byproduct of
recombination of carriers and photoemission. Figei2 shows the device concept
where an IR SPAD detects IR photons and re-emasrsiary high energy photons at

visible wavelengths which are subsequently detesidtda CMOS SPAD.
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Figure 3.22 Up-conversion schematic [149]
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This effect is termed hot-carrier luminescence @dhe source of optical
crosstalk between adjacent pixels in photodiodayarrDuring each avalanche pulse,
millions of carriers traverse the junction. Stat@lly, a portion of these hot carriers
will recombine and emit a photon. For direct bandgeaterials such as InP and GaAs,

the photon emission rate is given by:
Ry(nw) na)(na)— Eg )”2 f (E)[l— f (E —na))]
Equation 3.2 Photon emission rate for direct bandgap materials

wherenw is the emitted photon’s energyq is the direct bandgal is the electron
energy above the conduction band, &) and[1- f (E-nw)| are the hot electron

and hole distributions, respectively, which are pgjenature dependent [150]. Because
the hot carriers have excess energy above the bpndige photon energy is up-
converted to a higher energy photon. Total up-cmsior efficiency is dependent on a
number of factors such as single IR photon detec#fficiency of the IR SPAD,
photon conversion efficiency, wavelength shift loé up-converted photons, detection
efficiency and spectral response of CMOS SPAD.Haurtthe up-converted photons
must be optically coupled with the CMOS SPAD actarea despite many of them
being self-absorbed in the upper layers of the FRRS.

This scheme stands to simplify manufacturing isseeshybrid devices by
eliminating the need for wires and reducing pai@siapacitances. Further it reduces
avalanche charge, resulting in lower power consion@nd decreased afterpulsing.
One of the challenges of hybrid devices is deteimgiran efficient optical coupling

scheme as well as optimal operating conditionsthin following sections we will
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describe free-space SPAD-to-SPAD optical couplieghniques. First we will
demonstrate free space up-conversion using sil8®ADs, which was done while a
30um 111-V IR SPAD was under development. Second, w demonstrate proof of
concept of an IR-SPAD to CMOS SPAD uplink at roe@mperature. Third, we will
show design of an uplink system where an IR-SPAD loa cooled for optimal dark
current characteristics while coupling that lighta CMOS SPAD running at room

temperature.

3.4.2. Emission Spectrum and Yield Measurements

The expected light emission yield from the silicBRAD is expected to be
lower due it being an indirect bandgap materiajuneng both energy and momentum
conservation through phonons. Emission spectrum yetl measurements are
necessary to calculate the system efficiency. Eleahinescence yield is the number
of emitted photons per hot carrier. To determine #fbsolute electroluminescence
yield and emission spectrumpPainceton Instrumentintensified cooled CCD is used
with a monochromator grating. Spectral responsédregion of the cooled CCD
camera was done using a broadband halogen lamplsmé mercury arc lamp with
known spectral peaks.

The emission spectrum of an avalanching Si SPARdasured and compared
with published absolute emission spectrum of ailigbb1] (Figure 3.24). Following,

the absolute collection efficiency of the CCD isettmined.
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Figure 3.23 Emission Energy Spectrum of Silicon SPAD compared to
published results
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Figure 3.24 Absolute System Collection Efficiency

By normalizing the collected photoelectrons by tiuenber of emission photons, the
absolute system collection efficiency is obtainddggre 3.24) showing strong

components at 1.7eV to 2.8eV.
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With a calibrated electroluminescence measuremenstem, the
electroluminescence from an InGaAs/InAlAs SPAD devprovided by Zhao et al.
(Figure 3.25) is measured. An intensity image ef3um SPAD electroluminescence
is shown in Figure 3.27. The uniform intensity disition indicates uniform

breakdown at the planar regions of the device.

Transparent top
contact

InGaAsP (1.0um)

InAlAs
InGaAsP (1.0um)

InAlAs p-i-n

Backside contact

Figure 3.25 InGaAs/InAlAs SPAD device cross-section

Figure 3.26 Electroluminescence Intensity of InGaAs/InAlAs SPAD

The electroluminescence spectrum of the IR sees@”AD was measured
with a spectral peak at 1.24eV, which is lower tipaedicted. This was most likely

due to photon self absorption at the top layerstled device. However, an



105

electroluminescent yield of 3.3x®Ophotons/carrier at the surface was measured,

indicating capability for high-efficiency up-conwsson.
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Figure 3.27 Electroluminescence Surface Spectral Density of
InGaAs/InAlAs SPAD

3.4.3. Free Space Up-conversion Link: Silicon-to-Silicon

Initial proof-of-concept was demonstrated with aefrspace optical up-
conversion link, with two m CMOS SPADs used—one as a photon source and the
other as a detector. In this setup, diffused jeamcBPADs were used because of their
lower dark count characteristics and higher detactificiencies compared to the STI-
bound SPAD. As described earlier, recombinatiothehigh electric-field region can
result in emission of photons, termed hot-carriecteoluminescence (Figure 3.28).

The challenge is to efficiently couple light em@sirom one SPAD to the other.
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Figure 3.28 Hot-carrier electroluminescence from Si SPAD

A free space two lens optical system is developegfecise alignment of the
7um pixels. Alignment of what is essentially a postdurce to a point detector is
challenging. A method of referencing is employethgisa sensitive integrating Si
CCD Beamprofiler (Coherent LaserCam) where the CMBBBD receiver is mounted
on the beam profiler and onto a 3D micrometer stalgieh is in turn mounted on a
2D motorized piezoelectric stage. The displacentttveen the mounted CMOS
SPAD pixel and an individual pixel on the beampesfis determined using a fixed
laser source and moving the detectors a knownndistevith the motorized translation
stage.

Following, the source SPAD is biased several \alftsve breakdown such that
there is sufficient photoemission for detectionhvilie beamprofiler. The beamprofiler
and SPAD source pixel are both moved into the dbtihe lens system to optimize the
light collection and focusing efficiency. The beawfjer-SPAD mount is moved to

the known beamprofiler pixel-to-SPAD pixel displaent with the motorized stage
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and micrometer stage. Because of errors in thdadisment, optimal pixel alignment
is not trivial. Hence, even after moving the SPAiDithe supposed focus of the lens
system, slight displacements of microns are presaéinth result in minimal to zero
optical coupling. Because of the low total photassiun, a DC measurement of total
photon counts is unsuitable because of high daukitcates of the detector. Hence a

time-correlated method must be used to improve 8hdRto move the receive pixel to

search for the source emission.
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Figure 3.29 SPAD-to-SPAD optical link schematic
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Figure 3.30 Photograph of optical up-conversion link
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As proof-of-concept of an optical link using hotrrear electroluminescence,
one can collect photons from an avalanche pulgmrdéess of whether it is photon
induced or not. In the silicon SPAD-to-SPAD uplinke use a dark pulse from the
source SPAD to trigger the pulse counter and tbek for correlated avalanches in
the receiver SPAD. Because of the high dark coate of the SPAD devices, long
time-correlated acquisition times are necessarpuib the signal out of the noise.
Figure 3.31 shows correlated avalanche pulses themmeceiver SPAD with a strong
afterpulse peak following the primary pulse. Thelggound pulses are subtracted
since they are uncorrelated to the triggering ancila pulse. To demonstrate that we
are not observing electrical crosstalk through ¢hectronics or power supplies, a
screen was placed in the optical link to show thats indeed an optical signal being
detected. An internal efficiency of 1xt@etected events per source SPAD avalanche

was measured.
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Figure 3.31 Time correlated counts from Si-to-Si uplink

3.4.4. Free Space Up-conversion Link: InGaAs/InAlAs-tok&ih

Following the demonstration of a free space Siitogconversion link, a llI-
V SPAD to Si SPAD uplink is demonstrated. The ekpental setup is similar, except
an active 1550nm laser source (IdQuantique id390sed to illuminate the IR SPAD
(Figure 3.32). A pattern generator (Agilent 8111@\)ised to drive the laser source at
250MHz with 4ns pulse widths. The pulse generatothen synced with the pulse
counting board and records correlated pulses &&@S SPAD output.

A 30um InGaAs/InAlAs with a resistive TCB quenching layfabricated by

Zhao et al. was used in this demonstration. Simidathe Si-to-Si uplink alignment,
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alignment of these two SPAD devices proved to @lehging. A similar referencing
method was used in conjunction with time-correlatimeasurements and a 250MHz
bit-rate was demonstrated (Figure 3.33). The uetated avalanche pulses were

subtracted for a clearer view of the optical signal

32
o
o L
(=]

£ 3
Bz

A28 (VS
B
3 ‘ \\

W ItpUL

B

trigger

Function Generator

Pulse Counter

input

Figure 3.32 IR SPAD to Si SPAD up-conversion optical link
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Figure 3.33 250MHz bit rate up-conversion link
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Similarly, a screen was place in between the ojliildato demonstrate that the signal
was optical and not an artifact from electrical sstalk. This was the fastest up-
conversion rate possible with our current hardwamed is comparable to
superconducting SPADs. Further, room temperatpexation results in high dark
currents for the IR SPAD, preventing the SPAD framy recharging resulting in

poor detection efficiencies. In addition, emissigfficiency is reduced due to self-

absorption at the upper layers, leading to the merean improved design.

3.4.5. Cooled Up-conversion Optical Link Development

Following Zhao et al., a second generation TCB aketias been developed by
You et al. [152]. lll-IV SPADs suffer from high dacurrents and need to be cooled. It
has been determined that an operating temperafu24@K is suitable for best
performance as shown in Figure 3.34. Because ohgtafterpulsing effects with the
CMOS SPAD described in Section 3.3.3, a hybrid iogoscheme is desirable, where

the IR SPAD is cooled and the CMOS SPAD is operatedom temperature.
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Figure 3.34 Temperature dependent I-V characteristics of TCB device
[152]

A MMR Technologies Low Temperature Microprobe (LTM&/stem with a
clear optical window is used. The LTMP chamber lesu® micro miniature
refrigerator and two micromanipulators for probingounted devices on the
refrigerator. The LTMP is used in conjunction wighprogrammable temperature
controller, a dry nitrogen source, gas filter, amgh vacuum pump. The MMR
refrigerators operate using the Joule-Thomson efféere a gas such as nitrogen is
allowed to expand through a porous plug or fineillzag tube at high pressure
resulting in gas cooling. This effect is relativedynall at 0.1K/atm at ambient
temperatures. However, this effect can be magnbiedllowing the expanded cooled
gas to pass through a countercurrent heat exchatiges precooling the incoming
high pressure gas. This feedback cooling processnces until the gas is liquefied or
the temperature drop is limited by the heat loadthe device mounted on the

refrigerator stage [153].
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The vacuum pump is first attached to the vacuun giothe LTMP chamber
and ensured to be able to pump the chamber dow&nd orr. High pressure nitrogen
gas is used for cold finger operation. The outféhe gas is attached to the inlet of the
gas filter/dryer unit for purification and moisturemoval. Using the programmable
temperature controller, temperatures of 80K arelokpof being realized.

Similar methods of free space optical coupling ased, with a slightly
different lens configuration due to the verticaleatation of the optical window
(Figure 3.35 and Figure 3.36). Unfortunately, &ttime of writing of this dissertation,
a suitable IR-SPAD with high detection efficiencieand satisfactory

electroluminescence was not yet realized.
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Figure 3.35 Hybrid Free Space Up-conversion Schematic
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- MMR System

Figure 3.36 Hybrid Free Space Up-conversion Photograph

3.5. Conclusions

In this chapter we have described the design, nmagednd characterization of
a CMOS SPAD fabricated in a 0@ deep-submicron technology with a novel
planarizing guard ring structure. Device modelingswdone using ISE-TCAD
simulation software for electric field distributi®mat device breakdown. An STI-bound
SPAD is compared to a diffused guard-ring SPAD. &éenonstrate state-of-the-art
performance in sampling rates and timing precisidrpeak spectral sensitivity at
400nm is measured, due to a shallow and thin depletgion. In addition, noise
characteristics are measured to be unexpectediydrid are attributed to afterpulsing

from charges trapped in the oxide guard ring.
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Further, in this chapter, we have demonstratedfgbooncept of free space
up-conversion of 1550nm using a novel optical readechnique. A previously
adverse effect is turned into an optical coupliogesne. Using a IlI-1V IR sensitive
SPAD which integrates quenching via a resistiveelagn top of the p-n junction
eliminating the need for external quenching cimglitjunction capacitances are
significantly reduced, resulting in shorter deadds and reduced afterpulsing effects.
Recombination of hot electrons results in photomssion at energies greater than the
bandgap energy, resulting in a wavelength shiftarols visible wavelengths. These
up-converted photons are then collected and focastma silicon CMOS SPAD with
integrated processing circuitry. 250MHz bit-ratee demonstrated in a free-space
optical link at room temperature. Potential for giified manufacturing flow of hybrid
devices and arrays is considered for future devedyp. Further, a hybrid optical

setup is developed for next generation device chetiaation.
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4. ACOUSTO-OPTIC SIGNAL ENHANCEMENT

4.1. Introduction

In the past two decades researchers have usedoultréh to modulate photons
in an effort to improve spatial resolution of oplidmaging, termed acousto-optic
imaging. When photons pass through a volume ohiaitgal tissue, they are modulated
(tagged) at the ultrasound frequency due to chamgdbe local refractive index,
optical absorption, and scattering properties. iAfie photons are collected with an
optical detector, modulated photons can subsequdmtl separated from non-
modulated photons through electronic filtering, icgit interferometers, lock-in
amplifiers, or time-averaging. Since ultrasound banfocused to mm-sized voxels,
high spatial resolution images can be reconstructsthig tagged photons. The
detection of modulated photons in acousto-opticgimg, particularly in a focused
ultrasound beam where the voxel size is small,hallenging because few tagged
photons are collected compared to untagged phot@ssilting in low signal-to-
background ratios (SBR). We explore various methaldgmproving acousto-optic
SNR through the use of the CMOS SPAD and throughntbvel use of ultrasound

microbubbles.

4.2. Acousto-optic Imaging in Turbid Media

Optical imaging is a powerful tool that can prov&insitive contrast of tissue
properties such as cancer-characteristics likeogegiesis, oxy- deoxy- hemoglobin

concentrations, hyper-metabolism, and pleomorphidviore specifically, this

117



118

information can be extracted by measuring the lopéical scattering and attenuation
properties of the tissue at the cellular and sulee level. However, because of the
highly scattering nature of tissue, high resolutognical imaging is limited to depths
of 1 mm [154]. Techniques such as diffuse-opticatagraphy (DOT) [155-157] and

optical coherence tomography (OCT) [158-162] hagenbdeveloped to improve in
vivo optical imaging depths and resolutions, resipely. Ultrasound imaging

provides good spatial resolution, but poor conttaestause of its reliance on the
mechanical properties of the tissue and makingyestdge tumor detection difficult.

There has been movement to improve on the limiegathdand resolution of optical
imaging by combining optics and ultrasound to aghieptical contrast at ultrasound

spatial resolutions, namely acousto-optic tomogyatd photo-acoustic tomography.

Table 4.1 Summary of various in-vivo optical imaging techniques

OCT DOT usS AOT/PAT
Contrast + ++ - ++
Resolution 10um 5mm 150um 15Qum
Imaging 1mm 5cm 3cm 3cm
Depth
Speckle Strong None Strong None
Artifacts
Scattering 100 cm* 100 cm* 0.3cm' 0.3 cm"
Coefficient
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Acousto-optic (AO) imaging is based on tagging phetin the ultrasound
focal zone by changing the local optical propertéshe tissue with pressure waves.
Several groups have led efforts in AO imaging fraoncept development and
imaging of tissue phantoms [163-166], typicallylwihe use of long coherence light
sources. Various other methods have been used @oinfaging such as a lock-in
detectors [167], parallel detection [168], and frexacy sweeping [169]. Each of these
techniques relies on coherent light.

Three mechanisms are attributed to acousto-optatutation of light in turbid

media and are outlined in Figure 4.1.
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Figure 4.1 Mechanisms for Acousto-Optic Modulation in Turbid Media

The first mechanism is modulation of local optipabperties of the media via
pressure waves at the ultrasound focus and hasrbedeled by Mahan et al. [170].
As the ultrasound propagates through the turbidiaeasitive and negative pressure
waves compress and expand the scattering medmeatesly, leading to local density
variations. These local density variations indudeanges in the local optical

attenuation, scattering, and index of refractiosuling in an intensity modulation of

light.
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The second mechanism is based on ultrasound indlisgldcement of optical
scatterers. The displacement of optical scattenedulates the optical path lengths of
the photons that traverse the region, resultingnnntensity differential. Leutz et al.
model this mechanism [163], though only valid wiles scattering mean path is much
greater than the acoustic wavelength. The thirdhaism is based on modulation of
the index of refraction resulting in an optical phachange between consecutive
scattering events. In both the second and thirdham@sm, multiply scattered light
accumulates along the light propagation path asdlteein modulation of the speckle
intensity. Further, these latter two mechanismsiiregthe use of coherent light and
need complex detection schemes such as Fabry-Ressterometers or lock-in
amplifiers to detect the modulation at the ultragbulriving frequency. In the next
subsection, an analytical model based on Wang [@ilLbe presented for ultrasound
modulation of coherent light, namely the second #mcd mechanisms described

above.

4.2.1. Ultrasound Modulation of Coherent Light

An acoustic plane wave is assumed to be inciderd amiformly scattering
medium. A derivation of this analytical solutionncde found in [171]. The

autocorrelation function of the electric field dae expressed as:
G(7) = [ P(S)(EL(ME;(t+7))ds

Equation 4.1 Autocorrelation function of electric field



121

wherekE; is the electric field of the scattered light algoath lengths andp(s) is the
probability density function (pdf) o. The autocorrelation function only takes into
account contributions of the acoustic wave; Browmaotion is considered negligible.
The scattering medium is approximated to be madefupon-interacting spherical
Rayleigh scatterers. The autocorrelation becomegdlfowing after encountering/!

scattering events along pah

(EE:(t+7))= <exp{— irfmnj (t,7)+ §A¢dj (t, T)}>

Equation 4.2

where Ag, (t,7) =4, (t+7)—¢,(t) and ¢, is the phase variation induced by the
modulation of the index of refraction along thgh free path and
Agy (t,7) = ¢y (t+7) — g4 () and g, is the phase variation induced by the path length
displacement of thgh scatterer following thgh free path. The phase variation from
thejth free path is given by:

by (1) = [ kAN, 1,5,.6,,1)ds

Equation 4.3 Phase variation
wherel; is the length of th@th free pathk is the optical wave vector;, is the location
of thejth scatterers is the distance along tljh free path, and, is the angle between

the optical wave vector of thigh free path and acoustic wave veckgr An is the

modulated index of refraction:
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AN(r;4,s;,0,,t) = ngnk, Asin(k, - r,_, +K,S; xc0sd, —w,t)
Equation 4.4 Modulated index of refraction

Integrating Equation 4.3 yields:

¢, (t) = 2nyk, Asin(k, -1, + kI, cost, /12— w,t) xsin(k,l; cosd, /2)/ cosy,
Equation 4.5
The phase variation from tljth scattering event is given by:
85 (0) =—ngko[K . K, )- Asink, -1, o)
Equation 4.6

where 12] is the unit optical wave vector of théh free path andA is the acoustic

amplitude vector. Equation 4.1 becomes the follgwmthe diffusion limit:
0 2s
Gy(7) = P(9) exp{—l—(én +9, )(nokoA)Ztl—cos@ar)]}ds

Equation 4.7

A coherent optical beam is assumed to be inciderd slab thickness a&f with light
transmission detected at a point. The funcpés) is given by diffusion theory with a

zero boundary condition. After integration, Equath7 becomes:

lLsinh[\/g[l— cos@af)]]
sin){ll‘ Jell- COS@J)]}

G,(r) =

Equation 4.8
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with & =6(5, +J,)(n,k,A)*. Finally, the speckle modulation intensity at fregcy

Nw, is calculated based on the Wiener-Khinchin theorem

|, = [ cosb,)G,(r)dz /T,
Equation 4.9

with acoustic period,. Modulation depth is defined as the ratio betwinenintensity
of the fundamental frequency compared to the nodutated intensity:

M=t

l 0

Equation 4.10

4.3. Detection of Ultrasound-modulated photons

Acousto-optic imaging suffers from poor SNR becanfsthe small number of
ultrasound tagged photons compared to non-modulageliground photons. In this
section, we compare the use of various traditiamical detectors (APD and PMT)
and a new type of SPAD detector using a TCSPC tletemethod and ultrasound

microbubbles to enhance the local acousto-optexceff
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4.3.1. Detection of Ultrasound-modulated Light with an Aareche

Photodiode (APD)

A 65 mm wide tank, filled with 0.65% intralipid waltluminated using a laser
diode (5 mW at 650 nm, coherence length ~5m). Titlipid provided a reduced
optical scatter coefficient of 0.2 minwhich is 20% of an in vivo reduced scatter
coefficient of 1 mrit. Light was detected in transmission mode with mplified
silicon photodetector (PDA36A, ThorLabs), amplifiead filtered (Stanford Research
Systems, SR560) to remove DC and low frequencyen@i$0 KHz) and recorded on
a digital scope (Tektronix, TDS 2012B). A functigenerator (Stanford Research
Systems, DS345) and RF Amplifier (ENI, 240L) detee to a single-element US
transducer (Panametrics, V303, 3cm focal lengtth) MHz sine wave (20 cycles at
50Vpp) every 50us (2% duty cycle). The transducas submerged in water and the
light was passed through the US focal zone (Figuza). The local US effect on water
was sufficient to modulate the optical propertibattwere detected in the optical
signal and displayed on the scope (Figure 4.2bloArier transform of this signal
(Figure 4.2c) shows a peak at 1 MHz (the US frequenvhere the amplitude is
proportional to the magnitude of the AO effect. Whthe measurement was repeated
without US there was no modulation detected (nawst). Note that transmission
through 65-mm of media that scatters light at #es order as biological tissues is
similar to imaging backscattered photon from ~3@ptl as would be expected when

imaging the breast.
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Figure 4.2 We used the experimental setup for AO measurements of US-
modulated coherent light (a) to acquire the modulated optical signal dected and
recorded on the digital scope (b). When the signal was Fourier transforead (c)
peak frequency was the same as the US transmit frequency demonstraiuS
modulation of the optical signal.

4.3.2. Detection of Ultrasound-modulated Light with a Rimtltiplier Tube

(PMT)

Detection of AO modulated photons has traditionalgen done with
photomultiplier tubes due to their good quantunicefhcies and high gains. We use a
similar setup shown in Figure 4.1a and replace ditieon photodetector with a
Hamamatsu HC-125 Analog PMT with 8MHz bandwidthg(iFfe 4.3a). We use
532nm light and place an aperture in front of théTRo reduce the total photon flux
to prevent detector saturation. A clear ultrasomuttulated light signal is shown in

the time-domain (Figure 4.3b) and the frequencyaarfFigure 4.3c).
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Figure 4.3 Setup for detection of ultrasound-modulated light with PMT
(a), time-domain AO signal (b), and Fourier transform of signal (c)

Real-time AO imaging will inevitably require phottéctor arrays. Large
arrays of PMTs, however, are not practical duerthability to be cost-effectively
scaled as well as their bulky and fragile nature.tie next section we present
preliminary results demonstrating feasibility of A@aging with a CMOS SPAD
capable of being scaled towards megapixel arraya foaction of the cost of a single

PMT detector.

4.3.3. Detection of Ultrasound-modulated Light with a CMGBAD

The number of modulated photons are few comparedhéo number of
unmodulated photons. Time-correlated single phoetamting (TCSPC) is a powerful
tool to improve poor SNR. It operates on the pplebf detecting few photons from a
periodic signal over multiple sample periods toorestruct the waveform from the
individual time measurements. Utilization of a CM@Sdesirable, particularly when
multiple source-detector pairs are used when sitiyais needed for real-time AO

imaging with diagnostic ultrasound systems.
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A proof-of-concept setup schematic is shown in Fegu4 and photo in Figure
4.5. A 532nm cw laser diode is used with <6mW Igserer. A Panametrics 1MHz
unfocused V303 single element ultrasound transdiscesed. A water bath is used
with scatterer solution (Intralipid) titrated in thvia known optical reduced scattering
coefficient. A reduced scattering coefficient of Mm® is targeted to simulate
biological tissue. A transmission geometry is useth a collection lens and
microscope objective to focus the light ontopan/STI-bound CMOS SPAD operated
at 3% above its breakdown voltage. For low scattefficients of <0.15 mih an
OD1 filter was used to attenuate the incident light not to saturate the SPAD
detector. The US transducer is pulsed at a 10kpetiteon rate and synced with the

pulse counting electronics. The SPAD output is tingat to the pulse counter board.
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Figure 4.4 Schematic of AO-SPAD setup
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Figure 4.6 Illuminated Intralipid Bath

A modulated signal is detected with modulation Hegefined as the signal amplitude
divided by the background DC level (Figure 4.7)eTdackground is an accumulation

of non-modulated photons and the background darkta@te of the SPAD detector.
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Figure 4.7 (a) photon counting histogram collected from SPAD mirrors
the US modulation frequency; (b) FFT of histogram showing peak at 1MHz
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The modulation depth is plotted vs. % of the taggeof Imm™ in Figure 4.8.
The upward slope of the blue curve at low concéiotra indicates that focusing of the
non-scattered laser light was not optimal as irgngathe optical scattering most
likely resulted in a greater number of photons mgpig on the detector active area.
As expected, at increased scatter coefficients,ntbdulation depth decreases as a
result of the modulated photons being overwhelmethb background unmodulated
photons. As a proof-of-concept, we have shown thiyafor a SPAD to be used as
the optical detector in AO modulation. Through tee of TCSPC, an ultrasound
modulated signal was recovered throughk’ @f up to 0.2 mr.

The 7-um SPAD tuned towards ultraviolet was usedHis experiment. Not
only was the laser light at 532nm, but also the 5pa#er was 10 times less than had
been used in previous AO implementations. Despiéséd issues and the fact that the
active detection area is only 7um, we were abl®elserve the modulated optical
signal. The larger surface area of a 2D array shaapture many more photons
increasing SNR. The AO effect can be increasedsnyguhigher ultrasound pressures,
higher intensity laser excitation, better light leotion, and averaging over longer

periods.
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4.4. Acousto-Optic Signal Enhancement with Ultrasound
Contrast Microbubbles

One of the novel ideas proposed here, is the usei@bbubbles to increase
photon modulation to improve AO SNR. Microbubbles aommon, FDA-approved
diagnostic ultrasound contrast agents (UCAs), aaslehalso been explored as
externally-activated gene and drug delivery agghi2-174]. They are usually made
up of a perfluorocarbon gas core with a lipid druahin shell. Because the AO effect
is in part dependent on local refractive index gesnand in part dependent on the
degree of oscillation of optical scatterers, we ento test the hypothesis that
microbubbles will provide greater modulation andh@r SNR. We hypothesize that
the effect of optical attenuation that is dramdliycancreased in the presence of
microbubbles.

We shine light (650 nm) through the ultrasound faoane of an in vitro

phantom and collect modulated photons with an acala photodetector (APD). We
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observe a significant improvement in SNR (>15 dBhwhe addition of microbubbles
in the focal zone by performing a Fast Fourier $farm of the APD signal in real-
time. Not only do we demonstrate a SNR enhanceohento microbubble oscillation
at the ultrasound fundamental frequency, but noeali oscillations of the
microbubbles modulate the photons at higher or@embnic frequencies too. The
specific microbubble harmonic signature would allgkeater differentiation of
microbubbles from tissue and dramatically incressesitivity, as is the case with
harmonic ultrasound imaging. Furthermore, the UsEA-approved microbubbles
facilitates direct translation to the clinic whaesignificant increase in SNR would
greatly enhance in vivo acousto-optic imaging.

We submerged a 2.25MHz US transducer (Paname#8a6) in a water tank
oriented perpendicular to the wall of a square X2%x68mm quartz cuvette such
that the US focal zone was within the cuvette (Fégd.9). It was driven by a
continuous sine wave at 1.5 MHz using a signal gegae and power amplifier. We
passed a 5mW 650nm CW laser light through the W48l fpone perpendicular to the
US wave that was collected by an avalanche phatottat(APD) with 10dB built-in
gain. The optical signal was sent through a higsspiter (>10KHz), amplified,
converted into frequency domain, and displayed lssorized to an external trigger

from the function generator.
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Figure 4.9 Schematic of AO enhancement with microbubbles experiment

We prepared Definity (FDA approved US contrast agdristol-Myers
Squibb Medical Imaging) per manufacturer’s instiutt We filled a 1-mL syringe
and placed it vertically with the opening pointidgwn for one hour to allow the
microbubbles to settle. We then pushed the mostrdgmt 0.1ml into 10ml of saline,
discarded 0.4ml, pushed the next 0.1ml into anatBenl of saline, discarded 0.35ml
and resuspended the remaining 0.05ml with 0.95fnshbne, mixed the suspension
and pushed 0.1ml into 4'3.0ml of saline. This resulted in three suspensidrsnall
(least buoyant), medium, and large (most buoyantyabubble suspensions. The
optical signal was recorded when the cuvette wWéedfwith saline and then again
with each of the 3 suspensions following thorougking between exchanges.

Figure 4.10a shows AO modulation at the fundamefredquency in all
suspensions; however, note that (1) there is aease in the SNR at the fundamental

frequency for all three microbubble suspensions] é) the appearance of ultra-
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harmonics at the 3 and 4.5MHz for the medium angelanicrobubbles. Figure 4.11
shows the dB gain of the modulated photons showigare 4.10 when microbubbles
were added to saline. Note that the SNR increageibland 19dB at the fundamental
frequency, by ~13 dB at 3MHz, and again by 16 a@dBlat 4.5MHz for the medium

and large microbubbles, respectively.
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Figure 4.10 Fourier transform of APD output from (a) saline, (b) small, (c)
medium, and (d) large microbubble suspensions
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Figure 4.11 dB gain of modulated photon signal at the fundamental and
harmonic frequencies of the microbubble suspensions relative to sa

In an effort to further understand the linear amah-tinear behavior of ultrasound
microbubbles, fundamental studies of microbubblesewdone and are described in

the next chapter using a light scattering tool wititsed ultrasound.

4.5. Conclusion

In this chapter, we have compared the use of varimptical detectors for
detection of acousto-optic modulated light. Acousptic imaging suffers from poor
signal-to-background ratios, resulting in the nded complex detection schemes
utilizing lock-in amplifiers or optical interferoners. Detection in scattering media is
difficult. We demonstrate the use of time-correfatengle photon counting using a
CMOS STI-bound SPAD for acousto-optic signal dédecin a scattering media of

0.2 mn', 20% of the target reduced scattering coefficidntproved collection
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efficiencies, larger optical detector areas, higaser powers, and higher ultrasound
pressure intensities will aid the reconstructiontteé optical waveform. Further, we
demonstrated the use of FDA-approved ultrasoundamibbles as a method to
increase the acousto-optic effect in the regionntérest for enhancement of the

fundamental driving and harmonic frequencies.
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5. CHARACTERIZATION OF ULTRASOUND CONTRAST

AGENTS WITH LIGHT SCATTERING

5.1. Introduction

It is necessary to know the optimal acoustic patarseof ultrasound contrast
agents (UCAs) to observe specific contrast agemigeweducing background noise.
For therapeutic applications, knowing the speafoustic properties of the UCA of
interest will enable tuning the acoustic systemnfmre precise and efficient drug and
gene delivery while minimizing adverse effects torresunding tissues. During
insonation, microbubbles oscillate, emitting linaad non-linear backscatter at low to
medium acoustic pressures, and cavitate at higbspres [175]. Non-linear echoes
may be detected with high SNRs [176], providing edbent contrast for ultrasound
imaging. Important parameters include acousticttega stability, resonance
frequency, and cavitation thresholds.

Common methods for UCA characterization include sneament of acoustic
scatter and attenuation [177-180]. However, acoussolution limits the observation
of individual bubble oscillations and bandwidth-ied acoustic receivers limit
harmonic detection capabilities for free microb@shlthough acoustic properties of
individually bound microbubbles have recently beeplored [181]. Optical imaging
techniques, such as high-speed cameras and stagadras [182-186], have been
developed to obtain visual information of oscilk@timicrobubbles and produce high

quality images for a direct observation of an imdliial microbubble’s response to

136
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ultrasound. However, because of the large amoudata processed per video, only a
few cycles of ultrasound may be recorded at masthErmore, aforementioned high-
speed cameras are expensive, which prohibits thadespread use for high
throughput microbubble characterization.

A low-cost alternative to the aforementioned chim@zation techniques is the
use of light scattering, which can provide an iadirview of the interaction of
ultrasound with an individual free microbubble [18788]. Furthermore, due to the
small amount of data per oscillation cycle, highotlghput characterization of
microbubbles is possible. The light scatteringnsty of an individual microbubble is
dependent on factors such as particle size, opticaix of refraction of the core and
shell, and shell thickness [189]. Mie scattering amfated spheres and optimal
scattering angles for air-filled bubbles is deseditby Marston [190].

Marston et al. recommend an observation near ftieatrangle of 83 for an
air bubble in water due to a neaRy dependence on the scattered light intensity as a
function of radius. The scattering angle is alstecéd by the microbubble shell

which induces a shift in the critical angle by appmately:

A= %h[(nfv ~1) 2 (2 —1)71/2] (radians)

Equation 5.1 Shift in critical angle by microbubble shell

where the coating thickness-to-radius ratichia and ns and n,, are the respective
optical indices of refraction for the shell and gratJltrasound microbubbles typically

have either a lipid or albumin shell with indicet refraction of 1.48 and 1.50,
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respectively. It has been shown that the shelkttg@ss for a m microbubble has a

small but negligible effect on the scattering armhel is shown as the dotted curve in
Figure 5.2. A microbubble’s size changes with glwand pressure results in a

traversal up and down the relative scatter intgrezitve.
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Figure 5.1 Relative light scatter intensity as a function of scattering angle
[187]
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Microbubble dynamics models of coated microbubblesed on the Rayleigh-
Plesset equations have been described [191-198h Badel has its own merits. A

model presented by Morgan et al. [193] uses thieviilhg to describe microbubble

dynamics:

pRF$C|-§p|?$3 = (po +2_O-+2_Zj(&j3y(1_3£gj_ﬂ%_2_a(l_ﬁgj
2 R R AR R R c

2(RoY (1 g® gy,
R[Rj (1 3CJ 1250, R(R-2) (B + Pye(t))

Equation 5.2 Morgan model for microbubble dynamics

whereR is the radius of the microbubblg; is the initial radius of the microbubble,
is the ambient pressur@yve(t) is the acoustic driving pressugeis the liquid density,

y is the ratio of specific heats, is the speed of sound, is the surface tension
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coefficient,y is the shell elasticity is the fluid shear viscosityg, is the microbubble

shell shear viscosity, andis the shell thickness. Further, each microbublale &

characteristic resonance frequency determined by:

"o

1 (3 (P +2_a+2_;(J_2a+6;(_(4y+125ﬂ5h/90)2
PR R R PR PR

Equation 5.3 Microbubble Resonance Frequency

A pressure induced size change of the UCA will ceda change in the scattered light
intensity which combines Mie theory with microbubhbihodels [187]. Guaet al
have demonstrated the use of optical scatterimfpserve microbubble size changes in
response to pulsed ultrasound [187] and fits themmadels while Twet al compare
various bubble dynamic models to estimate shelpaters [188]. Herein, we present
an improvement on the optical scatter concept ptedeby Guaret al to investigate
individual microbubble dynamics in response to edlsitrasound in real-time with
Fourier analysis of raw experimental data.

Using a stable laser source with increased intensit dark optical
environment, and low-noise optical detector andtedaics, we increase the signal-to-
noise ratio (SNR) of the system by a factor of L@amparable ultrasound intensities
from previously published work with SNR definedthe ratio of signal amplitude to
the variance of the noise. With improved SNR, imiial microbubble dynamics in
response to a single ultrasound pulse train caschaired with ease without the need
of averaging, permitting an indirect observation tbé individual microbubble’s

ability to expand and contract with consecutiveasibund cycles without any latency
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between ultrasound pulses. In addition, using aptietector with 10MHz bandwidth,
we are able to detect multiple higher order harma@ngnatures simultaneously and
carry out Fourier analysis of raw experimental ddf@ demonstrate the power of this
tool by comparing the linear and non-linear behawibdifferent clinically relevant

microbubble formulations at varying ultrasound isi¢ies.

5.1.1. Materials and Method

5.1.1.1. Experimental Setup

We have improved on a light scattering techniqueharacterize dynamics of
various perfluorocarbon gas-filled microbubbles.n®@aeercial Definity (Lantheus
Medical Imaging, N. Billerica, MA, USA) microbubldevith a phospholipid shell and
perfluoropropane gas core, have been characteriged) both acoustic and high-
speed video techniques [194]. In-house prepareadgratizshelled microbubbles, also
with a perfluorocarbon gas core, were formulatedcasparison. Albumin-shelled
microbubbles are stiffer [183] than phospholipieigtd microbubbles, making them
good models for comparison.

The experimental setup is shown in Figure 5.3. B&dwa two liter black water
bath for a clean sound field with transparent @ptigindows for light delivery and
collection. A Verdi-V5 continuous-wave 532nm laseurce (Coherent Inc., Santa
Clara, CA, USA) was focused with a 20x objectivélma power density greater than

5uW/cnf at the laser focus. We used a 2.25MHz focusedesigigment Panametrics
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V306 ultrasound transducer (Olympus NDT Inc., Watth MA, USA), with its focus
confocal with the laser focus. The ultrasound walsqal at a 1Hz repetition rate, with
15 cycles per pulse at 2.25MHz, which was withia tesonance frequency range of
Definity microbubbles in the 1.1-31# size range [195],[196]. Transducer positioning
and ultrasound pressure were calibrated with a HRA needle hydrophone (Onda
Corp., Sunnyvale, CA, USA).

Scattered light was collected at°@6 95, which includes the critical angle of
83 for air bubbles in water [197], focused and codited onto a low dark current
R6095 photomultiplier tube (PMT) optical detectblanamatsu Corp., Bridgewater,
NJ, USA) with a 10MHz bandwidth. The PMT signal wiaen passed through a low
noise M7279 amplifier (Hamamatsu Corp., Bridgewakél, USA), held at constant
gain, to a high-speed digital TDS2020 sampling llmsdope (Tektronix Inc.,
Beaverton, OR, USA) which was controlled using Liatw software on a personal
computer. Ultrasound contrast agents were delivesaty a PHD 3000 syringe pump
(Harvard Apparatus, Holliston, MA, USA) and a capy tube placed in-line with the
laser optical axis and outside the ultrasound awtiswn region. The ultrasound contrast
agents were diluted such that at most one micrdbublpresent in the laser focus at a
time, which was confirmed using a standard vidde-1822 CCD camera (Cohu Inc.,
San Diego, CA, USA).

The ultrasound signal was synchronized with theilloscope, which
continuously monitored both the DC scatter intghsihd AC modulation. For a

modulated light scattering event to occur, a miatide must flow to the laser focus
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to create the scattering event, interact with thisqu ultrasound, and change its size
to produce a change in the light scattering intgnsiVhen these conditions were met,
the waveform was saved and converted from PMT gelt® relative intensity and

then to size.

Syringe
Pump

elawe)
ano

us
i N_IE

Amplifier Beam Splitter .
(10x)

Oscilloscope| Power
Amplifier

Personal
Computer

Laser Function
Generator

Function Sync Signal |

Figure 5.3 Schematic of experimental setup.

5.1.1.2. Microbubble Preparation

Commercial Definity microbubbles were diluted tocancentration on the
order of 18 microbubbles/mL with a mean diameter of 1.1-3.8ronis. To produce a
more monodispersed sample, the microbubbles weidnated via floatation to
separate the stock solution into different sizérithstions [198].

As a model for rigid shelled bubbles, bovine serwbumin (BSA)

microbubbles were prepared. Formulation was basedublished techniques using
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probe sonication [199200]. BSA is a 67 kDa protein containing 35 thgobups, 17
of which are paired as disulfide bonds. Probecadin causes the disulfide bonds to
split apart and reform with other BSA moleculesisTrocess produces microbubbles
stabilized by a layer of denatured protein thatlosaras thick as 200 nm. Briefly, a 2.5
wt% solution of BSA in phosphate buffered salinesvgaobe sonicated continuously
for 2 min in a centrifuge tube under a headspacpeofiuorobutane. The bubbles
were then centrifuged at 4@0for 4 min to concentrate the bubbles at the tothef
tube and the liquid was removed via pipette. FieéB$ was added and the mixture
was agitated to resuspend the bubbles. The bulEes washed five times in this
manner to ensure a clean suspension. The separatedbubble population was
determined via optical microscopy to have a simiae distribution to that of the
Definity sample.

Solid 1.8 um monodispersed silica microspheres @Banaboratories Inc.,
Fishers, IN, USA) were used as controls becaugbeif inability to change size at

diagnostic ultrasound pressures.

5.1.2. Results

With a 10 fold increase in SNR of the detectiontays we used light
scattering to compare microbubble dynamics of coroiak Definity phospholipid
microbubbles to in-house prepared albumin-shellentabubbles. When there was no

particle present, as expected, there is no oigahl leading to a quiet background.
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At 100kPa, both the Definity and albumin microbwdsblexhibited a linear
response. Figure 5.4 (a) shows the microbubblediaage of an individual Definity
microbubble. An initial radius of j{@n is used based on average size. The
approximately uniform modulation amplitude indicatdat the phospholipid-shelled
microbubbles are able to sustain linear oscilla&iaver these 15 cycles without
bubble destruction or significant gas leakage. fegb.4 (b) shows the root-mean-
squared (rms) Fourier transform of the relativensity signal from the solid silica
microspheres, albumin-shelled, and Definity miciagfles and shows the presence of
the fundamental driving frequency. Due to the greahell stiffness of the albumin
microbubbles, the microbubble oscillation is danggkrand results in a smaller
relative intensity. As expected, silica microsplsetl® not change size and exhibit no

light scattering oscillation.
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Figure 5.4 Time domain waveform of symmetric size change of Definity
microbubble at 100kPa (a). Corresponding frequency response at 100kPa of
silica microsphere, albumin microbubble, and Definity microbubbks (b).

At an increased pressure of 200kPa, a non-linestesdntensity change was
observed, which can be attributed to the asymmetjansion and collapse of the

microbubble gas core [175]. Figure 5.5 shows thgmasetry in the time-domain
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waveform (a) and the second, third, and fourth loaios in the Fourier domain (b).
Due to the greater shell stiffness of the albumimblies, the gas core was not
compressed and expanded enough to have a stromgnasyc response. As expected,

solid silica microspheres again exhibited zerollzmn at this pressure.
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Figure 5.5.Time domain waveform of asymmetric size
change of Definity microbubble at 200kPa (a). Corresponding
frequency response at 200kPa of silica microsphere, albumin
microbubble, and Definity microbubbles with the presence of

higher harmonics (b).

Microbubble dynamics were subsequently explored.alSmamounts of
perfluorocarbon gas escape via diffusion duringhesteell expansion and contraction
due to the stretching and breaking of lipid sh20l]]]. Under increased non-destructive
pressures, the shell will be compromised and gasléssed at a faster rate. The loss
of gas resulted in an increasingly non-acousticadgponsive microbubble, reducing
its ability to expand and contract. Figure 5.6 shdiae size change of a microbubble

undergoing increased gas release at 260kPa.



147

I

| ”W.i“'m

o 1 i 1 L] 5 ] d 1 1x
Time |

uw’ Wiy

Wicrahishile Soe {pm)
= ~ P

Figure 5.6. Time-domain waveform of size change
showing dynamics of Definity microbubble with sucessive
ultrasound cycles at 260kPa.

At high pressures, one can demonstrate instantanaawobubble destruction
or cavitation. Characterization of microbubble dasion is of particular interest to
determine cavitation thresholds. Microbubble cawitais marked by one or two large
oscillations followed by immediate microbubble destion or collapse. The
disappearance of the optical signal indicates destn in the phospholipid shell and
consequent release of the encapsulated perfludr@cayas due to the loss of the gas-
water index mismatch. With light scattering, we ggtinstantaneous, albeit indirect,
view of the microbubble destruction. Figure 5.7 destrates the instantaneous
destruction of the Definity microbubble at 1.3MRathe time domain (a) and its
corresponding frequency response (b). The initiatrobubble oscillations and
ensuing implosion are captured in a single signaep. The broadened frequency
dsitribution is due to the few number of oscillatioycles and broadband frequency

spread associated with microbubble cavitation.
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Figure 5.7Time-domain (a) and corresponding Fourier response (b)
waveform of size change of Definity microbubble cavitation at 1.3MPa.

Figure 5.8 summarizes the average acoustic respandepeak harmonic
signatures of Definity (a) and albumin-shelled iffurrobubbles at 2.25MHz with 15
cycles per pulse for multiple microbubbles. At 1B instant microbubble cavitation
was observed resulting in spreading of the frequapectrum and a reduction in the
peak amplitude at the fundamental and harmoniai&rgies. Stiffer alboumin-shelled
microbubbles were not observed to have cavitatimhet these conditions, with their

energy distribution remaining at the fundamental barmonic frequencies.
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We have demonstrated the strength of the systeim wdreased signal-to-

noise ratios by characterizing microbubble formalsd at varying ultrasound
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intensities. Due to the low background noise of $igstem, high SNR is attained
allowing for single sweep acquisition of microbubldlynamics in real-time. All
results were shown to be repeatable over thousaihdscrobubbles and ultrasound
cycles within the expected microbubble size sprdade to the sensitivity and
accuracy of this light scattering tool for ultrasducontrast agent characterization, it
will be used for further characterization of custrmulated microbubbles and

ultrasound sensitive particles.

5.1.3. Liposome with Encapsulated Microbubble Characténrna

Characterization of microbubbles encapsulated posibmes (“mothership”)
has become of particular interest in our group rfovel ultrasound activated drug
delivery platforms. Knowledge of their specific astic properties is needed to
understand the optimal parameters for payload eslivBelow is a time-domain
image of a mothership when insonated with 15 puldes25 MHz (Figure 5.9). The
time-domain waveforms show that the microbubbles sisstain oscillations through
the 15 cycles of ultrasound. The outer liposomél stoes as a thick shell around the
microbubble, dampening the oscillations, resultimghe ability to sustain multiple
cycles of ultrasound without cavitation. Controlsr ffree microbubbles and free
liposomes were carried out demonstrating distindifferent acoustic responses with
cavitation at high pressures for microbubbles dkirobservations shown in section
5.1.2, and no response with liposomes due to teereide of an air-to-water interface.

Further studies are needed to understand the ctenplgamics of mothership
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behavior in response to different ultrasound fregies and pressures. This light

scattering system should provide the means to dbeustudies.
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Figure 5.9 Light scatter Characterization of Microbubble encapsulated in
Liposome

5.2. Fluorescence Modulation with Dye-loaded Microbulble

Acousto-optic imaging has gained interest in recggdrs as a method to
increase spatial resolutions of optical imaging.oTaut of the three modulation
mechanisms outlined in section 4.2 require theais®herent light. Further, complex
detection schemes are needed because of poor-gigib@atkground ratios. Recently,
there has been movement towards modulating flueresc Acousto-optic modulation
of fluorescent light is of particular interest tarther localize the optical signal at the
region of interest. By doing this, the overwhelmivackground of the emission light
can be filtered out optically, leaving just theditaphore emission light for increased
signal-to-background ratios. In this section, metsras of fluorescence modulation
will be described. A novel use of dye-loaded micioles is demonstrated as a

method to achieve modulation of fluorescence lighthe use of a dye-loaded
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microbubble stands to improve acousto-optic imagiteghniques. First, the
microbubble itself can be imaged with pulsed utitasl to know its exact location.
Second, local optical properties around the micbbibel can be better extracted with
better knowledge of the types of tissue the photoost scatter through to reach the
optical detector. Further, modulation of fluoresmemnwith dye loaded microbubbles

provides insight in lipid behavior during expanseamd contraction cycles.

5.2.1. Theory of Fluorescence Modulation in Solution

Fluorescence acousto-optic imaging was first demnatesl by Kobayashi et al.
where they present detection of fluorescent midresgs embedded in scattering
tissue phantoms [202]. The physical mechanism wfréscence modulation is not
clear, particularly when it is claimed that it isedto the modulation of refractive
index, which would indicate a coherent effect, whiluorescence emission is by
nature incoherent. Hall et al. also demonstratedatien of fluorescence modulation
using a quadrature method [203].

The physical mechanisms of ultrasound modulatiofiugrescence in turbid
media is described by Yuan et al. [204] and amgbated to a modulation of the local
fluorophore concentration when concentrations ake. IAt high concentrations, a
modulation of a self-quenching effect is considesghdich leads to a nonlinear
intensity modulation. Further, Yuan et al. consiflenrescence resonance energy
transfer as another possible mechanism for fluerese modulation. Interestingly,

they attribute the effect seen by Kobayashi etaal.a simple wavelength change,
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where the source photons are modulated befordubee§cent target and then emitted
at the fluorescence wavelength. Figure 5.10 shosehamatic of this concept where S
and D are the optical source and detector, reyadgtiThe solid curves show the
optical path of the excitation light that pass tigl the ultrasound focal zone while
the dotted curves indicate the optical path of tluerescent light. This type of
modulation is akin to a local speckle modulatiothatfluorescent target region.

The modulation of fluorescence can be attributethéofollowing mechanisms
and analytical expressions are derived based on J20#]:

1) Modulation of the local fluorophore concentrationa low concentration

and a high concentration (self-quenching) regime.
2) Modulation of excitation light before the fluoropieo

3) Modulation of fluorescence emission.

Ultrasound

B -
. gam g

\ / Fluorescent Target

Figure 5.10 Schematic of experimental setup similar to Kobayashi [204]
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Local changes in fluorophore concentration at tfteasound focal zone can be

expressed as:
N(r,t) = N, + N,(r)expCiagt) + N, (r)exp{og)
Equation 5.4

whereN(r,t) is the fluorophore concentration at positroend timet, Ny is the average
fluorophore concentration in the ultrasound foae N(r) is the complex amplitude
of the fluorophore concentration at position

N, (r) = K"NyF expgkr)

Equation 5.5
1+E—i{5+252} .
, k 3 ~  |oa . ,
whereK'= ” . 2 1 +p, €= St a is the radius
poclkv, =) 1+E—i{§+9(p+2j52} 4

of the microspherey is the fluid kinematic viscosity, ang = p,/ p, is the ratio

between the microsphere and the average denditye aglurrounding fluid.
Modulation of excitation light is considered anatlp®ssible mechanism for

fluorescence modulation. An excitation fluence &e be expressed as:

U (r,, 1, 1) =UF (1) +UL(r, 1) expliat) + U™ (1, 1) expliot)
Equation 5.6 Excitation fluence rate

wherew, is the modulation angular frequency of the exidtatight. U ™(r,r,t) is

the excitation photon fluence rate at positicat timet with a point source at position
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rs Uy (rg,r) is the average fluence rate of the excitationtl@hpositionr, which is
considered to be the DC component of the light(r,,r) is the AC component of the

excitation light with a complex conjugate™ (r.,r). According to diffusion theory

[205],
Ug(r,r) = ing(rs, r
Dex
U (rg,r) = inx(rS, r
DEX
Equation 5.7
where D, = —— is the diffusion coefficient at the excitation vedength andw; .,

34y e
is the reduced scattering coefficiel8c and Siac are the respective dc and ac
components of the excitation sour€™ and G™ are the Green’s functions for the dc
and ac components, respectively.

The emission strength by fluorophores at positiorand timet can be

expressed by [206]
S"(r,, 1) = gIN,(r 1)
Equation 5.8

where [1 is the fluorophore quantum efficiency,is the total decay rate from the
excited state to the ground state through radiadivé non-radiative decae(r,t) is

the total number of fluorophores at positioand timet:
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aNz(tr’t—) = TN (r,t) +&U (1, [N (r, ) = N (r )]

Equation 5.9

The propagation of the emission light from positioio the detector results in a

photon fluence rate of:

fl
U ! (rs!rdla)ilt) :.[Q S (rSI’Drd’a)i,t) Gﬂ (rlrdla)i)dr3
fl

Equation 5.10

where D, =—% and G" is the Green’s function describing the propagatidn
s_fl

fluorescence light through the media.

5.2.2. Fluorescence Modulation with Dye-loaded Microbulble

Modulation of fluorescence has been demonstratddaimayashi et al. and has
been followed by Yuan et al., albeit with the usa dock-in amplifier [207]. Further,
the use of microbubbles to enhance fluorescenceulatoh has been developed
experimentally by Yuan [208], albeit with questionegarding the physical
phenomena that they have observed. In additionJahged microbubbles have been
analyzed theoretically by Yuan [209] with FRET pgair

Fluorescence concentration quenching is a well kneffect [210-212] and
has been used in a number of applications includindies of protease and nuclease

activities [213], membrane fusion [214], proteimpdéir formation [215], and single
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molecule protein-folding [216]. Lipophilic fluoresnt dyes can be attached to the
shell of phospholipid microbubbles. As describe&éattion 5.1, microbubbles expand
and contract in response to insonation. Under iasom, dye-loaded microbubbles’
surface concentration can change by an order ohialg or greater, resulting in a
dramatic change in the effective surface dye camagon. With the right surface
concentrations, microbubble expansions and comtrextcan generate periods of
reduced and increased quenching efficiency, resedgt resulting in an intensity
modulation of the fluorescence intensity (Figurgl1}. Yuan postulates that a 100%
modulation efficiency may be achieved [209]. It important to have a very
homogeneous loading of the dye on the microbubbléase so that a maximum
concentration differential occurs with each sizeilsion cycle. The depth of AO
imaging with microbubbles will be limited to theenching efficiency, intensity of the
fluorescent signal as well as the light collectaord sensitivity of the optical detector.
Time-correlated single photon counting will be negtb extract the low signal levels,
particularly after tissue scattering of the optisanal has taken place. In the next
section, we will describe our breakthroughs in itzdiron of fluorescently-loaded

microbubbles and detection of a modulated fluoneissignal.
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Quenched Unquenched Quenched Unquenched

Figure 5.11 Quenched to unquenched cycle resulting from microbubble
expansion

5.2.2.1. Fluorescent Microbubble Preparation

Microbubble preparation is outlined in this secti@tock solutions of the
lipids and the dye were prepared by dissolvingdityepowder in chloroform. 1 mg of
DSPC and 1 mg of mPEG-DSPE were combined in a L5mmgrocentrifuge tube.
An appropriate amount of Dil was added to the saube. The solution was vortexed
at low speed while applying an argon stream to erasp all of the chloroform and
create a lipid film.

500uL of DPBS was added to the lipid film, and thiee was vortexed at high
speed for 1 minute. The tube was immediately placeda heating block which was
at 70°C. After 1 hour, the tube was removed amadeqd directly on ice for 5 minutes.
A 3 mL syringe was filled with 100 pL perfluorohe&a A 22 gauge needle was
attached and bent at a 60° angle to allow the ggrin be pumped without ejecting
liquid. By pumping the syringe, the headspace of tinbe was filled with

perfluorohexane gas.
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The XL2000 probe sonicator (QSonica LLC., NewtoW,) was operated at
the liquid/gas interface for 3 seconds at leveld®produce microbubbles. The bubbles
were then put back on ice. To purify the bubbled wash away the excess lipid and
dye, the bubbles were centrifuged at 1000 rpm faniButes. The subnatant was
removed with a syringe (approximately 450 pL), &nel bubbles were resuspended

with 500 uL DPBS. This was repeated once more.

5.2.2.2. Fluorescence Detection Setup

An optical scattering system similar to the onecdbed in Section 5.1.1.1 is
used and shown in Figure 5.12. There are sevdfatelices in the setups, namely the
use of two filters (a 546nm long pass and 570nndh@Eass) for a high rejection ratio
of the excitation light. Because the filters areeiference filters, normal incidence of
photons is necessary for high rejection ratios.ré@loee, two long black optical barrels
are used to ensure only straight photons can passgh the filters and reach the
optical detector. Again, the data is recorded witibview through a Tektronix

TDS3032 sampling oscilloscope.
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570nm BP [

threughinterference filters and

Figure 5.12 Schematic for Fluorescence Modulation Detection

Initial preliminary studies were done with a singd®T detector, with and
without the fluorescent filters. Representative gfavms are shown with their
corresponding Fourier transforms. Figure 5.13 shdivee domain studies and
corresponding Fourier transforms of the microbubséenple without fluorescent
filters demonstrating the ability for the microbldbdlsample to oscillate easily, with
the presence of a weak harmonic in some casesreFigd4 shows time domain
studies and Fourier transforms of the same microleubample with the fluorescent
filters placed in the optical beam path with anréased PMT gain with clear
oscillations are present, albeit much weaker. Tém@axce in time-domain waveform
intensities is attributed to a polydispersed miatuide sample and perhaps uneven
loading of the fluorescent dye on the lipid shé&l. test whether we were detecting

leakage light, a control sample of non-fluoresgetdladed microbubbles was run
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through the system demonstrating microbubble @dmls without the wavelength

filter and no detected oscillations with the wawefin filter placed in line.
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Figure 5.14 0.48 mol % Dil with wavelength filters

After demonstrating that fluorescence modulation p@ssible with dye-loaded
microbubbles, further studies were carried out vaithimproved setup (Figure 5.15).
Two PMTs are used to simultaneous monitor botHfltl@escence signal and optical

scatter of excitation light to correlate microbubldize changes to fluorescence
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modulation intensities. Both optical signals arecorded simultaneously with

Labview.

LT*—‘ S46nm LP +

S570nm BP
{Interference Filt.}

|

[

'\/' = T .

COinly straight photons can pass
through interferance filbers and
reach PMT detector area.

Figure 5.15 Dual Detector Fluorescence Modulation Detection Setup

To test the concentration quenching effect of ayaded microbubbles, Dil
was titrated to create microbubble samples withdsiferent surface concentrations
ranging from 0.25 mol% to 8 mol%. Static fluoredcericroscope images are shown
in Figure 5.16 under identical imaging conditiosarie acquisition times and gain
settings). It is noted that the images shown heeeirgtensity images and are not
normalized with the total amount of surface-loafledrophore. However, the 8 mol%
image is clearly dimmer than the 4mol%. The noreealiintensity curve shown in
Figure 5.17 shows efficient quenching at high cotregions indicating a
concentration quenching mechanism on the microlsubbiface, with slight variation
at low concentrations, perhaps due to errors inuptake on the microbubble shell.
The amount of fluorescence modulation will depemdhow much the quenching

efficiency can be modulated which will be a funatiof initial concentration and
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microbubble size change. A microbubble size chaof&x results in a surface
concentration change of almost an order of mageitudis hypothesized that the
greatest contrast in quenching efficiency will b&hwmicrobubbles with surface
concentrations around 1mol% to 4mol%, where theeslof the concentration

guenching curve is the steepest.

Figure 5.16 Fluorescent microscope images of Dil-loaded Microbubbles
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Figure 5.17 Self-quenching curve of Dil-loaded microbubbles

Each of the six Dil-loaded microbubble samples wiogved through the
optical scatter system with identical measurememiditions (fixed PMT gain and

laser power) and measured at ultrasound presstamesities of 260kPa, 700kPa, and
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1.3MPa at 2.25MHz with 25 cycles. Figure 5.18 representative plot using the dual
detector scheme with the fluorescent modulatioblue and the scattered excitation
light intensity modulation in blue. Fourier transfes of the many fluorescent
modulation signals are acquired, averaged, andepl@s a function of concentration
and ultrasound pressure in Figure 5.19. For afig¢hidtrasound pressures, the greatest
fluorescence intensity modulation occurred with nolbeibbles with a surface
concentration of 2 mol%, which is in agreement woilr measured concentration
guenching curve (Figure 5.17). Further, it is iaing to note the large difference
from 2 mol% to 4 mol%, indicating high sensitivity loaded dye concentrations.
Controls of non-Dil-loaded microbubbles were flonddlough the system with no
fluorescent response. Further, non-Dil-loaded nhigbbles in a fluorescent solution
with concentrations comparable to loaded-microbedblvere flowed through the
system, again showing no fluorescence modulatigmasi High ultrasound intensities
are used in this experiment without resulting incnobubble cavitation. This is
attributed to the polydispersed nature of the nliakdle sample, and most likely the
insonation frequency is off the resonance frequesfcthe microbubbles. Further, a
high concentration of microbubble was used, perhapsulting in multiple

microbubbles being delivered into the ultrasougdilinteraction area at a time.
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Figure 5.19 Fluorescence Modulation Intensity vs. Dil mol%

We have demonstrated the use of dye-loaded michdesias a method for
modulating incoherent fluorescence light. Dye-la@hdricrobubbles can provide a
local optical beacon when used in conjunction withised ultrasound, with the
potential for use in a number of in-vivo applicato The presence of harmonic
signatures in the fluorescence intensity modulatiam also help enhance weak
acousto-optic signals. Preliminary studies indidhte effect of surface concentration

guenching of Dil on phospholipid microbubbles. Emted fluorescence modulation
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should be possible with more efficient self-quenghidlyes or perhaps a FRET pair to
utilize ai6 relation. Further studies are required to full}derstand the physics of
r

concentration quenching on the microbubble surfataddition, the use of brighter
near-IR emitting fluorescent dyes stands to benifitvivo applications. Light
collection in turbid media of the weak fluorescersignal will be challenging.
However, since the majority of the emitted photbmsn the microbubble surface are
being modulated with a dark optical backgroundnalgo-background ratios are
increased compared to previous AO methods. Furtedies are necessary,

particularly in scattering media.

5.3. Conclusion

We report an optical tool for characterization oltrasound contrast
microbubble dynamics in real-time. We acquired treda light scatter intensity
oscillations and converted them to microbubble siianges in response to pulsed
ultrasound insonation. Due to high signal-to-noiados, with at least a 10 fold
increase over previously published work, individumicrobubble dynamics were
acquired at various ultrasound intensities corredpm to linear and non-linear
oscillation and microbubble cavitation regimes.adadition, higher-order harmonic
signatures are acquired simultaneously using alesiogtical detector. Individual
commercial Definity microbubbles were comparedriéhouse formulated albumin-
stabilized microbubbles to demonstrate the systesmissitivity and accuracy over

thousands of microbubbles and ultrasound cyclesid&mental frequency and
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harmonic signatures were observed from Fourier yaigalof raw non-averaged

experimental data. Phospholipid Definity microbwsbere characterized showing
linear oscillations at 100kPa, non-linear oscila at 200kPa and greater, and
microbubble cavitation at 1.3MPa.

Damped oscillations were observed with albuminisdemhicrobubbles and as
expected, no oscillations were observed with sdiitca microspheres. Further,
sustained acoustic response from microbubbles entapd in liposomes was
observed. With high signal-to-noise ratios, ligltatsering combined with pulsed
ultrasound allows for eased characterization andigde of custom formulated
microbubbles and ultrasound contrast agents ifutioee.

Further, fluorescence modulation by ultrasound esndnstrated using dye-
loaded microbubbles for the first time as a potdntnethod to improve signal-to-
background ratios for acousto-optic imaging. Dé&ded microbubbles are fabricated
with various surface concentrations and measurdd fiorescence microscopy. The
aforementioned light scattering system is modifieat fluorescence detection.
Fluorescent microbubbles are flowed through thdtestag system with acoustic
insonation. A modulated fluorescence signal is aetk for each dye surface

concentration and plotted as at different ultrasointensities.
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6. CONCLUSION

6.1. Dissertation Summary and Original Contributions

This dissertation presented the development afiglesphoton avalanche diode
(SPAD) fabricated in a standard Oub8 deep-submicron CMOS process. A new
efficient guard ring structure is modeled, simulateharacterized and is compared to
a diffused-guard ring structure to demonstrate & p#icient junction planarizing
method. We demonstrated many benefits of this neeuctsire, from fast sampling
speeds, low jitter, and high fill factors, whiclastl to benefit applications where fast
and precise timing is important as outlined in Gaaf such as fluorescence lifetime
imaging and time-correlated single photon counting.

After a complete device characterization and comparto prior art, we utilize
the SPAD in various applications. We demonstratefeof-concept of a free-space
single photon frequency up-conversion scheme of0dB&b using a hybrid device
where secondary hot-carrier electroluminescengacdily an adverse byproduct of
avalanche diodes, is exploited. Further, acousti-apaging is explored with various
traditional low-light photodetectors, including t@VIOS SPAD with time-correlated
single photon counting. Acousto-optic signal enleament is demonstrated with the
use of ultrasound contrast microbubbles with enbirant at both fundamental and
harmonic frequencies. Furthermore, a light scattersystem is developed for
characterization of microbubbles and various ottmustically responsive particles.
Finally, we introduced dye-loaded microbubbles ateinonstrated a method for

modulation of fluorescence emission by ultrasound.

168
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The original contributions of this work are summaad below:

e Development of electrostatic and electrical simatat of a SPAD device in a
deep-submicron technology.

e Development of a complete characterization enviremnof a single-photon
avalanche diode for detection efficiency, speatesbonse, dead-time, cross-
talk, and jitter.

e Comparison of the STI guard ring to the traditiomhifused guard-ring
structure.

e Proof-of-concept of a free-space single photon uesgy up-conversion
scheme based on hot-carrier electroluminescence.

e Acousto-optic signal detection with various optidatectors.

e Acousto-optic signal enhancement with ultrasoundratiubbles with higher-
order harmonics.

e Design and development of an optical scatter systesharacterize acoustic
responsive particles—commercial FDA-approved mighiies, in-house
fabricated microbubbles, and microbubble encapsdliposomes.

e Experimental measurement of fluorescence modulatoth dye-loaded

microbubbles.

6.2. Outlook and Future Research

The outlook for single photon detectors improveradastapplication driven.

While it is difficult to optimize all performanceharacteristics, certain key metrics of
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interest can be optimized in a single device. SPA&sbe designed to be optimal for
certain target applications. Reducing noise charestics is very desirable in most
applications, but can be made up for using a tioreetated single photon counting
technique. Large active areas are desirable faemsys where optical alignment is
difficult. Low jitter is important in applicationsvhere precise timing resolution is
necessary, for example in pulse-position modulatogrical links, time-of-flight
applications, three-dimensional imaging in LIDARIiorbetrics, and fluorescence
lifetime imaging (FLIM). Scaling to arrays is desdite for fast imaging applications
which could revolutionize FLIM imaging that is cantly limited by slow acquisition
rates.

There has already been movement based on our withktlne STI-bound
SPAD for new device architectures using a STI- duarg with diffused passivation
[85]. New system architectures for fast pulse psst®y, particularly with large arrays
can be improved for faster sampling rates and shed image acquisition times.
Further, new processing circuitry can be develofmedoptimization of dark count
rates and reduction of jitter in the sensing arrgukt

Hybrid architectures for frequency up-conversiorl660nm light have many
areas for improvement. Faster, more efficient IRsgeze SPADs can continue to be
developed. Detection of IR/NIR light is needed dtassical optical links as well as in
vivo optical imaging. Further, new device couplisghemes can be designed for

optimization of up-conversion efficiency.
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Acousto-optic imaging suffers from poor signal-toise ratios (SNR). Further
developments in improving SNR can be realized usiagous methods outlined in
Chapter 4. Signal localization with fluorescencecnoibubbles is promising for
increasing signal-to-background ratios. Despiteféve number of collected photons,
further improvements can be made with the photoltecion and also with the
fluorescence quenching efficiency with improved igesof the dye-loading, or
perhaps going with a FRET pair.

SPAD development, hybrid devices for frequency apversion, and acousto-
optic signal enhancement are all promising are#is @ach of their own technological
challenges. With the groundwork set, further redean these areas can be continued

to realize their potential.
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