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Abstract
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An unbuffered triplgunction SPAD was fabricated to investigate the potential for
wavelength distinction, howey the top two junctions (n+Agell and pwell/deep rwell)
showed excessive noise, ame tdeepest junctioaxhibited a simér spectral response to
the top junction, potentially due to a large influence from the process layers over the active
areaA tegmt ed S PAals epdi xoenl t weaast dpsjgnedi and f ak
in the TSMC standarwi tBl-factanof C86@& At ap excesse s s
voltage of 300 mV, it achieved@eak photon detection efficiency of ~3.5% at 440 nm,
<1% afterplsing probability for holebff times >22ns, and200 ps timing jitter.

Lastly,the potential forh gphe r f or mance CMOS i maging syst
through the devel osmernow-eosth i @ hprpetedt x@aeneo @me
st andamwoddido/ym .h ar dwa&rlHramey perdsecond (fps) at its maximum
resolution of 1280x1024, ang to 2329 fps at a 256x256 resolutianth a cost well under
$1000 USD. It was found to ery competitive to curredbw-cost,commercial highspeed
caneras using a nefigure-of-merit comparison and was tested for biological microscopy

applications imolving C. elegansvorms.



Acknowl edgement s

|l woul d | i ke t ot c x[prr.esM. fndya ngar lid dhBepinpeiodret uni t y
resear ch derd bmsita dgHietudnaagsh €h caws kt omeani ngf ul gt
engagd commw nihc atheose 1 namdehte rgaomgrfosiaetsds i on s,
have gobwosnlay r dsi¢ amshamn i ndmvi dual thanks

It was al soparmemoeatwbekmegnbwirsh of heuot
graupNei SlimangMaj Almadel !l i us FaAhsmeeld, EArsihfarlb :
Hyt hm, AfMafhadghs hvar,i aRyahr ®dmiot.t , T haenyde Smy P a
appreci atvalnu dholtd bshieggedd sc u ks iomnsny Wedd efag &
Jiang deser vefsors paecctiian g hmesnutgihoome ht piyo wit diidm @ s

me much needed support to see my work thro

Furthermore, I am grateful AloexDrLaoNifcmrl a
frui tcfuslsidins in digital design, Dr. Mrwan
on my research, and Tyl er Acklandyapontdhéoe

commi tteeDr@bmbeamaBBiQianinalFamghagrveet inbyu d e

t heat uaadbvMoer emy raensdedrgohthakitmme to review m
Labuntotthheedstam gr atseifpylhraftorl thhaeve r ecei ved

and flasminlcyerely tHhamktimgdgi p & coemeetidnn e agement

during this dbademhesjcouiseyedi cated to th



Tabl e of Content s

[ T N o T A N~ O o i
N o TS T S - N o A SRR V.
ACKNOWI € 0.9.8. MMt S e Y%
Tabl e o0f . COm . el S Vi
I T A o T PO o o O - T SR X
Li st of..dabl e s e XV
Li st of Abbr.ev.i.al 0 nS. e, XVi
List of. . Sy.mb.al. S XiX
Decl aration of Ac.ademi.c.. . Ac.hi.ev.e.me.n.t.xx
Chapter 1 Lnt.r.0.dUCl l 0. e 1
1.1.Single Phot.on..Det.ecl.i.0n. ... 1
1. 2. Evolution ofh BengtroRs.ot.....l 2
1.21. Photomul ti.pl.i.er. .. T.ubesS. ... 2
122. Aval anche .Rh.ot.odi.odesS. ... 5
123. SinBheton Aval anch.e..Di.odes..(SPADs)
1. 3. Reaech Chall enge.s..and..Mo.t.l.v.at.l0®n
1.4. Research Cuont.r.i.butdi.ons. ... 15
1.5. Thesis Or.g.ani.zab.i.onN. ... 16
Chapter 2 SPAD Perfor man.c.e..and..Li.t.ed&ture
2. 1. Peformance..Rar.ame.tl.er. .S .. 18
211. Photon Detecti on..Eff.i.ci.enc.y.1d§ PDE)
212, Count Rate a.nd..Dea.d..Ti.me....... 22
213. Dar k Count..Rat.e..(.DCR)iiiieens 23
214, After pul.s.i.ng.. (AR 26
215 Ti mi ng.. il bt 27

2. 2. Deep-MSehbh on (DSM) CMOS..Ar.c.hi.t.e29t ur es

Vi



22.1. Mul-Jdtuncti on..StL.l.UCl . Ll.8.S e 29
222. Guard Rings and Noise Reduc.Bdon in
2.2.3.  In-Pixel Circuitry and TimeGating.........cccovvvvreieiiiiiiiiicneieeeeeeeenn, 33

2. 3. St aottehrrert Pamcé¢er and..St.r.uc.t.ur.es.35

2. 4. CoONCl USiidDS e 38
Chapter 3 DeJsuingent ioofn -Ghanl de dT iCnveO S....S.P.A.D.<0
3. 1. Tri-purect i 0.N...SRPAD 40
3.1.1. SPAD Circuit Modelling.........ccourriiiiiiiiiieee e 40
3.1.2. Schematic and LayoOUL............cccceeeeeiiiicccciiiiciiieeeeeeeeeeeeeeeeeenn 41
3.1.3.  Simulation RESUILS..........cooiiiiiiiiiiiiieees e 44
3.2. Tinreat ed -JUinocgtl i PAD. ..o 45
3.2.1. Schematic and Layoul..............ccccceviiiiccceiieeeeieee . A5
3.2.2. Simulation RESUILS..........cooiiiiiiiiiiiieees e 48

3. 3. Dudluncti-@Gat Edm&RAD. ..., 49
3.3.1. Schematic antdayout...........cccccceeeeiiiiiiiccceeeee . A9
3.3.2.  Simulation RESUIS.......uciiiiiieie e 54
3.4. (@] o 11 5] o] o 1= SRR 57

Chapter 4 Measurement and Char.a.c.t.er.bZ ati on
4. 1. Design of Printed .Ci.r.c.ui.t....B.o.abd f or

4. 2. Results and..Di.s.CU.S.S.1..000.Sceevriiiieeeeennnnn. 60
4.2.1. Breakdown VORAgE............uuvviiiiiiiiii e eeeee e 60
422, DCRANA APttt nnnn e 65
A.2.3.  PDE. e 72
424, TIMING JIOL..eeiiiiiiiiiiiiiie e 75
4.3. CONCIUSIONS ...t e 78
Chapter 5 DevelQopsne fCtWsdefo ma zladw e, Hi.82h s peed
5. 1.1 ntr 0dilCl i O e 82
5. 2. Hardwar e..De.Sul.Q M 84
5.2.1. Component SelectiQn.............cuuiiiiiiiiiimmmrciiie e eeeee e 84

Vii



5.2.2.  Image Sensor PCB DeSIQN...........cceiiiiiiiiieeeeiiiies e e e e 87

A T o |5 T 5 1= o | o RS 88

5.3. Results and..Di.s.ClU.S.S.1..00N.Siiiiiieeeennnnen. 91
5.3.1. Camera SpecCifiCatioNS............cceeiiiiiiiimmmr i eeeeees 91

5.3.2.  Figureof-Merit CoOmMpPariSON........cccceeeeeeeiiiiiiiieeeie e e e eeeeeeeeeeiiinnns 93

5.3.3. Camera Customizability..........cccoeeeiiieeeiiieeeiciciiee e, 95

S. 4. AP P T Gl 98
5.4.1. General APPlCALIONS.........uuuuiiiiiiiiiiiii e 98

5.4.2.  Application Involving a Nematode System...........cccceeeveeeeeennns 101

5.5. [@70] 01«10 o] o LS ST TRPR 104
Chapter 6 Concl usi.a.ns..and. .. Eut.ur.e.. Walok
6. 1. CONCI USii0. S i eeeereee e 105

6. 2. FUut ur e...Wa.L. Ko 108

R B f B I B G . S e 110

Appendi x A Schematic De.s.i.gns..and..Sollg ce Co

A-1. PCB Schematic for SPAD MeasurementS........ccccoeeeeeeeeveeeeiieeeeeeeeeeeee 120
A-2. PCB Schematic for PYTHON 1300 Image Sensor..........ccoeeeeeeeevieeennnn. 121
A-3. Soure Code for the Highspeed Camera..........ccccceeeiiiiieeivivniiiieee e 124

viii



Li st of Figures

Figure 1-1: Basic structure of a photomultiplier tube (PMT) with the cathode at some
negative high voltageKlV) and the anode at ground...............coooiiiiiiee e, 3

Figure 1-2: lllustration of a position sensitive microchannel plate-f#RSP) where the

anode is segmented instead Of SINQULAL...............uuiiiiicecii e 4

Figure 1-3: The electron dominated impact ionization process in avalanche photodiodes
(APDs) with electrons injected from thespme of the depletion layer. The average distance
betweeneach el ectr on mud! and Mdaiische appled reverseebiag i s
including the builin potential [8]..........ccooviiiiiiiiie e 6
Figurel-4: IV characteristics of a diode specifying modes of operation based on the applied
bias. A singlephoton avalanche diode is biaseds#{M) above the breakdown voltage
(VBD) by @n eXCEeSS VOIAGE EX). - vveeeeiieeeeeeiiii e eeeeeee e e teee et eree e e e e enneeas 8
Figurel-5: a) A TRDOS measurement example in the reflectance mode; b) the resulting
distribution timeof-flight (DToF) histogram of detected photons [9]...................... 13
Figurel-6: Concept of lowcost, portable TRDOI (time-resolved diffuse optical imaging)
system using safe, lepower diodes and higperformance SPADS...........cccccceeeenn. 14
Figure2-1: Example of SPAD fill factor increasing with the scaling of technology nodes;
the yellow circles indicate the SPARtave area [30] (© 2018 IEEE)........................ 19

Figure 2-2: Direct vs. indirect bandgap materials in the photogeneration of eldubten

[SF 1L PP PPPPPUPPPPR 20
Figure2-3: a) Comparison of the absorptiooefficient of several common semiconductor
materials [33]; b) The absorption characteristics of a diode dependent on depth and the
properties of the surface layers which may haverafigctive (AR) properties.......... 21

Figure 2-4: Schematic diagram of a SPAD with active quench and reset and the
corresponding behaviour of the SPAD cathode voltage upon the onset of an avalanche
breakdownThe time for the SPAD to be ready for the next avalanche trigger is called the
(0= To 111 1TSS URRPPPP 22



Figure 2-5: Noise sources include themingeneration and tunneling (that can be -trap
assisted or bantb-band) which can trigger an avalanche and contribute to the dark count
rate (DCR). The \aiis the sum of the buiih voltage and applied reverse bias......24

Figure 2-6: Example of the temporal impulse response of a SPAD, noting the Gaussian

peak and exponential tail in addition to the noise floor. SameadataFigure 419 a) (\ex

Figure2-7: some pn junctions available now in a standard DSM CMOS technolo@@
Figure2-8: Perimeter field gate (top), STI GR (middle), anagdl diffusion GR for a p+/n
(Y21 LIRS AN I (0T (o] o ¢ ) TS 32
Figure2-9: Comparison of the operation and output of taged (TG) and freeunning
(FR) SPADS. ......cvivitiueeeeiees et sveeesieseeeess st e ts s ae e eeeess s s stsestateseeees s s snanentateseenanenans 34
Figure2-10: SPAD pixel layout with ipixel analog counting and SRAM for parallel pixel
analogto-digital conversion [65] (© 2011 IEEE).......ccccooiiiiiiiiiiiiiieeeiiiieeeeeeeeee 35
Figure2-11: a) Crosssection of a backluminated 3D integrated SPAD, b) Schematic
diagram showing the bottetrer with passive quench, reset, memoryd aC circuitry
[B0] (© 2018 IEEE).c......cciiititieee e e e ceeeiti ettt e e emmee s e e e e e e e e e e emmna e e 37
Figure3-1: SPAD CirCUit MOUEL......uuiiiiiiiiie e 40
Figure3-2: Layout of the SPAD with minimal clearance between process layers for highest
obtainable FF. Below is a look at a cr@extional view of the SPAD.......................42
Figure3-3: Schematic and corresponding layout of the passively quencheejuripten

(TJ) SPAD. The blue rectangles #ine nwell resistors.............cccceeeevvviiviieeeeeeeeeen . 43
Figure3-4: Schematic and corresponding layout of the tfphetion (TJ) SPAD with A€
[olo]8] o] [=To o 10 11 01U | PP PP PP PP PP PPPPPPRPP 44
Figure3-5: Simulation of the three junctions undergoing breakdown and recharge using the
SPAD circuit model and the resulting A©®upled output pulses............ccccvveeeereeenn. 45
Figure3-6: Timegated (TG) SPAD pixel schematiC............ccccceeiieiiiimemriiiiiiieeeeen, 46
Figure3-7: Onchip pulse generation circuit schematiC................ccccvvvimeeniiininnnne a7

Figure3-8: Layout of the TG SPAD design including the pixel, pulse generation, and output
o0 1 = PSP 48



Figure3-9: Simulation results showing the TG SPAD operatian................cc..vvueee.. 49
Figure3-10: Schematiof a dualjunction timegated (DJTG) SPAD utilizing MOSFETSs

with different gate oxide thicknesses. Voltages at the various nodes given produce working
SIMUIATION FESUILS....ceeeiiieititiei et e e e e ereer e s e e e e e e e e e e e e e eeeeeeeennnneeeeeeees 51
Figure3-11: Overview of the pulse generaticincuit that provides separate and alternating
gunch and reset pulses for both SPAD junct
divide-by-2 D flip-flOp (DFF) ..o 52
Figure3-12: The layout of the DJTG pixel together with its pulse generation and a zoom
IN OF the PIXEL.eeeeeiee e e s 54
Figure3-13: Schematic simulation results illustrating the function of the DJTG with both
junctions being gated in an alternating fashion...........ccccoooiiiieen e 55

Figure 3-14: Prelayout parasitic extraction (a) vs. pdayout extraction (b) simulation
results. Charge injection effects become apparent due to large transistors.used.56
Figure3-15: Postlayout simulation of the voltage spikes that can occur during transitions
between inverters in the simple voltage level shifter chain that was implemented7
Figure4-1: Printed circuit board (PCB) designed for testing the SPAD chips........ 59
Figure4-2: Measureent of the junction breakdown voltages: a) The IV curve from which
the breakdown voltage was extracted; b) The average of five SRADs................. 61

Figure 4-3. The setup for testing breakdown temperature dependence with the device
analyzer and for noise measurements with the oscilloscape...............coovvicceeen. 62

Figure 4-4: Test results of the breakdown voltage dependence on temperature for each
10T o (o o 1SRRI 63
Figure4-5: The top junctions (J1 & J2) showed high levels of noise and afterpulsing with
J1 constantly under breakdown and unable to reach the set excess voltage. J3 showed the
eXpeded DENAVIOUN...........ccoo e e ereer e 64
Figure4-6: Dark count rate (DCR) of J3 (left) and dark count probability per gate window
(DCPsw) of the timegatied (TG) J1 (right) both as a function of excess voltage and at room
(ST 10 01T =T LU PP 66

Xi



Figure 4-7: Waveform (above) from J3 illustrag the interarrival time (IAT) between
pulses and the resulting histogram (below) on ddggscale. The effect that the selected
threshold has on the pulses counted and their IATs is illustrated in the waveform where a
100 mV threshold from VDD of theFAD will skip pulses 1 and 3, extending the perceived
deadtime and IAT, while pulse 2 would be counted..............cccooviiiiieeciiiceeee, 67
Figure4-8: IAT distributions of dark counts atey= 0.3 and 0.5V, and T = 20 ar2D°C.

When operating the unbuffered J3 SPAD at higher temperatures, the effects of AP is
masked as opposed to lower temperatures below 0°C where it becomes more agparent.
Figure4-9: The IAT distributions and exponential fits of the unbuffered J3 SPARat V

0.3 V, T =-10°C plotted on a lo¢pg scale with dferent thresholds. The second
exponential fit is a result of aftgulses which can be influenced by the threshold selection.
The afterpulsing probabiltiy is lower with the selection of a threshold that is closer to VDD
(left, 100 mV below VDD) compared tower (right, 150 mV below VDD............... 69
Figure4-10: Arrhenius plot of the dark count rate (DCR) of J3 (DN\p) showing the
activaion energy (k) dependence on temperature and various excess voltages. (X0
Figure4-11: Arrhenius plot of the dark count prdiilgy per gate window (DC&w) of
time-gated (TG) J1 (n+Ahwell) showing the activation energy AE dependence on
temperature and various excess VOIAgR®) (V. .....ooorrrrriiiiiiiiiieeee e 71
Figure4-12: The dark count probability per gate window (R€JPof the timegated (TG)

J1 (n+/pwell) SPAD (left) and the corresponding afterpulsing (AP) probability (right) as a
function of gating PErIOd............oiiii i 72
Figure4-13: Experimerdl setup for photon detection efficiency (PDE) measurem&t.
Figure4-14: The photon detection efficiency (PDE) as a functiorhefdignaito-noise
(SNR) ratio which is the fraction of measured counts to the dark count rate (DCR) noise

floor. Measurements taken at a wavelength of 800 nm and excess voltages of 0.1 and 0.3

Figure4-15: PDE measurement results for J3 (DNWib) on the left, and the tingated
(TG) J1 (n+/pwell) on the right........ccoooii e 74

Figure4-16: Timing Jitter experimental setup for the TG SPAD.............ccceeeevvvieeen. 75

Xii



Figure4-17: The IRF of the system using: (a) a commercial-0BDCTD) SPAD; (b)

using the TG J1 SPAD when operating at 400 mV and a gating frequency of 20. MHz.
Figure4-18: Multiple timing jitter measurements of the TG J1 SPAD: a) the histograms at
300, 350, and 400 mV excess voltages after being normaimkdhen smoothed; b) the
relation of timing jitter decreasing as excess voltage increases.............ccccccveeeeen d 7

Figure 4-19: Multiple timing jitter neasurements of the J3 SPAD showing reduced
performance due to being a deep junction and unbuffered: a) the histograms at 300, 400,
and 500 mV excess voltages after being normalized and then smoothed; b) the relation of
timing jitter decreasing as exXCes3tage INCrEASES...........ccvvvvrrrvuuuniicmreerrnreineaenns 78
Figure5-1: Full camera prototypeoataining the Microzed, FMC carrier board, custom
camera sensor module and PMOD extensions. An acrylic protective covemamaht

lens provide a temporary makeshift solution for safe mounting................coeeveeeen. 386
Figure5-2: PYTHON 1300 Camera sensor PCB design with an FMC connector.88

Figure5-3: Design flow including camera configuration, pixel storage, and display output.

Figure 5-4: Examples of opation and some hardware customizability examplag: (
Camera with attachable lenses or mounted onto a microsdop®ifterent modular
attachments or custom s.o.l.ut.i.ons..t.a..B6dt t he
Figure5-5: A 440 Hz tuning fork captured at 2329 fps using only ambient lighting. Fourier
analysis i1dentified the forkds frequency
fluorescent lIgNtiNg........oooeiiii i 100
Figure5-6: A comparsion of images at 3 different magnifications using theGE33S2C

CS (top row) and our prototype (bottom row) at their mmaxn resolutions (1288x964 and
1280x1024, respectively) and 30 fps for boMii the images show day wild type adult
ANHMIAIS . e e et 102
Figure5-7: Aging-associated phenotypes and other nematode specific behaviour are made
easier to analyze by capturing videos at high speed. Still images of various processes taken
from the videos of respective speed inclu@®: Pharyngeal pumping at 100sfp(b)

Xiii



Thrashing at 210fpg¢) Mating behaviour at 210fps and 8x analog gain;(dh@®efecation
at 210fps

Figure5-8: GFP fllorescence captured at 30 fps. Image composed of two pictures stitched

together to obtain a wider view. Transgenic animal expressing3myGFP has been used.

Xiv



Liget Tabl es

Tablel-1: Comparison of singkphoton detector technologies.............ccccceeeiiiiienend 10
Table2-1: Typical ranges of key performance parameters in CMOS SPADs....... 36
Table4-1: Comparison of our work to other SPADs fabricated in a standard CMOS process.

............................................................................................................................... 79
Table4-2: Comparison of our work to other tingated SPAD devices..................... 380
Table5-1: List of 8 camera configurations supported by 3 PMOD switches.......... 91
Table5-2: Resource utilization of the Zyng 7020 PL for this design...................... 92
Table5-3: Cost breakdown oOf the Camera..........cvvviiiiiiiiceci e 93

Table5-4: FoM comparison of several leaost, highspeed cameras against our prototype.

XV



ADC
AP
APD
AQR
AR
ASIC
AX|
BCD
BSI
BTBT
CCD
CIS
CMOS
CPU
CW
DCR
DDR
DFF
DJTG
DMOS
DNW
DOI
DOS
DOT
DRAM
dSiPM
DSM
DToF
EHP
FB
FD
FF

St

o f Abbr evi

Analogto-Digital Converter
Afterpulsing

Avalanche Photodiode

Active Quench an®Reset
Anti-reflective
Application-Specific Integrated Circuit
Advaned eXtensible Interface
BipolarCMOS-DMOS
Backside Illlumination
Bandto-Band Tunnelling
ChargeCoupled Device
CMOS Image Sensor

Compl ementOxriyfemMme cainduct or
Centr al Processing

Continuous Wave
Dak Count Rate
Doubl e Date Rat e
DatFd -Fpop
Dudluncti-Gat €dme

Douilidf useOk ifetmalconduct or

Deeqen |

at

Uni t

Di ffuse Optical | maging
Di ffuse Optical Spectroscopy

Di ffuse Optical Tomography

DynamicRandomAccesaviemory

oOns

Digital Silicon Photomultipl:i

Deep-M$cly on

Di st r i buotftloing Alti me
El ecHaoloen Pair
Frame Buffer
Frequency Domain
Fi | I oHRalekpoorp

XVi



FIFO Fidant Oiun st

FLIM F | usocreenicfeetli me | magi ng Microsc
FMC FPGA Mezzanine Card

fNIRS Functional Near I nfrared Spec
FoM Fi gaMer it

FPGA Fi ePlrdogr ammabl e Gate Array
FR Fr®enning

FSM Fi nStteet e Machi ne
G-APD GeigermodeAvalanche Photodiode
GaAs Gallium Arsende

GFP Green Fluorescent Protein

GR Guard Ring

HDL Hardware Descriptive Language

HV High Voltage

IAT Inter-Arrival Time

InP Indium Phosphide

loT Internet of Things

IRF Instrument Response Function

LiDAR Light Detection and Ranging

LUT Look-Up Table

LVDS Low-Voltage Differential Signalling
MCP Mi crochannel Pl at e
MP Megapixels

MRI MagneticResonance Imaging

NA Numerical Aperture

ND Neutral Density

NIR Near Infrared

OLED Organic LightEmitting Diode

PB Pushbutton

PCB Printed Circui Board

PDE Photon Detectioiifficiency

PEB Premature Edge Breakdown

PGM Portable Grey Map

PL Programmable Logic

PMOD Peripheral Module

POR PassiveQuench and Reset

PS Processing System

XVii



QE Quantum Efficiency

QKD Quantum Key Distribution

PET Positon Emision Tomography

PLL PhaselLocked Loop

PMT Photomultiplier Tube

PSMCP Posi-Sdmsniti ve Microchannel Pl &
SDD SoudbDeeector Distance

SiPD Silicon Photodetector

SiPM Silicon Photomultiplier
SNR Si ghdéalbi se Ratio

SoC Sy stoelhi p

SPAD Sih@@hoton Aval anche Diode
SPI Serial Peripheral I nterface
SRH ShockleyReadHall

STI Shallow Trench Isolation

SW Switches

TAT Trap-Assistedlunnelling

TBI Traumatic Brain Injury
TDC Ti medi gi t al Converter

TG Ti Aeat ed

TJ Tri-pureectio

ToF Ti mef| i ght

TR Ti ARees ol ved

TSV Thr o®iglhi con Vi as

TTR TransitTime Response

TTS TransitTime Spread

VCSEL VerticatCavity Surface Emitting Laser

XViii



2

St

e =«

of Symbol s

Impact ionization coefficient for electrofisoleg [1/m]
Electron(Hole) current[A]

Multiplication factor

Number of photonper secona@ounted by a SPADL/g
Number of photonper secondhcident on a SPAD1/g
Absorptioncoefficient[1/m]

Absol ut eurfép mper at

Bol t zbmsaomrs[é ¥kh|t

Eéctron[ €lhar ge

Speed om/ $J ght

Pl ahedkn s[é ¥n t
ReduRleanackrode ¥n t

Il ntrinsic cafndnilem concentratio

Noequilibrium el gdat]lcomn concent
Noequil i ricomclalt/fcant i on
Electron (H®Il e) |ifetimes

Tagoncen[tk/ddmon
| nt rHem dnieq €]

Recombination d®hter energy
Effective el dkfg ron (hol e)

| e
mas s

Effective mass ofsitlukdpoen i ng el

Capture cross afceffa of e

| ectron

Fideelf f ect enhancement factor

Tottali ggering probabil it
Depl et iaoraflay er

y from

Tr agps si st edn drhaetrinoan  ayred etr w1 /odsn

Local electriothi pyetdti meangt h
Afterpul si %) probability
Aval anche (pmobability

Ef fective d[@p]l etion width

CapaciRarn c®stD]

Dar k coumtclrmuatiengn@tizieompud s ng
Primary dat kctewdinfaegmohAfiHZzabr

Vol tage apPIAD¥H to the

XIX



3 - - 8' -
i<00e FEE

YOY
"00 Y

i<
<

Breakdown vol tfaMge of the SPAD
Excess voltagemalbove breakdown
OQut put voSPRA@W of the

Vol t agartmsatt hree S&AdPovdt t he
Cahtode Vol tagpVpf the SPAD
Bandgap[ eVilergy
Activati[oenW]ener gy

Gat e wimsd]low

Gating[ )i od

Optical [@dsol uti on

Magni ficati on

Maxi mum resolutioéopsat set fram
Maxi nhamat e at spftpsgsolution
Number of pixels

Recordi[shg ti me

P o wleW]

XX



Decl aration of Academi c

This thesisYwms C@Chadkeehsbpandi giuofd abirc.e M.
Jamal f DemnMcWMaisterty

Chaprs 11 aacdn@uct edr etvhiee sdluiameaalr a tzersle 4 heh

resul ts.

Chapt:ddrde8i gned the SPpADr fsotrrmiecdt utr eeh ermanjdo 1
si mutanldayout of the SPAD spidxreadmcsd8fpimct ur e
perfgrmbme si mul atoi omesetand el ayadouti cati on

Chapt edesdi:gmead nttreed circuit board ased to
Tyl er Aclleanbdocadr diahret i ed out alrleptohret ende aist
charmrmangiet he SPADs.

Chaptér woote the source code wused to int
sensor with guidance from Dr. Ni colici a
princedtciboard for the i mage seeimsihe and T

apphti be o&dam&rod vi ng a waewrtroidead soputt atmo r a |
wi Dh . Bhagwati Guptna @shpea e & Ba ot o gvicrMoauspt e r

University

XXi



M.A.Sc. Thesis- Y. Chalich McMaster University Electrical and Computer Engineering

Chapter 1

|l ntroducti on

1.389i.ngl e Photon Detection

A photonis a quantim, or smallest discretguantity, of electromagnetiadiation First
introduced by Plack in 1900in an effort to theoretically explaimlackbody radiation
measurementst was later used by Einstein 1®05to explain the photoelectric effeldt],

a phenomenon that wésy to the emergence of photodetestd¥hen a photon impinges

on asemiconductor amaterialwith a bamlgapwith energy greater thats bandgap energy,

an electrorholepair (EHP) isgenerated. This can create current when under an externally
applied electric fieldand with a proper gain or amplification mechanisngle photon
detectorsare able tgroduce an electrical signafrom the absoption of justonephotm.

Single photondbecame detectable thanks to the advent of commelabmultiplier
tubes PMTsg in 1936 [2], with high performance sophisticated PMTbecoming
commercially available from the 1960swas the detector of choice fatong time due to
its great sensitivitypicosecond temporal responsed low noise per unit areldesearch
has sincehifted towadssolid-state stutions fabricated in Silicon CMOS (complementary
metaloxide-semiconductor) technology to offer lower power consumption, lower
operating voltagesnuch smaller size, less fiiéity and susceptibilityto magnetic fields,
and considerablyower cost[3]. One such photodetector isetavalanchephotadiode
(APD), which became availabte experimenters in the 199[, [5]. It is onlycapable of
detecting very weak optical signals when operated in the linear.itadenot until they
are biased in th&eigermode (above breakday that they become capalié single
photon detectiomnd are thus known as singlaotonavdanche diode$SPADs) SPAD
arrays known as silicon photomultipliers (SiPMs) have since been a topic of great research

interest as they have evolvéa have someof the besiin-classperformance andime-

1
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resolved sensingerformanceas well as the befits of being mae easily integrable with
analog and digitatircuitry in planar silicon processgg].

SPADs fo sngle-photon detectioas shown promise in a wide field of applications
[1], [3] including, but not limited tpFluorescence Lifetiménaging Microscopy (FLIM)
[7], Positron Emission Tomography (PH8], Diffuse Optical Imaging (DOI)9], Raman
spectroscop[10], Light Detection and Rangin@.iDAR) applicationg11], and Quantum
Key Distribution (QKD)[12]. In fact, when compared to emargidetectortechnologies,
a shallow junction Si SPAD dd a higher figureof-merit (FOM) than one based on
superconducting nanowires ahdld the nexthighestFoM compared to a quantum dot
based detector, both requiring expensive and sophisticated ctemmgqueg12]. Despite
this, SPAD structures, Hpixel circuitry and array integration camae to beresearched as
there is stillmuch room for improvement, especially in less optimized standMOE
processesMany groups worldwide have tackled design and performance issues such as
thermal noise, tunnelling effects, detection efficiengnd timing perfamance.
Furthermorethese pdormance parameters can be dependent on each other, meaning
certan design choiesand tradeoffs are requiredased on thproposedapplication

In the following sectionthe operating principles and performanua&ametersof
PMTs, APDs, and SPADare desribed in more detail, followed by a comparison of the

technologis tojustify SPADs as the technology of choice and focus for this thesis.

1.R2vol wtSionngl e Phot®n Detect

1.21Phot omul tiplier Tubes

A photomultiplier tubeRMT), shown in Figure -1, utilizes a photocathodeoated with a
photosensitive materidhat geneates electros through the photoelectric effeé/hen
photorsimpactthe photocathode, electrons are generfitad the photosensitivaaterial
which travel tlrough a vacuunglasstube thatcontains several dynodes set at ever
increasing voltagedDue tothe strong eletric fields, the electrons at each stage obtain
enough energy to generate more electrons through secondary emisseoneat ttlynode

2
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Capacitos help maintain the voltage ahe dynodes during the final few multiplication
eventsAfter seeralstagesafinal multiplication gain on the order g 1t can be achieved
upon reaching the anodend alarge detectablecurrent puls is generatedwhich is

distinguishable from noig8].

ohoto- ( ___dynode

cathode

N>
incident

anode

AM—AN A~

O I I
HV 1| 1l

Figurel-1: Basic structure of photomultiplier tube (PMT) wit the cathode at some negative high voltage
(-HV) and the anode afround.

Another utilization of secondary electr@missionto detect single photons is found
through microchannel plate (MCP) PMTIMCPs containmany micronsized channels
(usually 310 em in diameter)that function similarly to the glass tubes of a centonal
PMT oontaining dynodesThe channels are coated with a conductive emissive dynode
material whichgenerate electrons through secondary emission as the photogenerated (and
subsequety generated) electrons bounce between the inner walls of theethahese
eledrons ultimately hit the anode plate as with a typical PMT to generate a curreramullse
two or three MCPs can be placed in series to achieve higher ddins anode ple is
replaced by an array of separate anodes, the device is tleehacpositim-sensitive PMT
(PSPMT) since positioal information can be retrieved from which anode generated the
pulse[8]. A PSPMT containing MCPs is illustrated in Figuf-2.
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A
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incident |
light A anode
’ array
photo-
cathode

microchannel plates

Figurel-2: lllustration of a position sensitive microchannel plate-fRGP) where the anode is segmented
instead ofingular.

In the ideal case, the PMT only produces output pulses due to pletéatiah, but it is
possible thaéven when kept in the dark, electrons emitted from the photocathode or dynodes
by thermionic or fiel emission are multiplied and generate a false output. This noise is
characterized by a dark count rate (DCR) which istiraber of pulses (counts) gertech
per second when not illuminated by lighiYhile these dark counts are undesirable, PMTs
had theadvantage dbw noise and lower sensitivity to temperature variatmnmg tothe
vacuum tube constructioPMTs can hava DCR of tens of counts per senddepending
on thecathode material and dynode chain de$ig).

There exists some variation hettime it takes between a photon creating a photoelectron
at the photocathode and an output curpeiée being detected at the anode. average of
the distributioncreated by this variation khown as thelectron transit time response (TTR)
andthe gsandard deviation of it ithe transit time spread (TTS)heTTS isalso known as
time resolution otiming jitter [13], an important term used also for the timing performance
of SPADs since it repsents the uncertainty in the arrivaidi of the photon. In MCP PMTSs,

a high timing jitter performance as short as 25 ps can be achieved by pleeifigpt

microchannel plateery closeto the cathod[14].
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Another importanperformance parameter that is common among photodetectors is their
photon detection efficiency (PDEyFor aPMT, thisis primarily determined byhe internal
guantum efficiency (QE) of the photocathadaterialandthe collection efficiency of the
first dynode stageThe QEis the ratio of the number of generated EHPs to the number of
incident photonand is wavelength dependent, wét typical value of ~25% for a PMTI5].

The probability that thesphotoelectrons land on the first dynode stage is cothed
collection efficiencyDue to themultiplicationof electrons bygecondary emissiaat the first

stage an output signal is still possible even if electrons are lost at later dynode stages due to
their trajectories. Thushe collection efficiencytlatter dynode stages amet considereds
important and only the firglynode stage is considerdd].

In spite ofthe relatively good PDE, low noise and low time jitter, PNMaguires very
high voltages in exces$ @000 V, aresensitive to magnetic fields, and are bulky with a
complicated mechanical structure. The high voltage requirements and costly assembly of
PMTs limit their usability in lowcost, compact, or portable applications. The magnetic
field sensitiviy also severey hindersPMTs from being integrated into muftiodal
PET/MRI (Magnetic Resonance Imagingystemsfor medical imaging The readout
electronis required to analyze and interpret the PMT signals are also usually implemented
separately onto a@B (printed cicuit board) increasing the complexity of the sys{ein
[8]. As a result, research shifted to sedidhte solutionincluding APDs and later SPADs
to overcome the limitations of magnetic field sensitivity, sizet,casd integraon

capabilities with potential full systewn-chip (SoC) solutions.

1.22Aval anche Photodi odes

An avalanche photodiod®PD) is a pn or pi-n photodiode whose gain mechanism is
given by avalanche multiplication. These diodes operate at avegldtrge reerse bias

but below the breakdown voltage of the material. The high electric field produced in the
depletion region as a result of the lamggerse bias allows charge carriers (preferably
photogenerated) that enter the depletion regiorctelarate andjain enough energy to

generate an EHP upon colliding with the lattice. This process is known as impact ionization

5
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and can be done with both gitve and negative charge carriers. However, in AR3s
illustrated in Figure 13, the primary chaye carrier inolved in thisavalancherocess is

the electron. Each collision by the initial charge carrier and subsequently generated charge
carriers resis in a multiplication event that generates an avalanching current. The impact
ionization coefficiat of a chargearrier is denoted (  for electronsand for holes)

and represents the number of EHP produced per unit length by the daueeto the
avalanche process being stochastic in nature, not every injected or photogereerated
leads to the sanmaultiplication. Thisresults innoisethatis denoted the excess noise factor

F. It is dependent on the ratio of the hole to electropaict ionization coefficients |

(or | 4  for hole injection/multiplication). A small ratio is preferred, icaling that one
charge carrier is more dominant in the final result of the avalanche multiplication, resulting
in less variation and thus nois&/hile thisratio( / ) can depend othe electric field
strength, it is-0.5 forgermaniumand Ill_V compound semiconductors but only ~0.02 for
silicon. This resulted in the majority of commercial APD detectors being masi&coi

[17].

incident light

p n
I SO i
incident light \ [
\4 a,‘l 1
\2‘\21 primary ;
electron-hole \\ ! !
pair |
‘\ |\] g __EV\ le Vo
APD £
+ A
@ =r N

P

Figure1-3: Theelectron dominatetinpact ionization process in avalanche photodiodes (ARDEK)
electrons injected from thegide of the depletion layeThe average distance betwesath electron
multiplication events U, and Vol is the applied reverse bias including the binilpotential[8].
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Since the APD is an analog detector, thaugadf the amplified current is measd
and used to indicate the detection of lighirthermoe, a large and stable gain is preferred
to improve performance in lowevel light conditions However, the avalanche
multiplication events do not distinguish eten photogenerated or thermally geated
EHPs Thus, the noise is also amplifieahd becausef the analog signal, thisoise isnot
measired in counts as with the PMBut is reported as a dark currefhus,a high signal
to-noise ratio (SNR) is imptant in distinguishing between thmglified dark current and
amplified signalDue to the vaation in dark current and gawith temperatee and reverse
bias, there usually exists an optimal operating condition to maxtimeZNR.

Another key performane parameter of the APD is its spettrresponse, or
responsivity, indicating the amountairrent (A) generated per unit power (W) of ligit
varying wavelengths that is incident on the detector. Similarly, the QE is also wavelength
depeneént, indicatinghe percentage of photons that te#ite depletion region and trigger
an avalanche. This is dependent on the light transmitted througterieonductor, the
proportion of photons that are absorbeside and withirone diffusion lengtloutside of
the degetion region to trigger an avalareshand the current collected from A@tombined
carriers.

While a very good photodetector, the APD @ suitable for single photon detection
due to its limited gaif2]. Compared to a PMT thatéspable of a gaiaround 16, an APD
can only reach gains up to 10[i®], with mostSi APDs having a gain around 50 at the
typically reported wavelength of 420 nm fBET applicationg18]. They are however
importart in the understanding of the dution of Si photodetectors and tlogerating

principles of SPADs

1.23.Si n-Bhet on Aval anche Diodes (SPADs)

WhereAPDs are said to operatetime linear modeSPADs operate above theeakdown
voltage w , in what isknown as theGeigermode (in analgy to a GeigeMuller
detector), atiining the name Geigenode APD (GAPD) [2]. The amount of voltage

applied st this breakdown point is known the excess voltager . Such a device can

7
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detect single photons since the detector is pastate whereby a single photon can trigger

a selfsustaining avalanche process and tiia ¢ large enough wive adetectble current

Thus, these devss take the more conunly used name of SPADs. SinaeSPADcan
detect single photons similar to a PMT, an array of SPADs is also known as a Silicon
PhotoMultiplier (SiPM).The distinction btween the modes of operatiohabdiode are

presented in Figure-4.

4 1 (mA)
1%
EX Forward
Vspap Vap bias
- ’ — >\
Geiger mode Linear mode
APD (SPAD) | APD
' v -l (HA)

Figurel-4: IV characteristics of a diode specifying modes of operation based on the applied dirage
photon avalanche diode is bias&&fap) above the breakdown voltagégp) by an excess voltag¥ £x).

While a depletion @gion by definition is depleted of free chargksge to minority
carrier diffusion, there exists l@verse saturation curremdependent of voltage (but
dependent on temperature) that can range from microampergarigianium diodes) to
nanoamperes (islicon diodes]4]. In silicon, this reverse current typically rises from the
nanoamp range to the milliamp rardyging Geigermodeavalanche breakdown as little
as 1ns[15], reflective of a p 11 multiplication gainlt is thefast rise timeassociated with

the avalanche respongbat allows SPADs to be stable for Timeof-Flight (ToF)
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applications moreso thanPMTs [8]. When reverse biasquhstbreakdown, the slope of

the band bnding of the depletion region becomes extreme and an electric fielchaashig
10°1 1P V/cmis developed3], [19]. Free carriers that enter the depletiegion either by
photogenerationhtermal generation, or diffusicareaccelerated to such high speedsa
result ofthe large electric fieldthat the avalanching process becomessedfaining. In

this state, théonization coefficient of holes is not neglected as in the case of the ARD
instead plays a significant role in the multiplication gain, allowing holes to also generate
enough EHPs to continue the avalanching process.

Following the derivation foundi[19], the multiplication gain can be theoretically
examined.Assume thenitial reversebiased electron currenO enters the depletion
region fran the pside (@ 1), the electron currentO w will move through the depletion
region (of width @) and increase due to the avalanche process, at which point the current
at ® ® can be written as

Ow 00 (1-1)

where U is the multiplication factor. The same process occurs from thidendue to
holes, and the total current is constant through the junction in steady state. One can write
an expression for the incremental electron currentraé gmint x as

Q0w OVl Qw Owl Qw (1-2)
where| and| are the electron and hole ionizatiopnefficients representing the
number of electroole pairs generated per unit length by an electron or hole, resbhgct
Making the approximation that the electron antehonization rates are equal, it is possible
to write

P 5 | QW (1-3)

The avalanche breakdown voltage is defined as the voltage at whidh
approaches infinity. Since thenization rates are strongly dependent on electric field and
the electic field is not constant through the depletion region, the above equation is not easy
to evaluate.w is best determined experimentadipdis ill-defined in literature as it is
difficult to accurately predid0]. Although SPADs theoretically have infinite galae to
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their self-sustaining avalanche process, the current mushibedately quenched, either
passively or actively, to prevent destruction of the device.

It is evident thatSPADs (or SiPMs) carry the advantage moving forward towards
future imaging deices The comparisons against the other described photodetector
technologes are summarized and combined fi&j [15], [21] into Table 11. Here,QE
refers to quantum efficiency and is related to the phostgction efficiency(PDE) of the
photodetector. The reported value issavavelength of 420 nm since a large market and
focus for photodetectors in biomedical imaging is on PET systems, where a scintillator is
used to convert high energy gamma rays ingible light at 420 nm before hitting the
photodetectaPerformance panaeters are described in more detail in Chapter 2 along with
a closer look into the design of SPAD arrays to form SiPMs. It is showSE#Ds have
unrivalled levels of miniaturizatioand portability, low fabrication costsow voltage
requirementsand hgh levels of integration while offering performance on par with or
better than PMTs and APDs.

Table1-1: Comparison of singl@hotondeector technologies.

PMT APD SiPM
Gain 1¢° 50-1000 ~10°
Bias(V) >1000 V 300-1000 ~15-80
QE @ 420 nm (%) ~25 ~70 >50% (PDE)
Magnetic Field
Cogrjnpatibility No ves ves
ToF Capability Limited No Yes
Signal/Readout Analog/Complex Analog/Complex Digital/Simple
Price/channel ($) >200 ~100 ~50

1. Re.sealhcahl | engetsi vmatdi dMn

While SPADs fabricated in a custom process can achieve good performance, they are
typically costly andbr lack the ability to be monolithically integrated with higpeed
electonic circuits SPADs fabricated in standard digital CMOS technology can achieve this

integrationas well ashigh volume production tallow reduced costs. Unfortunately, the

10
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fixed dophg profiles and process layers of standard processes means fixechjdeptios
and widthsas well as unremovabfessivation and dielectric laydtsat can severelymit
a SPADs photon detecting capabilitig3]. Also, moving tosmaller technology nodde
take advantage of integration with fastlow-power digital circuitry, leads to higher noise
from increased tureling effects due to higher doping profiles producing thimlegletion
regions Although hi s can i mprove a SPAdsdedudesitani ng
photon detection efficiency at the same tiferthermore,ticanpreventtransistordeing
direcly connected to the SPAD junctions due to the large bias voltages required to properly
operate the SPARespecially if multiple junctions are usddhese pdormance parameters
are explored in more detail in Chapter 2, but it is clearttiedtadeoffs involved must be
carefully considered when analyzing a proposed applicafieen then the technology
limitations can severely impact expectatio@sir goalis to improve the typical limitations
experienced when designing SPADs in smaltaindardCMOS technology nodeswhile
still reaping the benefitdItimately, itis expected that SPADs will become commonplace
and may even become foundry IP blocks, witlydsindustries exploiting SPADs in high
volumes in the mobile/consumer areas, sudbrasutomotive and Internet of Things (IoT)
applicationd7].

One particular applicationve hope to target with ouwork is the diffuse optical
spectroscopyDOS) of tissues and organs DOS, light in the optical widow of 6031000
nm (red and near infrared red (NIR)) is used to perform structural and functional imaging
where the absorption of water is very low, arwhtering is dominanf22]. Image
reconstruction (2D or 3D slices) can be done through the data collectegséems which
can do this are known &30l (imaging) or DOT (tomography) systems. Images can be
obtaned through one of two system geometries: transmittance or refled@n¢23]. In
the transmittance geometry, the light is transmitted tjindbe object, fromhie source(s)
on one side, to the detector(s) on the other. This can be done for thin objects (less than 8
cm thick) such as muscles, breasts, and the heads of nevdines.Bor objects that are
thicker or have high absorption, théleetance geometry smployed where the source(s)

11
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and detector(s) are on the same side the distance between them is known as the source
detector distance (SDD)

The three methods of @S arecontinuous wave (CW), frequency domain (FD), and
time-resolhed (TR)[9]. CW can only monitor variation of optical properties and not the
values hemselves, restricting its capability for stuwrel imaging FDand TR camuantify
the absolute values of the optical propertlast depth discriminatior{in the refectance
mode)is more challenging in FD than TRhe TR methogroves to be the most werful
by utilizing timing information of the dected photons, butassuffered from high cost,
complexity, and size limitation§SPADshave allowed the TRpproach tdoecome more
technically and economically feasibtded are shown to produce good resultsth great
potentialfor future smallscale syms with high imaging performangd, [9], [23], [24].

Many benefits can be derived for medical applications using DOS syskams.
example, it can detect and localize strokes in the brain due to ischemicf (tdotidbflow)
or hemorrhagic (internal bleeding) conditions, a8l a®the hemorrhaginpat might occur
during traumatic brain injury (TB[R5]. Moni t oring can al so be
levels, especially post concussion when reports of mild hyp@ak ¢{f oxygengan occur
[26]. It can also bausal in optcal mammograph for tumor detection, localization, and
cancer tratment evaluation. Ftirermore, functional DS, or equivalently, functional
NIRS (fNIRS),can measure hemodynamic changes by observing changes in the optical
properties due to variation irssue oxygen saration (StO2) and brain blood flow during
functional activitieg[9].

To obtain the necessary datal R-DOI systans very narrowwidth laser plses enter
the target and @aming histogram known as thdistribution timeof-flight (DToF) is
produced with the etected reemitted photonsThis is illustrated in Figure-b where a
source and detector are placed in reflace mod¢9]. Information from the DToBuch as
the logarithmicslope, along with the location of teeurces and detectors, is used to extract
the opical properties of points in the target using an inverse problem solver for theatiffu
equation. Time-gating techniqueswith SPADs [23] have been employed tomit

background aise andncreasesensitivity to photos arriving from different depths, thus

12
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improving SNR and depth detectiohis is also shown in Figure8b) and will be one

technique that is further explored in this work in developing-pigtiormance SPADSs.

Distribution Time of Flight (DToF) with 2.0 cm SDD

Source Detector o Counted photans using TD-DE.
Photon I Depth I
detection reached
7o @
iming —— by photons g
1000 ps L | 1¢em é
T
£
2000 ps S 2 cm 5
3.
1¢ Gate 20 Gate 3+ Gate 4h Gate
) T Reachable Depth Reachable Depth Reachable Depth Reachable Depth
3000 ps 3cm e <lem <2cm <3em <dcm
Time (ns)
(@) (b)

Figurel-5: a) A TRDOS measurement example in the reflectance mode; b) the reslidtinigution time
of-flight (DToF) histogramof detected photor9].

To further I mprovetappdPhADiOc lkdV e clitihgelearre s <
NI'R range as wel It ears <j58\Moeh pssheorr,t S R Aldsh fteyyp itc
from haWim®gsnltoow i ty haulel otwo ptehnesiteril dsnsas | ow
general 1 f implemented in aaskanaagr d hCBOSb s
ol der t ewihtntol tolgii elser fdoep lieripiroornv erde gpihoontson de
wo rtsiemitnt.gdtrjiil i zijnwgn dteiepres, or mul tiple junct
designs that can extract mor e sbhf o @dt ison
t kdsa he reduced PspEecacums sf ound i n smal l e
t e ¢ h n oTheodgferensjunctiordepths and associated depletion regions allows for the
detection and distinction of shorter.usnger wavelengths and also widens the total
spectum of detected light when takes a whole, thus improving the PDE. Tbanlend
itself to functional imagig applications by distinguishing between the different colours of
oxygenated vale-oxygenated hemoglobin and other physiological markers.

Should SPADs fabricated in the standa€CMOS process reach performance levels
comparable t@ome of the higiperfoming custom SPADs, it can prove revolutionary in
the development of accessible and affordablationsfor medical imaging and monitoring

applicatons Oneforeseeabl@utcome isa portable and lowcostwearable cap thatan
13
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performfunctionalbrainimaging ofnewborns througlR-DOS. This can be modifietbr
instant, orthe-spot diagnosis of traumatic brain injury (e.g. concussion) of adults in
accdents and sports related ingsi The ability for improved monitoring of bid@xygen
levels can also help enhance the effectiveness of current practices such as pulse oximetry
of patients after surgery among other applicatidims concept is illustratd in Figurel-

6. Miniaturization is assisted through usinglpedlaser diodesvith low power (<2 mW)
andnarrowwidth pulses (<200 p$®] asphoton sourcesas well as verticatavity surface
emitting lasers (VCSELg$27] which are predicted to be used foxhgeneratiomR-DOS
systemsThe pulgd light and timegatedSPADs caralsohelpsignificantlyreducethe risk

of unsafe skin temperature incre§ag]. Such arnidea was recently explored to someesit

[29] with an imager that wilbe capable of determining oxygenation of pretamfant
brains with high spatial resolution. However, it coresisif manybulky and &pensive

componentandwasmeant as a bedside imaging @evrather than being portable.

] source
I detector

Figure 1-6: Concept of lowcost, portable THDOI (time-resolved diffuse optical imaging) system using
safe, lowpower diodes and higberformance SPADs.

Ulti mat @ley t owe mpo ov e t hab ipehsott ofn sSStRAIBsEtrii m
CMOS technol ogyl nne e¥ Gaoh dpcaine qtulees wagt f owa
mi ni atur e, ®DOd peThd rededsckheadlttiRare costs associated with the
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early diagnosis fobrain disease, the quick and lewg diaghosis of braintrauma, and
improved monitoring of x@sting patients will provide significant economic benefits in

terms of reduced health care costs in both the short and long term.

1. Re.eseaCoamh ri buti ons

Thiesserar ch was dfeosciugshe dafo BaMOB e SEADspryctur e
enhatnhpeer famrolde SPADs designed i n .Bheweamtduaald
integration cefompach -coidpmdmewrt @l e pplodmued sby
prowiadai ex@asnpmn @ & MOWKBs ti snamgReO B,Fftfhseshel f compone
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T Féoriicoant and hteedt] &PAD structur eTheabpd t he
junctionof the SPAD was characterizéttough the TG pixel desiggmd achieved
a fill-factor of ~28.6%, peak photon detection efficiency of5%3 at 440 nm
wavelength, <1% aftergsing pobability for hold-off times >22ns, an&200 ps
timing jitter all at an excess voltage of 0.3 V. The deepest junction of the TJ SPAD
was also characterized through an unbuffered design and the performande of bot

junctions were compared those n theexisting literatue.
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T Design and i mpl eae$ tha tgitwosnsdoefdniaz & mlwe ¢ a me
creation of a hi gohHnseprerbedcaneia mas designed ugingr e
readily available commercial componesigh ashe PYTHON 1300 image senso
a MicroZed developma& board with a Zynq 7020 SoC, FMC carrier board, and
pushbuttons and switcheBhe camera prototype had plenty ofamrp resources
available (~5% utilization) for further customizability, a cost=$650 USD, and
could achieve 211Ips at max resolution 1280x1024) and up to 2329 fps at a
256x256 resolution. Using the created figofamerit, the camera beats similar
machine vision cameras and is comparable to existingctst highspeed
commerciakameras in value but at a lowergapoint The cameravas tested in a
biological setting to better reveal the physiological behavio@. efegars worms.

Publications:

1. W. Jiang, Y. Chalich, J.M. Deen, Sensors for Positron Emission Tomography

Applications, Sensors . 19 (2019). doi:10.32992250.9.
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In Chapter 2the performance parameters associated@MOS SPAB are explained
and a review of the current literature performed. More specifically, he varous
performance paraeters of the SPABuch as the PDE, DCR, and timing jitter explained
andthetradeoffs between them are examinddhis is followed byresearch into thearious
structures andesignconsiderattns maden thefabricationof SPAD pkels and arraysas

well asa look at trends associated with stat¢he-art structures such as advanceechip
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processing and 3D stackirignally, the design ofmulti-junction and timegatingstructures
are invesgjatedto improve a SPAB PDE and SNR.
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Chapter 2
SPAPer formanderandrle Re

2. BABer f ormances Par amet e

SPAD performances dependent on a numbmrparameters, some of which are mutually
exclusive and can not lmprovedtogether. Sacrifices are typically made on one parameter
in order to improve another, dependingtbe application. Thus, with many SB# beng
developed dering high performance in some areas and low performance in others (such
as with photon timing vghoton counting), it can be difficult to compare SPADs against
one another. The followg subsectons will explore these performance rametes,
including photon detection efficiency (PDE), count rate, daate, dark count rate (DCR),
afterpulsing (AP)and timing jitter.

211 Phot on Detection Efficiency (PDE)

The PDE is the ratio of the number of de¢elcphotongl ) to the numbr ofincident
photors (B ). It canalsobe theoreticallycalculated as the product of the geometrie fill

factor (FF), the quantum efficiency@E) and avalanche triggering probabhiliiPav) [3],

bO®mh 0 @ O_J00 BB—S (2-1)
TheQE, as a function of wavelengtby( indicates the percentage of incident photons that
produce EHPsThe Pav dictates whether tlse EHPdrigger an avalanche or nanhd is
largely dependent otfne excess voltagévky). This makes increasing the exces#tagea
straightforward method for increasitigePDE, but comes at the cost of a higher probability
of dark counts and a higher AP due to the increase in avalanche cthangeg through
the junction.TheFF is theratio of active SPAD area to ttietal imaging or pixel areand

increass as technolog nodesscale downThis is illustratedn Figure2-1 with regards to
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the implementation of CMOS SPAD30]. Higher FF improves the PDE performancky

allowing more area for incident light toe detectedard can be done either by directly
increasing the SPADOs active area, moving
of surrounding circuitry, or having SPADs sharavells [31]. A more detailed look into

SPAD structures in standard CMOS technology is described in Section 2.2.1.

0.8 um CMOS
M2 035 um emos
[ B =% 130 nm CMOS
- 65 nm CMOS
58 pm 251;1m 15}lmn 1OIpm n
FF=1% FF=9% FF=25% FF=35%

Figure2-1: Example of SPAMIll factor increasing with the sdalg of technolgy nodes; the yellow circles
indicate the SPAD active ar§z0] (© 2018 IEEB.

Semiconductor material plays a large role in the operation and performance of photon
detection. Althougtsilicon is the standard material fslandardCMOS processed, is not
ideal for phobgeneration, primarily due to its indirect bandgap structure. The bandgap is
the energy range whetieeoreticallyno electron states can exist and represents the energy
which a valence electron must obtainnmve nto the conductio band and become a
mobie charge carrier. Large bandgaps ([3%&eV) represent insulators, smaller bandgaps
(~1 eV) are semiconductors, and those with very small or no bandgaps are con@Rgtors
As seen in Figure@-2, the indirect bandgap of materials like Silicon and Germanium
requires an extra phonon interaction to generate a free carrier as opposed to a simple
photortinduced verticatranstion such as in raterials like Gallium Asenide (GaAs) and
Indium Phosphide (InP).
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Figure2-2: Direct vs. indirect bandgap materials in the photogeneratieteofrorhole pairs

Before resultingn an EHP, either by adirect or indirectranstion, the photon must
first be absorbed. The absorption coefficient determines the penetration depth and range of
wavelengths to which a material is opaque. Fig@r8a) shows the absorption
characteristics focommon smiconductor materials[33]. Since photons carry energy
proportional to its frequency (or inversely proportional to its wavelength), there exists a
cut-off wavelength depndent on the material in order to cx@ne its landgapand is~1.1
pm for silicon, for example The material becomes transparent to light with wavelengths
greater than this cdff. On the other hand, there exists a lower limit to the wavelength due
to the high energy photons beingfleced scatteed or absobed at the surface of the
mateaial. Figure 23b) demonstratehow the intensity (or poweP) of light decreases
exponentially as it travels through a material following the LarrBeer Law, and isigen
by

b 0wQ (2-2)

wher | is the #&sorption coefficient ands inverse to the penetration depth. The
absorption/penetration depth is the distance a photon travels into a material before its

intensity or power decays fide of its surface alue.
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Figure2-3: a) Comparison ofthe absorption coefficient of several comnsamiconductomaterialg33];
b) The absorption characteristics of a diode dependent on depth and the propérgesudiae layers
which may have antieflective (AR) properties

CMOS technologywith several layers above active devicas adversely affechée
absorption probability. A thick top passivation layer used to protect chips from external
contaminants postabricaton reduces th number of photons thatan pass through.
Furthermore, thephotonsmust still pass through several dielectric layers afying
refractive indices before reaching the active, photosensitiae\@rele nothing can usually
be done abut this n standard CNDS digital/RF technologg the dielectric above the
active region can be optimized in the more expensive CMOS Image SEIS)r
technology to minimize reflections. Other expensive jpostessing steps, such as the use
of microlenses, can ép focus liht onto the active area @ pixel [3], [11]. In fact,
cylindrical micrelenses offer one of the most enhanced fill factors (~50% aseréor
collimated light) among SPAD sens¢8!]. Removal of the top passivation layer can be
done in standard CMOS technology and can leadhpyovements in performand8].
However other experiments indicate lower performaf8%, perhaps due to a damaged or
scratchedlevice.Typical PDE performance of SPADs implementedstandard CNDS
technologes isapproximatelya few percentand s dependent on the excess voltage and
wavelength36]i [39].
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212Count RBeadamdme

When an avalanche is triggered, the circuit must be quenched immediately, either passively
with a large resistor on the ordw&ra few hundredi [4], or actively with the proper front

end circuitry toacceleratethe process. This brings theltage of the SPAD below
breakdown, stopping the avalanche process and presxarttseatinganddestructiorof the

device. The SPAD must then be resither passively or activelip be ready for the next
detection event. Thisequence is illustrated fiigure2-4, with the full process happening

over a time period known as the deadtime.

v 4 A —— :
A Reset iq—pead tln‘ile—"‘ :
| Veath
SR Reset VReset ca :
Control i
Va‘th - c i |
N < g2 S\ s '
A, % cioi\ cifs i<
Q. 3 :
> | ! ]
Control = | = o v | >
S @ 2 = O
2 & SIE
= ] i
VVanode - < : = < i
>
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Figure2-4: Schematic diagram of a SPAD with active quench and reset and the corresgmatdingur of
the SPAD cathoel voltage upon the onset of an avalanche breakdown. The time for the SPAD to be ready
for the next avalanche giger is called the dead time.

If the quench and reset is done passively, such as with a large resistor, theeresiag
is slow and the totaleadtime can be on the order of 100 nsiamadt well defined. While
the quench process itself may still begmablyfast, it is the reset that suffedhieto the
RC time to charge the capacitance of the SPAD. Active tiyctiiat allows for detection
and feedback to pull the SPAD voltage down immediately after avalanche can drastically
increase operating speasd well as lead to reduced avalanche charge and afterpulsing. The
disadvantage of this additional circuitry is theaoccupation and reducddl factor,

sometimes preventing the integration of large or closely packed detector [d0hy@n
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the other handprolonging the deadtime to reduce the effects of AP limits highspeed
operation and can introduce nbmnearity in the response of the SPAD twieased light
intensity, affecting its photon counting abilj@a]. This fundamentally limits the m@anum

count raé at which a SPAD can operate. The SPAD can be held below breakdown for
periods longer than the deadtime, known as the-bffldme to match gicuit operation or
reduce noise. Thus, proper quench and reset circuitry around a SPAD is usually

implemented tanaximize speed performanand is investigated further in Section 2.2.3

213Dar k Count Rate (DCR)

When a SPAD is reverse biased past its breakdmltage, it will produce a digital pulse
when a free charge carrier is generated in the deple¢gion, trggering an avalanche
response. This means the process is not limited to only jgjeoierated EHPs. There are
several carrier generation mechamssthat can interfere and trigger caletven when the
SPAD is kept in the dark, thus produciingl a r k Mioouity darsiebs.that are generated
outside, but move into, the avalanche multiplication region also play a role in the dark count
rate, beingassociated with a collection probability that depends on the carrier mobility,
diffusion constantand recombirtéon lifetime. Thus, the DCR is said to be the product of
the breakdown triggering probabilities within the multiplication region, the totd dar
carrier generation (thermal or tunneling induced), and the collection probabilities of
diffused carriers intothe multiplication regior[8]. The resulting DCRs an important
performance parameter for determiniagS P A D sighatto-noise ratio (SNR)and
resolutionwhich can for instance determitiee depth to which TRDOI systems can image
[3], [9]. The DCR is expressed as a counts per secona(¢fn and istypically reported
perpm? due to varying SPARctive area

Manyforms of noise sources can exist in semiconductor dev@fasiportance to the
topic of SPADs are ShockleReal-Hall (SRH) thermalgeneratiorrecombination (GR)
andtrap-assisted3] or bandto-bandtunneling(TAT and BTBT,respectively)3], [42],
[43]. Thesenoise sources are represented in FiguseAccording to SR statistics, crystal

defects and/or impurities can create forbidden enlexgts near the middle of the bandgap
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which act as generatienecombination (GR) centerthus releasing carnig thatcould
potentially trigger a false dark count. Since this @@surce is temperature dependent, it

can be reduced at lower temperatures.

diffusion
P o n
E¢ n
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I
: thermal
I generation
Ero t4
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Figure2-5: Noise sources include thermal generation andeling(that carbe trapassistedr bandto-
band which cantriggeran avalanche and contribute to the dark count rate (DIGR) Viotal is thesum of
thebuilt-in voltage and applied reverse bias

DCR declines less ragly at low temperature since tugimg is weakly temperature
dependent. Tunnelinglsobecomes more pminent in smaller Deefub-Micron (DSM)
CMOS processes as the junction dimensions scale down andghey concentrations
increase, resulting in thinnelepletion regions and more abtypnctions[3]. Thermally
generated dark cmts tewl to satirate at large excess voltages and thus DGiRoisdly
plotted as a function of excess voltage to investigate tunneling effects, with an expected
exponenil dependenceln silicon, the norequilibrium car i er s 6 I ndirect

generatio in the depleton layer dominates the direct batodband thermal geeration,
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thus the latter can be ignored. Also considering-asgisted thermal generation, the
generdéion rate of norequilibrium carriers via traps cdre calculated according to SRH
recombiration thery [42] as

ne ¢

0 ; - - - -
T L L _O T L QO (2-3)
o3 N ¢ A @ v 5 3 ¢ ¢ A @ o
t 0P by tae Ok g Ao g
O_TQ"YJU ” 'rQuY r] 'rQuY
Here,k i s Boltzmannos const aq tis, the ntrinsibcarriea b s ol u

concentration, ¢ and n are norequilibrium electron and hole concentrations,
respectely, t are treelectron (hole) lifetimes{) the recombination center détys
O the intrinsicFermilevel, O the recombination center energy levél,  the electron
(hole) effective mass, ang the capture ross a@ea of eletron (lole). The strong
electric field in the avalanche region leads to TAT and a-Béfiect enhancement factar

was introduced into the SRH model to describe. tAssuminga 3 3 (for both

electrons and holesf the appliedelectic field is not nore than9 10° V/cm, then

— O w®s 0w . cn’ QY
c~” X - " - (2-4)
3 ¢l 5 Aob 5 h O o

where O w is the local electric field strength at depth positi@nd * is the effective
mass of theunreling electons fa silicon, g is electron charge, and is the reduced

P | a nohsiarg The PooleFrenkel effect is negligible at a strong étecfield when
compared to the tunneling effect, so it is catsideredhere. These generated carriease

a probabiliy to rigger an avalanche given & &, the total triggering probability from
both electrons and holes. With a depletion tarea S and an upper and bottom boundary
positions of the multiplication region a® and w ® , respetively, the DCR

produceds

06'Y 06'Y YD 0 ®wI0 ; wQw (2-5)
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If the dectric field strength exceeds 10° V/cm, BTBT becones thedominant noise
source which can be modeleding statistical factors and usizfinable parameteirfer
siliconaccording td42]. Finally, the total DCR can be written as
06°Y 06'Y ©08'Y '06'Y 8 (2-6)

Key model mrameers of avalanche trigger probability @ and electric field
profiles O w are provided by Geiger mode TCAD simulatittrwas concluded thatAT
was the main source BXCR, with BTBT becomig the dominant origin of DCRr scaled
DSM CMOS echmologies[42]. This is evident, for example, with an|8n diameter
octagonal SPAD in 90 nm standard CMOS simgva 16 kHz DCR at 130 mV excess bias
[44], while a same sized SPAD in 65nm standard CMOS yielded a 150 kHz DCR at the
same excess bigd5]. As excess bias isicreased, SRHoise increaseslowly while the
tunneling noise increases exponentidll§ith the scalinglownof technologies, BTBT will
eventually dominate as the doping levels of active areas, and consequently the electric field,

are urther enhanced

214 Af tpelrsi Ry (A

A dark noisemechaism unique to SPADs is AP. During a Geiger avalanche, the
flowing free charges can fill the deégvel energy traps caused by the previously
mentioned semiconductor impurities and defects. These arapsharacterized by finite
lifetimes and the chgescanbe released at random time intervals which trigger statistically
correlated Geiger pulses if the excess bias-éstablished before the traps can be released.
Dark counts from thermal generatioslléw a Poisson distribution whesisafterpulsing
doesnot|[3], [46]. Due to AP avalanches having the probability to creaiee subsequent
afterpulses, therexists a positve feedtack loop whith canbe described by a geometric
series. With0  as the AP probability andD & "Ythe DCR without APthe total DCR is
given by[47]

00'Y 06 "YU 06 "YOU E 06 'YOU
00'Y

06'YO 0O =
p 0

8 (2-7)
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Since the avalanche current density and duration affect the number of filled traps, the
total paasitic capacitance of the SPAD plays a key role in the AP probabilitg.

probability of AP is given approximately as

- 0
0 HU . W W (2-8)

where U is the electron trap concentration, is the electron trap crossciien,® is
the effective depletion widthand t he S P ADG6 s [4&8].dlpeavc is tepemdeet
on the doping concentrations in the process wheré aand, are mostly determined
by contamination and damage during the fabricdtiaft factors a designer has no aaht
over when using a standard process. Siaceis al® dependent orw , that is one of the
most influencing factors and is controllable by the user. However, redggindimits a
SPADGs PDE and t Often, inigbespt@ave pmperipndesignes frorend
circuitry to reduce the cagitance on the SPAD and its quenching tid@].

A high AP can significantly affect not only the detector sensitivity, but also the
maximum countrate This is because a common way to redieas byextending the hold
off time of the SPAD to allow trapped charges to be released. In@a@t,Y can be found
experimentally by using a very long hedéf time so that virtually all trappecharges have
enough time to be releas¢dl0]. When cooled to low temperatures, AP becomes the
dominant source of dark noise in SPADs since the lifetime of the traps moevéhs
temperature. Given that impurities and crystal defectsctaftee DCR and noise
performance, a low DCR can also prove as an indicator of a good CMOS process and the
guality of the fabricatiorf3]. It is evident that a tradeff must occur when selecting an
appropriate holebff time that balaces an acceptable AP probability with operating
frequency. Propetrap depopulation and the minimization of avalanche charge through
optimized frontend circuitry is key to achieving both high count rates and low noise.

215Ti ming Jitter

Theinstrument respae function (IRF) of a SPARo a laser pulse is typically composed

of a Gaussian peak followed by an exponential talillustrated in Figur@-6. Photons
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absorbed in the depletion region trigger a fast response with a timing jitter only dependent
on thestatisticalfluctuation of the avalanche builth time,thus giving the Gaussian peak.
However photons absorbed deeper into the neutral region must diffuse slowly to reach the
depletion region and trigger an avalanche to be det¢sfgd The time constant of the
exponential tail gives thaverage time it takes for the carrte diffuse to the depletion
region. Longer wavelength phai® produce tis behaviour since they have a longer
absorption depth, thus missing the top shallow junction that most SPADs utilize. An IRF
with little to no dffusion tail canindicate tlatthe S?AD junction is at the optimal depth

for the wavelength of ¢iht absorbed
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Figure2-6: Example of theemporal impulse responseafSPAD notingthe Gaussiapeakand
exponentiatail in addition tothe noise floor Same datas in kgure4-19 a) (Vex= 500 mV).

Narrowing the width of th&aussiampeakprovides morgrecisetiming information.
Doping concentrations play a significant role thgy influence the thickss of the
depletion, or active, regm As technology scales dowtie thinner junctions with higher
electric fieldswhich produces lowerrbakdown voltages and PDE, but better timing
precision[2]. A sharper buileup time, and thus a smaller timegit, canalsobe obtained
either bydesigning SPAB with smaller active areasapplying ahigher excess biakiring

operdion. A higherexcess voltagmcreases the avalanching probabiitydspeeds up the
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turnon transient of the avalanche currdmweverthis comes at the cost of higher DCR
and AP[3].

2. Reep-Mdwchr on ( DSMnH c ICIMIO&ct ur e s

221Mul-unction Structures

With afocus on SPADs implemented iretBtanlard Silicon CMOS processsrgunctions
can be implemented in a number of waas seein Figure2-7. In astandard process with
ap-type substraté-sub)and a deep-well (DNW) structureas a result abn implangation,
there can be both laterahd \ertical SPADsalthoughit hasbeen shown that the lateral
junctions offer the worst performanf®2]. The thickness of theyers also contributes to
potental optical crosstalk between adjace pixels/cell§2]. As displayedn Figure2-7, it

is possible to have up three vertically stackedp-n juncions in somestandard DSM
CMOS technologs by utilizing then+/p-well, p-wel/[DNW, andDNW/p-subjunctions.
Due to the third junction sharing a terminal with theut, one terminal isrhited to being

connected to gund, ptentially complicating bias cwlitions in multijunction designs.

NN
-_

N e

Figure2-7: sorre p-n junctiors available now i standard DSM CMOS technolpg

/

N-well

Most SPAD designs rely on just one junction and is tylyithae topmost shallow one.
While this aids in the detection of shertvavelengthsdetedon of longer wavelengths
diminishes. Tl idea of a duglunction was propsed in[52] using ap+/nwell shallow
planar junction as well as a deep fanar junction that coincidedith the guard ring in

the IBM 180nm process. They demonstrated reliable operation of the device and expanded
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the spectral responséthe deviceThe tehnique was ker applied in a 136m low-voltage
CMOSimage sensor (Clrocess that incorporated aep Awell structure allowing for
both junctions to be planar-(pell/deep rwell and deep 1well/p-sub)[53]. The junctions
couldbe operated concurrently or separately, angutinetion at which a photon detected
can be uniquely distinguished by the differing dead time of the detectiors,peisaly
picked up by simple digital circuy. Achieving prope biasing of both junctions at the
same timeaunsthe risk of reaching ggrating voltages not suitabler the digitalcircuitry
in the technologyTherefore, the comparator for avalanche detection was done through AC
coupling, and th&PADs had to be passly quenchedThe structureshoweda peak PDE
of ~40% when both junctits operated togetheromparedto ~30% when operating
separately

Triple-junction (TJ) [54] andquad junction[55] desgns have also l@nfabricaed to
distinguish between wavengths of incident light however frorend circuitry and
integration with other digital circuitry is not discuss&tie AGcoupling usually required
to interface wth these multjunction design$inder this capality as capacitors are large
component&nd not ideal for large array structuréghis can be overcome, thecreased
PDE and wavelengthlistinction can m&e for better performance and more versatile

designs

222.Guard Rings daicd i Mol 3 eXC R@Seo0c e s s

Guard ring structures are important for SPAD design to ensure dien raround the
junction is free from noise sources and to reduce theieléetd intensity at sharp junction
edges thatan result in premature edge &kdown (PEB). Idally, the electric field
intensity that can trigger avalanche multiplication shdaddspread uniformly across the
planar region of the active arda DSM CMOS technologiesa silicon dioxide GiOy)
shallow trench isolation$TI) is usedo prevent punctthrough and latclup in circuits and
was first dilized to act as a guard ring faSPAD fabricated in a 180 nm CMOS technology
[56]. The higher dielectric strengtf SiO, means a much more compagctard ring cané®

created using STI to improve RRowever, STI can create defects at the,S$Dboundary

30



M.A.Sc. Thesis- Y. Chalich McMaster University Electrical and Computer Engineering

that function as generatieecombination centers and causearamease in DCR and AP if
they directly contact thactive area of the SPADIffusion GR structuresdve been shown
to be effectiveand most commonly usewhereby a pvell diffusion GR (for p+/nwell
junctions) or awell diffusion GR (for n+/pwell jJunctons) help reduce the doping and thus
electric fieldintensity at the edgd8]. This helps position the STI further away from the
active region which allow carriers geneated at the Si@Si boundary to rore likely
recombne than diffuse into the active region.

Novel techniques have been employed a$ swelh asa field gate over the perimeter
[57] that provedeffective at reducing PEB with nBF loss. The poly layer arond the
perimeter of the p+Awell structure meant a negativatg voltage could be applieditower
the electricfield at theedge of the junctianreducing PEB and creating a mar@nar
electric field. It was demonstrated to offer high SNR untgghillumination conditions
and high sensitivity under lodight condtions, with a DCR as low as 2 ##m? at room
temperature To reduce the bantb-band tunnelling in SPADs made in DSHIS
technology it was demonstrated that a process layer intendedgifonedphotodiode
formation could be employed to reduce D[BR]. Theavailablep- implantfulfills the role
of a glovelike passivation implant arodnthe STI to reduce dark cumtein pinned
photodiods, as well as acting like a guard ring structure. This forms a leggtagraded
junction, thus redung tunnelling dak counts.The breakdown voltage due to this change
increased to around 12.4 V coamnpd to the usual 9.6 V repedtfor p+/n-well SPADs.The
circular SPAD deviceested achieved ACR of 40 Hz at 2% with a diameter of um.
The perimeteffield gate STI GR, and pwell diffusion GR (p+/nwell) structures are
illustrated in FHgure2-8.

Anotherlayer ofinterest isthe silicide blocking layerwhich blocks the formation of
silicide used in the DSM CMO@®rocess to reduce sheet and contact resisfafgelt is,
however, a welknown source of reverse leakagereunt in reversebiased pn junctions
that was shown to increase DCR, dnel removal of silicide on the actiarea of a SPA
showed a more sudden and rapid rise in the current during breakdown compared to one

with silicide which indicates nesilicide SPAD to be ofhigher quality[41]. Even with
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respect to APDs, one study usedcgle on only the optical window andot the optich
window andelectrodesvhich showed higher responsivity an@3% higher photodetectio
bandwidth[60].

Vs Vs

p-sub

p-sub

p-sub

Figure2-8: Perimeterfield gate(top), STI GR (middle), and pwell diffusion GR for ap+/n-well SPAD
(bottom).
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2.2.3.In-Pixel Circuitry and Time-Gating

In order to degin a functioning SPAD, circuitry must be ifape to sufficiently quenctine
avalanching process andethreset the SPAD to be ready for the next avalanche event
(either photon or noise triggered). This means brmgdine junction voltage below
breakdown pon detection of an avalanche event and laterstablishing the excess
voltage above breakdown. Inpassve quench and reset (PQR) circuit, a large quench
resistor with values ranging from 50 to 500 ls typically used. Due to the simplicity of
PQR circuits, they are a great solution for reducing pixel size, increasimgéFeducing
parasitics. Forhis reason, PQR circuits continue to be used even today in commercially
available SiPMg[8]. However, the use of a largesstance to properly quench the
avalanche process leads to a long recharge RC time constardstialbsh the potential
across the SPAD junction capacitance. Taislead to long dead times of several hundred
nanosecorgland consequently low countea.

More sophisticated active quench and reset (AQR) circuits have been employed to
reduce and cordl the dead time of SPADEnd consequently any AP effe¢g], [61]i
[63]. Here, integrated CMOS circuytrs typically usd to detect the avalanche and control
thequenching process by opening a paththe cathode to aoltage level that reduces the
SPAD voltage below breakdown (usually grourififer a predetermined (holeff) time,
thereset circuitry onnects the cathedlirectly to \keset bypassing the quehcesistor and
allowing the SPAD to m&ch the excess voltagnmore quickly and be ready for the next
avalanche event. The duration detholdoff time can be set to reduce the effects of
afterpulsng to an acceptabllevel with typical values on the ordgrtens of nanoseconds
[8]. Using such circuitry ultimately equires area and iusually implemented 4pixel,
negativey impacting the FF of some SPAD dessghowever this haselkn alleviated over
time as smaller DSM CMOS technologies have been. WS8R circuitry can be utilized
to effectivelytime-gate a SPAD ahcontrol the biagf one of the SPAD terminals so as to
bring it below or above breakdown oerdand through some inpdrigger or clock The

effect of this is illustrated in Figur29.
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Figure 2-9: Comparison ofhe operation and output of tingated (TG) and freeunning (FR) SPADs.

A comparison offreerunning vs. tine-gating was done if50] and showed that
shallowjunction SPADs with larger (~10@m?) active areas can achieve stimtially
reduced AReffects when perated in the timgated mode. With timgating, optimal hold
off time and temperature conditions can be founcctoexe <1% APTime-gated SPADs
have demonstrated succégsapplications like Raman Spectroscqf@] andshow great
promise when used ifR-DOI [23]. When compared to a n@ated SPAD ,he timegated
one inceased depth tection by up to 65%n reflectance DOT which is known to have
less depth sensitivity when compared to transmittaye@metry. This helps improve
performance in situations with thick organs or organs that are too stragprbing.

The benét of SPADs inplemented in DSM CMO$echnology is that other digital
circuitry for processing and storage can be addedhgm andeven inpixel to create
sophisticated SiPM§4]. An example of a higiperformance SPAD pixdak found in
Figure 210[65]. The130 nm CMOS PQAR SPAILpixel contained am-pixel counter and
analag-to-digital converter ADC) for high-speed operationlime-to-Digital Converters
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(TDCs) canalsobeincluded to obtain precisening information of incident photorfer
biomedical imaging and ranging applicatid6$]. This, however, also decreases the FF
and the dded circuitry for active quenching and resereases the parasitapacitance
onthe sense nodéstead of trading PDE for dedtne reduction, using multiple SPADs
per pixel by sharing a commarell allows for parallel counting with minimal penalty in
fill -factor [31], [67]. As SiPMs evolve to procesBe energyandtiming information on
chip instead brequiring separate ASIC&pplicationSpecific Integrated Circuitsor
handling the analog output, they becomewn as digital SiPMs (dSiPMs) for their fully

digital readout.
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Figure2-10: SPAD pixel layut with in-pixel analog countig and SRAM for parallel pixel analeig-
digital conversiori65] (© 2011 IEEB.

2. 3t aotftehferPer f or maSitcreu atnudr e s

The key performance pamnetersand typcal valuesreported inliterature fo@ SPADs
fabricated in stadard,jmage gnsor, and higivoltage CMOS technologies are summarized
in Table 21 [7], [21], [68].
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Table2-1: Typical ranges of key performance aareters in CMOS SPADs.

Parameter Value Range
SPAD pitch (um) 30-50
Peak PDE (%) 1-50
DCR (Hz/un?) 0.3100
Fill-Fador (%) 1-60
Timing Jitter (ps) 30-100
AP Probaility (%) 0.1-10
Dead Time (ns) 10-100

Advanced designs incorporating multiple SPARer pixel, large array sizes, and-on
chip TDCs have been developed, moving towards whabvs stateof-the-art CMOS
SPADsare seen to be the best choiceifioagingat the singlgphoton level and that among
the dfferent CMOS SPADs, statef the-art devces are designed in 0.8 technologies
with built-in TDCs, very low DCR and very larggd100 um) diameter$69]. The expense
of these chips artheir large sizes (fnm x 5mm) with just 1k- 2k pixel counts.Many
other high performin@€MOS SPADs are also fabricated in the 130 nm process where the
smaller techology node abbws for faster fronend circuitry smaler pixel pitch, and
higher pixel ounts despite higher nois&.review on compact SPAD x| archtectures
for time-resolvedimaging, focusing on timgating or timestampingalso investigated
primarily 0.35 um HV and 0.13 um CIS processef31]. It was stresed that device
optimizatian would inevitably use specialized process options such as with CIS, and that
all-NMOS topdogies are best for optimized F& éxploit shared-nwell SPAD layouts and
transistor reuse amorgher things.

One specialized processtmm that hasttractednterest in SPAD research has become
3D-stacked technology This dramatically inproves FF while enabling increased
functionality, better timing, low power, and higher itommity in all performance
parameters. Here, the tdipr chipis the SPADarray with impoved FFE while the data
processing, compression, and data transfer occutiseonottom tr, generally fabricated

in a moreadvancd technology nodeThe two tiersvould then beonnectedy through
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silicon vias (TSVs) This isto take advantage of optining both processes individualiy
the doping levels and profiles of largerchnologies fier improved PDE and DCR
performance for SPADs, while the smaller techrgies enhance the accaya speed,
power, and compactness of theing circuitry, pixetlevel memory, and processing.
Sometimes smaller technology nodes are usedh&BPAD layeif it is a custom process
such a<CIS where PDE improvements can be Had30], a 45 nm CIS process wased
for the top tiewhich is backside illuminated (BSI) wité the bottom tier was inS6nm
CMOS. Micro-lenses were also incorporated to improve the FF from 310380.6%.Its

structure is provided in Figure 21.

*RST: Global Reset
*MODE: Pulse/State Mode

_ RST D

*In-pixel memory — optical & electrical masking
Bottom Tier

a) b)

Figure2-11: a) Crosssection ofa backilluminated 3D integrated SPAD, Schematic diagram showing
the bottomtier with passive quench, reset, memory, and TCuitry [30] (© 2018 IEEH.

Anothe specialktructure ire0.16um BCD (Bipola-CMOS-DMOS (DoubleDiffused
Metd Oxide Semiconduct)) technologywas deisedwith sharp timing response and red
enhanced sensitivity, particularly useful for the DOI optical wind@®]. NIR photons are
primarily absorbed by #hntype side of the depletion layer in a esided p+/n junction,
meaning avalanches ataggered by holes which have a lower avalanche triggering
probability when compared to electsoim Si. By using a high enigy boron implant instead
of low energyphosplorus to create a deep p/n+ junction, the avalanche becomes mostly

initiated by minoriy electrons, resulting in higher PDE.
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While great performance can be achieved with such custogegsestheir main
limiting fador is the increased cost and comiein the fabrication and manufacturing of
such devices. Sticking to more standard preegsillowsor mass production, lower costs
and easier integration with existing circuifgrthermore, CMDS SPADs areisualy the
only choice when muHpixel arraysarerequired[71]. For instanceSTMicroelectroics
has fully industrialized the production of SPADs which can be fabricated and shipped i
millions perweek[72]. Utilizing its 130 nm CIS technology node, the SPAD is formed by
a pwell and DNW implant, has managed >5% PDE at &850am median DCR of 100 Hz

at room temperate,and a deadre of 25 ns (40 MHmaximum ount rate).

2.d@onclhssi o

Current researclton SPADs has been focused around DSM technologies in order to
efficiently reduce the cost and size of the sensor and allow for easy scalability and
integration with @hital processingircuits. In orderto maintan the trend operformance
improvements, i®earchers have moved to expensive and custom processes including 3D
structures and CI8BCD, and BSI technologigd 1], [30], [67], [70]. 3D technology allows

for much highefill -factor while enablig increasd functionalty, bettertiming, low power,

and higher undrmity in all peformance parameterghanks to separating the SPAD and
supportingeircuitry into different tierslt can also be said that some of the best performing
SPADs have been dgsied &350nm or 130nm CMOS pro@ss[53], [65], [67], [69], [71]
Furthermoe, alFNMOS pixel structures seeta be necessary as wetirfopimized FF to
exploitshared avell SPAD layouts and transistor rey8&], [67].

There is still, however, progress to be made for immgyerformance irthe standard
CMOS process in order to maimalow cost, high scahbility and integrationSPAD
performances largely pre-determined when wusg a standard CMOS process, since the
fabrication house has alreadgtvarious parameters suak he number antype of layers,
the layer depths, doping cmentrations,operatingdevice voltages, and westructures
available What an be decided by aear during design is primarily the SPAD dinsions,

shape, pixel structurgunctionsand guard ings used and asodated in and offpixel
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circuitry. To ovecome some peformance limitations in standard CMOS SPADs,
techniques such asulti-junction andTG SPADs have been employead offset the
inherentlylow PDEand reduce the effects of AP to ultéitely increase SR [9], [10], [23],

[31], [50], [52]i [55]. However, these have ngtetbeen exploreth much detailm smdler,

moreadvancd DSM CMCStechnobgiesandno design has yetamaged to take advage

of both techniquetogether due to the difficulty of biasimgultiple junctions

The propose&PADto tacke thisformsthreepnjunctions: n+/pwell, p-well/deep
well (DNW) and DNW/p-sub wth minimal layer spacing for improveeF. A test TG pixel
wasalso designed based previous work[10], [73] that utilizes the top junctiomf this
SPAD to obsere the changes and improvements with using a more advanced ltaphno
node.Furthermore,tte design and simulan of a dualjunctiontime-gated (DJT) design
is exdoredin an effort to ombine tle benefits bboth without the need foAC-coupling
to theSPAD junctions.Due to thdack of SPAD literature in this techlogy node an in
depth characterization of thieree pn junctionand the TG desigtis required befae more
sophisticatedmulti-array SPAD stratures can be developed.

TSMCO6s st an CHMOdtecth@dogynwas chosdar this researchdue to
fabrication eing readily available and in following witegent trends with regds to DSM
TDC designs. At the wrrert time, going to ndes smaér than ths can see reduced
fabricaton opportunities, lgher costs, and further PDE and noise performance degradation
asa result of thinner depletion regions and leigtunnelling probabiiies.
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Chapter 3
De s ifg nMuwlutnica ndmeGat ed
CMOSRDs

3.Tr iep b n c BA Aon

3.1.1.SPAD Circuit Modelling

A model similar to he one found in74] which considers the teporal SPAD behaviour,
avalanche buildup and seHguenching mechanismsvas sed A diagram of thenodel is
presented in Figre3-1, where induairs together with switches represeslays that switch
on when ghreshold is crossed.

Photon R1 Cgode
R, Rspap
=\
éRSENSE
—~Cspap
Cathode !—
[+
51[ Stric) / SseLr
Anode J_
(F)Vao
Anode
(O

Figure3-1: SPAD circuit nodel.
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Initially, a puke sourcesimulatesti e i P h ot o n Ocloses thenkicrswitth. t h a t
This initiates the avalanchepc e s s by di s c 8@pagtanoegsanthfogh SPA DS
the SPAD resistancesRap that creates a fast and largarrent spike. fiis immediately
closesSseLr to sustain theavalanching current as Wels closes S(thusopening Sric)
which removes thénfluence of the width of the miulated photon pulse on the SPAD
avalanche. Theutation of the avalanche is detened by the curm threshold of the §ar
switch Below a cetain current thresholdhere exists a high pbability that no carriers
exist within the depletion region aftea random time, thus resulting in a quenched
avdanche. This threshold value is netll-defined, lut avalue of 100pA has been usd
in the SRAD literature for analytial calculations andimulation model48] and waghus
also used in thisnodel forSsecr. An Rspap value of 600Y was also used as an estimate
based off the existing SPADémature. The model was replicated for each junction and the
breakdown andapacitance values for each junctwas etimated from th TSMC process

documenrdtion

3.1.2.Schematic andLayout

The SPAD é&yout is shown in Figure-3 with an illustration of the crossectional view.

An n-well GR for the n+/pwell junction was proposetHowevern-wells designed in this
process mst touch the DNWandthus would isolatehe pwell and prevat access to it,
rendering the top shallow junctiaimusable In order to fabriate aTJ SPAD in this
technology,STI wasused as a GRI0 obtain the highest FF possible for the SPAI, t
design ules of the TSMG65 rm CMOS process wabllowed carefully by using the
minimum spacing requirements between the process layers such as between the n+ and p+
layers as well as the minimum overlap and extension oftirellirover the DNWA silicide

block layer was used @v the active area andurroundng it were netal layers abov¢he

ones used for routing which acted as shielding so that photons directly incident on the
SPAD would most likely be absorbed in the planar junction regidmes active area dhe

SPAD was dagnedto have a side teggth of 0 um with coners at 45 degrseoreduce

PEB. This makes the total active area to be approximately 180Tl distance from the
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center of the SPAD to the edge of thevell measured at 7.26 um resultingan active
areathat makes up ~47% ofhte totalSPAD areaA pixel designed wh this SPAD will
ultimately have FE<47% due to the area considerations of any extra circuitry required for

the pixel.

Psssssssssssssssssssssssnsnnna’ p_sub

Figure3-2: Layout of the SPAD with minimal clearanbetween process layers for highest obtainable FF.
Below is a look at a crossectional view of the SPAD.

In order to test the breakdown voltage and run tests on the TJ,SRAErcuit was
designed as in the schematic in Figur8. £onnections/SPADY, -HV, and VSPAD23
were used to bias the junctions either simultaneously or independent50 &¥idesistors
were made and connected to the junctions to passively quench therrapkdownTest
points J1_TEST and J23_TEST provide g wabypass the resistors if needédth this,
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the breakdown voltage of the three junctiaas be determinednd the cathode voltage
waveforms can be observed through an oscillosdepieire mentins of J1 refers to the
top junction (n+/pwell) and J2 ad J3 refer to theniddle (pwell/DNW) and bottom
(DNW/p-sub) junctions, respectively.

VSPAD1

J_TEST avf;n\': >
n+/p-well
-HV
p-well DNW § | e
S0k VSPAD23
J23_TESTq AN D
DNW/p-sub

Figure3-3: Schemati@and corresponding layoof the passively quenched trigignction(TJ) SPAD. The
blue rectangles atbe nwell resistors.

This PQ TJ SPALxan suffer fronthe load capacitance on the junctiwhenbeing
tesed with an oscilloscope prolaad thiscould affect the SPAPerformance. To reduce
the load capacitance, an-ohip solutioy was made whereTa SPAD was AGoupled to
two output buffergFigure3-4) with pull-up transistorsone for J1 and the other f32/J3
since they share the DNW junction. This means avalanche events by both J2 and J3 cannot
be simultaneously detected viver differences in the width of the VOUT2 can potentially
be used to differentiate between the two junct[d8% The AGcoupling was needesince
the high voltage levels required to properly bias more thr@e junction at once not
compatible with the MOSFETSs in the technolagyich arerated for at most 3.3.V
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Figure3-4: Schematic and corresponding layout oftifiygle-junction (TJ)SPADwith AC-coupled output

3.1.3.Simulation Results

The simulation of the A@oupled TJ SPAD in Figurg-5 includes both preand post

layout results. Prayout is the ideal schematic simulatibehaviour while the posyout
resultsinclude the extracted parasitic resistances and capacitances from the design of the
layout.It is evident how the added parastiontributes to increased delays in the recharge

of the SPAD which results in wideutput pulses. This limits theount rate and overall
speed at which the SPAD can operate, as well as increadaeAt® theéncreased number

of charges that can be trapped during avalaaskescribed in Sectio®.1.4
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m SPAD23pre @ 19

SPAD23_post @ 13
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Figure3-5: Simulation of thehree junctions undergoing breakdown and recharge using the SPAD circuit
model and the resulting A€oupled output pulses.

3. Ri. ikat ed -Bumgtdieon SPAD

3.2.1.Schematic and Layou

TheimplementedlTG SPAD pixel was basedn the desigrin [10] which waspreviously
fabricated in a IBM 130 nm procesand showed good results in its performance and
application in Raman Spectroscofgyhis allows the test and comparison of our 65 nm
CMOS design with the 130 nm CMOS process to observe performance changesfand ve
results between techlogies. To understand théunction of the pixel, a schematic is
providedin Figure 36. Not counting the bufferhie pixel is composed of 5 transistors and
requires 3 pulses to allow tingated(TG) operationlnitially, the 3 puses are held higto
isolate the SPAD cathod®C) from VDD and hold it and the outp(NOUT) at GND.A
negative high voltageKlV) is applied at the anode of the SPAD at all tirtined keepshe
junction voltage just below breakdown. Two simultanelows input pulses (P1 and P2)
closes NMOS M2 to isolate the SPAD cathode from GND and opens PMOS M1 to connects

the cathode to VDD for a brief momeRtl lasts only a brief moment, while P2 stays low
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for the entire duration which the SPAD is to be armed, &gy isolating ancholding the

SPAD cathode at VDD for the length of the gate winddvow P3pulse occurs as soon

as P1 is finished which enables the readout citoudetect and register an avalanche event
throughout the duration of the gate winddwnally, P2 and P3 go high again to close the
gate window and bring the SPAD below breakdown again. The process is then repeated,

with pulses P1, P2, and P3 acting adawg to some input trigger or clock.

VSPAD VDD

JAN JAN
P3 )__l tma

P1 )_I l:rm

s 1 e
]

1 VR

SPAD n+/p-well 4
pwel A p2 )_l l:mz | VOuT

-HV

Figure3-6: Time-gated(TG) SPAD pixel schematic.

Generating the required pulsesdnip isessentialo creating short and fast gating with
simple synchronization wig removing the need for creating a complicated external input.
To create dow pulse,the output of &NAND gate can be used where one infouthe gate
is inverted andslightly delayed from the otheA delay can be created using an inverter
and capacitgiwhere multiple of these can be stacked in a chain to increase the delay. Thus,
the ceation of thehreepulses can be done using the circuit illustrated in FigtteGven
that P3 acts as soon as P1 has finished and lasts the remaining duratiahw&®fuch

simpler to use this relationship and logically generate P3 as a reBudliamid P2. This cuts
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the required area of the -@hip pulse generatioconsiderablysincecapacitors are costly
elementsn a DSM CMOS process due to their sidesepaately generated P3 as|[it0]
would requireroughly the same amount space as that generating®2. Furthermore,
given that P3must startafter P1 and end nlater than P2 to prevent false outputs, it is

important to implement it based on the other two pulses to better eigtiieeoperation.

D o
| B

CLOE‘I) K ) [‘L:;) F;:

18971 189f1, 1891

11T Lo

Figure3-7: On-chip pulse generation circuit schematic.

The duration of PWas set aroun@l00-200 pswith M1 large enough to allow a rapid
reset of the SPADRhat limits avalanche events before the SPAD has fully reached the
applied excess voltageThis kees the SPAD response consisteahd reduces the
probability of avalanches occurring before the gate window. (P&thermore,n the
context of TRDOI applicationsthe fast transition time allows the detection of late photons
without being saturated by early photons, thus enhancing the DR an{PENR was set
to last ~3 ndo be closdo the 3.5 ns windowfd10] for comparison but for an improved
theoretical count ratés a result, P3was designeds the difference between P2 and P1

Combining the TG SPAD pixel structure with the pulse generation circuit and an
output buffer resulted in the layout presentedrigure3-8. Here it is clear how costly the
metatinsulatormetal @pacitor§mimcaps)are with regards to thesize within the CMOS
processThe mimcaps utilize the top metal layers and are shielded from the hotdow
the layout of structures anddditional circuitry directly below,although it is not
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recommended-ortunatelythis pulse generation structuig only needed once ifi$ used

to gate an array of G SPAD pixels since only the resultant pulses need to be properly
buffered and routetb the $?AD array.In this current testonfiguration, the TG pixeldd

an area of ~35am? which sets its FF at ~28.6%hich is better than th&.8% FF attained

in [10].

Pulse Generation

_Capacitors |

Figure3-8: Layout of the TG SPADekign including the pixel, pulse generation, and output buffer.

3.2.2.Simulation Results

A simulation demonstrating the operation of the TG SPAD pixel is shimwrigure 3-9

where he pulse generatiazircuit arms the SPARor ~3 nsevery 10 ns using a 100 MHz
clock input.Simulated photon pulsesriving at different times within the gate windows
show thechange in the width of th8PAD output, and no output occurs when the photon
pulse arrives outsida gate windowSince thecathode is fixed to have voltage range of O

T 1V (GND to VDD), the excess voltage ssmilarly limited to only a certain range. The
excess voltage is determined by the negative voltage applied to the SPAD anode but should
not exeed 1 V else the cathodeltage will drop below GND level upon quenching. Due

to the cathode being held at GND during hoftlin-between gates, the SPAD will thus
always be biased above breakdown and may avalanche when not intended. A lower limit
also exsts since the voltage dvdnas to exceed the threshold of the PMOS M4 at the readout
circuit (Figure 36) to trigger an output. This gives a usable excess valtaggeof roughly

0.37 1 V. A leaking effecin the postlayout resultss seerafter a phatn is detected where

the SAD cathode voltage rises slowly after an avalanche occurs. This may arise from the
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large M1 transistor sized to quickly recharge the SPRADthermore, slight delays in the
pulses are seen due to the increased parasitic capasitdmowever thivgical generation
of P3 from P1 and P2 allow P3 to rise in sync with P2 to prepesttess variation

mismatches.

photon

Vcathode_pre

—~1 0
Vceathode_post =,

B Vout_pre
Vout_post

$5.0
time (ns

Figure3-9: Simulation results showing the TG SPAD operation.

3.Bualunct i oGa tTe deD

3.3.1.Schematic and Layout

Utilizing two junctionssimultaneously in a TG design opens the door to improved count
rates, higher PDE, and possblwavelength distinction based on which junction
avalanchedTo do this, he previous TGlesignwas extendetb include the pvell/ DNW
junction. The deeper DNW/pub junction could not be considered due to having-thgop
connected to GND which limitedsitbiasing potential. Using the top two juncticstsl
complicatedthe biasing since theboth shared the-well. To overcomehe strict biasing
conditionsin multi-junction designsAC-coupling thecathode or anode of the SPAD to
readout circuit ifsommonas was done in the TJ SPAD design above aptewvious works

such as if53]. However,a TG desigmequires active quench/reset circuitry which cannot
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be done through AC couplinghe goal was to developpssiblemethod of gating two
junctions of a SPAD while meetirige biasing conditionsfdhe junctions.

Replicating the TG design from section 3.2 for the second junction is not possible.
Based on available information from the 65 nm CMOS process, takdmen voltages of
J1, J2, and J3vere estimated to be roughly 932.2 Vand 11.8 Vrespectively. To ensure
J1 stays below breakdown when not gated (and the cathode goes down to GNBY, the
node should be cappe@.0V at the lowestThis requires thd2 cathode to be able to reach
~3.2 V just to reach breakdown and should have more headroom to achieve reasonable
excess voltages. The thickest oxide MOSFETSs in the technategwted for 3.3 V which
madethis impossible.

Onemethod to extend the rangéVex possibleis to replicate @esign similar t¢75]
in which biasingis done from the cathode andétection is done instead from the anode
using cascodethick-oxideNMOSrated for 2.75 VA Vex of 4.4 V can be reached despite
this rating because gtvoltage is distributed between the two cascoded NMOS and limits
the midpont to 2.2 V to ensure the gateida integrity of the device€reating a DJTG
SPADwith J1 and Jaising the anode for readout in a similar marceerd mean missed
counts andncreasedlifficulty in distinguishing which junction avalanched. Furthermore,
due to J2 having a higher breakdown voltage in this technology than the degger J3
anything higher than 11.8 V is applied at the J2 cathode in an attempt to bring it above
breakdown, then J3 wouklart to avalanche

One method to properly bias both jtinas would be to safely lower the anoastage
(-HV) below the breakdown of it giveJ2more flexibility at its cathodelo do this the
DNW processs exploited byusng NMOS transistorsith bodies isolated by a DNW.
Where typically the body ofraNMOSis connected to its sour¢at GND) one isolated by
a DNW canhave its bodye driven at @ustom voltage. If connected tomagative voltage
(but not too negative so as to breakdown tveepl body/DNW junction) the terminals of
the NMOS can be driveto negative voltages as well while mainiagthe integrity of the
gate oxideSuch a methotlas not been properly tested in literajumat a desigiasedon

this approach is given in FiguBel0 with testable voltage parameters
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Figure3-10: Schematic of a duglinction timegated (DJTG) SPAIMDtilizing MOSFETs with different gate
oxide thicknesses. Voltages at the various nodes given produce working simulation results

In this design, the quench argbset of the two junctions are driven by separate pulses
in an alternating fashion with a skdrreadout whiclprevents missed detection events if
both fire simultaneouslyHere an avalanche is detected when one junction drops low
during its gate while thether is helebff (also low). Along with pulse P3 being low, a high
output pulse is best g by utilizing a NOR gate with those three as input. Any other
configuration does not produce an output which is idaathermorethe-HV node could
be pushedlown t0-9.7 V, with M2 allowing the J1 cathode to rea6h/ V during hold
off so that J1 aqabe reduced to just beldweakdown when not gated. Through simulation,
a body voltage o0f1.8 V must be applied to M2 to achieve this. M1 and the inverter attach
to the J1 node must use gate oxides rated for I@a¢count for the swing between 1 V
to-0.7 V. Similarly, M2 had to use the thickest oxide rated for 3.3 hepair of inverters
buffer the cathode voltage drop upon avalandheyarealsoused testep down the voltage
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in a simple manner bgriving the 1.8 V invertewith a VDD of 1.0 Vatthe cost of slight
voltage spikes during transitio@gsible in Figure3-15).

On the J2 side, breakdown now occurs when its cathode is aloVewhich gives
more room for excess voltage to be applied and have detectable avalahbkes
unconventional voltage change between the reset voltage 3.3 V to 2.5 V required the use
of a capacitor tdaransferthe roughly 1 V changelong to the buffer torpduce cleaner
pulses to the NOR gat&uring the gating process, the drainM5 rises and falls (upon
avalanche) together with the J2 node. During fwfdM5 acts as a pullown transistor to
reset the voltage after the capacitor GND. Thus, while AGcoupling was usk to
successfully simulate this design, the goal of attaching active circuitry directly to two
junctions of the SPAD and tirrgating them was still successful.

In order to properly drive this pixel design, a more robust pulse generatait s
required than in the original TG design. With the junctions being driven in an alternating
fashion,such a design can either double the count ratkeep the combined count rate
similar to a singlgunction TG designwhile reducingAP (due to ncreased/doubleldold-

off time per junction)This was accomplished using the circuit in Fig8+EL

P1 GEN — V SHIFT —— P1
P2 GEN — V _SHIFT —— P2
D Q
DFF DELAY P1_GEN —— PY’
> CLK 0
DELAY P2_GEN — P2’

DELAY — P3_GEN [— V_SHIFT —— P3

Figure3-11: Overview of the pulse generatioircuit that provides separate and alternating qunch and reset
pul ses for both SPAD junctions ( P2 0Plp-fidpeDFF).J1 and
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A single clock ottrigger input that can generate the pulses for both junctions Was sti
desirable for simplicity, so a D fliflop (DFF) was used to divide the input clock by 2. The
out put of the DFF was split in two;ockne I i-r
goes high, and the other is inverted so that P1 and P2 (forgdnesated when the clock
goes low. Since J2 required pulses at 3.3 V, the circuit was designed with an input clock
with a high of 3.3 V, and P1_GEN and P2_GEN blocks were designe®\8itt input
accordingly. However, J1 required 1 V pulses, so voltagarng was required, similar to
the buffers in the DJTG pixel. Due to the TSMC 65 nm CMOS technology having different
gate oxide thickness to support MOSFETS rated for 1, 1.8, 2.8.an{ a simple voltage
shifter circuit (V_SHIFT) was made consistio§ a chain of inverters of MOSFETs of
decreasing gate oxides being driven at a VDD of the next smallest voltage. Although small
voltage and current spikes occur between inverters, dimngashowed they were small
and shoHived.

Due to the combined ouip of the DJTG pixel from both SPAD junctions, P3 had to
function on every c¢clock cycle unlike P1/ P2
meant P3 could not easily be logicalleated from the other pulses in this design and had
to be generated parately. Extra delay (DELAY) blocks using inverters and capacitors
were added into the P16, P26, and P3 Ilines

The pixel and pulse generation ciiiclayouts were implemented and are shown in
Figure 312. Again, it is evident how costly capacitors are in a CMOS process in terms of
spaceThe pixel itself achieved a FF of 1362and some of the larger transistors had to be
resized due to charge injemt that occurred during poektyout simulations discussed

below.
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Figure3-12: The layout of the DJTG pixel together with its pulse generation and airoohthe pixel.

3.3.2.Simulation Results

Figure3-13shows simulation results of tieITG beforeconsideringparasitic effets from

layout using @00 MHz clock as the input trigger to the new pulse genetalioa figure

shows the junction cathodes, their individual buffer outputs that feed into the final NOR

gate (norA for J1 and nor®r J2), and finally the output of the NOR galbe pulsesvere

omitted for clarity, but are similar in effect and gate length to the original pulse generation.
The only difference is P1, P2, and P3 have
33 V. Furthermore, P3 occurs/&2érpnlctleoohkht e)
the two junctions in an alternating fashi@nce again, different output pulse widths are
observed depending on when the photon arrives within the gate window, aodreé c

shows no output when no photon trigger is present witgat@window. In comparison to

the results of the TG pixel in Figured3 the junctions here have more than double the hold

off time to effectively reduce AP effects while maintaining an dvecmuivalent count rate.
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Figure3-13: Schematic simulation results illustrating the function of the DJTG with both junctions being
gated in an alternating fashion.

When comparing prevs. postlayout smulations, modifications had to be made to
tackle cerain issuesThe many capacitors required to create the pulse generation circuit
and lack of logic to generate P3 as was done with the pulse generation for the TG pixel
resulted in mismatched pulses andorrect gating, thus a comparison figure was not
produced. However, the capacitors weraimed and corrected twe usedin conjunction
with the postiayout extractions of the DJTG pixel. This produced gate windows where the
cathode showed signs of charinjection due to having large MOSFETSs for fastngat
The effect is shown in Figure3 that shows the simulation comparison betweengme
postlayout. The overshoots evidentt he moment P1 (Pl&Mlamul ses

M3 are turned off, anthe cathodes are isolated.
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21->33V 21->365V |
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Figure3-14: Prelayout parasitic extraction (a) vs. pdayout extraction (b) simulation results. Charge
injectioneffects become appent due to large transistors used.

Finally, the sideeffects of the simple voltage level dbif implemented is seen in
Figure 315. The midbuffer waveform shows the voltage output of the first inverter in the
buffer with gate oxides rated for 1.8 V. Témurce of the PMOS in the invertsiconnected
to 1.0 Vto match the gate oxide requirememk the next inverter. The poekyout
simulation reveals the voltage spikes that can occur as result of this method which may
impact the reliability and longevity of such a design.

Overall, while the DJTG design was sitgpa proof of conceptthe need fo careful
postlayout consideration®r a more robust desiga evident through these simulations.

The added information due to parasitic capacitances and resistance reveal the
inconsistencies of delays induced by camasitand the effects of charge ictjen and

voltage spikes.
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mid-buffer

Figure3-15: Postlayout simulation of the voltage spikes that can occur during transitions between inverters
in the simple voltage level shiftehainthat was implemented.

3.4.Conclusions

A TJ SPAD (J1: n+/pwvell, J2: pwel/DNW, J3 DNW/p-sub) was designeah the basis
of improved PDE and possible wavelength distinction due to which junction avalanched.
A circuit model was used to simulate the SP&Rlanche response for the three junctions.
The SPAD was designed in a square shaiie @orners cut at 45 degreesrealucePEB.
A high FFof 47% was achieved fadhe SPADactive area relative to itstructure This
came at the cost of using STI for the GR structure which was expected to produce higher
than expected noise when fabricasmdl testedSimulations showed the effect of parasitics
influencing the recharge rate of the SPADs which affects its deadatichultimately count
rate. The TJ SPAD was implemented using an unbuffered design as well ascan#€x
design to reduce thedd capacitance on the SPAD junctions.

A TG pixel design based ¢h0] previously implemented in a 130 nm process was also

implemented and simulated’he smaller 65 nm process allowed a much betterofr
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~28.6% which is better than ti8% of theprevious designhowever the use of 1.0 V
transistors meant the excess voltage lmaised to range of roughly 0.21.0 V. The pixel
structure used only 5 transist@isdrequired 3 pulses (P1, P2, and RBpperate: P1 reset
the SPAD cathode voltage above breakdown, P2 isolates the cathode from GND, and P3
dictates the gate window which an output can be read. The pulse generation circuit was
improved from the previous by logically generating P3 fromaRd P2, saving valuable
space and improving the reliabilitys operation was also successfully simulated with-post
layout parasit extractions.

Finally, aDJTG pixel wasdesigned and simulated a proof of principle for creating
TG pixels where two juttions that sharenaanode are both quenched and reset using active
circuitry from their cathode®\ new pulse generation circuitag also developed to gate the
junctions in an alternating fashion. With both junctions in use, the combined count rate
couldeither double or be consistent with the previous TG design with the added benefit of
longer holdoff times for reduced AP effect§o accomplish thisNMOS transistorsneant
to quench the junctions weiraplemented in a DNW. This allowed the body of the Q#1
to be biased at a voltage other than GND so that negative voltages could be rElaehed.
design was implemented and simulateghow proper operation despite challenges with
regards to the capacitor delays, charge injection, and voltage sBikelsmeticulous
crafting of the MOSFETs has its design flaws with regards to reliability and
limited/restricted operation at specific exsevoltages. Also, such a procedure is heavily
reliant on the breakdown voltages of the junctions used when sharing a ribdsaoh
other. Ultimately, thiglesign was not tested in the following chapter,damhonstrates the
plausibility of manipulatinghe MOSFETSs implemented within a DNW to isolate its body

and drive unique voltagdsr future, more robust implementations
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Chapter 4
Measur ement and Charact
SPADs

4. Design of Printed Circuit Boar

The SPADdesignswere implemented on25x0.8 mm area chip that was fabricated and
packaged using a §8n PGA package. Arinted cirait board PCB) was designed to
interface with a SPAD chip and is shown in Figw#. 4

o -

Figure4-1: Printed circuit board (PCB) designed for testing the SPAD chips.

It supplies the necessary supply voltages to all logic circuitry through one input 3.3 V
connection (top left) which is also split and regulated dow.%oV, 1.8 V, and 1.0 V

supplies. Three other inputs (left) provided separate and variable biasepossible three
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junctions of the various designs. On the other side, SMA connectors were used to connect
the SPAD output signals to an oscilloscope atir testing equipment. Due to the many
designs on chip and the fact that most are tested indepgnttentl each other, jumpers

were a simple solution in reducing the number of required inputs and outputs. One SMA
input on the left is used to provide &KCinput for the TG design and is terminated with a

50 Y resistor. The s cpnogidedinAppendixeNlsi gn f or t h

4 . Results and Discussions

4.2.1.Breakdown Voltage

Determining the SPADO6s breakdown voltage
performance. A consistent breakdown voltage among a number of devices helps give initial
indication ago the reliability of the process and the design of the SPAD. The breakdown
voltages of five TJ SPADs (Figu#e2) were determined at room temperaturengsan
Agilent B1500A Semiconductor Device Analyzer by varying the SPAD junction voltage
until a shargncrease in current was observed. The data was transferred to Matlab where
the breakdown voltage was determined as the point which the current iddrgastactor

of around 3 to 4 times the previous data point, represented in Higlae The result is
presented in Figurd-2b) which shows the average breakdown voltages of junctions J1
(n+/pwell), J2(p-wel/DNW), and JADNW/p-sub)to be 9.52 V, 12.5¥, and 12.35 V,
respectively. The standard deviation of breakdown voltages for J1, J2, and J3 degl roun
as 0.05, 0.07, and 0.03, respectively.
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Figure4-2: Measurement of the junction breakdown voltaggsThe IV curve from which the breakdown
voltage was extracted; b) The average of five SPADs

These rsults aresimilar toa publishedresultshowing a breakdown voltagé ©.1 V
for J1 using a standard 65 nm CMOS pro¢4S§ It is also consistent with documentation
provided by TSMC fothis CMOS process. As previously mentioned, SPADs designed in
DSM CMOS technologehave shallower junctions and relatively low junction breakdown
voltages on the order of tens of Volts due to rthegher doping concentrations and
consequently narrogv depletion widths. The results obtained shows how the more highly
doped shallow junain has a lower breakdown voltage than the more lightly doped wells
and substrate forming the deeper junctionss,Thowever, also means that junctions like
J1 have a higher chance for PEB and higher DCR due to tunnelling effbidswas
illustrated ina comparison whicfound that devices with breakdown voltages in the range
of 9.4 to 11.4 V had a large DCR comphte devices with breakdown voltages in the
range of 23.1 to 27.5 V which had the best DCR performance and typically fabricated in
HV CMOS [41].

To further test the breakdown characteristics of the junctions and its relation to noise,
its dependence on tempana was alsonvestigatedlt is expected that the breakdown
voltage of SPADs increases with temperature due to an increase in the ratah ph
scattering. This makes it more difficult for electrons and holes to reach the required
threshold energy for ipact ionization to act as an initial trigger for avalanche breakdown
[76]. Furthermore, a higher temperature coefficient is an indication that the DCR is
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composed mainly of thermal generation or whereas a loampdrature coefficient
indicates a higher tunnelling contribution. The temperature coefficient of the breakdown
voltage was determined by once again measuring the breakdown voltage of five TJ SPAD
devices as above but with the use of a temperature chéonlay the ambient temperature
between30°C and 30C as illustrated irFigure4-3. Figure4-4 contains the results of the
temperature dependem by extracting the slopes of the graphs. The shallow-welp
junction showed an average temperature coeffioof 5.8 mV7iC, similar tothe 5 mVfC

found in [45]. The deepest DNW/pub junction sbwed the most consistent behaviour
between SPADs with an average of 8.5 AG//while the middle pvell/DNW junction
showed the most variation in measurement with values between 8.1 and 9@, mV/
averaging at 8.9 mVC. The greater variation in thevgel/DNW junction means that it

may be more likely influenced by fabrication defects. All sadsequenmeasurements

that depend on temperature variations take into account the variation in breakdown voltage.
The excess voltage is adjusted accordingly to ramintonsistency and accuracy in the

reported results.

e = e

SPAD PCB

Semiconductor
Device Analyzer

LeCroy WaveRunner
625Zi Oscilloscope

Temperature Chamber

Figure4-3: Thesetupfor testingbreakdowntemperature gendencewith the deviceandyzerandfor noise
measurementwith theoscilloscope.
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Figure4-4: Test results of the breakdown voltage dependenderoperature for each junction.
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A LeCroyWaveRunner 625Zi highspeed sampling oscilloscope was used to probe the
test points of the TJ SPADs and record the waveforms of each junction during breakdown
in a dark environmenihe result obtained is shownkigure4-5 and is representative of
what wa observed among all the several SPADs tested. Here, the top two junctions
appeared to continuously break down due to noise and were unable to properly reset to the
set excess voltage before avalanching. Thivegms hese two SPAD junctions from
properly responding to light and renders them untestable. It was predicted that without
buffers, these junctions suffered from the high capacitive load of the oscilloscope probe
(9.5 pF). Unfortunately, he AC-coupled inplemenation (Figure 34) also had poor
performance sincéow excess voltages could not be used for a sufficient voltagetdrop
trigger output pulsegnd high excess voltages resulted in too much noise.

Fortunately, the third junction (DNW/gub) exhibied mud less noise and displayed
a cleanewaveform that responded to sources of lighirthermore,lte TGJ1SPAD was
found to function and respond to lighibeit a high DCRhanks to the low load capacitance
of its frontend circuitry As a result, ta following tests to analyze the DCR, PDEBda
timing jitter of the SPAB were performed on thenbufferedthird junctionJ3 of the TJ
SPAD and the TG SPAD based on the top shallow junctioihi$ preventedhe proper
analysis of the junctions workingnsultaneusly so the benefits of a mujtinction SPAD

could not behoroughlytested.

J1 (n+/p-well), V,,=0.2V J2 (p-well/DNW), V= 0.2V J3 (DNW/p-sub), V., = 1.5V

2

d|v)
/dIV)

Mr"r"“‘/% /,)/,@mm/ﬁ-f/////// /ﬂﬂ/ ,,,,,,,,,

t (500ns/div) | t (5us/div) t (2us/div)

4V (20mV/div)

Figure4-5: The top junctions (J1 & J2) showed high levels of noise and afterpulsing with J1 constantly
under breakdow and wmable to reach the set excesdtage. J3 showed the expected behaviour.
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4.2.2.DCR and AP

Analysis of the DCR of the T@1 SPAD requires that the time of the gate window be
considered Therefore, a dark count probability per gate window (B&Rs typicdly
evauated[73]. The effedlve DCR is calculated from the DGR based on the duration of
the gate window (3 ns in this case) that the SPAD is armed to avalanche either due to
photons or noise. This equation is given as

060 060

06 'Y — (4-1)
00 Y o¢ i 8

Due tothe hgh susceptibility to noise of these SPADg thklationship between DCR
and excess voltage was tested to determinexaess voltageange to maintain an
acceptable SNRnd proper operatiorThe DCR of J&and theTG J1 SPAD junctions is
given in Figire 46 as a function of ¥at room temperaturén exponential fit to the data
matches the expectation that DCR is exponentially dependengxdar\a limited range
until saturation effects take over. Thiots indicate thathis saturation occurabovean
excess voltage of 6.V for both J1 and Ja&nd is a result omore avalanches occurring
during recharge or moments of haltf/dead timewhich arenot counted This is further
influenced by the selection of the threshold used in the case of the uebuf8SPAD
which can neglect counts that octiefore proper reset of the excess volt&ge.the TG
J1SPAD, deviation from the exponential fit is also seen below 0.3 V. These missing counts
can be explained by avalanches that occur late in the tim@wiwthich may not properly
drive the thresholdequirement of the PMOS responsible for the readout of colintss,
the remaining measurements on the SPADs were done at excess \abanesr below
0.5V, but above 0.3 V for the TG SPADs

65



M.A.Sc. Thesis- Y. Chalich McMaster University Electrical and Computer Engineering

13 (DNW/p-sub) TG J1 (n+/p-well)

1000 LE+06 |

1E+05 |

DCR (kHz)
g
DCR (kHz)

1.E+04

10 1.E+03
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Excess Voltage (V) Excess Voltage (V)

Figure4-6: Dark count rate (DCR) of J3 (left) and dark count probability per gate windowdf)@® the
time-gated (TG) J1 (right) both as a function of excess voltengeat room temperature

The primary dark counts due to thed noise and tunneling are known flow
Poisson statisticgl1] where individual counts are mutually independent of each other, the
probability of a count is proportional to the duration of the time interval, and more than one
count occurring within an inteal is negligible As a resultfirst-order interarrival times
(IATs) are independently identically distributed random variaileg should provide the
temporal information to distinguish primary dark counts due to thermal generation from
that of AP. This is done by determining thewdation of the IAT distribution from the ideal
Poisson distribution, which follows an exponential decay probability density function in
the case of zerAP given by

Nt _A@b_t (4-2)
wherea-is a constant rate representing the mean primary dark coetb@R-r) [41]. The
unbuffered J3 junction dhe TJ SPAD was tested for its noise characteristics by measuring
the IAT between avalanche pulses in the observed wavefbdark counts, as shown in
Figure4-7. The LeCroy WaveRunner 625Zi highspeed samplingloscope was used to
acquire approximately 50k to 500k IATs at a range of temperature and excess bias voltage
pointsusingthe setup from Figure-3. The large numdr of counts is required to cetit
enough points for the tail of the distribution since the exponential nature of the IAT
distribution means short delays are much more likely than long delays between pulses. A
50% threshold was used for the majority of thata collected and a few setslata were
taken at the 100 mV (from VDD) threshold #P comparison. ThéAT informationfrom
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an example waveform of J3, the choicdlotsholdsand the resulting histogram is given
in Figure 47. With enough counts dlected, the first noszero vale in the IAT histogram
gives the dead timé&pt of the SPAD signifying the smallest amounttiofie where it is

completely insensitive.

V. .= 0.5V, T=20°C

50% 100mV
Threshold

1 Afterpulses
g Thermally

, generated
¥ counts

¥

Pulse Counts
(log scale)

v

Dead IAT (log scale)
time

Figure4-7: Waveform(above)from J3 llustratingthe interarrival time (IAT) between pulses artide

resulting histogram (below) on a ldgg scale The effect that the selected threshold has on the pulses
counted and their IA'is illustratedn the waveform whera 100 mV threshold from VDBf the SPAD

will skip pulses land 3, extending the perged deaetime and IAT, while pulse 2 would be counted.

Figure4-8 showsIAT distributionsof aJ3SPADwith exponential fits at two different
temperatures20 and 20C) and two excess voltages3@nd 6 V) using a 50% thresitd.
At the higher excessoltage and temperature, a saturation of early catatss to become
noticeablewhich corresponds with the saturatidiscussion ofigure 46. A high DCR
due to thermal generation at higher terapgres can mask AP effects, bag the
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temperature decreas, the AP effects become noticeable since thermal dark counts
decrease and trap lifetimes become longem. increasedexcess voltage at lower

temperatures also contributegreateravalanching mbability of these trapped chag

V,=0.3V,T=20°C V., =0.5V, T=20°C
107 1072
3 3
s s
3 DCR(fit) = 62.4 kHz = DCR(fit) =117 kHz
810 810
-1 2
[=] Q
T j
o @ Histogram Data o = Histogram Data

¥ Smoothed Data ® Smoothed Data
— eXP1 fit T, = 16.2 ps m—expi fit 7, = 8.57 ps
10 106 \ .
107 10° 10’ 102 10° 107" 10° 10’ 102 10°

Inter-Arrival Time (u:s) Inter-Arrival Time (us)

5= 0.5V, T=-20°C.

O Histogram Data
* Smoothed Data :
Multi-Exponential Fit P -

=} Histogram.Data
* Smoothed Data
Multi-Exponential Fit
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e X P2 fit T, = 455 us exp2 fit T, = 4,27 ps *
T T T H i T H ii T T T AR T
10" 10° 10' 10° 10’ 10" 10" 10’ 10° 10°
Inter-Arrival Time (us) Inter-Arrival Time (ps)

Figure4-8: IAT distributions of dark counts atey= 0.3 and 0.5 V, and T = 20 ar20°C. When operating
the unbuffered J3 SPAD at higher temperatures, the effectB idrAaskedas opposed to lower
temperatures below 0°C where it becomes more apparent.

In Figure 49, the difference in AP and dead time that occurs with different threshold
sekction can be seen. The primary DCR due to thermal generation and tunralliogss
remains fairly consistenthowever, the perceived deache of the SPAD and AP
probability is affected. As observed in Figur®,4there is a shift in the IAT distribution
between the two thresholds used. The plot with the tighter 100 mV thresisbitted more
to the right comared to the 150 mV threshold due to more points being counted as
retriggering events that extend the perceived IATs, as was illustrated with pa@int 3 in
Figure 47. This also lowers the calculated AP probability sipcdses that would be
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consideredAP are missed and reclassified as retriggering e\[@id{s More research can

be done taletermine proper thresholds to be used in certain situations and a more detailed
theoretical description of the process can lead to simulatibi&Tostatistics for more
accurate and faster tinte-market designs SPADs. @rall, the J3 SPAD can be sam t

have a dead time arouneBjus and negligible AP around room temperature.

100 mV from VDD threshold 150 mV (50%) from VDD threshold
107 g 10” —
5 3
8 s
E 10 E 10°
2 2
© i : : v} : :
'g 0O Histogram Data 'g O Histogram Data
E # Smoothed Data i : P : i E #* Smoothed Data L T Poibi
5 Multi-Exponential Fit|:: P, _=6.84%: = | : § Multi-Exponential Fit |: PAP =8.87%:
107 expi fitc, =603pus |1 AP beiebiny 107 ——expi fite, =613 us R
! ¢ DCR,,=16.5kHz : i DCR__ =16.4kHz ::::
exp2fite,=5633us |ii F’R‘ R H ——exp2 fit 1, = 4.62 ps 3 _ Pl: N
10" 10 10' 10° 10° 10" 10" 10' 10° 10°
Inter-Arrival Time (ps) Inter-Arrival Time (ps)

Figure4-9: The IAT distributions and exponential fits of the unbuffered J3 SPAD.at 3.3 V, T =-10°C
plotted on a logog scalewith different thresholdsThe second exponential fit is a result of afiatses which

can be influenced by thtaireshold selection. The afterpulsing probabiltiy is lower with the selection of a
threshold that is clas to VDD (left, 100 mV below VD) compared to lower (right, DGmV below VDD).

These dark countmeasurementsre important in evaluating the quality of the
fabrication process, the result of the layout on SPAD quality, and the corresponding sources
of dark counts.The DCR can be expresd as a function of temperatuaccording to the
Arrhenius relationship76]

06 'Y "YA@DOTay (4-3)
wherek is Boltzmani® sonstant,T is the absolute temperature, dbgis the activation
energy The magnitude oEa gives insight into the primary defect type leading to the
measured dark counts and how it changes acaptditemperature. When considering only
thermal generatiorta should roughly correspond to half the bandgap enéEgyE4/2)
since amid-gap activatn energy indicates migap defects which are the most efficient
GR centers in accordance with SRH GR tiyetf Ea is equal to the band gap energy (1.1

eV for silicon), this can indicate ban-band GR and diffusion of minority carriers such
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as from cordct regiong78]. An activation energy below the mghp means an increased
density of normid-gap GR centers and higheontributions from tunnelling or field
assisted effects. This is especially true and is expected with the SPADs fabricated in the 65
nm CMOS process.

The DCR of the)3junctionwasrecorded by the LeCroy oscilloscope at a temperature
range of-30 to 30°C ad a \ex from 0.2 to 0.5 V. The corresponding Arrhenius plots are
presented in Figuré-10 where a change in activation energy is evident when sweeping
temperaturedy extracting theslopes ofthe curves The Ea above 20C sees aslight
decrease abe exess voltage increased fronddo 0.5 Vas seen in the figuréds the GR
mechanism is expeed toshow little dependencen excess voltagehis meant tunneling
effects are still quite dominant at higher temperatgresn a high enough excess voltage
Below -10°C, theEa saw an overall decrease which reflected the growing dominance from
tunneling effects.This is further demonstrated withesharper decrease En from an
excess voltage of 0.4 to 0.5 V as tunnelling effects are known to vary with extesse
[41].

T(°C)
30 20 10 0 -10 20 30

In(DCR/T2)

38 40 42 44 46 43
1/KT (ev)

Figure4-10: Arrhenius plot of the dark couraite(DCR) of J3 (DNW/psub)showingthe activation energy
(En) dependence on temperaturel@arious excess voltagesy.

The tunneling dominance is further displayed when runrhegstne measurements
on the TG J1 SPAWhere the more highly doped and thinner depletion region lends itself
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to higher tunnelling probabilities.hE results were plotted in Figureld, wherea change
in slope is not evident with a change in temperatline y-axis has been shifted due to
using theDCPsw given by

I Tod 1Y 8 O¥QYI lotis (4-4)
A straght line in an Arrhenius plot indicates dominance of one DCR component over the
other[31], [38] and wit very low activation energies hoveringoae 0.10, tls means trap
assisted tunneling dominates at all tested temperaflines.again shows variation with

excess voltage as expected of tunnelling mechanisms.
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Figure4-11: Arrhenius plot of the a@rk count probability per gate window (D&#) of time-gated (TG) J1
(n+/p-well) showing the activation energy {Edependence on temperature and various excess voltages

(Vex.

Since the J1 shalv jundion is timegated, it is important to determine opéhgating
frequencies to find a suitable heddf time and limit the effects of AR he gating frequency
fg of the TG SPAD was varied to observe the effects of the-dfblgme on AP, which is
expectedto only occur as the gating frequency passes a gdfteeshold. Otherwise, the
measured DCR as a result of thin@ariant thermal generation or tunneling is expected to
remain constant regardless of the set fudfdime. The results shown in Figre4-12 show
a relatively constant DCR above a gating peradd~50 ns (below a 20 MHz gating

frequency)For an excess voltage of 0.3 V, the AP probability remained below 1% up to a
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gating period of 25 ngl0 MHz gating frequencyWith a gate window of3 nsthis means
the holdoff time where an AP probabilityl€s can beachieved is 22 ns. The dependence
of AP on excess voltage is also demonstrated and AP is seen to increase significantly with

even smaller gating periods.
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Figure4-12: The dark count probabilitger gate window (DC&y) of thetime-gated (TG) J1 (n+Awell)
SPAD (left) and the corresponding afterpulsing (AP) probability (right) as a function of gating period.

4.2.3.PDE

The PDE is calculatl as the atio of the number of photorzer secondounted by the
SPAD (A spap) to the incident number of photopsr seconda in). The full measurement
setup used to obtain the total incident photon counts and compare it to the countsefro
SPAD is illustrated in Figurd-13. The total incident photons required obtaining plower

of the light at the location of the SPAD using a silicon photodetector (SiPD) and optical
power meter calibrated to the wavelength selected through bandpass filters. T light
supplied by a xenolamp and neutral density (ND) filters help comtie intensity of light
soasnot to saturate the SPAD. With this setup, the incident number of photons on the
SPAD can be determined as

500 & g

@ 0

wherePsippis the power raasured by the calibrated SiR&is the wavelength of incident
light, hi s P11 a n c kcdhe speed of sighthspnithe active area of the SPAD (100

um?), andAsiep the active area of the SiPD (1 ®mThe power reading of the SiPD is

(4-5)
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converted intophoton flux through the conversion factor ahc depending on the
wavelength and is corrected for the difference in active area between the SiPD and the

SPAD.AIll values were converted to Sl units for the calculation.

LeCroy

WaveRunner

625Zi 4
Oscilloscope s |

Bandpass ND Filters
Filters

Xenon Lamp

1830-C Optical Power Meter

Figure4-13: Experimental setup for photon detection efficiency (PDE) measurement.

To det esagptherDER ia subtracted from the number of coveperted by the
oscilloscope for the SPAD for the respectixeess voltages testeleh. order to determine
a suitable intensity of light, it was important to make sure the counts are sufficiently higher
than DCR, but below saturati@® as to not miss cotmIf the counts are similar to the
DCR noise floor, inaccucées can inflate the observed PDE. Figuréddreflects this
behaviour and the PDE is seen to stabilize when the number of SPAD counts approaches
~10x the DCR noise flooAP effectsdid not ned to be corrected for sindbe previous
DCR results of J3 sheed negligible AP at room temperature and excess volage
below 0.3 V, while the TG J1 was gated at a frequency of 10 tdidzoid AP as well.
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Figure4-14: The photon detection efficiency (PDE) asuadtion of the signalo-noise (SNR) ratio which
is the fraction of measured counts to the dark count rate (DCR) noise floor. Measurements taken at a
wavelength of 800 nrand excess voltages 0f1 and 0.3 V.

ThePDE of the J&nd TG JISPADjunctionsweremeasured at a range of wavelengths
(® and the results are reported in Figurés4 Since TG J1 only responds during the
specified gate window, the measured photon counts will effectively be reduced by a factor
of the duty cycle (&n/Te where T is the gating period andofi is the gate windw) when
using a continuous wave (CW) incident light. This correction is applied in the final result
displayed in Figure 45. The J3 and TG J1 PDE peaks were ~0.15% and ~3.5%,
respectively, both at 440 nm

0.16

0.14 ex

—-0.3V
0.12

TG J1

400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure4-15: PDE measurement results for J3 (DNVE/(b) on the left, and the tingated (TG) J1 (n+/p
well) on the right.

The PDE of J3 was expected to be higher than that of J1 given the fédasthateeper
junction with lower doping concentratisrwhich leads to a wider depletion region.
Furthermore, since it is located deeper, it should respond more favourably to longer
wavelengths when compared to the shallower J1. Seeing as how bothnsinetiponded
similarly as a function of wavelength (p&ag around 440 nm and a dip around 550 nm)
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suggests that thearima and minima ithe PDE observednay bedominated byhe stack

of dielectric layers/silicon forming a FabBerot resonatan a standard CMOS process
[79]. This is usually corrected for in the more optimif&& process where the effect of
the junction depth on PDE is better obserf&®]. The maxima as well as the dip around
550 nmin the PDE a-characteristicss similar tothat of another standard 65 nm CMOS
SPAD reported in literatur5].

4.2.4. Timing Jitter

Measurement of thiaming jitter of the TGJ1SPAD was done using the experimestilip
in Figure4-16. The gating frequency from the function generator is fed to both the SPAD
PCB and the laser driver through a passive delay unit. This is used to synchronize the laser

pulse(of 685 nm wavelengthyith the gate window of the SPAD

HP 3325B Function Generator Data Delay Devices Laser Driver PDL 800-B
3D9950-0.25A

= .l @ —
— Tl — .\

tiii 0@

~

T P
pre

1

g I

Laser Head |
LDH-P-C-690 !
\ I

N :

I

I

1

I

I

Agilent E3646A
Power Supply

SPAD PCB

LeCroy WaveRunner 625Zi Oscilloscope

Figure 4-16: Timing Jitter experimental setup for the TG SPAD.

The instrument response function (IRF) of the setupasesult of the histogram created
by the oscilloscopavhen itcompars the arrival time of the observed SPADIge to the
reference pulse from the laser driver. The uncertainty in this time diffetgpmally
manifests in a Gaussian distribution where the FWHM is reported as thaniks
equivalent tahe timing jitter.Since this IRF is of the total systernisi a convolution of all

component IRFandis estimated using the quadratic sum
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I“iil« \ R n |==|4ﬁug_u g (4-6)

Lo () e g
which can be used to extract and estimate component IRFef arech is the SPADIn
taking datathe laser intensity was adjusted to give a count rate at least 1 thiedDCR
floor and at most just below saturation so as to avoid the influence of arrival of random
dark counts. An example of the resulting hisémg in the relative arrival time of the
detected counts with respect to the laser driver sync out is giv@gure 417 for both a
commercialPD-050-CTD) SPAD and the TG J1 SPADhe datavas smoothed and fitted

with a Gaussian curve to extract FWH/MdIues
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Figure4-17: The IRFof the system using: (a) a commeltd¢aD-050-CTD) SPAD; (b) usinghe TG J1
SPAD when operating at 400 mV and a gating frequency of 20 MHz.

Using the known jitter of 30 ps for the laser head ({RfFand 27ps FWHM for the
commercial SPAD (IRfp) through a test report, the jitter contributions of all other sources

in the measurement set(iRFothe) Can be estimated as:

"0Y"O "0YO "0YO OYO Wmn om ¢x O Tps.

This jitter includes sources such as the sync out and external trigger in of the laser driver.
From this, theitter of the TG J1 SPAD can be calculated in a similar using the information

from Figure 417 (b) to give:

00 OY 0 OY'O OYO WVpcu om om pop s
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The measurements were also taken at an excess voltagé ahd 350 mV and displayed
relative to each other in Figurel® (a). Thetiming jitterdependencen excess voltage is
given in Figure 418 (b) with values calculated similarly as aboresulting intiming jitters
of 156 ps and .97 ps for excess voltages of 350 mV and 300 mV, respectively

1
e V_=300mV A
ex N
= o 220
08l * Vee=350mV £ ~
.V, =400mV '.,! 3‘ ie
3 »= 180
206 "‘[ ?n £
c & ;_*\ £ 160
3 H N B0
Q 3 s £ 140
Oo4f £; 2'-\ E
\ = 120
"\ 100
0.2 300 320 340 360 380 400
Excess Voltage (V)
0
18.8 19 19.2 194 19.6
Time (ns)

(@) (b)

Figure4-18: Multiple timing jitter measurements of the TG J1 SPAD: a) the histogeard00, 350, iad
400 mV excess voltagedter beingnormalized and then smoothdd) the relation of timing jitter
decreasing as excess voltagereases.

As demonstrated in Figure 8, an i ncrease in the SPADOGS
sharper Gaussian peaks wittmadler FWHM, or timing jitter, values. The electric field
enhancement due to the increased excess voltage means there isdésaldtatituations
in the avalanche buitdp time and thus a sharper resportdigher excess voltages are
expected to decrsa the jitter even more, but the higher DCR contributions would begin to
negatively impact the SNR similar test was run on thenbuffered J3 SPAD, with the
prediction that it will have a higher timing jitter compared to the thinner top junction.
Deeperjunctions with higher breakdown voltages indicates lower doping levels, wider
depletion regions, and thus reduced timing performaRarthermore,the unbuffered
design introduced further sources of uncertainty with using the oscilloscope to set a
threshotl and detect avalanches through a probe with relatively high capacitive load. Figure
4-19 shows the result of this, with higher @ss voltages helping to reduce the jitter but

ultimately staying around a value of 1 ns.
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Figure4-19: Multiple timing jitter measurements of the J3 SPAD showetyced performance due to
being a deep junction and unbuffered: a) the histograms at 300ad@® 500 mV excess voltages after
being normalized and then smoothed; b) the relation of timing jitter decreasing as excess voltage increases.

4.3.Conclusions

This has been a preliminary evaluation of a SPAD fabricated in a standard 65 nm
CMOS process as Weas its performance using an established gating technique with
proven success in the larger 130 nm CMOS technology node. The breakdown
characteristics of a TJ nfiguration (J1: n+/pwell, J2: pwell/DNW, J3: DNW/psub) and
the noise and performance df dnd J3 in this technology is the first in literature which
provides valuable information for SPAD designers in this technology node.

In detail, hebreakdown vdhges and temperature dependence of all three junctions of
the TJ SPADwere measuredThe high noise associated with junctions J1 and J2, an
unbuffered design, and relatively high load capacitance of the oscilloscope prohes used
prevented proper testing ¢the expected PDE enhancemewtisen all junctions work
simultaneously Tunneling mechanismdominates as a noise source in this small DSM
technology, especially with the thinner and more highly dopeddiethelesshiebottom
junction J3(DNW/p-sub) of the TJ SPAD as well as the TG SPAiXel based onJ1
functioned appropriately andwere both baracterized according to the performance
parameters introduced such as the big@akn voltage DCR, AP probability, PDE and
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timing jitter. The respective perfoamce of each is summarized in Tae and compared
against other SPADs fabricated in standard CMOS processes, with an emphasis on those

also fabricated in a 65 nm process.

Table4-1: Comparison of our worto other SPADs fabricated in a standard CMOS process.

Year, | . féﬁﬂgﬁfgy VeoVex | Peak PDE DCR JTit'trg:”(%S AP FF
' 0, 0, 0,
Ref. Junction V) (%) (cps/unt) FWHM) (%) (%)
2014, <198
[80], 130nm, 454315 03 280 | @ & = - <1
[81] p+/nwell @ o = 4 am
2017, 150 m, 18/3 10 0.4 @ 4; _ @<(;LJ.5 399
[38] p+/nwell @ &> = 4 : nm - s :
hold-off
260
2018, 180 nm HV, 0.55 _ )
[82] p+/nwell 16.8/4 @ & =nm4 2 @ n; - <1
180 nm, 110
2[2(15]9, pwellp- | 25.46/6.5 35'2_5 s] 026 | @ o = i 10.5
epi/DNW - i nm
<1
) 235
2013, 65 nm, 5.5 _ @ 5 us
[45] n+/p-well 9/0.4 @a = 47 156k | @ ar;m - dead i
time
7.8 <10
2[2%;3’ 65 Sf/]rgvihﬂc) QIS | o4 8,1 28x | @ = |@o1ps| -
nm hold-off
<200 <1
65nm (TSMC),| g 5/ 3 35 230k | @o = | @002 |55
n+/p-well @ = 4/ am us
Our hold-off
work <1
<1420
65 nm (TSMC), 0.15 > | @2ps |
DNW/p-sub 12.35/0.3 @a = 44 550 @ ar;m B dead
time

APDP value reported (PDE = PDP*FF)

While most SPAB were designed with the p+imell shallow junction, we required
the use of the n+fpvell shallow junction to creata TJ SPAD.The measured J3 SPAD
performance suffered due to being unbuwdterincreasing the capacitance on the junction
when tested with #oscilloscope probe. While this led to an increased-tisedand AP
probability, the reduced doping and cleaner fabrication of the deeper junction allowed for

a low DCR. Nonetheless, itharacterization is valuable as a reference for future designs.
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The TG J1 suffered from a high DCR which accounted for ~7% of possible counts when
biased at an excess voltage of 0.3 V. A potentially smaller SPAD active area with an
improved GR structure isxpected to see substantial improvements on DCR that would
offseta potential negative impact on PDE. The tigaged design limits the excessltage

to 1 V, butprovides reduced AP probability and highspeed operation. The excess voltage
could be pushed fther if a 3.3 V reset PMOS was used instead of one rated for 1 V that
was used to give a faster and sharper turn on response for the BR@&Inparison with

other 65 nm SPADsour TG J1 SPADshowed comparable or better performance aside
from the high DCRIt had a timing jitter better than that |@5] at a lower excess voltage

and is estimated to see congdale jitterperformancevith [37] if the excess voltageould

reach as highin providing a bettecomparsonagainsttime-gated designs, Table2lis
provided which includes some relevant and recent-gated designs and the previous

design which this work was bakeff.

Table4-2: Comparison of our wérto oher timegated SPAD devices
Year, 2014, 2019, 2019, 2014,

Ref. [83] [36] 39] [10], [73] Our Work
350 nm 180 nm
Tech. HY 180 nm cls 130 nm 65 nm
Activation Energy
(<-10°C/> 20°C) 0/1.1 0.17/0.38 0.12
Pixel Format 1024x8 512x512 1024x500 1 1
Active ArealFF 255/44.3 28/10.5 6/7 100/9.8 10028.6
(HM?)/(%)
Veo/Vex 19.6/3 25.46/6.5 23/3.3 11.3/1.4 9.5/0.3
W) . . . . .3/1. .5/0.
Peak PDE 9.6 5.25 0.74 3 35
(%) @ 465 nm @ 510 nm @ 520 nm @510 nm @ 440 nm
DCR
22.4 0.26 0.065 30 230 k
(cps/unt)
Timing Jitter ) 110 ) 60 118
(ps) @ 637 nm @ 532nm @ 685 nm
- <1 <1
AP Pzgt;ib'“ty @16ns @ 22ns
0 hold-off hold-off
Gating Fregency
or <950 Hz <98k fps 24k fps <100 MHz <100MHz
Image Framerate
Gating Window 0.7 5.75 38 35 3
(ns)
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It can be seen that most designs are shiftifigltarray implementations with imaging
capabilities and high framerates similar to a standard CMOS image settsdoywitin
pixel memory and owhip gatirg controls[36], [39]. This limits teir speed of operatian
theirreadout architecturand are dscribed with a framerate instead of a gating frequency.
In comparison with the previous TG design in a 130 nm process, we managed to maintain
comparake AP, highspeed operationnd PDE all wih a higher FF and lower excess
voltage.If similar excess vo#iges could b& higher timing performance is also expected
usingsimilar excess voltagefgain, while noise appears to be the main limiting factor in
our design, the remaining téts show god and comparablperformanceavith other SPAD
pixels using justa relatively low excess voltage comparison and thus shows good
promise for future improvements

To overcome thérigh noise contributions due to t8d1 GR anovel GR such am
[57] could be used, or switalg to a p+/Avell junction wih a pwell GR, but this would
prevent a TJ BAD designlf the characterizeon of the junctions is knowrthena more
accurate DJTG design can jpersuedas wellto allow fabrication and testinglong with
optimization in tle sizing and layout of théme-gating cicuitry and avoidance of
capacites to perform the pulse genedt, its performancecan be greatly improved

throughtighter timing operation and higher FF.
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procags and hi dhap éfearh e e d @écardginf eotft ghe peed
cameAss a high-speddtimagings now seeing a widespread ation in the
mainstram consumer market,ith startups offering more &brdable alternative§d4],
[85] and flagship ommercialsmarphones such abe Samsung Galaxy S lineup estly
boasting higkspeed 960fps imaging as a key selling pf@61. Nevertheless, such devices
canstll be considered expensiveittv prices that hover in the thousands of dollars and
consumer phones are also not particularly designed for industrial and research applications
due totheir form factor, bery life and lack 6 configurability. Upon invesgating
available commercial caeras, there appears to be a missing market of relatively very low
cost (low to mid hundreds of dollars) higheed cameras that can offer framerateben
hundreds to lowhousands at no ledsan a 256x256 resolution widmough storage for at
least a éw seconds of footage at no compression

We provide a working prototype built upon a Zyng SoC (Systerhip) containing
a CPU (Central Processing Unignd FPGA (FieleProgammable Gate Arrayvith a
CMOS image sensor thedn lead the way towards thewddopment of these lowost high

speed cameras. Although this technology is well known in the industry, our use and
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organization of ofthe-shelf componets with a custom FP&implementation prode a
framework for a buildyour-own style, standalone (no $tacomputer required) camera that

is competitive in the market in terms of cost and functionality. Our approach is similar to
the approach of some stanps such as Kron Tenhlogies Inc[84] and The Slow Motion
Camera Company Limitg@5] that creatédigh-speed cameran the low to mid thousands

of ddlars using custom architecks and efficient optimizations. For instance, Kron
Technologies Inc. uses a tgaarold ARM Cortex A8 CPU for the user interface, and a
$35 Lattice FP@ to grab data fromt$ sensor at high spds where an analogous FPGA in
aPhantom camera can cost teands of dollarf87].

In fact, the performance befits of FPGAs plag large role in themplementation and
optimizationof the highspeed designs remed to grab and process data from an image
sensor. FPGAs run at clock speeds orders of magnitude slower than their embedded
processor equivalents, bieir high degree ofgrallelization can @ate spatialioriented
circuits that allow application speag@s in both latency and throughput compared to a
software implementatiof88]. Since FPGA designssal implement the dat@nd control
paths, hey can offer fully determinigc performane, avoiding the fetch and deed
pipeline hat can severely limit software execution on a procd88r[90]. Furthermore,
they havebecome important in fields such as deep learning @ their efficiency as
hardware accelators, outperforming GPUs ireformance pekVatt for some important
subrouines[91]. Despite their excellent potential performance and versatility, FPGAs have
beerreferredtoasB s peci al i s[Bl]andcadimg them o hardwareddescriptive
langumes ( HDL s) i[89]. Compareceta hovsofsvare programming has
evolved hardware ppgramming on FBAs is still very low levein terms of abstraction,
more difficult to debug, and uses more complex EAIs among other thing®0],
leading to a lack of hardwaprogramming literacy amongisatists and egineers.

We shav that nowadays, with somEePGA programming experience and standard
commodity parts, it is possible bwild a simple higkspeed camera prototype with @st
similar to those found in the machimision marketi under $1000 ahpreferably n the

low-to-mid hundreds. The machine wsi market of industrial imagéased inspection
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provides a suitable area foomparisons since they also utilize CMOS imageth Wwigh
speed potential, but many such aoercial cameras, such as thésen FLIR Sysems Inc.
[92], are not stagialone and depend on device link throughput to € bomputer, thus
limiting framerates. Whe such design choices are erslandable irthat industry ¢ allow
for very compact dggrs and cost reductions, this leaves a gap in the market that we hope
to fill and bring attention to.
We present a loweost hgh-speed camera designed in the pricgeaof machine vision
CMOS camess, but withthe functionaliy and benefits of more expsive standalone
cameras. First, the prototype design implemented usinga39C Microzed development
board, an FMC carrierdard, and a custom camera sensor printexdic board (PCB) is
describd, serving as framework by \wich others can develop ¢amlow-cost highspeed
cameras. Then, a figwa-merit (FOM) is also creatl to analyze and compare the
performance of somevailable standalone and machine visionhrépeed cameras with
our own b show the vale proposition bour design. Nextwe exploret he camer ab
customizability in terms of both hardware and softwaraitovarious research conditions.
Lastly, we demonstat e t he camer ads g toa fregiency spatiale s by
vibration and showhat it can outpdorm commercial entrgrade caneras used routinely

in biological[93] and biomedical imaginfp4] researchas well ador teaching.

5. Rardeabesign

5.2.1.Component Selection

Being one of the costliest components in a camera, proper seletaarimage sesor for
this market area isrucial. Although CCD (Charg€oupled Device) image sensors can
offer a bdter signalto-noise ratio and dynamic rge suitable for still imagesCMOS
image sensors have managed to significantly catchngpofer a variety ofoenefits over
CDD imagersas aresult of sharing atandardfabrication procedure with integrated
circuits. CMOS image sensors offer lower poweipixel chargeto-voltage onversion for
high-speed readout, ethip peripheral componentsduas PLLs (PhasLocked Loops)
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