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Practical implementation of large SPAD-based sensor arrays in the standard
CMOS process has been fraught with challenges due to the many performance trade-offs
existing at both the device and the system level [1]. At the device level the performance
challenge stems from the suboptimal optical characteristics associated with the standard
CMOS fabrication process. The challenge at the system level is the development of
monolithic readout architecture capable of supporting the large volume of dynamic
traffic, associated with multiple single-photon pixels, without limiting the dynamic range
and throughput of the sensor.

Due to trade-offs in both functionality and performance, no general solution
currently exists for an integrated single-photon sensor in standard CMOS single photon
sensing and multi-photon resolution. The research described herein is directed towards
the development of a versatile high performance integrated SPAD sensor in the standard

CMOS process.



Towards this purpose a SPAD device with elongated junction geometry and a
perimeter field gate that features a large detection area and a highly reduced dark noise
has been presented and characterized. Additionally, a novel front-end system for
optimizing the dynamic range and after-pulsing noise of the pixel has been developed.
The pixel is also equipped with an output interface with an adjustable pulse width
response. In order to further enhance the effective dynamic range of the pixel a
theoretical model for accurate dead time related loss compensation has been developed
and verified.

This thesis also introduces a new paradigm for electrical generation and encoding
of the SPAD array response that supports fully digital operation at the pixel level while
enabling dynamic discrete time amplitude encoding of the array response. Thus offering a
first ever system solution to simultaneously exploit both the dynamic nature and the
digital profile of the SPAD response. The array interface, comprising of multiple digital
inputs capacitively coupled onto a shared quasi-floating sense node, in conjunction with
the integrated digital decoding and readout electronics represents the first ever solid state
single-photon sensor capable of both photon counting and photon number resolution. The

viability of the readout architecture is demonstrated through simulations and preliminary proof of

concept measurements.



INTEGRATED SINGLE-PHOTON
SENSING AND PROCESSING PLATFORM IN STANDARD CMOS

By

Babak Nouri

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
Of the requirements for the degree of
Doctor of Philosophy
2013

Advisory Committee:

Professor Pamela Abshire, Chair/Advisor
Professor Neil Goldsman

Professor Timothy Horiuchi

Professor Marty Peckerar

Professor Isabel Lloyd



© Copyright by
Babak Nouri
2013



Table of Contents

List of Figures v
Chapter 1: Background & OVEIVIEW ..........ccviieiieiieeieie e seesae e seeste e e saesteeneste e esvesteenesnas 1
1.1 INEFOTUCTION. ...tttk bt b ettt b b n e 1
1.2 Assessment of Existing Single Photon Detection Technologies..........ccccovcveveivccieieseciiennnn, 3
1.3 CMOS COMPALIDHITY ...t 8
1.4 CMOS Single-Photon Pixel — Area Vs Performance..........cccocooveveviiiic s 8
1.5 CMOS Single-Photon System — Readout Challenge ... 10
1.5.1 Digital Readout — SPAD IMAGEr AITAY .......eieiiiireieieisiesie sttt 11
1.5.2 Analog Readout — SIPM DELECION .......cccecveiiiieciecie sttt 12
1.5.3 Proposed Readout ArChItECIUIE...........cccuiiiiiiieieeie e 14
1.6 Primary Objective and GOal...........ccccoiiiieiiiicic e 15
1.7 Research Strategy and OrganiZation ...........c.cuoereiererieieieiesese s 16
1.8 CONIIDULIONS ...ttt 19
1.9 Significance to the SCIENtITIC FIElU ..o 20
Chapter 2: Performance Oriented Device Design — A Modified p-n Junction ......................... 21
2.1 CIMOS SPADS ..ttt sttt ettt sbe e bRt r ettt b e bbb er b et e be e re e e 21
2.1.1 Gain Uniformity — Full PEB SUPPIESSION........ccviiiiiiiiiieiesie e 24
2.1.2 NOise — DCR MiNIMIZAION ......cvotiieiiieiiiieisieesi et 26
2.1.3 LOW DCR PiXel GEOMELIY ..ottt e 30
2.1.4 EXPrimental RESUILS ......c.ccoiiiiiii ittt sttt sttt 34
2.2 SUIMIMEIY ..ottt sttt s et b ek e s b e e s e e Rt Rt e b e e b e e s b e eb e e b e e bt e b e e et e b e e s b e nbe et e e benneennene e 41
Chapter 3: Pixel Level Performance - Front-end EIECIronics ........c.cccovvevviiiic i, 43
3.1 External Gating Signal — Hybrid DeSign ........ccccoiiiiieiiiiiiise e 43
3.2 Integrated Electronics — MonolithiC DeSIgN........c.oiiiieiiiiee e 45
3.2.1 Passive Avalanche Control with ACtive DEVICE..........cccvviiiiiiniiicceee e 46
3.2.2 Active Avalanche CONTIOL.........cooiiiiiiiiiiie st 48
3.3 Proposed Front-8Na SYSEEIM .......cc.oiiiie ettt st seeeteeeesaeeneenee e 56



3.4 System Interface - Event pulse GENEIALOr ..........cooiiiieiiiiee e 60

BT 1 1101 11 Y OSSR 65
Chapter 4: Analytical Performance CharacCterization .............ccocovvierereieisienise e 67
4.1 Ultra-low intensity Optical Sensing — Dual Detection Paradigm ..........ccccceeeeviviveniiincnennnn, 68
4.1.1 Multiple Single Shot Measurements — Photon number mode...........cccooevvviiiincnennne. 68
4.1.1.1 Detection System — Silicon PhotoMultiplier (SIPM).........ccccooiiiiiiiinininincee 69
4.1.1.2 SiPM Non-linearity charaCterization ............cccccovvveiie e 69
4.1.2 Continuous Measurement — Photon Counting Mode ...........ccocoeiiiieivininise e 71
4.1.2.1 Detection System — Digital SPAD AFTaY.......cccccvevreiieiiieieieeieseeeese e e 72
4.1.2.2 Non-linearity CharaCterization ............cocooererierieiinisiee e 73
4.1.3 Proposed Analytical Model — Theoretical Dead Time COrrection ..........ccccceveveevveiiennnns 74
Chapter 5: CMOS Photon-Counting DeteCtor Array..........c.ccovviiineneneieiise e 78
5.1 Digital Readout — SPAD IMage SENSOI ATAY ......cceiveiieieeiesieeeesteseesresteeeesresaesresreessesseens 78
5.1.1 Synchronous Readout — SErial ACCESS .........ccieierierierieiinisene s 80
5.1.1.1 Sequential Processing and Readout — Chip Level ..........ccccooveieviiiiieiineece e 80
5.1.1.2 Semi-Parallel Processing and Readout — Column Parallel ..............ccccooeeiiiienenns 81
5.1.1.3 Fully Parallel Processing with Serial Readout — In Pixel..........cccccoovviviiiiinincnnn. 81
5.1.2 Asynchronous Readout — EVENt DIriVEN ACCESS.......ccvveieieerereeiesieseeseesesieesresraessesnes 82
5.1.3 Inherent Limitations of Digital REAJOUL.............ccceiiiiiiiiiiiiiceeeee e 84
5.1.3.1 Architectural Trade-Offs — Application Specific Design.........cccccevevvieivieieciieceenns 84
5.1.3.2 Ineffective Parallel Pattern DeteCtion ...........cocerveieiiiiinine s 85

5.2 Analog Readout — The Silicon PhotoMultiplier (SIPM) ..o 87
5.2.1 Information Extraction Electronics — Associated Design Tradeoffs ..........cc.ccocovvierenne 88
5.2.1.1 Pre-amplifiCatiON .......coooviiiiiiieiees s 88
5.2.1.2 PUISE SNAPING ..ecvviiiiieeccee ettt be et reare s 90
5.2.1.3  Signal SAMPIING.....c.oiiiiitiiiieiee s 92
5.2.2 Inherent Limitation of Analog REAAOUL ...........cccciviiiiiiiicieee e 93
5.2.2.1 Charge Signal as a Sub-optimal Counting INdeX...........ccocvrereniiiiniiisereeens 93
5.2.2.2 Signal Amplitude Distortion — Sensitivity & Dynamic Range Limitation................. 94
5.2.2.3 Signal Time-Response DiStOrtioN............ccceverierieiriiiserese s 95
5.2.2.4 Static Integration Window — Limited Applicability No Adaptability........................ 96
5.2.2.5 Design Complexity and Performance Trade-off.........cccccooviiiiiiiniieic e 97

5.3 Digital SiPM — Displaced COMPIEXITY.......cccuriiiiiriiieiiisisee s 100



5.4 General Summary and Critique of the Existing Readout Paradigm .............cc.cooevvnenennnn. 101

5.5 Proposed Readout Architecture — A New Encoding Paradigm.........c.ccceeevviviieinciiennnnn, 103
5.5.1 Discrete-Time Representation of Digital Data..............coovveiiieiiiciiiiieee e 103
5.5.1 Quantized Detector Response — Performance ASPECES .........cccecvvevevieiieneseeseseenee e 109
5.5.2 Adjustable Measurement Window — Utility ASPECE ..........ccccerereiiiiiiiniiniis e 110

5.6 SUMIMENY ...ttt et bt s Rt s e n e R e se e r e s e nn e s r e e e nreereenenne s 112

Chapter 6: Fully Integrated Asynchronous Digital Decoding System ............ccccveveiieiiennen, 113

6.1 System ArChItECtUIE OVEIVIEW .......c.ooviiiiiiiiitiiieit e 113

6.2 SYSIEM EIECIONICS . ....ueiiiiiicic et et be et e te e e s beenaesbenne s 118
6.2.1 High Speed COmMPArAtOr .........cceiviiiiriiieieie e 118
6.2.2 Discrete-Signal Pulse Adder (DSPA)........cooi i 125
6.2.3 SPAD Signal Path Configuration ...........cccceoereieiiiiisise e 128
6.2.4 Highly Compact Digital Counter with Dynamic Readout and Reset...........c.ccceevenenee. 134

6.3 Integrated REAAOUL SYSTEIM .......oviiiiciiiiei et 137
6.3.1 Experimental Results — Proof Of CONCEPL .......ccevveieiriiiiiierieeee e 140

LT T 0] TV PSPPSR 145

Chapter 7: CONCIUSION ..ottt e 149

Appendix A: SPAD DeVvice MOCEING.......cccciiiiieiiiecc e 153

BiDIIOGrapY ... 160



11

1.2

1.3

14

15

1.6

2.1

2.2

2.3

24

25

List of Figures

(a) Structure of a PMT, the resistive divider circuit distributes the optimum voltage to
each node to induce the charge acceleration required for impact ionization. (b) EMCCD

structure consisting of the CCD part and electron multiplying readout component..............

SPAD pixel consisting of the above breakdown biased pn junction coupled to a

guenching circuit for active control of the avalanche process..........ccccovvveveiieiiieveseeiesiene

(a) Photo-signal statically stored in the pixel until it is sequentially readout and
processed during the readout cycle. (b) Photo-signal must be dynamically processed in

real time with each photon arrival making local storage difficult ..............ccccooeiviiiniinnnn.

Current signal summation at the common readout node of the set of parallel connected

individually quenched SPAD elements forming a single SiPM macro-pixel.............cccc.....

(a) SiPM analog readout based on dynamic current signal summation requires complex
analog readout chain. (b) Multiplexed digital readout results in loss of overlapping
pulses. (c) Proposed readout based upon digital readout at the pixel level and dynamic

voltage division at the readout INTEITACE ...........ccoeiiiiiiieie e

Signal processing system for the SPAD sensor array interface of Fig. L5 C...coccoevvvvenennenn,

Different methods of isolating the high field region. (a) Center Field concentration.
(b) Sidewall-Edge isolation (c) Low dope p adjacent ring ......c.ccccevveveveeieieve e

Formation of the diffused guard ring during the annealing process ..........ccccceeevvveveresieernenne.

(a) Drawn layout of the device demonstrating the adjacent n-well ring that will form the
diffused ring about the p-n junction and the surface field gate. (b) Cross-sectional
view after implant diffusion fabrication process. (c) Three dimensional view of the
device illustrating its ring-like structure. (d) Conceptual illustration of the control gate
effect in altering the shape of the depletion region around the junction perimeter and
modulating the local electric field intensity at the surface and along the curved junction....

(&) Measurement of DCR for various gate bias values. The data was recorded for 3
different SPAD structures. In all cases, the DCR was observed to drop substantially
with increasing the negative bias of the gate terminal. At starting voltage as low as -4V
the effect of the gate becomes dominant over the diffusion ring. (b) DCR measured as
a function of the field gate bias for the SPAD structure with 5A ring gap from a separate
0SSP

New SPAD pixel design utilizing special geometry to minimize defect density. (a)
SPAD unit with in-pixel active quenching electronics for DCR characterization. (b)
Stand-alone SPAD unit for breakdown characterization active front-end electronics ........

27

29



2.6 (a) Device 5 represents the largest perimeter to area ratio, expected to produce the best

2.7

2.8

2.9

DCR characteristics. (b) Device 8 represents an intermediate perimeter to area ratio.
(c) Standard circular design. (d) The breakdown voltage as a function of the gate bias
is measured. Device 5 and 8 show similar breakdown characteristics in terms of
magnitude and rate of change of the breakdown voltage with respect to the fate bias
value. The performance is superior to that of the circular SPAD in terms of both the
magnitude and the rate of change. (e) The I-V characteristics for device 8 is compared
to that of the circular device whose I-V characteristics appear as an inset........c..cccoceeevennene 34

Red trace represents the graph of DCR as a function of gate voltage for Device 11
measured at 3 different reverse bias values. The Blue trace represents the same for
DEVICE 16 .eeieieiiite ettt sttt et been e te Rt e aente et nreereentenneas 35

Mean breakdown voltage as a function of the perimeter field gate bias measured
for devices 1, 2 and 3 representing the high gettering efficiency structures and
device 4 representing the round SPAD StrUCIUIE ........ccvveerierieiieieee e 36

Measured DCR as a function of the perimeter field gate bias for devices 1, 2,
and 3 operated at two different excess bias levels (0.3V and 0.9V). (d) DCR vs.
device reverse bias at -14V field gate bias. (¢) DCR vs. perimeter field gate bias
for devices 1, 2, and 3 at excess bias of 0.3V and 0.9V........ccocvvvviniiiiiiceiieieen, 40

3.1 Schematic of Passive-quenched SPAD in gated-mode Operation............cccoeevrvrerenerieneennen. 44

3.2

3.3

3.4

Red dotted waveform represents the Cathode voltage during normal avalanching
operation of PMOS quenched model. Blue waveform is the cathode voltage of resistor
guenched model. Recharge time of 220 ns is achieved with the PMOS component
compared to 1.67 ps achieved with a ballast resistor of minimum size for complete
guenching. Total SPAD capacitance was Set t0 3pF........cccccvcviiiie i 47

The dashed waveform represents the cathode terminal voltage during normal
avalanching operation of PMOS quenched model. Solid waveform represents the
cathode terminal voltage of the resistor quenched model. Recharging time of 220 ns is
achieved with the PMOS component compared to 1.67 ps achieved with the ballast
resistor of minimum size. The total SPAD capacitance was set to 3 pF in the simulation

400 [ SR 48
Input stage of the Active Q/R (Control) circuit ,Sfeedback switch ensure  exclusive
charging (Sreset) and quenching (SQUENC) OPEratioN ...........ccceiereerieiieiieieieese e 49

3.5 circuit diagram of a basic hold-off time generating monostable circuit. This monostable

3.6

circuit is able to set a delay time Of SO0NS ........cccoiviiiiriririe e 50

Schematic drawing of variable load AQC. Transistor Ms, provides initial quenching
through operation mode shift from triode to saturation; full quenching by cutting of the
Avalanche current when 12 goes low; Recovery through discharge of Anode
capacitance CAWhen 12 goeS Nigh ..o 53

Vi



3.7

3.8

System schematics. Control signal for adjusting the hold off time and the readout pulse
width are shown as grey shaded terminals...........ccooeiiiiiiiisee s 54

Layout of the active quenching circuit. Third of the area is taken up by the two
transistors used as Quench and Recharge switches. The large size is charging and
AISCNAIGING. ...ttt b et n e 57

3.9 Post-layout simulated waveform representing the transient voltage at the integration
node for different slew rate and amplitude threshold levels determined by Vbiasl and
VDias2 values rESPECLIVEIY ....ocuveiviiiee e e e 60

3.10 The measured hold-off times for a set of Vbiasl and Vbias2 Values ...........cccccevvrvivrennen 60

3.11 Block diagram showing the relationship between the detection and the readout pulse......... 62

3.12 Readout interface (Event generator). The leading edge of the readout pulse is

simultaneous with that of the detector pulse, its trailing edge is set by propagation delay

through Vbias3 if it is set to be shorter than the detection pulse period...........cc.ccocvvienenns 59
3.13 Experimental measurement of the readout pulse with different pulse width parameters

recorded at different VVbias3 values without altering the activity pulse duration .................. 64
3.14 Layout for the front-end system integrated with each SPAD detector ...........ccccoevevveienenn, 65
4.1 (a) Multi-photon response of single-element SPAD detector is not differentiable from its

single photon response.  (b) SiPM macro-pixel has linearly proportional photo-

response cable of discriminating between single photon and multi photon events ............... 69
4.2 Performance comparison between the proposed and the standard model ..............ccccocuveee. 77
5.1 Conceptual difference in data readout requirement between standard semiconductor

5.2

5.3

5.4

5.5

5.6

iMAagers and SPAD AetBCION ........cciiie et st sre e e be e s resbe e b sre s 79

(a) Sequential architecture: offers the best power and area utilization, but the worst
bandwidth and detection efficiency. (b) In-Column architecture improves the readout
bandwidth but degrades the fill-factor ... 81

Fully parallel In-pixel processing offers the best detection bandwidth but the worst fill
FACTOT PEITOIMANCE ... .ottt bbbttt b et 82

(a) Collision is avoided by verifying the state on the shared medium prior to initiating
access. (b) Time division Multiplexing randomizes the transmission time window of

the signals converging 0nto & COMMON FESOUICE ..........ocveveirieiiriereenie et see e 84
Variable Gain Charge Sensitive Preamplifier...........cocooviiiiiii e 90
The effect of pulse shaping on the output of the preamplifier ..........ccoccooviiiiiiniiiies 91

vii



5.7 Effect of shaping time on pulse-pair resolution of the readout system............cccceeveviveienenn. 92

5.8 Time walk effect demonstrated for two simultaneously arriving detection events with
AIfferent aMPIITUAES .......ooviieccce e et reenes 95

5.9 Shortening the avalanche pulse, through active quenching is highly desirable due to its
enhancing effect on SNR and active range performance of the device. However such

pixel-level improvements interfere with the detection criteria in SIPM..........cc.coceiiiiiennen 97
5.10 Typical Analog readout chain used in conjunction with SiPM detectors...........cccccevvevennene. 98
5.11 General representation of the detector readout INtErface ..........cccocvevevivieiviceie e 105
5.12 Compact layout structure of a ten input readout interface ..........c.ccoocvvevveiviceii i, 106
5.13 Simulation results showing the response at the output port of a 4-input interface for
two different input pulse widths PWZ1 and PW2..........ccccoiiiiiiniiiiiceeeee e 111
6.1 Conceptual signaling block diagram of the readout system showing the primary internal
signal and the operational flow of the overall SyStem...........ccocooiiiiiiiiiii 114
6.2 Primary system internal signals. (a) Dynamic signal on the output port of the main
interface. (b) Tracking signal at the output of the DSPA module. (c) Serial pulse
K 1= T PR P RO PPRTPPRPPRRPPIN 117
6.3 Conceptual block diagram of the complete readout system, featuring the drive signaling
portion and the control signaling portion of the overall architecture.............cccccoeevvveriennenn. 118
6.4 Conceptual block diagram of the standard three stage high speed comparator .................... 119
6.5 Input and the decision stage of the High Speed Comparator.........c.cccccevvvveveieevesecnesieenns 119
6.6 Output buffer stage of the High Speed Comparator, generally deployed for slew rate
improvement and generation of an output response with a digital signal profile................ 122
6.7 Schematic diagram of the complete High Speed Comparator with the auto pulsing
L=z L (RSOSSN 123
6.8 Layout diagram of the High Speed Comparator, highlighting the compact electronic
footprint 0f the MOAUIE ..........ocvie e e 124
6.9 Schematic diagram of the Discrete-Signal Pulse Adder ............ccocoviviiviiiiiniinesee 126
6.10 Schematic diagram of the edge-driven Discrete-Signal Pulse Adder featuring improved
operational speed and @ More COMPACE STTUCLUIE ........ccveveiieeeerie e 127
6.11 Layout diagram of the 10-Count pulse-driven Discrete-Signal Pulse Adder...................... 128

viii



6.12 Simulation of the interface signal response. (a) Optical input stimuli used for the
simulation. (b) SPAD device digital output. (c) Interface response for a 4-photon
detection threshold. (d) Interface response for a 3-photon detection threshold.................. 129

6.13 SPAD Signal path electronics. (a) Hold and Count Mode electronics. (b) Free
RUNNING MOdE BIECIIONICS ...t 130

6.14 Simulation results of primary internal signals. (a) Optical stimuli representing short
multi-photon optical pulses. (b) Internal system response to short multi-photon stimuli
profile under both signal path configuration. (c) Optical stimuli representing longer
optical pulses or a continuous photon stream. (d) Internal system response to

CONEINUOUS OPTICAT STIMUIT ... 132
6.15 The schematics for the Configurable signal path electronics...........c.ccccevevviiveie i cceneinn, 133
6.16 Schematic diagram showing the compact structure for a 2-bit Digital counter. ................ 134
6.17 Schematic diagram of the 3-bit compact digital counter with active reset ...........cc.cceeeeees 136
6.18 Layout diagram of the 3-bit compact digital counter with active reset...........cccceevevvennene. 136
6.19 The schematic diagram of the readout system using free-running architecture.................. 137
6.20 Layout diagram of the full readout architecture for a 5-SPAD ClUSter..........cccccvveveivernnnnns 138

6.21 Post-layout simulation results showing the primary internal and the external signals ....... 139

6.22 (@) Proof of concept test structure. (b) Measured waveforms for the user-defined input
test signal and the generated count pulse response of the test system.........cccocvevvveviiierennee. 140

6.23 Test Structure showing a full cluster system for 5 passively quenched SPADs................. 142

6.24 Representative snapshot of Count_Clock signal captured for Proof Of Concept
demonstration. (a) Count_Clock signal (cluster activity) measured at Field gate bias of
11V corresponding to low overlap probability thus resulting in fewer detection events.

(b) Cluster response measured at field gate bias of 9V showing increase in detection
event count. (c) Lowest gate bias leading to highest measured combined rate .................. 142

6.25 Count Clock Pulse for various integration intervals determined by the value of the Vref
[0 4T | DSOS 143

6.26 Digital decoding of the pulse-width modulated Count_Clock signal for optical event
measurement. Trace above shows the Least Significant Bit transition at the end of each
counting cycle as implemented by the Passive cluster readout system shown in Fig.
.22 ettt Rt R bR bR b £ Rt R R R bRttt e ettt et 144

6.27 Digital representation of photon count associated with an optical event, determined
through simultaneous measurement of the latched Bit 1 and Bit 2 signal............cccccceevneee 145



Al

A2

A3

A4

SPAD device model
State of art SPAD dEVICE MOUEL.......ooi oottt e e e e e e e eeees 154

Proposed SPAD device model with embedded text box describing the functionality of
select components. The inset shows the actual circuit implementation of t S1
(o00] 0 41010 0 1=T 1 SRS 156

(a) Solid Green trace represents the measured waveform using data acquisition system.
The black trace is the simulation out using the SPAD model in Figure 4.3. Depletion
Capacitance was set at its quiescent value.  (b) Solid green trace represents the
measured waveform using data acquisition system. The black trace is the simulation out
using the SPAD model in Figure 4.3. Depletion Capacitance was set to change
according to the time varying SPAD terminal voltage (depletion region voltage drop) .... 159



Chapter 1

Background & Overview

1.1 Introduction

A photon is the ultimate limit of sensitivity in optical sensing. The rise of high
performance single photon detectors has led to the emergence of many new scientific
fields, while enabling the continued progress of many other existing ones [1-3]. The
broad spectrum of applications for this technology extends from high energy particle
detection at the Large Hadron Collider to DNA sequencing and gene-associated protein

detection for the human genome project.

Photons are very useful as probes for medical/biomedical imaging applications.
They can travel safely through tissues, interact with them and carry environmental
information from the sample back to the outside world for subsequent processing and
interpretation [2]. Since the amount of light emitted from micro-scale biological
structures is extremely small the optical properties of biological sample can only be
exploited with optical detectors of sufficient sensitivity [3]. The set of techniques that
exploit the photon-based biological interactions in order to extract specific information
about the biological matter is collectively defined as Bio-photonics [4-8]. Bio-photonics

constitutes a major area of advanced optical imaging. Previously the only means of



observing cellular behavior was to view a frozen stained and sliced sample of the
organism under a microscope. This provided no information about the active internal
process of the cells and the dynamics of its interactions with the cells surrounding it [5].
Bio-photonics allows dynamic observation of biological events at the micro-scale level
thus enabling real time study of biological functions at the cellular or sub-cellular levels.
The granularity of such real-time observation extends to the level of a single molecule
within an active cell. Ultra-sensitive optical methods are also widely utilized to identify

and quantify DNA, mRNA or protein content within biological matter [6, 7].

In the clinical field, single photon sensitive imaging has enabled the study of the
mechanisms involved in human health and disease at the cellular and molecular level.
Optical properties of tissue such as fluorescence reveal valuable information regarding its
pathology and composition [7]. The fluorescence property of biological matter is also
modulated by disease-related abnormalities in the organic structure of tissues. Discerning
the resulting shift in the optical properties for micro-scale biological structures would
require contrast resolution on order of single photon. This marks the maximum resolution

limit for optical intensity measurements.

Another major area of impact is the Imaging of extremely fast transient events
such as spike-based neural signals characterized by microsecond-long action potentials
travelling through neural pathways at speeds of up to 112 mph [8]. Effective imaging of
such high speed phenomena requires optical detectors with a very high frame rate
capability or equivalently very short integration window (small exposure time) single-

photon sensitivity yields the shortest possible integration window of one photon.



Essentially the challenge for the detection system utilized in biomedical imaging
application is the speed and sensitivity requirement for detection of ultra-low intensity

bio-reporter signal (optical) emitted as result of bio-photonic processes [8].

LiDAR (Light Detection and Ranging) is a technology that utilizes light to probe
the atmosphere in order to retrieve information about atmospheric properties such as
temperature, humidity, pollution, weather pattern and the trace gases present. The
detection of changes in properties of the emitted light pulse after it has interacted with the
atmosphere allows for the measurement and mapping of atmospheric parameters [9].
LiDAR can also be used as Laser range finders. It can determine the distance to a remote
object by detecting the reflected pulse and measuring the round trip flight time.
Consideration of Cost, portability and eye safety necessitates the use of low power source
for laser generation which proportionally lowers the intensity of the reflected signal. Due
to the limitation of the detector active area only a small fraction of this reflected signal is
captured by the detector. The low back-scattering coefficient of atmosphere also
attenuates the reflected optical signal. As the result of these restrictions, LIiDAR
applications are critically dependent upon the ability for efficient ultrasensitive photon

detection [9].

1.2 Assessment of Existing Single Photon Detection Technologies

The underlying process in signal detection is the electro-transduction of the
incident energy signal into a representative electrical signal at the output. The function of
a photo-detector is to convert the optical energy of light into an analog electrical signal

whose magnitude is proportional to the incident intensity. The challenge presented



involves fast and reliable detection of ultra-faint signals. In conventional optical detectors
the free carriers generated due to the absorption of incident photons are passively
integrated until the resulting electrical signal exceeds the baseline noise of the external
amplification and read out electronics [10]. This method is inherently ill suited to meet
the stringent sensitivity and speed requirement for detection of Ultra-weak optical signals
that occur on a time scale from hundreds of nanosecond to milliseconds. The detection of
such signals is contingent upon the presence of an intrinsic internal amplification
mechanism that is as noiseless as possible [11-13].

The gold standard in single photon detection, for the past several decades has
been the PhotoMultiplier Tube (PMT). The internal amplification process in PMT occurs
on time scale of tens of nanosecond. Within that time period a single photo-generated
carrier pair is converted into a pulse of current which can be directly read out. However,
due to their internal mechanism for signal transduction and amplification, PMTs have
high power consumption (large operating voltage) and are operationally sensitive to the
presence of external magnetic field. Additionally, due to their bulky packaging, they offer
poor detection granularity, and are mainly used as stand-alone point detectors. Although
these limitations have been partially over come through introduction of multi-anode PMT
and Micro Channel Tube, these devices still fall short of meeting the growing
technological demand for greater system integration and miniaturization [14]. Many
applications on the cutting edge of technology such as Lab on Chip (LoC) and Micro
Total Analysis System (uTAS) must deliver ultra-sensitive and high speed integrated
functionality across an implementation platform capable of very high levels of

miniaturization, reliability and low power operation [14, 15]. Semiconductor technology



can offer a robust implementation platform for such high performance single photon
detection, provided that the speed and sensitivity performance of PMT can be realized in
silicon. A basic illustration of PMT appears in Fig. 1.1a.

A modified version of the standard semiconductor CCD called Electron
Multiplying CCD is capable of achieving single photon sensitivity by incorporating an
amplification stage directly into the readout architecture thus eliminating the external
noisy amplification step. A notable advantage over PMT is that EM-CCD devices can be
manufactured into high density detector arrays capable of parallel detection. However,
due to the intrinsic gradual amplification process through several stages of high voltage
multiplication registers, they suffer from long response times and cannot match the
detection speed of PMT device. Fig. 1.1b illustrates the basic readout architectural
enhancement required to upgrade a CCD detector to an EM-CCD.
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Figure 1.1 (a) Structure of a PMT, the resistive divider circuit distributes the optimum
voltage to each node to induce the charge acceleration required for impact ionization.
(b) EMCCD structure consisting of the CCD part and electron multiplying readout
component.



Another solid state alternative for single photon detection is Single Photon
Avalanche Diode (SPAD) in custom CMOS process. SPAD is essentially a p-n junction
reverse-biased at above breakdown level with the maximum electric field uniformly
distributed across the depletion region of the planar p-n junction, which constitutes the
device multiplication region [15]. Photo-generated carriers within this region are
accelerated by the high electric field and undergo a rapid multiplication process through
repeated high speed collisions with the lattice atoms, resulting in successive impact
ionization. The result is an avalanche current generated on picosecond time scale [16].
The charge multiplication process is driven by the high lateral electric field and occurs in
a single turn. Due to the large number of electrons in the high filed region during the
avalanche build up, there will be multiple impact-ionization events occurring in parallel.
According to the law of large numbers, at any given time, there will be a large number of
carriers working to reduce the variance of the gain within the high field region. If one
electron fails to fulfill its average number of ionizations, another is likely to exceed it.
Consequently the amplification noise in SPAD is negligible [17]. The rapid internal
amplification by means of a run-a-way avalanche process completely eliminates many of
the traditional sources of noise such as (read noise, amplification noise) typical in analog
optical detectors. The main source of noise in SPADs is the Dark Count Rate (DCR),
which is the rate of dark (photon unrelated) avalanche events. These non-photon related
pulses can be due to thermal generation of carriers, band to band tunneling, field assisted
tunneling, after pulsing or crosstalk [18]. Basic depiction of SPAD operation appears in

Fig. 1.2.



Custom SPADs are capable of matching the single photon detection speed and
sensitivity of PMT, however they requires front-end electronic support to enable their
rapid reset and recovery for continuous operation. Since electronics components cannot
be easily integrated in the custom CMOS process, hybrid systems have been proposed
whereby the SPAD detectors on custom substrate are externally coupled to an electrically

active standard CMOS substrate containing the necessary front end electronics.
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Fig 1.2: Single Photon Avalanche Diode (SPAD

The down-side is the increase in cost and complexity that results from bonding
incompatible technologies. Furthermore, parasitic introduced by the external connections
bring about degradation of system performance in terms of diminished sensitivity and
speed [17]. Since standard CMOS offers an ideal platform for seamless integration of
processing and readout electronics, it would seem that integration of SPAD in standard
CMOS could offer significant advantages towards the implementation of compact high

performance optical sensing systems.



1.3 CMOS Comepatibility

There has been interest in a semiconductor replacement for the PMT since the
1960’s [18-24]. However CMOS process is not optimized for high field conditions
required for SPAD operation. The single photon electrical response of SPAD is
contingent upon the volumetric breakdown of the planar depletion region. This requires
effective isolation of the maximum electric field to the planar multiplication region, while
counteracting the effect of electric field crowding around the curved edges of the device.
Otherwise excessive electron tunneling and premature breakdown associated with the
corners and curved edges will introduce noise and uncertainty in the operation of the
device [25, 26]. In standard CMOS, custom features required for selective tailoring of the

electric field distribution are not directly available to the designer.

An innovative layout design, introduced in [27], enabled Premature Edge
Breakdown (PEB) suppression in standard CMOS by utilizing a diffused guard ring to
modulate the high electric field at the periphery of the SPAD device. Despite the fill
factor penalty associated with the diffused guard ring this was a breakthrough step, as it
enabled, for the first time, the development of SPADs in conventional CMOS process

[27-28]

1.4 CMOS Single-Photon Pixel — Area Vs. Performance

Implementation in conventional CMOS has opened the way for low cost
development of SPAD pixels with increasing performance levels. However the added

performance requires more integrated electronics which takes up additional silicon real



estate resulting in a reduced fill factor. If the photosensitive area is kept constant, the loss
in pixel fill factor will increase in direct proportion to its performance. The trade-off
between performance and fill factor can be resolved if the active area is allowed to
increase proportionally with the level of integrated functionality. However, in standard
CMOS a linear increase in the SPAD active area leads to an exponential increase in its
Dark Count Rate (DCR) [6]. The resulting loss in device Signal to Noise Ratio (SNR)
makes the design of large active area SPADs not feasible in standard CMOS.
Consequently, in practical applications, the active area of CMOS SPADs is ideally
restricted to below 100 pm?® This nonlinearity severely restricts fill factor in high

performance SPAD pixels, often resulting in fill factors as low as 2 - 6% [30, 31].

The current trend is towards higher performance SPAD pixels and thus greater
integration of functionality on pixel and on chip. The DCR imposed limitation on the
active area creates a major tradeoff between performance and fill factor, preventing the
full exploitation of the potential offered by CMOS-based SPAD detectors. The DCR
associated active area constraint also presents a serious limitation for SPAD-based
application as practical detection tasks often require a large photon collection surface

[32].

Individual SPADs are characterized by their fill factor, bandwidth (maximum
count rate), and DCR. Design methods capable of easing the trade-offs parameters at the
device level would make for a more robust SPAD pixel which would naturally assemble
into more robust arrays. So the first task in high performance SPAD array design must be
performance optimization at the device level. This is the purpose behind the research

work discussed in Chapter 2 and Chapter 3



1.5 CMOS Single-Photon System — The Readout Challenge

Under current implantation strategies, the effective performance of single SPAD
Pixel within an array assembly is substantially lower, depending on the array size, than
the performance of single standalone SPAD pixel. Due to the resulting degradation of
effective single pixel response, when realized within larger multi-pixel assemblies, the
development of a robust integrated large SPAD array with high performance is yet to be
accomplished in CMOS and remains the primary area of research in the field [33]. The
fundamental challenge has been the developments of an appropriate readout architecture
that can effectively handle the massive amount of dynamic data generated by multiple
SPAD elements without imposing significant bottleneck effects on the operation of the

system. The conceptual illustration of the readout challenge appears in Fig. 1.3.

Analog charge-based photo-detector Digital Single-Photon SPAD
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Figurel.3: (a) Photo-signal statically stored in the pixel until it is sequentially readout
and processed during the readout cycle. (b) Photo-signal must be dynamically
processed in real time with each photon arrival, thus making local storage difficult
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1.5.1 Digital Readout — SPAD Imager Array

The hall-mark of SPAD cutting edge operation is its single-photon sensitive
digital response that can be generated with a simple in-pixel digital buffer and directly
read out without amplification or pre-processing. Unlike CCD or Active Pixel Sensors,
the dynamic response of SPAD cannot be statically stored as photo charge and must be
processed instantaneously as either digital count value or Time Of Arrival (TOA) value,
or both, before it can be stored. The otherwise excellent signal characteristics of a SPAD
device pose a significant architectural challenge when it comes to reading out large arrays
of such devices. The primary difficulty is characterized by the achievable efficiency in
accessing pixel information as it is dynamically generated in large pixel arrays. One
solution that enables massive operational parallelism and offer the best detection
efficiency, is in-pixel processing of SPAD response [1, 34]. However large-area in-pixel
counters or timing circuits significantly reduce the fill factor of the pixel and can
prohibitively limit its photon-collection efficiency [1]. Simpler pixel-level processing
improves fill factor and enable larger arrays, but would require a degree of resource
sharing. Resource sharing involves multiplexing several signal paths within the same
sharing group. This inhibits the dynamic operation of SPADs as digital pulses cannot
share the same transmission/processing medium during overlapping time windows. The
resulting performance trade-offs impose limitations on the size of the array. The
fundamental challenge, and hence the bulk existing research, associated with the readout
of large array of digital SPADs is fundamentally driven by the central tradeoff between
efficient utilization of Silicon real estate (resource sharing) and throughput (effective

transmission bandwidth per pixel).
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1.5.2 Analog Readout — SiPM Detector

The severe bandwidth limitations (high rate of pulse pile up) associated with the
dynamic readout of multiple digital SPAD pixels onto a common channel, described
above, is eliminated by operating the array in what is known as the Silicon Photo-
Multiplier (SiPM) mode. In this configuration individual current-mode pixel are parallel-
connected to a common load As a result, when simultaneously fired, their signal will
combine to produce an analog sum of all the avalanche signals [35-38]. Basic operation

of a 4 cell SiPM macro-pixel is shown in Fig. 1.5.

|

Figure 1.4: Current signal summation at the common readout node of the set of parallel
connected individually quenched SPAD elements forming a single SiPM macro-pixel

In SiPM detectors, the asynchronous characteristic of analog operation enables
large grouping of multiple SPAD elements without introducing performance constraints.
The SiPM signal can be discerned from the background dark noise by amplitude
thresholding of the summed current signal (signal amplitude) [39]. Therefore only

photons that arrived within the summation window (avalanche current pulse-width) can
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be identified and quantified. The avalanche-gated analog summation represents the
functional foundation of SiPM detector and ultimately limits the applicability of the
technology. Furthermore the SiPM response signal is a faint analog current pulse with
rapid transience and large active range. Digital extraction of count and TOA value room
such a signal is no trivial task, involving multiple levels of signal processing [40].The
electronic noise added in the process reduces the single-photon sensitivity of the detector
while the foot-print area and power dissipation involved with the analog signal

processing makes integrated readouts impractical.

1.5.3 Proposed Readout Architecture

SPAD:s are digital dynamical devices and they must be treated as such in order for
their full potential as high speed single-photon detectors to be realized. The readout
interface must preserve the advantage from both the dynamical (Asynchronous, high
speed) and digital (noise free, direct readout) nature of SPAD response. The existing
digital readout architectures preserves the digital characteristic of the SPAD device at the
cost of its dynamic characteristics, while the automatically asynchronous behavior of the
analog readout, preserve the dynamic nature of SPAD response at the cost of the digital
feature of its operation. Chapter 5 presents a design for a novel array readout architecture
that preserves both the digital and dynamical aspects of the SPAD operation. Fig. 1.5
compares the basic architecture of the analog, digital and the proposed readout

architectures.

An integrated signal processing and digitization system has been designed to

interface with the signal aggregation node in Fig. 1.5 ¢. The purpose is to establish free-
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Figure 1.5: (a) SiPM analog readout based on dynamic current signal summation requires

complex analog readout chain.

overlapping pulses.

(b) Multiplexed digital readout results in loss of
(c) Proposed readout based upon digital readout at the pixel level

and dynamic voltage division at the readout interface.
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running dynamic digitization and readout of the detector output signal, not currently
possible with the standard ADC digitization system deployed as part of SiPM analog
readout chain. Fig. 1.6 illustrates the basic architecture of this integrated signal

processing unit.
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Figure 1.6: Signal processing system for the array detector interface of Fig. 1.5 ¢

1.6 Primary Objective and Goal

The over-arching goal for both single photon imagers and Silicon Photo-
Multiplier is high sensitivity and high resolution solid state optical detection. The
potential of SPAD arrays towards realization of this breakthrough seems obvious when
considering the excellent single photon performance of a SPAD detector and the
feasibility of their implementation in CMOS,. However, this potential is yet to be fully
realized. The structure and operation of SPAD introduces several performance trade-offs
and conflicting design objectives. The Development of large-scale SPAD arrays capable
of reproducing the excellent performance of a single SPAD detector on a larger scale is
contingent upon minimization of trade-off parameters associated with the single pixel
operation and system-level operation of multi-pixel array. This feat is the primary

challenge confronting research in the field. The advent of ultra compact and versatile
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process technologies will perhaps one day bring this goal closer to fruition — However for
now the effort is in the direction of novel design concepts and new configuration
techniques within the context of current low-cost, standard fabrication to realize large,

high speed array of compact photon counters in a dense spatial arrangement.

1.7 Research Strategy and Organization

The focus of this thesis is to investigate a design approach to merge the best
performance aspects of SPAD and SiPM design paradigm into an integrated high speed
single photon counting system with greater detection sensitivity than either technology.
The strategy involves a hierarchical approach to performance improving with operational
requirement and performance of the next stage in mind. This means starting from the
semiconductor junction level, moving up to the SPAD pixel eventually leading up to
novel system design that can serve as a blue print for development of high speed SPAD
array detectors featuring a scalable low-power integrated readout system with an
unrestricted dynamic range, high fill factor and low noise operation.

The following brief summary of the upcoming chapters offer a conceptual

organization of main research themes.

Chapter 2: This work centered around investigation of methods to improve DCR and fill
factor by modifying the structure of the p-n junction. In conventional CMOS SPAD
design, the fill factor degradation results from the un-scalable dead area taken up by the
diffused guard ring. The alternative approach involved covering the perimeter of the

junction with a poly gate, appropriately biased to deplete the area underneath it. PEB in
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the resulting SPAD device was achieved through reduction of the field at the curved
edges or corners that constitute the periphery of planar p-n junctions, without increasing
the dead area within the footprint of the SPAD pixel. We experimentally verify the effect
of this field gate on lowering the DCR of the device. In addition geometrical modification
of the p-n junction towards stated performance improvement has been studied and
experimentally verified. Large-area SPAD pixels in standard CMOS have not been
possible due to prohibitively large DCR. The purpose of this chapter is to demonstrate a

large—area SPAD device in standard CMOS.

Chapter 3: This chapter focuses on performance enhancement at the pixel level which
constitutes the next architectural layer in the system hierarchy. This work involved the
development of front-end electronics capable of high speed quenching and recovery
operation required to maximize pixel bandwidth. Towards this purpose a novel timing
and logic circuit was designed to generate precisely matched and optimally synched
quench and recharge signals with controllable delay between the two operations. Linearly
variable delay enables fine tuning of the hold-off time required to determine the setting
that optimizes the SNR (bandwidth Vs DCR). In order to standardize the readout pulse of
the pixel so as to optimize the resource sharing requirement of the eventual system. For
the first time an in-pixel tunable Event Pulse Generator (EPG) was integrated with the
front-end electronics to act as the pixel interface. The pixel interface allows the output
pulse-width of the pixel to be actively modified without affecting device operation. In
clustered topology where multiple pixels use the same readout resource, the independent

control of the pixel-level pulse width can improve system-level dynamic range,
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throughput and noise thresholding capability. The design of the Event Pulse Generator
(EPG) involves re-using sections of the hold-off generation electronics in the primary
AQC circuit, thus recycling some of the functionality already implemented in the primary

circuit. This strategy enables a more compact design.

Chapter 4: The finite hold-off time separating the quench and recharge halves of the
detection cycle introduces a non-linearity condition in the photon counting operation. In
light of the associated performance non-linearity, empirically measured count rate data
must be supported with an accurate theoretical description of non-linearity condition,
associated with the counting process, before the measured data can be reliably
interpreted. Towards this goal an analytical model describing the photon detection
statistics for a detector with non-paralyzable dead time was derived. The proposed
theoretical model can be used for any system that involves discrete detection of randomly
arriving event in presence of a fixed dead time such as service time of a server in network
traffic modeling or the refractory period of neurons in synaptic network simulation. The
model was then used to theoretically predict the true count from a set of experimentally
obtained corrupted counts that were measured in presence of a known dead time. The
proposed model was compared against the standard model of count correction often used
in the literature and shown to be more accurate, especially at higher count rates. The

validity of the analytical model was experimentally verified.

Chapter 5: A novel signal collection mechanisms for a cluster of digital SPAD is

introduced in this chapter. The signal accumulation scheme is based on voltage division
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across a floating array of minimum sized capacitors. The footprint of the interconnect
interface is negligible relative to the area of the pixels. Signal accumulation scheme is
architecturally simple and compact with an intrinsic asynchronous behavior and a
dynamic range that is inherently matched to the number of pixels it supports. It is
comparable to SiPM interconnect configuration in terms of simplicity and dynamical

behavior without being marred by the SiPM associated readout obstacles and challenges.

Chapter 6: The charge redistribution principle, used in the signal collection phase to
generate the quantized profile of the interface output response signal from a set of
asynchronously arriving input digital pulses, is now implemented in a reverse operational
order so as to bring about the disintegration of the discrete analog signal into its
constituting stream of digital pulses. By sequentially processing the pulse stream with a
compact digital counter, a binary code which represents the amplitude of the interface
output signal, directly in terms of incident photon count can be generated and stored.
Effectively a novel design for a highly compact and free running on-chip digital pulse
counting system capable of sequential photon counting and photon number resolution is

demonstrated

1.8 Contributions

This section will list the original contributions in the presented body of work.

a) Fill factor enhancement in standard CMOS SPAD device (Chapter 2)

b) DCR improvement in SPAD cell without area penalty, or additional processing cost.
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¢) New compact design for SPAD pixel front-end circuitry capable of high bandwidth
operation and linear delay generation.

d) Introduction of a novel array coupling interface to the front-end electronics, The
pixel interface features an independently adjustable event pulse generator and could
potentially enhance the operational flexibility of the array system.

e) Derived a mathematical model for accurate prediction of fraction of measured count
lost as a result of performances non-linearity in the courting process. The proposed
model was able to accurately map the measured count data to the actual incident
count even at high arrival rates where the standard mapping expression grossly over-
estimates the true count.

f) Introduced a new acquisition interface for dynamic collection of logic pulses over a
common interface method to simplify readout system for SPAD array detectors — but

can just as easily be used for any system requiring readout or communication of
digital voltage pulses over a single transmission line.

1.9 Significance to the Scientific Field

The proposed structural design lead to performances enhancement for large Area
CMOS SPAD arrays operated at temperature. This will greatly benefit biological
detection application like DNA sequencing and proteomics. SPAD-based single-photon
sensing solution can be implemented with reduced constraint on the detection sensitivity
due to dark count rates, and architectural design with significantly relaxed performances
tradeoff and constraints. The implication of proposed sensing platform is expansion of
the application scope for analog SiPM detectors and greatly reduced noise susceptibility.
In the digital domain operation associated with photon-counting SPAD array SPAD the
implications are lossless dynamic resource sharing without introducing additional readout

complexity and throughput constraints.

20



Chapter 2

Performance Oriented Device Design

The photon counting efficiency of the CMOS SPAD is characterized by its fill
factor, operational speed (maximum counting bandwidth) and Dark Count Rate (DCR).
The Combination of these parameters determines the photon detection efficiency of the
SPAD pixel in terms of its photon-collecting efficiency and Signal to Noise Ratio (SNR).
The primary goal of this section is to investigate structural modifications at the device
level that may lead to enhanced sensitivity and SNR. The process leading to the ignition
of the characteristic avalanche phenomena starts with the absorption of a photon by the
semiconductor material. Photon absorption depends on the semiconductor band structure
and the wavelength of the incident light. Spectral selectivity and absorption efficiency is
primarily determined by the choice of the material [41]. For electrical detection to
become possible the photo-absorption process must be followed by a rapid multiplication
of the generated carrier pair. It is essential therefore, that the photon is absorbed within or
in the vicinity of the high field multiplication region (depletion region surrounding the on
junction). Successful absorption of a photon also depends on the depth it has to penetrate
before it is expected to be absorbed. The absorption efficiency of a photon as the function
of the penetration depth is shown in the equation 2.1 where a represent the absorption

coefficient of the material and L is the penetration depth.
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As the depth and the width of the depletion layer are determined by the
parameters of the foundry process, the choice of fabrication process becomes an
important consideration in meeting the spectral requirement of the application. Deep
junctions are more efficient for absorption of longer wavelengths.

Another key characteristic informing the choice of the SPAD material is the Dark
Rate. Impurities in the silicon create deep energy levels within the band gap structure and
act as carrier trapping sites. The concentration of deep levels within the multiplication
region determines the degree of after-pulsing effect as carriers, trapped in the high filed
depletion region during an avalanche event are subsequently released after a statistical
time delay, thus triggering false detection events [45].

When reverse biasing a basic p-n photodiodes at above the breakdown voltage,
electric filed uniformity becomes an issue. Electric filed flux lines will crowd around
curved surfaces and corners increasing the local electric field intensity at these regions.
This effect leads to premature junction breakdown at the device edge, resulting in an
uneven gain which is unsuitable for single photon detection. Suppression of premature
edge breakdown (PEB) involves the reduction of electric field at the edge of the p-n
junction. An effective solution to this is the localized reduction of doping concentration
gradient at the susceptible regions. In dedicated CMOS process, thanks to availability of
low-doped n/p well, selective shaping of the electric filed profile can be effectively
achieved. One approach is based on implanting a highly doped disc at the center of the
diode. The highest electric field is confined at the center of the diode for proper
avalanche operation. [27]. The Same effect can be accomplished through decreasing the

doping concentration at the periphery of the diode. A low doped p- region implanted at
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the periphery of the p-n junction decreases the electric field in this region as it diffuses
into the higher doped layer, effectively lowering the local doping concentration [27, 28].
Another proposed structure for PEB suppression involves a floating field-limiting gate
placed over the region separating a p-type floating guard ring and the primary p-n
junction. The field gate acts to bridge the gap that may exist between the depletion
regions induced by the floating ring and of the p-n junction respectively. This
configuration widens the depletion region surrounding the curved edge of the device by
connecting it to the depletions region of the adjacent ring. This reduces the local field
intensity and counteracts the field intensifying curvature effect. Device breakdown
voltage is enhanced as the result. A simple depiction of these structures is shown below

in Fig. 2.1 [26].

Floating field gate

p p+ N/
\E p-

Figure 2.1: Different methods of isolating the high field region. (a) Center Field
concentration. (b) Sidewall-Edge isolation (c) Low dope p adjacent ring

In dedicated fabrication technology it is possible to control the fabrication steps in
such way as to inhibit PEB and minimize DCR by shaping the electric field profile at

critical regions (Device surface or the curved region of the p -n junction).
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2.1 CMOS SPADs

As a consequence of their customized fabrication process, other low-light
semiconductor imaging technologies such as CCD and EM-CCD are able to offer low
noise and efficient performance. It is also possible to develop specialized fabrication
process for SPADs based on ultra-pure high resistivity silicon wafer with a non-planar
proprietary technology that can yield excellent DCR and high signal to noise ratio[42].
However these gains come at the cost of high voltage operation, low fabrication yield,
higher production cost, and diminished capacity for monolithic integration and system
miniaturization. Implementation in standard CMOS, offers the best platform for
implementation of large, highly compact array imagers with single photon sensitivity and
integrated signal processing and readout [42]. Therefore focus here will be towards
innovative design methods to achieve performance enhancement for Standard CMOS

SPADs detectors and imagers.

2.1.1 Gain Uniformity — Full PEB Suppression

In a conventional CMOS process the only available implant layers are p+ and n+
diffusion, n-well (and p-well in twin tub process) and the p-type substrate. The only
viable option for a planar p-n junction is a p+/n-well structure. Since substrate is common
among all other devices on the chip, the p-substrate layer (p-sub) must be grounded.
Therefor the alternative structure composed of a n+/p-sub junction involves a grounded
cathode terminal (p-sub) with a high positive bias on the anode terminal (n+) in order to
establish above breakdown revere bias condition. In this scenario, it would be impossible

to connect either terminal of the diode to the ancillary (5V) CMOS electronics on the
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substrate. SPAD based on p+/n-well structure is the most plausible configuration in

standard CMOS process.

In planar CMOS, PEB suppression is achieved by lowering the concentration
gradient across the curved junction perimeter using a variety of diffusion layers available
in number of CMOS processes. As an implementation work-around for the absence of a
low-doped diffusion layer in the single-well vanilla CMOS process, a make-shift low-
doped n-type region can be created at the curved edge of the p-n junction. This is
achieved as the result of the lateral diffusion of an adjacent n-well ring surrounding the p-

n junction [27, 28]. The structure is depicted in Fig. 2.2
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Figure 2.2: Formation of the diffused guard ring during the annealing process

Depending on the doping concentrations and the surface defect density, the charge
concentration in the diffused guard ring might not have dropped enough to substantially
lower the regional electric field intensity around the edges. In this case the guard ring will

have failed at relocating the breakdown point sufficiently far from the surface [27, 47]. In
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such a scenario the center planar region might break down at only a few hundreds of mV
ahead of the guard ring/edge region. Under this condition, even though it may still be
possible to achieve a uniform gain (avalanche events associated with the volumetric
breakdown of the planar region) the performance of the SPAD device will nonetheless
suffer due to the heavy DCR contribution from the defect-rich surface edge of the device,

where the statistical likely-hood of triggering an avalanche event still remains high [27].

2.1.2 Noise — DCR Minimization

In planar CMOS technology, due to the characteristic fabrication process
(implantation through the top plane) the surface of the die is the most likely region for
presence of impurities and structural imperfections that are formed during the high-
energy implantation process. Another category of surface defects is the dangling bonds
created due to the sudden interruption in the periodic arrangement of the silicon crystal at
the surface. These surface states adversely impact the PDE of the device by promoting
the recombination (annihilation) of photo-generate carriers created in the vicinity of the
surface, before they can diffuse down to the multiplication region [53]. Furthermore,
surface states act as active generation site otherwise known as SRH sites (Shokley Reed

Hal). The high density of SRH sites at the surface heavily contribute to the overall DCR.

When there is only a small difference in break down level of the defect rich
surface and the planar junction of the device, thermal and tunneling generations at the
surface junction could still contribute substantially to the device DCR. Therefore, in order

to achieve good SNR performance on top of preventing Premature Edge Breakdown, it
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would be highly advantageous to alter the breakdown voltage at the guard ring/edge

region relative to that of planar junction by as much as possible [23].

A second mechanism may be used, in tandem with the diffused guard ring, to
assist with further lowering of the field at this region [46]. A three dimensional model of
such a device is illustrated in Fig. 2.3 (a). A negatively biased poly gate placed over the
perimeter of the surface junction surface is used to deplete the underlying n-well region
along the curved side-wall of the device, to a degree proportional to the applied negative
voltage [46, 47]. This is conceptually illustrated in Fig. 2.3 (b). Widening of the
peripheral depletion region will further suppress the electric field at the surface edge and
along the curved side-wall, thus reducing the DCR contribution from these regions and

improving the overall noise performance of the device.

(@) (b)

Depletion region
(No surface field gate)

_Poly silicon

field gate l
Junction Edge
merged Nwell

Depletion region
(In presence of a
Negatively biased
surface field gate)

P+ Implant

Adjacent
Nwell ring

Figure 2.3: (a) Three dimensional view of the device illustrating its ring-like structure.
(b) Conceptual illustration of the control gate effect in altering the shape of the depletion
region around the junction perimeter and modulating the local electric field intensity at
the surface and along the curved junction.
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The device structure illustrated in Fig. 2.3 was designed in single-well standard
CMOS process and used to study the effects of varying the field gate strength on the
DCR. This measurement was performed using the 5 lambda (ring separation) structures
in [44]. We experimentally demonstrated, for the first time, the strong diminishing effect
of the field gate voltage on the DCR of a SPAD device in standard CMOS. DCR
measurements were taken for a wide range of gate bias values [48]. Fig 2.4 shows our

experimental data.

The diffused guard ring surrounding the active area of the SPAD constitutes a
photon dead area. Since the minimum dimensions of the guard ring are set by the process
parameters it does not linearly scale down in area as the pixel size is reduced.
Consequently the resulting dead area will progressively occupy a larger ratio of the total
pixel area for smaller pixels resulting in the degradation of the pixel fill factor. This will
introduce a performance trade-off between sensitivity and array size and is considered an
impediment towards implementation of large SPAD array detector. A clear advantage of
using the field gate to lower the device edge field rather in place of the diffused guard
ring, in addition to its demonstrated superior performance, is its area efficient
implementation. The surface field gate does not affect the geometrical Fill Factor of the

device [45, 46, 48].

DCR measurements as a function of the gate bias were recorded for SPAD
devices with varying ring separations within Nwell encroachment range, ranging from
widest gap possible (greatest dilution of doping density around the junction edge) to no
gap at all (no change in the doping density around the junction edge junction). It was
observed that at some threshold field gate value (-4V in the measurement) the effect of
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the field gate, in reducing the DCR, becomes the dominant factor overshadowing the

impact of the diffusion ring. The DCR continues to drop as a function of the gate bias.

This is a significant observation as it implies that SPAD with uniform gain and high noise

performance can be developed in conventional CMOS process without the need for fill

factor diminishing features such as the diffused guard ring.
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Figure 2.4: (a) Measurement of DCR for various gate bias values. The data was recorded
for 3 different SPAD structures. In all cases, the DCR was observed to drop substantially
with increasing the negative bias of the gate terminal. At starting voltage as low as -4V
the effect of the gate becomes dominant over the diffusion ring. (b) DCR measured as a
function of the field gate bias for the SPAD structure with 5A ring gap from a separate

die.

The elimination of the diffused guard ring and incorporation of a surface field

gate lead to remarkable improvement in the fill factor and DCR performances of the

device. The new area efficient structure represents a significant advantage for the

implementation of high performance SPAD-based array detectors.
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2.1.3 Low DCR Pixel Geometry

Elimination of the diffused guard ring does not completely resolve the fill factor
woes in high performance SPAD design. Other non-scalable features such as quenching
resistor or the front-end circuitry can significantly diminish the fill factor. Low cost
development of high-performance smart SPAD pixels is the hall mark of implementation
in conventional CMOS. However the added performance requires more integrated
electronics which takes up additional silicon real estate and comes at the cost of fill factor
reduction. The impact on the fill factor is especially problematic for pixels with a small
active area. The silicon foot print of the integrated electronic is determined by the
minimum feature size of the process technology and does not scale down with pixel area.
Therefore if the photosensitive area is kept constant, the loss in pixel fill factor will
increase in direct proportion to its performance (integrated functionality). The trade-off
between performance and pixel fill factor can be resolved if the active area is allowed to
increase proportionally with the level of integrated functionality.

Rows of large area high bandwidth SPADs are indispensable in high speed
imaging and parallel processing of photon-based data streams in assay analysis such as
DNA sequencing and parallel fluorescence correlation spectroscopy [49-54]. Detector
arrays composed of limited number of SPAD pixels with large pixel area also plays a
critical role in adaptive optics [55, 56].

The major performance hurdle with large area SPAD in standard CMOS process
is the non-linear relationship between active area and device DCR. Theoretically

speaking, the magnitude of the DCR should linearly scale with the active area, yet in
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actual implementation it exhibits an exponential growth profile relative to the active area
[59, 60].

In standard CMOS a linear increase in the SPAD active area leads to an
exponential increase in its DCR. Thus any performance gain resulting from a larger
detection area is more than offset by the disproportionate degradation of device SNR
performance. The resulting loss in the SNR makes the design of large active area SPADs
unfeasible. Consequently, the active area of CMOS SPAD:s is ideally restricted to below
100 pm?. This nonlinearity severely restricts the fill factor in high performance SPAD
pixels, often reported with fill factors as low as 2 - 6% [30, 31]. The DCR imposed
limitation on the active area further aggravates the existing tradeoff between performance
and fill factor. The performance impact of this non-linear characteristic is especially
relevant considering that the current technology trend, driven by ever-tightening
performance demands of emerging applications, is towards greater integration of
functionality in pixel and on chip.

The nonlinear increase in DCR is caused by a non-uniform defect density
distribution across the active area. The gettering process is a fabrication step by which the
substrate defects, which act as carrier generation sites, are made to diffuse out of the
active area so that they no longer contribute to the active operation of the device [8]. In
relation to SPAD operation this means excessive DCR contribution from a large number
of generation sites is diminished. However, the gettering operation in CMOS is optimized
for small active area typical of electronic components, and therefore becomes less
efficient for larger active areas. In a study undertaken in [47, 59] it was reported that as a

consequence of this fabrication process step, which induces doping displacement towards
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the junction boundary, the density distribution of generation sites is not uniform over the
junction area; rather it increases radially outwards from the core center of the active area.
Consequently larger active areas, especially ones with diameter in excess of 25um (500
um?) contain a disproportionately larger number of generation sites as a result of their
diminished gettering efficiency.

From the several alternative geometries investigated in [49, 53], a cigar-shaped
topology was found to involve a more effective gettering dynamics, for the same active
area, due to the stretched profile of the structure. We have investigated the effect of the
perimeter field gate on the modified junction geometry and characterize the performance
of the new large area SPAD featuring the perimeter field gate and the modified junction
geometry in terms of its breakdown and DCR properties.

In order to characterize the reverse break-down electrical response of the new
junction geometry relative to the circular one a number of capsule-shaped SPAD
structures were designed and fabricated. The layout of the test structures used in the
measurement is shown in Fig.2.5. The devices have different shapes but identical
structural composition consisting of a p+/Nwell junction with a poly-silicon gate
covering the junction boundary. Devices one, two and three incorporate a capsule-shaped
geometry with identical active areas but different perimeter-area ratio. Although these
devices are tailored for high gettering efficiency relative to circular device, the one with
greater perimeter-area ratio should theoretically offer a greater gettering advantage as it
offers a greater perimeter for the defects to diffuse through [48]. Device 4 represents the

standard circular geometry.
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Device characterization was performed using two different experimental
techniques. The first method, as stated above, involved measurement of breakdown
characteristics for all three devices. This was realized by directly connecting the anode
terminal of each device to a Source Measure Unit while grounding the cathode, and

setting the field gate bias.

Device 1

Device 2

Device 3

Device 4

Figure 2.5: Structure of SPAD consisting of P+/Nwell junction with a poly-silicon field
gate covering its perimeter is shown in 3 different implementations. Device 2 and 3 are
two representations of the P+/Nwell junction with a geometrical profile that features a
high gettering efficiency meant to amplify the impact of the field gate on DCR. The
Standard round geometry appears as Device 1.

The anode voltage was then swept in the reverse bias direction until a sudden rise
in the reverse current was detected. The process was then repeated for different values of
gate terminal bias. The second method of characterization involved quantitative
assessment of DCR as a function of the field gate bias for the two cigar-shaped SPAD

devices. This method required the integration of an active quench and recovery circuit as
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part of the SPAD pixel in order to facilitate high bandwidth counting of dark events. A

basic diagram of the general set up for the measurement process appears in Fig 2.6
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Figure 2.6: (a) stand-alone SPAD unit for breakdown characterization. (b) SPAD unit
with in-pixel active quenching electronics for DCR characterization.

2.1.4 Experimental Results

The reverse biased Current-Voltage curves for device 3 at different gate bias
appears in Fig 3 with the inset representing measurement for a similar round SPAD
structure from [46]. As can be seen from the Fig 3 full volumetric breakdown,
characterized by sudden and rapid rise in the current occurs at smaller gate voltage for the

capsule-shaped SPAD relative to the round SPAD.
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Figure 2.7: Reverse bias current-voltage relationship for device 3. The inset represent
measurement results reported in [44] for the round perimeter gated junction. The Most
optimal avalanche characteristics are represented by very sharp and sudden rise in current
indicating full volumetric breakdown at the planar junction, indicated by the trace.

The breakdown voltage for each test structure shown in Fig. 2.7 was measured for
three device instances extended across three chips. The mean value for breakdown
voltage along with the standard error has been determined from the measured samples
and is presented in Fig. 2.8(a). For the sake of comparison the breakdown data are

displayed together in Fig. 2.8(b).

It is interesting to note that for the elongated structures the standard error

associated with the mean breakdown voltage decreases with increasing field gate bias
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Figure 2.8: Mean breakdown voltage as a function of the perimeter field gate bias
measured for devices 1, 2 and 3 representing the high gettering efficiency structures and
device 4 representing the round SPAD structure.
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while this pattern appears to be less prominent in the device with standard round
geometry. Variability in the breakdown voltage results from the non-uniform spatial
distribution of defects and impurities across the die. In the perimeter-gated SPAD
structure with improved gettering dynamics, the highest concentration of active area
defects are found near the periphery of the junction which corresponds to the region acted
upon by the field gate. Under these conditions, increasing the gate bias strongly lowers
the magnitude and hence the variance associated with the mean number of active
generation sites, resulting in greater spatial uniformity of breakdown voltage. Device 4
represents a SPAD structure that is not optimized to enhance the gettering action,
resulting in a spatial pattern of defect and impurity distribution that does not favor the
boundary region. For such a structure, the device operation is defined by partial
breakdown of the p-n junction at defect clusters and impurity precipitates that create
localized regions of electric field maxima within the active area. Under these conditions,
localized centers of electric field maxima fall outside of the field gate’s region of
influence; therefore increasing the field gate bias has no effect on the breakdown
response of the device. As a result, despite full suppression of PEB effect, the breakdown
response becomes diminished and largely independent of the perimeter field gate. This is

observed in the breakdown characteristic of device 4 in Fig. 2.8

Another corroborating observation for the optimizing effect of elongation on the
performance of the field gate is the enhanced slew rate of the breakdown response as a
function of the gate bias illustrated in Fig. 2.8. The accelerated rise in the breakdown
voltage relative to the rate of increase in the field gate bias suggests that the impact of the

field gate is more pronounced in the capsule-shaped structures as compared to the
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circular structure. Another immediately obvious feature is the higher breakdown voltage
of the capsule-shaped geometries at zero gate bias, observed in Fig. 2.8 (b). This indicates
an enhanced electrical profile of the native diode. Also observable in Fig. 2.8 (b) is the
notable similarity in the breakdown profile among the capsule-shaped structures. This

finding is consistent with the DCR measurements shown in Fig. 2.9.

In order to prevent counting errors due to the finite measurement bandwidth of the
system, the maximum expected DCR was capped by selecting an appropriate starting
gate bias. The mean and standard error value of the DCR as a function of the gate bias
were determined for each capsule-shaped structure in accordance with the same
guidelines used in breakdown characterization. DCR was evaluated for reverse bias
conditions corresponding to 0.3V and 0.9V of excess bias. The results presented in Fig.
2.9 (a-c) demonstrate a significant decrease in the DCR in response to the increasing field
gate bias. The enhanced DCR-reductive effect of the field gate in the capsule-shaped
devices is attributed to active generation sites which have shifted towards the border
region where their emission activity is muted by attenuation of local electric field. Four
orders of magnitude of reduction in DCR is observed for both values of excess bias
parameter, for a field gate voltage of -14V relative to OV. Fig. 2.9 (d) shows the DCR
measured as a function of the reverse junction voltage at a gate bias value of -14 V (at
which point the effect of the field gate has saturated, for the capsule-shaped devices). The
DCR is 10 Hz for an excess bias value of 0.3 V and no discernible increase is observed as
the bias is increased to 0.6V. Minimal rise in the dark count activity despite the rise in
avalanche probability indicates a negligible contribution from trap-assisted carrier

generation (thermal and tunneling) within the active area. The implication is that the
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central active area is largely void of trapping sites attributed to the presence of impurities
and defects. The rise in DCR observed when the excess bias is increased to 0.9 V may be
attributed to the increased likelihood of direct band to band tunneling within the active
region which occurs without trap assistance. However direct band to band tunneling
requires strong electric field and is unlikely in silicon due to its indirect band gap
structure. It is more likely that the rise in DCR is due to the resumption of trap-assisted
emission activity from the muted generation centers near the active area boundary, re-
activated by the increased field strength. We speculate that deployment of a wider field
gate for greater attenuation of the edge field may allow the device to operate at higher
excess bias levels without the associated increase in DCR. The data illustrated in Fig. 2.9

was generated for capsule-shaped topologies, all featuring an active area of 3400 um?.

For comparative illustration, the mean DCR for the capsule-shaped structures
associated with different perimeter-area ratio are presented together in Fig. 2.9 (d) and
(e). Although all the elongated SPAD devices demonstrate similar performance, device 3
offers a more favorable profile for arrays and is therefore considered a practical option

for incorporation into a SPAD pixel array.

39



(@) (b)

1E+6

AlE+6 "
(E+5 T Devicel  1E+5 \T‘ Device 2
£ ! E 1IE+4 T\!-
S|IE+4 A \- - . N
+~ %
SliE+3 { u E3 1 g LN
S = “a » 5
Z|1E+2 | . g 1E+2 - o Ban
S . T
O[1E+1 Ly aee IEL- CTong g
lE_O T T T T 1 ]_E—O T T T T 1
5 7 9 11 13 15 5 7 9 11 13 15
© Gate Voltage (-V) Gate Voltage (-V)
1E+6 B 1307
4 . . (d) : *
E<s + Device 3 —+— Device 3
& ® T\E —@— Device 2
| 1E+4 -_"‘ L. 100 7 = Device 1
£ L
SlEs | X L.
L8
@) L8 [ |
~[1E+2 - - 2
I ® .
Ol1E+1 - “-way
1E+0 ; .
5 10 15 16.8 17.1 17.4
Gate Voltage (-V) Reverse Bias (-V)
(e)
1.0E+06
—fl—Device 1
1.0E+05
- q-===Device 2
Q
§ 1.0E+04 Q._\ = = = Device 3
= .
3 1.0E+03 -
O VEX: 0.9v
4
G 1.0E+02 -
@)
VEex: 0.3V
1.0E+01
l.OE_OO T T L] L] 1

5 7 9 11 13 15
Gate Voltage (-V)

Fig. 2.9 (a-c) Measured DCR as a function of the perimeter field gate bias for devices 1,
2, and 3 operated at two different excess bias levels (0.3V and 0.9V). (d) DCR vs device
reverse bias at -14V field gate bias. (€) DCR vs perimeter field gate bias for devices 1, 2,
and 3 at excess bias of 0.3V and 0.9V.
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2.2 Summary

The effect of poly gate placed over the p-n junction border was experimentally
studied for the first time. The gate bias showed to be highly effective in reducing the
DCR with the degree of suppression strongly related to the gate bias magnitude. The
central performance challenge in large area SPAD implementation (particularly well
suited for astronomical and biological applications) is the DCR-related active area
limitation.

Large area SPADs in standard CMOS are characterized by prohibitively large
DCR. Perimeter Field gate driven with a high negative voltage was previously shown to
reduce the DCR by several orders of magnitude. The minimum achieved DCR was still
considered high for many applications. Here we enhanced the perimeter-gated design by
replacing the round SPAD design with a capsule-shaped junction geometry shown to
have a better defects density profile. The Dark Count was experimentally measured for
the new device. It was shown to be an improvement over the traditional circular geometry
by several orders of magnitude. Additionally the magnitude of the gate bias required for
the optimum effect also showed significant reduction. The DCR of SPAD device with an
active area of 1200 pm? was reduced to as low as 10 Hz for 0.5 volt, and 180 Hz for 1
volt of above breakdown excess bias. The reported results represent an improvement of
more than of 5 orders of magnitude relative to the standard design.

Devices geometries with width to high ratio close to unity (i.e. circles and
squares) have the best avalanche propagation property and more practical photon
collection shape profile. Subsequently the extended profile of the cigar shaped SPAD

(large perimeter to area ratio) are associated with lower avalanche propagation speed and
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less efficient photon collection profile but offer highly improved DCR characteristics. An
intermediate geometry with less extension was designed and tested. The results showed
no change in the DCR response relative to the junction geometry with the maximum
extension. Consequently the intermediate geometry constitutes a more optimal choice for
incorporation into SPAD pixel. The DCR measured for the new SPAD device with a
relatively large active areas was reduced to as low as 100 Hz. This is an improvement in

excess of 4 orders of magnitude relative to the standard design.
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Chapter 3

Performance Oriented Pixel Design - Front-end Electronics

The avalanching characteristic of a p-n junction reverse-biased above breakdown
is the enabling feature for SPAD-based photon counting/timing devices. However,
avalanching is a runaway destructive process and must be controlled [61, 62]. The
previous section focused on structural alterations and junction design techniques to direct
the avalanche breakdown process away from the junction edge and towards the planar
region where uniform volumetric breakdown can take place. These technigues involved
modifications to the structure of the SPAD device which involved changing the
geometrical shape of the p-n junction and introducing a field gate over the surface edge
of the junction. The effect of the field gate and junction shape in suppressing the surface
field intensity and consequently reducing DCR were also discussed and experimentally
demonstrated. In this chapter we approach the performance challenge at the next
architectural level higher, which involves in-pixel integrated functionality

implementation.

3.1 External Gating Signal — Hybrid Design

In a SPAD detector, charge avalanche is suppressed through lowering of the
device terminal voltage to below the breakdown level (Vy). Recovery process involves
restoration of the device terminal voltage to it initial over-breakdown level (Vy + Vex). In
the gated mode, the SPAD is biased just below its breakdown level (V). The bias is
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transiently increased to above the breakdown voltage (Vp) by a predetermined amount
(Vex) through application of a calibrated voltage pulse. The Device is kept at above
breakdown level for short periods of time, corresponding to the gating pulse width (Tw).
during which time an avalanche event may occur. The falling edge of the gate pulse
lowers the device terminal voltage level and quenches the avalanche current. The
duration of the pulse is kept short to limit the avalanching duration through the p-n
junction, usually to around a few nanoseconds [42, 63]. Gating operation also
significantly limits detector DCR by restricting the measurement bandwidth at the SPAD
device level. A schematic depicting a passively controlled SPAD cell in gated mode is

shown in Fig. 3.1. The gating pulse is applied to the SPAD through capacitor Cy.
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Figure 3.1: Schematic of Passive-quenched SPAD in gated-mode operation
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The coupling capacitor Cy4 forms a parallel network with the capacitance at the
SPAD cathode terminal (Cgepletion + Cparasitic) and the quenching resistor R.. In order for
the significant portion of the applied voltage to appear across the SPAD terminals, the
coupling capacitance Cy should be much larger than (Cy4 + C,). Since the window of
operation is restricted to the immediate time window following the arrival of the optical
signal at the detector, the noise contributions from after pulsing and thermally induced

events can be significantly reduced.

The duration of the quench and recharge operation is determined by the slew rate
of the falling and rising edge of the gating pulse respectively. The speed up in the reset
and recovery operation improves the detection bandwidth and the active range of the
device. However, since the gating pulse train must be synchronized with the photon
arrival time, the utility of the gated operation is limited only to applications wherein the
arrival time of the optical stimuli is predetermined or can be accurately attained through

initial scanning.

3.2 Integrated Electronics — Monolithic Design

In most application, the arrival of the photon is not pre-determined or cannot be
obtained with any reasonable accuracy [64]. Therefore, the detection event (subsequent
rising edge of the avalanche pulse) must act as an internal dynamic timing signal to
trigger the quench/recovery process. The quenching speed mediates the duration of the
avalanche event. As a result, early avalanche detection followed by rapid quenching can

significantly improve detection speed and SNR of the system. This action requires robust
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circuitry that can detect the onset of the avalanche event and actively inhibit the

avalanche process followed by rapid restoration of the quiescent biasing condition.

Controlling the delay between the quench and recovery process is a critical factor
in design and implementation of AQC. During an avalanche event, some of the free
carriers are captured by the trapping sites within the depletion region. These carriers are
subsequently released at random times following the avalanche resulting in after-pulsing
phenomena. Consequently, it is sometimes desirable to keep the SPAD quenched for a
period of time necessary for the trapped charges to be released before restoring the device
back up to an avalanche ready state. This synchronization is not possible with passive
quenching and requires more sophisticated avalanche control circuitry [65]. Before
discussing the aspects of an Active control circuitry, an improved passive control scheme,

utilizing a biased active device in role of the ballast resistor is introduced.

3.2.1 Passive Avalanche Control with Active Device

The performance of the SPAD unit can be improved by passive quenching with a
PMOS transistor rather than a resistor. The performance improvement in the area of fill
factor and dynamic range can be significant. The fill factor advantage is due to the
smaller foot print associated with the PMOS transistor. The Dynamic range advantage is
the consequence of faster quench/recharge operation that becomes possible with a
properly biased PMOS transistor. The speed increase is especially obvious during the

recharge operation.
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Fig. 3.2 illustrates the difference in quench/recharge time between the two static
quenching methods. The simulation was performed using the SPAD device model

described in Appendix A.

Although substantial improvement is observed in the recharge time, quenching
time is not affected by the same degree. Active device use in passive avalanche control
also has the benefit of superior fill factor. There is a direct relation between optimizing
performance and minimizing the avalanche charge [60, 66]. Therefore reducing the
quenching time is a key design objective. Further improvement in the quench/recharge

cycle duration is possible with active quenching systems [67-70].

] b_ Active (PMOS) Passive (Resistor)

Recovery Edge

Figure 3.2: The dashed waveform represents the cathode terminal voltage during normal
avalanching operation of PMOS quenched model. Solid waveform represents the cathode
terminal voltage of the resistor quenched model. Recharging time of 220 ns is achieved
with the PMOS component compared to 1.67 ps achieved with the ballast resistor of
minimum size. The total SPAD capacitance was set to 3 pF in the simulation model
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3.2.2 Active Avalanche Control

The front-end circuitry for active control of the SPAD avalanche current includes
three basic functional features as illustrated in Fig. 3.3. These include active quenching of
the avalanche current once it has been triggered, recharging the bias level back to the
above breakdown level necessary for avalanche ignition and the timing control of the
quench and recharge operations [70]. The circuit implemented for this purpose is often
simply referred to as AQC (Active Quenching Circuit). In terms of performance, key

feature of an AQC is the ability to shorten the duration of the avalanche current.
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Figure 3.3: Basic block diagram of front-end system responsible for active quenching and
recovery functionality in SPAD pixel.

Output pulses associated with a passively quenched SPAD will have random
amplitudes. This occurs when avalanche occurs while the SPAD terminal voltage is not at
the full bias level Vex. These output signals are referred to as runts [42]. Fluctuations in

the height of the output pulses complicate the noise filtering process (amplitude
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thresholding). This complication is eliminated in SPADs with active quenching front-end

due to the standardized output pulses amplitude.

A popular AQC scheme presented and patented in [71, 72] is often adopted in the
literature to supplement a particular SPAD implementation. The basic structure of this
circuit is shown in Fig. 3.4. It utilizes a mixed mode passive/active quenching
methodology. Quenching is carried out by a passive resistor which starts to acts upon the
avalanche current immediately. This quenching drive is later bolstered by a NMOS
transistor acting as a current sink. Re-charging is effectively accomplished by means of a
PMOS Transistor which supplies the SPAD capacitance with current from the rail voltage
source during the recovery process. Timing control and delay are generated by a

monostable circuit [71, 73].
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Figure 3.4: The input stage of the Active Q/R (Control) circuit. Seegback €NSUre temporal
exclusivity between the charging (through Sieer) and quenching (through Sguench)
operations. The reported hold-off time is adjustable from 5 to 500ns.
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A monostable circuitry is characterized by a single stable operating state. Any
Change, triggered by a stimulus, from the default state to an unstable state is reversed
after a fixed transitory period of time, restoring the default state of the circuit. The

standard monostable schematics used in [73] appears in Fig. 3.5.
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Figure 3.5: circuit diagram of a basic hold-off time generating monostable circuit. This
monostable circuit is able to set a delay time of 500ns.

The signal transmitted from the avalanche sense component of the AQC circuit
(Fig. 3.5) triggers the monostable. After a time interval determined by thoig-orf the
transition in the input signal reaches the output terminal of monostable, initiating a
deactivation of the quenching signal and activation of the recharge transistors
simultaneously. At the same the signal at the input of the monostable is turned off to

restore the default state. A performance-oriented circuit design must ensure that the
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monostable transition time is as short as possible but long enough to ensure full recovery
of the SPAD before monostable default state is restored and the recharge signal is shut
off. The waiting time, thog-off 1S determined by the RC time constant associated with
capacitor Cy and PMOS transistor M1 shown in Fig. 3.5. The presence of PMOS
transistor with a pinned out gate terminal ensures programmability of tpo-orf Which is
reported as adjustable from 10ns to 500ns [73]. The performance trade-off associated
with the value of hold-off time involves the SNR and dynamic range attributes of the
SPAD pixel. The hold-off time is usually determined in accordance to the application

requirements.

The AQC circuit in [71] has been improved upon in [74] by increasing the
number of transistors involved in quenching and recharging of the SPAD. Here the
authors report a quenching time of 2 ns and recharge time of 7ns in simulation. The
performance improvement has been achieved by using a parallel network of two large
transistors with an aspect ratio of 50 um/0.6 um to increase the drive strength of the
quench and recharge signals. The associated monostable component involves the same
design as shown in Fig. 3.5, with an addition of an extra inverter after the capacitor Cr.
This is added to ensure a TTL pulse that is not distorted by the slew rate of the
charge/discharge operation, as claimed to be the case in [71]. By selecting a bigger
capacitor the hold-off time range also has been extended from 4ns to 4.6us corresponding
to gate voltage of 0.635V and 2.5V at the WIDTH terminal. The reported performance

gains in the AQC reported in [74] come at the cost of fill factor degradation.

AQC design reported in [75] also operates as a monostable device, but it uses the

same path for quench and recharge activation. The schematic diagram of circuit is
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reproduced in Fig. 3.6. The avalanche-induced voltage drop at the terminal of the SPAD
device sets up a digital pulse at the output of a connecting comparator. The TTL pulse
activates the quench and/or the recharge signal via a single path. The Comparator is
preset to stable state of Low (0 V) output by a potentiometer network connected to its
positive input, R, in Fig. 3.6. The Avalanche signal and the ensuing cathode voltage drop
(point C in Fig. 3.6) disrupts the balance of the comparator’s input signal, setting its
output to go high (5 V) . The high voltage at the output, through a feedback loop, reacts
back onto the cathode of SPAD pulling its voltage down to below the breakdown. This
action then turns of a diode connected between the SPAD cathode and the comparator
input, in effect isolating the node and locking in the signal condition at the input of the
comparator that had triggered the quench signal, thus holding the quench state.
Eventually after a fixed time period set by the parameters of 13, a secondary path is
opened to restore the signal balance at the input of the comparator and change the TTL
signal at the output to LOW (0 V) which in turn will release the quench-lock on the

SPAD and restore its quiescence bias setting.

An interesting feature of this active control circuit is the role of the DC un-coupling
capacitor Cq. The transient signal (AC signal) transmitted through C, effectively provides
a negative quenching voltage without the need for a negative power supply. The AC
signal is generated when the Inverter 12 output signal, A, drops in response to the
comparator output going HIGH (5V). Furthermore with the Capacitor C4 effectively
isolating the Q/R signal drivers (11 and 12) from the voltage at the cathode of the SPAD,
the circuit can be operated with any SPAD regardless of biasing level. Minimum dead

time attainable by the circuit was reported as (= 40ns). Which means the dynamic range
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is limited on the high end to 25 MHz Despite the good performance yield and interesting

features and compatibility with low voltage thin Junction SPAD, the numerous

+5V

Out
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Fig. 3.6: The schematic diagram for externally implemented Active quenching unit.

components and devices such as comparator and potentiometer discourage on-chip
integration, (although potentiometer can be monolithically integrated as a Transistor with
the gate terminal pinned out). The substantial foot-print of the entire unit (pixel) result in

considerable degradation of the fill factor rendering in-pixel integration unfeasible.

A recently reported AQC design, reported in [30] demonstrates very short
quenching time using a variable load quenching to starve the avalanche current. Hold-off

range 40ns to 2us is reported. This circuit also limits the High end of the dynamic range
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to 25 MHz The corresponding circuit implementation of the SPAD pixel front-end
system is illustrated in Fig. 3.7 (SPAD cell + AQC). An NMOS is used at the anode to
quench and recharge the pixel. As avalanche ignites and current increases, the operation
of M1 transitions from triode into saturation. This increases the resistance in the path of
the avalanche current and establishes the initial quenching drive. The active quench
signal, triggered at the output of Inverter 12 eventually cuts off the NMOS transistor,

voltage rises at the Anode and SPAD quenches completely.
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Figure 3.7: Schematic drawing of variable load AQC. Transistor Ms provides the initial
quenching drive as it shifts from triode to saturation. Full quenching occurs when
avalanche current is cut off as 12 goes low. Recovery occurs through discharge of Anode
capacitance Ca when 12 goes high. When using a PMOS transistor in place of R1 a delay
range of 4 ns to 2 us is reported

The Precise timing required for synchronizing the operation of various signals in
this setup, relies on careful transistor sizing which is a factor determined by SPAD
technology in use. Also, presence of high —valued passive elements becomes a hindrance

54



when device footprint is a priority. Furthermore, presence of transistor M1 at the Anode
although advantageous in that it enables using a single transistor for both quenching and
recharging rather than one transistor for quenching and one for recharging, also forces a
SPAD biasing restriction. The only way to appropriately bias the SPAD above
breakdown is to apply an appropriately large positive voltage to the cathode terminal of
the. This causes a large reverse voltage to be dropped across the N-well/P-sub junction
which, in standard plain CMOS process, could create a secondary avalanche source. An
intersting capability of this design is the eliminatin of mid-recharge avalanching effect.
This is accomplished by the introduction of two additional carefully sized inverters, 13
and 14. This comes at the cost of reducing the fill-factor. In situations, where the intensity
of incident light is not high enough to satureate the device, which is the case in most
ultra-sensitivie detection scenarios, the fill-factor trade off might not be as justified. The

intricate timing to accomplish the full hold-off time is set by RpuidownCholdoft-

After expiration of the hold-off time when node D goes high ,the recovery phase.
During this phase the SPAD must continue to be kept isolated from the My otherwise if
Mp is enabled too soon after node D goes high then the voltage at A is sensed by My
prior to it reaching ground pulling up the voltage at node A resulting in spurious

triggering and false detection events.

The use NMOS/PMOS transistors as Q/R signal drivers supplemeted with a
monostable subsystem to implement synchronization and timing control is the most
popular scheme in AQC design. However, different timing control methodologies have
been reported. In [32] an alternate design for implementing an adjustable hold-off time is

introduced that uses a digital circuit block based upon a delay line architecture rather than
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a monostable. The design yeilds excellent quenching time improvements, however this
is accomplished through the use of a comparator designed in BICMOS technology. Its
shortcoming are the cost associated with dedicated process and large complex control
circuitry which renders the design unsuitable for implementation in compact arrays.
Monostable seems to be a more practical venue for timing control implementation. The
drawback with monostable usage, is the high limit imposed on the dynamic range due to

the defualt hold-off time imposed on the detection cycle time of the circuit.

Digitally generated delay pulses using delay line, flip flops and digital gates
produce accurate and linearly adjustable delay values. However they contain a large
number of transistors and take up substantial amount of the pixel real estate. Another
popular mechanism for generating delay in SPAD front-end circuitry is current-starved
inverter chains [76]. This method of generating delay lacks precision and operational
linearity in addition to high power dissipation, due to inverters operaiting in the linear

rather then switching mode.

3.3 Proposed Front-end System

In order to accurately simulate the functionality and the operation of the active
quench/recharge circuit a device model that can accurately simulate the behavior of the
SPAD is required. This is necessary to enable analysis and evaluation of key design
parameters in order to optimize the performance. For this purpose we developed a SPAD
simulation model using physical parameters that closely represent the intrinsic operating

conditions and specifications of a SPAD operating continuously in Geiger mode. Detailed
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information regarding design and verification of the SPAD model is provided in
Appendix A.

The SPAD device model was used to aid in the design of front-end processing
circuitry capable of implementing fast quench and reset cycles, separated by a high
resolution adjustable hold-off time. The schematic diagram for the proposed processing

circuit appears in Fig. 3.8.
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Figure 3.8: Schematic of SPAD front-end circuit implementing avalanche control, delay
generation, and the readout interface.

The oscillator generates a periodic pulse train used to charge a capacitive node

(integration node) following the detection of an avalanche event. The hold-off time can
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be controlled by regulating this charging process. Completion of the charging process
signifies the end of the hold-off time, at which point the circuit automatically resets the
SPAD. A comparator realized by the inverter 11 is used to sense the voltage drop at the
SPAD cathode terminal signifying the onset of avalanche breakdown. Transistors M4 and
M5 are used for quenching and resetting the SPAD respectively. The integration node
and components 14 and M2 act together as an analog counter for the periodic pulse train
generated by the ring oscillator. The comparison threshold is set by the switching

threshold of 14, controlled by Vyiss2. The initial reset is provided by transistor M2.

Initially, when there is no avalanche current both NMOS and PMOS (M4 & MD5)
are turned off, the oscillator is inactive and the integration node is reset to zero. At this
point the voltage at the SPAD cathode terminal is charged to VDD and the SPAD device
is armed. In this state, the gate of the PMOS M5 is driven high creating a high impedance
path between the cathode terminal and VDD. The onset of the avalanche current causes
the cathode voltage to quickly drop, turning switch M3 on, which in turn activates M4.
This initiates the active quenching process by lowering the effective series resistance of
the SPAD device hence speeding up the gquenching process. Meanwhile the ring oscillator
is activated by the falling signal transition at the cathode, and the voltage on the
integration node starts to rise in discrete steps. When the voltage at the integration node
exceeds the switching threshold of 14, set by the external input Vyiass, the output of 14 will
transition low and turn off the control signal. This will shut down M4 and terminate the
guenching, which marks the end of the hold-off period. At the same time, the PMOS
transistor M5 is turned on and the voltage at the cathode terminal is restored to VDD. The

rising cathode voltage causes the output of 11 to drop, deactivating the oscillator signal
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and resetting the integration node to zero. As the control signal is pulled high the PMOS
transistor M5 is turned off, and the reset cycle is completed. The SPAD device is now set

for the next detection event.

The holdoff time is implemented using discrete summation of small charge
packets onto a capacitive node. A wide range of variable hold-off times can be generated
by coarse and fine range adjustments through Vyiasi and Vpias2, respectively. Vipiast
controls the charging duty cycle through transistor M1, which determines the slew rate at
the integration node. Vpiasz determines the signal amplitude required to trigger the
termination of quench and initiation of reset operation. The post-layout simulation of the
integration signal obtained from the extracted netlist is shown in Fig. 3 for various Vpias1
and Vpiasz Values. Fig. 4 shows experimental measurements of the SPAD output pulse
width (representing a complete quench/hold-off/ reset activity cycle) for a set of bias
values with Vpias1 = 2.9 — 3.5 V and Vpiasz = 3.0 — 5.0 V. The results shown in Fig. 3.9 and
Fig. 3.10 demonstrate the capability of the proposed circuit in generating a wide range of

hold-off times with linear resolution and adjustable granularity.

3.4 System Interface - Event pulse Generator

Response time of the SPAD device is described by the rise and fall time of the
detector output, which is in turn determined by the RC time constant at the actively
driven terminal of the SPAD plus any additional hold off time implemented for after-

pulsing. The waveform representing the response maybe additionally buffered to obtain a
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Fig. 1.9: Post-layout simulated waveform representing the transient voltage at the
integration node for different slew rate and amplitude threshold levels determined by

Vbiasl and Vbias2 values respectively.
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Fig. 3.10: The measured hold-off times for a set of Vbiasl and Vbias2 Values
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TTL pulse which represent one detection cycle of the device. For a single SPAD device
or array of devices where each device is individually read out counting these pulses
provides the number of events detected. However for multi-pixel systems where by
interconnects or processing module, such as counters, are shared among several devices,
arbitration and timing issues associated with shared access scheme will complicate the
design and reduce the readout bandwidth. In such cases, device operating parameters as
the detection pulse width (dead-time) determine the bandwidth of the system as the
shared medium is engaged each time for the duration of the readout pulse. For example in
[77] detector pulse is used as clocking signal for an array of latches used to record the
address of each device. Clock pulse width must be attuned to the timing constraints of the
readout devices in order to avoid receiving a signal during the setup time of the latches.
Therefore in an array implementation the hold-off time of the SPAD device becomes set
in accordance to the timing requiring of the readout system rather than after-pulsing
performance and device bandwidth requirements. This leads to an inflexible design.
When the Device response are digitally readout over a common signaling path the
readout pulse width representing a detection event time-line must be independently set
and controlled in accordance to system requirements. The detection pulse must not be the
same as the event pulse or the readout signal that is routed across a shared medium. In the
new readout paradigm proposed in Chapter 5, the signal measurement window is
determined by the readout pulse width. Therefore controlling this pulse width offers
flexibility in actively configuring the detector performance to match the requirements of a
target application. In order to allow for a standardized readout pulse for flexible system

implementation, it is necessary that the individual detection events are represented by an
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event-generator that can be independently set and tuned to generate readout pulses with
widths that are configurable fraction of the device detection pulse width. In this way the
device output pulse width is independent of device specific parameters and performance
constraints. The basic conceptual block diagram for the complete front-end system

appears in Fig. 3.11

Detection Pulse

Front-end Unit
: Active Q/R Circuitry |—>
Readout Pulse

@&&_}T

N

Figure 3.11: Block diagram showing the relationship between the detection and the
readout pulse.

The front-end circuit in Fig. 3.8 incorporates a readout interface with an output
pulse width that is an adjustable fraction of the SPAD activity cycle. The schematic for
the readout interface is shown in Fig. 3.12. Hardware sharing between the hold-off
generation circuitry and the readout interface, through the usage of a common oscillatory
stage for delay generation, reduces the electronic footprint of the pixel and enhances the
pixel fill factor. The readout pulse is initiated by the onset of the quenching action at the
cathode terminal of the SPAD detector and terminated after a programmable delay
controlled by Vyiass. The variable pulse width is implemented by the same mechanism as

the holdoff time generation. At quiescent, the high voltage at the SPAD cathode terminal
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Figure 3.12: Readout interface (Event generator). The leading edge of the readout pulse
is simultaneous with that of the detector pulse, its trailing edge is set by propagation

delay through Va3 if it is set to be shorter than the detection pulse period.

causes the output of the NOR gate in Fig. 3.12 to be low. Following a detection event, the
quenching action lowers the voltage on Node B, causing the output of the NOR gate to go
high and triggering the rising edge of the readout pulse. The concurrent activation of the
oscillatory signal at Node A and shut down of the NMOS M8 in parallel with the
initiation of the readout pulse subsequently leads to the activation of Node C which turns
off the output of the NOR gate and terminates the readout pulse. Resetting of the NOR
gate output occurs after a delay interval determined by the value of Vyags. If the value of
Vhias3 1S Set too high, the trailing edge of the readout pulse will coincide with the reset

operation of the SPAD and the width of the readout pulse will correspond to the SPAD
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hold-off time. However the value of Vyi,s3 can be set such that the input node C of the
NOR gate is activated prior to the onset of the SPAD reset operation, resulting in a
readout pulse that is a fraction of the pulse width associated with the SPAD detection
pulse. Experimental measurements of the readout pulse at various Vyisss Values are shown

in Fig. 3.13.
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Fig. 3.13: Experimental measurement of the readout pulse with different pulse width
parameters recorded at different Vbias3 values without altering the activity pulse
duration.

The layout diagram of the complete front-end system appears in Fig. 3.14. In
0.5um CMOS technology with A = 0.35um, the layout occupies 16.4 um x 31.5 pm +

121.8 pm x 22.2 um for a total area of 3222 pm?. The proposed readout interface enables

the sensor readout to operate at a reduced duty cycle relative to the operational duty cycle
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of the SPAD detector, even at high activity rates. This is in contrast with previous
approaches in which the SPAD activity cycle directly controls the duty cycle of the

sensor output signal.
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Figure 3.14: Layout for the front-end system integrated with each SPAD detector.

3.5 Summary

This chapter discussed the design of a fast compact front-end system for high
bandwidth operation. The precisely synchronized quench and recovery cycles are
temporally separated by a linearly adjustable hold-off time. A new method for linear
hold-off time generation was introduced and empirically verified. Additionally a novel
structure for readout pulse generation was introduced for the first time as part of the in
the front-end electronics. This structure represents the pixel interface for connecting to a
pixel array and is required to maintain operational transparency in both directions. It
allows the SPAD readout pulse width to be configured as an adjustable fraction of its

output pulse width which represents a full detection cycle. The integration of an
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independently adjustable pixel output interface allows for more robust and flexible

system implementation that will be discussed in Chapter 5 and 6.
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Chapter 4

Analytical Performance Characterization

Photon number measurements taken repeatedly from the same emission source
under identical operational parameters will likely yield a different value each time. This
is due to the statistical nature of optical emission [78]. In such cases a single
measurement provides an instantaneous value of the desired optical parameter at the
instance of measurement. This is of little value in characterization and identification of
the underlying excitation phenomena or optical property. Therefore in order to obtain a
meaningful statistical distribution for the desired optical characteristic, the measurements
process must be repeated multiple times. The mean value obtained from the measured
data can be used to characterize the desired optical property [79].

Due to random variations in statistically distributed quantities there is a possibility
that the instantaneous energy signature of an incident signal, at any time, can exceed the
performance limits of the detector and produce a nonlinear response [79]. Therefore the
measured signal statistics cannot be considered as an accurate representation of the
incident photon statistics without some accounting for the conditions of non-linearity in
the detector response. In statistical measurements, the measured statistics (distribution of
multiple measurements) are usually related to the input signal statistics with a transfer

function that is determined using a stochastic model [80-83].
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4.1 Ultra-low intensity Optical Sensing — Dual Detection Paradigm

An ultrasensitive optical detection platform is essentially characterized by its
linear output response to photon-level variations in the incident signal at its input. The
sensitivity performances are usually determined by the photo-response characteristics of
the physical device and the noise floor associated with detector system. The full range of
input signal levels over which the detector can maintain its sensitivity (linear response to
photon-level changes at its input) defines the linear operation range or the dynamic range

of the detector [84, 85].

4.1.1 Multiple Single Shot Measurements — Photon number mode

The photon number distribution represents the spectrum of discrete energy levels
in the electromagnetic field radiation and is associated with different quantum states. The
radiation field containing one, two or three photons are characterized by energies
corresponding to the first, second or third excitation. The discreteness of the allowed
energies (quantum states) has been demonstrated through measurement of photon
statistics [86]. The advent of photon number resolving detectors with single photon
resolution (one energy quanta) has made such experimental break through possible [87,
88]. Determining the photon statistic is critical in characterizing the emission source.
Single shot measurement of excitation level through photon number detection is an
indispensable feature for any applications associated with emission of a discrete energy

optical pulse [89-91]. Application dealing with fluorescent detection and functional study
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of molecular dynamics, tumor diagnosis as well as scintillation detection and

Astronomical observations, involve detection of low intensity excitation pulses [92-97].

4.1.1.1 Detection System — Silicon PhotoMultiplier (SiPM)

The binary ON/OFF response of SPAD, to stimuli as low as a single photon,
makes it the ultimate optical switch. However the digital profile of its response does not
allow for photon number resolution since the same ON response is triggered by single
photon and multi-photon pulse events. The SiPM technology is primarily characterized
by parallel readout of avalanche current from simultaneously firing SPAD microcells.
This aggregated signal is read out at the output as an analog indicator of the incident

photon number. SiPM is an analog detector composed of digital elements [99].
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Figure 4.1: (a) Multi-photon response of single-element SPAD detector is not
differentiable from its single photon response.  (b) SiPM macro-pixel has linearly
proportional photo-response cable of discriminating between single photon and multi
photon events.

4.1.1.2 SiPM Non-linearity characterization
In single shot optical measurements, the amplitude of the SiPM output pulse

provides a linear measure for the number of photons impinging upon the active area of
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the detector, assuming every photon in the incident pulse triggered a microcell. This
assumption breaks down at higher intensity pulses as the finite granularity of the
detection surface leads to the saturation of its response and loss of linearity between the

its output amplitude and the number of incident photons [80, 81, 100].

According to theoretical modeling and empirical measurements reported in the
literature this occurs when the number of photons is approximately 60% of the total cell
count of the detector. At this point, due to the statistical distribution of photon numbers in
a radiation pulse, the probability of multiple photons overlapping on a single cell (Multi-
photon effect) increases enough to result in observable non-linearity in the output [101,

102, 103].

Photon number statistics in an optical pulse are characterized by a Poisson
probability distribution. The purpose of single-shot measurement of the optical pulse is to
retrieve the photon number statistic as accurately as possible. As mentioned earlier,
reconstructing the photon number distribution involves taking multiple measurements,
making reliable determination of the absolute photon number each time. In light of the
detector’s response non-linearity for larger photon numbers, this requires either a
calibrated set up (which sometimes requires a complicated quantitative experimental
procedure) or a qualitative model for the SiPM output response. The relationship between
the measured count relative to the incident photon number is illustrated in the below

expression.

P (KIn) = X.(D)p*a™ ™ x @n 4.1
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The first binomial term represents the conditional probability that ‘k’ photons are
registered when ‘n’ photons were incident on the detector. The second term @,, is the
probability that ‘n’ photon were incident on the detector. The first order approximation of
the expression in terms of detector and incident signal parameters appears in equation

4.2.

Nfired = Ntot * [1 — exp (— M)] 4.2

Ntot

This expression describes the mean number of fired pixels (Nsirq) in terms of the
total pixel count (N and the impinging number of photons (Ny). The analytical
expression for the SiPM response shown in equation 4.2 describes a first order
probability model approximates the non-linearity condition stemming from finite pixel
count on the performances of the array. In other words, it presents a first-order mapping

between the triggered SPAD count and the incident photon count [104].

4.1.2 Continuous Measurement — Photon Counting Mode

Photon counting provides information on the activity of the energy source in
terms of its emission intensity. In contrast to SiPM single shot measurement to determine
the energy signature of a high energy event, i.e. scintillation photon, photon counting
involves detection of multiple ultra-low intensity events occurring over a finite period of
time. This mode of detection in the ultra-sensitive regime is characterized by continuous
measurement either for the duration of the emission process or until a representative
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sample to perform reliable measurement has been collected. Acquisition of ultra-weak
optical signals involved in applications such as low-light imaging of biological system,
early detection of disease signature, molecular imaging, LIDAR 3D imaging and ranging
and astronomical observations, requires true photon counting capability [25, 105]. Ultra-
high speed imaging and parallel processing of photon-based data stream are also aided by
this technology. In a shifting of paradigm from the SiPM and single shot measurement of
photon number, in photon counting modality the detector must be fast enough to
temporally resolve between individual photons at high count rate. The performance can
be characterized in terms of photon counting efficiency with the non-linearity factor

being the recovery time of the SPAD pixel.

4.1.2.1 Detection System — Digital SPAD Array

Active quenching front-end electronics can improve the operation speed of the
SPAD by three orders of magnitude and are essential pixel components in the photon
counting mode. Another useful attribute of active quenching electronics is its ability to
introduce a controllable delay between the quench and reset operation which significantly
reduces the after-pulsing noise of the SPAD. However, prolonging the pixel recovery

cycle (Dead Time) will limit the dynamic range of the device [106, 107].

Photon arrival rate is a statistical parameter characterized by a Poisson
distribution (as was photon number distribution). Therefore, in light of the dead time
associated with the operation of the detector, its count rate measurement must be
supported with an accurate theoretical description of its non-linearity condition before the

measured data can be reliably interpreted.
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4.1.2.2 Non-linearity characterization
The standard model used to correct for count loss due to non-extending detector
dead time and reconstruct the True count from the measured count is shown in equation

4.3.

Measureed Rate
True Rate =
1—(Measured Rate*DT) 4.3

Since one dead time interval is associated with every detection event, the total OFF time
of the detector, taken as sum of all the individual dead time intervals during the
measurement window, is represented by the product of Measured Rate and dead time
interval. For a unit measurement window of one second then total ON time can be

represented by the denominator in equation 4.3.

Considering that all the detected events must have occurred during the ON time of
the detector, the true count rate is taken as the Measured Rate divided by the Total ON
time . This is the standard model used for count correction in presence of dead time in all
general applications involving non-paralyzable detection of discrete events with random
arrival rates. It has been used repeatedly in SPAD related literature both for device
quantum efficiency characterization to compensate for band width related count loss and

also to correct for the hold-off time in photon counting applications [45, 108-112].

The relation shown in equation 4.3, however, does not provide a complete
theoretical description of the underlying statistical process. It does not take into account
the statistics of the dropped events based on the assumption that the last detected event

was the last incident event. Consequently it excludes the higher order effects that become
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critically important for larger arrival rates and dead Time intervals, whereby the stated

assumption no longer holds true.

4.1.3 Proposed Analytical Model — Theoretical Dead Time correction

The proposed stochastic detection model is based on calculating the effective
probability of detection for the n™ photon by exploring all possibilities regarding the last
detected event. The statistics of Photon arrival rate (pulses from a coherent source) follow
a Poisson distribution. Hence the photon inter-arrival time has an exponential probability
distribution. Photon Inter-arrival time is a random variable and its probability density

function is shown in equation 4.4, with A representing the mean arrival rate.

PX=x) = he ™ 4.4
P(X > DT) = e *PT 45

Equation 4.4 describes the probability that an inter-arrival time ‘X’ is greater than
the dead time DT, given that the average event arrival rate is 4. In other words it
represents the detection probability of photon ‘n’ given that photon ‘n — 1° had triggered
a dead time (last detected event). If the assumption is that the last detected event is
separated from the current event by one inter-arrival time (the last detected event
assumed to be the last incident event), then the probability of detection for photon ‘n’ is
characterized by Equation 4.4. However what if photon ‘n — 1’ had arrived during the
dead time interval triggered by photon ‘n — 2’ and as such was never detected. Then the

last detected event, ‘n — 2°, would be separated from photon ‘n’ by two inter-arrival
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times. The operator X in equation 4.3 and 4.4 now becomes 2(X) since the probability of
detection for photon ‘n’ now requires that the sum of two inter-arrival times (X) to be
greater than the DT. The sum of exponentially distributed variables follows an Erlang
distribution. Equation 4.6 describes the probability that a time interval Y, (made up of k
inter-arrival times; Y = kX), is greater than the length of the dead time. Operators ‘m’ and
‘n’ in equation 4.6 represent the event numbers delimiting the interval Y.

m-n-—-1

P(Y > DT) = e ADT, 2

k=0

A. DTk
k!

4.6

The index ‘k’ represents the number of arrivals within the dead time generated by
the last detection event. In other words it represents the number of dropped events

between the last detected event and the most recent detection event.

The detection probability of the nth event can only be calculated with respect to
the last detected event, this is inherent in the operation of any non-Paralyzable (hon-
extending dead time) discrete detector. However the last detected event need not be the (n
— 1)th event, it can be any one of the ‘n — 1’ previous events. Every dropped event
improves the detection probability of the next event. Therefore the detected events are
marked by a higher probability of detection depending of the mean arrival rate and dead
time period as shown in equation 4.6. This effect is not incorporated in standard dead
time correction model shown in equation 4.2. As a result the expression in 4.2 over-
predicts the true count based on the measured count because it does not factor in the dead
time induced widening effect in the probability distribution of inter-arrival times of the

detected counts. Instead it accounts for the measured count magnitude in light of the total
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detector OFF time by inflating the True count. The probability of detection for the n™
photon modeled as the product of the n™ photon detection probability given k dropped

events and the probability of k, summed over all possible k is shown in equation 4.7

P(nt™) = z:_lp(nth k) * P(k) 4.7
=1

The choice of n has to do with the point at which detection probability reaches a
steady state after the initial state fluctuation representing different detection scenario for
each new photon. The state of the detector very quickly reaches a steady state for the nth
photon. The plot of detection probability over photon number from 1% to x™ photon,
resembles a damped sinusoid with damping factor of(—A.DT). The probability value
settles to a constant value at the nth photon. The New expression for probability of
detection as a function of detector non-linear parameter and signal parameter (Dead time

and arrival rate) is shown in equation 4.8. Parameters J and o represent the enumeration
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index, while pixel dead time is represented as T and incident arrival rate denoted by A.

The expression for quantities P and g appears below.

P= (e™7) 4.9

q=1—(e™1) 4.10
As a test of its prediction accuracy the model was used to reconstruct the true

count representing the DCR of a SPAD device measured at three different rates (set by
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application of appropriate field gate bias) with and without a 10.58 s dead time injected
into the measurement. The reconstructed true count was compared against the actual true
count obtained through a dead time free measurement scheme. A quantitative comparison
between the proposed model represented by equation 4.8 and the standard correction
model of equation 4.2 in terms of prediction error was carried out using the method

described above. The measured results appear in Fig 4.2.
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Figure 4.2: Performance comparison between the proposed and the standard model.
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Chapter 5

CMOS Photon-Counting Detector Array

Main challenge in development of large integrated SPAD arrays is the readout
implementation. From a detection perspective, the operation of both SiPM and SPAD
sensor array is identically characterized by photo/dark triggering of the avalanche
phenomena in individual SPAD elements. From an implementation perspective, however,
the field has split into two distinct research and development path. The divergence is

purely centered upon the analog or digital approach towards the readout of the array.

5.1 Digital Readout — SPAD Image Sensor Array

Due to the dynamic nature of SPAD response the conventional photo-
detector readout scheme involving local generation and storage of photo-
induced charge is inapplicable [2, 113-115]. Every detected photon is
represented by a distinct event pulse that must be converted, upon arrival, to
a count and/or a Time Of Arrival (TOA) value before it can be stored. Fig.
5.1 shows the conceptual nature of the problem. The processing and storage
can be done in-pixel or the pulses can be read outside the array for the
processing to be performed externally. In either case, all operations to

include time extraction and/or count determination must be performed
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dynamically upon photon arrival. The main trade-off is therefore at the

architectural level [115].
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Figure 5.1: Conceptual difference in data readout requirement between standard
semiconductor imagers and SPAD detector.

Applications requiring photon-level sensitivity or high resolution
timing of incident photons can greatly benefit from SPAD-based array
detectors. However the dynamic profile of the SPAD response makes array-
level management of traffic from large number of pixels very difficult. This
will restrict the system throughput and imposes practical limitations on the
size of the array [116]. Ideally each SPAD element in an array must be
treated as a photon-triggered digital element with a dedicated readout
channel. This set up yield maximum detection accuracy as it places no
restriction on system throughput. However, due to factors such as, higher
power and wiring complexity, this configuration is only possible for very

small array sizes [48].

Since different architectures represent different levels of detection
accuracy and power optimization, performance becomes a direct function of

implementation. In digital SPAD image sensors, readout implementation is
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solely characterized by the architectural level at which pulse processing of
the SPAD response is performed. Architectural schemes proposed in the
literature range from serial/random-access signal detection and readout
through fully parallel signal acquisition using in-pixel counting and

processing electronics [117, 118, 119].

5.1.1 Synchronous Readout — Serial Access

5.1.1.1 Sequential Processing and Readout — Chip Level

In this scheme, a single processing unit (digital counter or Time to Digital
Converter) is shared among all the pixels in the array. Pixels are accessed one at a time
for an arbitrary integration interval of time, at the end of which the processed quantity is
read out and the processing unit is reset in order to process next pixel. Although this
technique avoids the mechanical scanning process associated with single pixel SPAD
imagers, it offers the same low detection bandwidth. Despite its simple architecture and
high fill factor, this architecture suffers from very low throughput and poor detection
efficiency. Since only one pixel can be readout at any time, photons incident on the rest

of the array are lost [119].

5.1.1.2 Semi-Parallel Processing and Readout — Column Parallel

In this scheme parts of the readout circuits are shared among a set of pixels. The
partial operational parallelism offered by this architecture results in greater throughput

and photon detection efficiency, at the cost of reduced fill factor due to a greater number
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of processing elements utilized. The detection bandwidth still suffers as compared to In-
pixel architecture (described in the next section) since the photons that are simultaneously
incident on the same column are lost. Fig. 5.2 illustrates the architecture-based

performance of fully sequential and column-parallel readout schemes [3, 77, 120, 121].
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Figure 5.2: (a) Sequential architecture: offers the best power and area utilization, but the
worst bandwidth and detection efficiency. (b) In-Column architecture improves the
readout bandwidth but degrades the fill-factor.

5.1.1.3 Fully Parallel Processing with Serial Readout — In Pixel

In the fully parallel architecture all processing (counting/timing) and storage of
data are performed locally (on-pixel). In this scheme every pixel has dedicated processing
electronics as shown in Fig. 5.3. The stored quantities can be read out sequentially or
through random access method. This architecture offers full operational parallelism and
greatly improves the number of photons that can be detected and processed at the same
time. No photons are lost during the detection cycle. Main limitation of this approach is
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that it significantly minimizes the photo-sensitive area of the sensor [118, 119, 122]. The
required amount of on-chip electronics occupy a substantial portion of the silicon real
estate, drastically reducing fill factor [122-124]. Existing implementations of this
architecture differ according to the level of integrated functionality, ranging from a one

bit counter to multi-bit counter and high precision TOA electronics.

Pixel-Level Processing

Row Addressing

Figure 5.3: Fully parallel In-pixel processing offers the best detection bandwidth but the
worst fill factor performance.

5.1.2 Asynchronous Readout — Event Driven Access

The low complexity architecture associated with synchronous readout scheme

might be an adequate solution for simple applications, however the asynchronous nature
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of pulse arrival is best served with an on-demand or event-driven readout scheme. At the
same time, the difficulty associated with in-pixel storage of information for many
detected photons highlights advantages of a shared access approach. A low-complexity
implementation (no access control) of such asynchronous shared-access architecture may
be advantageous for low-light applications. Under this configuration an array column
can be used as a digital bus that is accessed every time a photon is detected by a column
element [119]. The rate of access is determined by the detection activity rate. This
configuration leads to a more efficient utilization of system bandwidth, and improvement
in system Signal to Noise Ratio (SNR) since brighter pixels would be favored on the
transmission bus. The bus remains unavailable for the duration of each access cycle
therefore multiple photons cannot be simultaneously detected on the same column.
Another performance limitation associated with the low-complexity shared access
protocol is the throughput bottleneck resulting from the finite bandwidth of the shared
resource (counter/Timer) which would limit the bandwidth of the entire column/cluster

[3, 74, 124].

In low-light applications with sufficiently low probability of simultaneous column
hits, non-arbitered asynchronous (event-driven) readout scheme can improve throughput
and detection sensitivity [74]. However for applications involving greater light levels
some means of access control or collision avoidance such as arbitration or Time Division
Multi Access (TDMA) becomes necessary. Fig. 5.4 illustrates the basic access control
configurations. The desirable aspects of such protocols are sometimes offset by the
resulting increase in the electronic footprint and consequently degradation of system fill

factor. Implementing an arbitration scheme increases the system signaling complexity in
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the form of additional request and acknowledge telemetry traffic. Due to access
exclusivity inherent in such asynchronous sharing architectures, system performance will
not scale with the incident light intensity or the array size, thus significantly limiting the

applicability of the system.
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Figure 5.4: (a) Collision is avoided by verifying the state on the shared medium prior to
initiating access. (b) Time division Multiplexing randomizes the transmission time
window of the signals converging onto a common resource.

5.1.3 Inherent Limitations of Digital Readout

5.1.3.1 Architectural Trade-Offs — Application Specific Design
Large in-pixel electronics can significantly improve the throughput performance
and detection efficiency of digital SPAD arrays but due to their impact on fill factor they

may not always be desirable [74]. Simpler pixel-level processing will improve the pixel
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fill factor and enables larger arrays, at the cost of increasing system readout complexity,
frame time and data loss. The resulting performance constraint limits the array size.
Ideally the performance of the readout architecture in terms of bandwidth and reliability
should readily scale with array size. The throughput-fill factor performance trade off,
associated with the existing approach to digital readout, impose on the system a set of
conflicting design objectives and architectural constraints that ultimately limit the
attainable performance of the array. In the final evaluation an ideal architecture does not
necessarily exist [89] — In Digital SPAD-based array detectors, the choice of readout
architecture directly determine the performance trade-offs imposed on the system. As a
result, architecture is strictly tied to implementation. The optimal architecture is one that
combines different schemes to obtain the best performance/area trade-off for a specific

application [17, 124].

5.1.3.2 No Parallel-Pattern Detection Functionality

The distribution of arriving photons in the time-domain corresponds to
the range of optical frequency components in the incident signal. Therefore
high frequency signals, such as radiation or certain excitation/emission signal
(manifested in the time-domain as photon burst) can be characterized by the
parallel or near parallel patterns of triggering activity across the SPAD array.
Parallel pattern discrimination can serve to distinguish the desired signal,
often characterized by a burst profile, from the random background signal or

the noise inherent in the detector [127].
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In the synchronous digital readout mode, the sequential nature of
information retrieval hides any tell-tale signs of parallel activity patterns
across the pixel array. This prevents the exploitation of signal statistic for the

purpose of signal characterization and noise filtering in digital readout mode.

In the asynchronous event-driven digital readout mode, coincident
triggers are either dropped or temporally re-ordered and serialized by the
access-control  electronics [139]. Even with excellent throughput
characteristic and no readout-related data loss the detection sensitivity is still
limited by the Dark Count Rate (DCR) of individual SPADs. The SNR
performance can be improved by restricting the integration window with
external gating techniques, thus limiting the bandwidth of detection. The

minimum integration window, however, is a function of the pixel DCR.

The absence of a viable technique for systematic discrimination of
dark noise in the existing digital readout schemes limits the maximum
achievable frame rate in SPAD-based Photon-counting imaging arrays [77,
128]. Moreover, in cases where the desired signal information is in fact
encoded by the number of coinciding photon pulses i.e. detection of radiation
energy signature , quantification of photon burst front, or measurement of
photon number statistics to identify an atomic emission source [48], digital
readout scheme becomes entirely ineffective. In this regard the performance
of the SPAD array falls short to that of PMT which is capable of an analog

photon-number resolving mode of operation [128].
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From a digital signaling and transport point of view, large number of
independently firing SPADs multiplexed onto a common readout bus present an
architecture that is fundamentally un-scalable with size and activity rate. The key design
challenge for the next-generation single-photon array detectors is the implementation of a
scalable readout architecture that can dynamically process both time-sequential and time-
parallel photon events, over a shared signaling path, while minimizing data loss or

latency, and maximizing throughput.

5.2 Analog Readout — The Silicon PhotoMultiplier (SiPM)

In 2003 a novel implementation of the SPAD array capable of photon number
resolution was introduced. This breakthrough made possible the practical implementation
of the highly sought after Silicon Photo Multiplier (SiPM). In this implementation,
instead of using an in-pixel digital buffer to generate a logic pulse upon photon detection,
the raw avalanche signal of each triggered SPAD is directly readout across a common
load. The current signal from simultaneously triggering SPAD elements will combine to
produce a sum analog signal, at the output node, with an amplitude that is linearly
proportional to the number of impinging photons. Consequently, the signal peak
associated with a multi-photon pulse can be easily distinguished from peaks caused by
random dark events. In SiPM detector, systematic dark noise discrimination can be

achieved with a simple amplitude thresholding technique.

SiPM introduced a paradigm shift in the implementation of multi-element

(pixelated) SPAD detectors. The analog readout implementation represented deviation
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from the digital Geiger mode of operation and bears greater similarity to PMT method of

operation, thus the name Silicon Photo-Multiplier.

5.2.1 Analog Signal Processing Electronics — Associated Design Tradeoffs

The relevant information (Photon count and Time Of Arrival) is
accurately encoded in the SiPM signal response. The mark of a readout
system is defined by the ability to preserve the excellent characteristics of
the detector signal. In the case of SiPM signal response, characterized by a
rapid, transient current pulse with a large dynamic range, this is no trivial
task [129]. The encoded information cannot be directly extracted from the
raw detector signal. The current signal must be integrated, converted and
scaled to the operating voltage of the readout electronics, then, it must be
amplified, conditioned and sampled before it can be digitized and stored

[130- 134].

5.2.1.1 Pre-amplification

A preamplifier is typically the first component in the analog readout
chain. It acts as an interface between the detector and the pulse processing
electronics and collects the charge released in the detector. A low-noise
charge Sensitive preamplifier (CSA) is widely used as the input stage of the
readout chain due to the insensitivity of its gain to changes in the parasitic

capacitance at its input [135].
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The output voltage of the CSA is proportional to the input charge, released
by the detector, divided by the feedback capacitance as represented by
equation 5.1. The parameter Qs represents the charge released in the detection

process and C; represents the feedback capacitance.

Q
Vpre—amp = C_: (5.1)

The performance of the preamplifier is defined by the speed and
precision with which it can reproduce, at its output, a voltage signal with the
intrinsic characteristics of the detector response signal. It is therefore critical
that the CSA does not introduce excessive loading or bandwidth constraints
on the output signal of the detector. With regards to SiPM operation, the key
performance parameters for the CSA are dynamic range and speed. The lower
limit of the dynamic range is determined by the noise floor of the
preamplifier, the upper range by the size of the feedback capacitor. A large
feedback capacitance improves the dynamic range of the CSA, at the cost of
lower gain and diminished speed (response rise time). This is the basic

tradeoff associated with the CSA design for SiPM detection systems [136].

In order to enable readout across a wider dynamic range, and still
allow minimum amplitude detection necessary for calibration the CSA
modules are typically implemented with a variable gain feature. Fig.5.8
illustrates the basic structure of a variable gain preamplifier. Current-mode

amplifiers have been proposed as an alternative to the CSA in order to
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address the large dynamic range requirements. However, this comes at the

cost of increased power consumption [134-136].
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Figure 5.5: Variable Gain Charge Sensitive Preamplifier

5.2.1.2 Pulse Shaping

Due to the long decay time of the preamplifier (CSA) response there is an
increased likelihood of overlap between signals associated with distinct input detection
events. This occurs when the rising edge of a signal superimposes on the trailing edge of
the previous signal. A pulse shaping amplifier is required to extract the pulse height from
the consecutive rising transience in the preamplifier output signal. Fig. 5.6 illustrates the

typical signal profile before and after pulse shaping [131].

Pulse shaping also optimizes the profile of the waveform for effective peak
detection and subsequent digitization further up the readout chain, by scaling the
amplitude and time-widening the peak of the pulse. In addition to producing a signal with
a gradually rounded peak, better suited for peak detection, pulse shaping also improves
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the SNR Dby restricting the signal bandwidth (effectively acting as a filter against the

electronic noise from the CSA).

A longer shaping time also result in tighter scaling of the signal amplitude hence
improving the amplitude resolution and dynamic range of the measurement. Longer
shaping times, however, also increase the probability of pulse pile up due to overlapping

of pulse signals associated with consecutive events, which leads to errors in the

measurement of the amplitude [131].
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Figure 5.6: The effect of pulse shaping on the output of the preamplifier

The side-effect of improved amplitude resolution and SNR is
diminished pulse pair resolution and rate capability as depicted in the Fig.
5.7. The right balance between these conflicting performance requirements

must be determined according to the specific needs of the target application.
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Figure 5.7: Effect of shaping time on pulse-pair resolution of the readout system.

5.2.1.3 Signal Sampling

The signal generated at the output of the pulse-shaping module has a profile
optimized for sampling. The post-sampled discrete signal values are typically held in
analog memory (Switched Capacitor Array (SCA)) temporarily before being read out into
an Analog to Digital Converter (ADC) to undergo digitization for non-volatile storage in
digital memory. The intermediate analog storage step allows a time-stretching of the
signal by sampling it at a very high rate (generating a high resolution quantized signal)
while reading out the quantized signal at a slower rate in order to accommodate the finite
acquisition time of the ADC. As a result high speed sampling can be performed with
slower ADC units (more compact, cheaper and with lower power dissipation). Sampling

depth is limited by number of SCA storage cells [139-143].

A drawback of this architecture is that it can only operate in triggered mode. The
signal cannot be digitized continuously as the sampling has to be stopped while the data

is being read into the ADC, thus introducing additional dead time in the readout cycle.
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This readout scheme is therefore best suited for applications whereby triggering events

are far enough apart [142].

5.2.2 Inherent Limitations of Analog Readout

5.2.2.1 Avalanche Charge Signal is a Sub-optimal Counting Index

The avalanche current signal has a non-trivial pulse shape (due to the different
carrier velocities and collection times associated with holes and electrons) so for the
purpose of linear summation it is more desirable to measure the signal charge which is
independent of the pulse shape. The current must be integrated over the duration of the
avalanche pulse to obtain the total charge contained in the detector current pulse. The
charge signal is processed as a quantity proportional to the energy deposited in the
detector. The total amount of deposited energy most directly relates to the number of
discrete photon quanta absorbed at the active surface of the detector, which is represented
by the number of discrete avalanche events generated across the detector array. The
charge signal is a RC loaded time-continuous quantity bearing a secondary relationship to
the incident energy signal. It is therefore, ill-suited to act as the summation index for the
inherently discrete process of photon counting. Some of the shortcomings associated with
using the avalanche charge as the raw detector signal for energy measurement are briefly

discussed below.
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5.2.2.2 Signal Amplitude Distortion — Sensitivity & Dynamic Range Limitation

The magnitude of the aggregate charge released by the SiPM detector (amplitude
of the induced voltage signal) is used as a linear indicator of the radiation energy.
However, the magnitude of the SPAD avalanche charge is a function of operating
conditions such as local temperature and the biasing voltage. Random variations in pixel
characteristics or operating conditions across the array will introduce amplitude
fluctuations in the output signal of the detector and lead to distortions in the measured

intensity (photon count) [62, 131].

Additionally, the electronic noise from the associated processing and readout
components become superimposed on the detector signal, further altering the signal
amplitude and limiting the dynamic range of the measurement process. In the analog
readout mode, it is often the electronic noise that determines the detection limit of the

system [42, 143, 144].

Random base-line deviations in the signal also introduce uncertainty and error in
the amplitude measurement process. The capacitive AC coupling between different
stages of the readout system prevents transmission of DC bias signal between connected
components. However, in absence of a DC component to hold the baseline value, noise
related random fluctuation in the signal will cause the baseline value to fluctuate. The
magnitude of the base-line signal will shift in order to make the overall transmitted
charge zero [14, 142]. Base-Line Restoration (BLR) circuitry can be used to correct for

this effect [140].
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5.2.2.3 Signal Time-Response Distortion
Precise extraction of time of arrival, associated with the detection event, is a

critical requirement in many applications. The precision with which event time can be

determined is limited by the time-walk effect. The simplest way to determine the time of
occurrence is to generate a fast pulse when the leading edge of the detector signal crosses
a fixed discrimination threshold. However the cross-over of the detector signal is not
solely the function of arrival time but also depends on signal rise time and is therefore
amplitude dependent. For a fixed trigger threshold, cross-over time will shift with the

signal amplitude [131, 145]. The time-walk concept is illustrated in Fig. 5.8.

The slope of the input signal is also affected by the random variations in the

arrival times of individual events within the integration window. Inter-arrival times for a
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Figure 5.8: Time walk effect demonstrated for two simultaneously arriving detection
events with different amplitudes.
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random process are exponentially distributed. Therefore the standard deviation of
inter-arrival times is the same as the mean and can be represented by the quantity % , N

being the number of arrival per unit time. The shot noise dependent jitter in the rise time

of the input signal can be considered as inversely proportional to signal amplitude.

5.2.2.4 Static Integration Window — Limited Applicability, No Adaptability

In the conventional analog SiPM design the signal summation window is
inherently determined by the width of the avalanche current pulse. This inherent self-
gating proves to be highly effective for noise hit rejection in cases where individual
photons in the incident optical signal, arrive at the detector within one avalanche cycle.
i.e. within the narrow time margin between avalanche propagation and extinction.
Otherwise no detection will be registered by the readout system. As a result, due to the
static nature of its integration window, the application scope of SiPM is primarily limited

to large optical bursts of very short duration.

Another drawback stemming from this limitation is performance adaptability of
SiPM detector. Most performance metrics including SNR, active range, detection
bandwidth, DCR and power consumption can be improved by minimization of the
avalanche duration. From a performance point of view it is always desirable to shorten
the avalanche duration as much as possible [45]. However any modifications to the
SPAD micro-cell, whether at the implementation level (front-end active quenching
electronics) or physical level (alteration in SPAD active area), that affect the duration of

its avalanche signal will directly impact the detection criteria of the SiPM macro-pixel.
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Therefore device level changes may arbitrarily alter the system level response. This could
mean that avalanche events corresponding to a target burst signal might no longer overlap
to produce a detection signature at the readout node of the SiPM even if the signal is
temporally distinctive over the noise.

Existing analog SiPM systems are unable to adapt to enhancement in micro-cell
performance characteristics, smart pixel designs and creative system-level configurations
such as nearest neighbor clustering for dark noise minimization which currently is only
possible by reducing the preamplifier integration time and/or operating the detector at
cryogenic temperatures. The limitation of the analog SiPM in scaling with micro-pixel

level performance is depicted in Fig. 5.9.
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Figure 5.9: Shortening the avalanche pulse, through active quenching, is highly desirable
due to its enhancing effect on SNR and active range performance of the device. However
such pixel-level improvements interfere with the detection criteria at the SiPM macro-
pixel level.

5.2.2.5 Design Complexity and Performance Trade-off
Preserving the analog characteristics of the SiPM output signal (dynamic range
and rise time) places stringent requirements on the analog readout electronics. The set of

conflicting design objectives associated with the analog readout electronics were
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previously discussed in section 5.2.1. It was shown that performance improvement in one
area often involves compromise in another. For example, faster pulse shaping time
improves the readout speed and the throughput of the system but degrades the SNR
(larger band width, thus less rejection of injected electronic noise) and the dynamic
range. The basic block diagram of the standard analog signal processing and readout
chain used for SiPM detectors appears in Fig. 5.10. The SiPM macro-pixel is represented,

in the figure, as a multi-cell detector with 11 micro-cells labeled ‘a’ through ‘k’.

Time of arrival and intensity (photon number) are both critical parameters that
must be extracted with as much speed and precision as possible. This action requires
precise time pick-off and high resolution amplitude measurement, and is associated with
conflicting readout solutions as it simultaneously requires fast and slow pulse shaping of

the preamplifer signal. The standard architecture for SiPM readout is shown in Fig. 5.10.
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Figure 5.10: Typical Analog readout chain used in conjunction with SiPM detectors
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In most SiPM applications timing precision and amplitude resolution are both
critical parameters and neither may be compromised in favor of the other. Therefore the
standard solution as shown in Fig. 5.10 is to split the pre-amplified detector signal and
perform each operation independently This of course leads to added design complexity
and cost as well as increased power dissipation.

Note that in Fig. 5.10, even though the pulse response from SPAD labeled ‘a’
does not fall within the summation window, and is therefore considered random noise, it
is nonetheless processed by the readout electronics across the amplification, scaling,
shaping and time extraction stage before it is recognized as noise and discarded. Due to
its stringent characteristic, threshold comparison directly on the raw detector signal is not
possible. The signal must be sufficiently processed before noise or signal determination is
made. The resulting impact on the performance of the system is increased power
dissipation (due to constant electrical activity in the readout chain) and reduced
throughput due to the additional dead times from spurious triggers caused by noise (while
the system is busy processing noise through the analog readout chain, it will be
unavailable to the incoming signal) [148].

Due to multiple design trade-offs SiPM readout optimization is only possible for a
subset of performance parameters pertaining to specific requirements of a particular
application. No off the shelf, standardized electronic readout module is commercially
available for SiPM detectors. However, multiple groups across academia and industry are

involved in design and development of readout ASIC for these detectors [149-160].

The level of power dissipation involved and the amount of signal processing

hardware required for high performance analog readout implementation inhibits the on
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chip integration of the readout chain. The resolution of conventional multi-channel SiPM
readout systems is limited by the wire spacing between different ASIC circuit board
channels, which is typically on order of 1mm. Performance demand of most advanced
applications in niche SiPM markets (Nuclear Medical Imaging and high energy particle
detection) has been steadily moving towards higher readout granularity, requiring greater

number of readout channels packed closer together [171].

Although high density integration of SiPM macro-pixels in CMOS is now easily
achievable, bringing the same level of integration to the electrical signal path with a large
number of readout channels pose a significant challenge. Development in this area is
currently the dominant trend in design and development of SiPM sensors for scintillation-
based radiation detectors and PET imagers [161]. In order to eventually maximize
performance and versatility of the detection system and fully exploit the advantages of

SiPM, full integration of SiPM detector and readout electronics is required.

5.3 Digital SiPM — Displaced Complexity

Digital SiPM represents the most recent innovation in SPAD-based detection
field. In this implementation, individual SiPM micro-cells , each with integrated 1-bit
counter are connected to a shared multi-bit counter with a synchronous data bus. The
signal intensity is measured by sequentially counting across the triggered 1-bit counters,
thus eliminating the analog readout chain all together. In-pixel electronics also couple to
a separate trigger-detect network that implements statistical trigger detection based on

repeated logical OR operations on output of individual SPAD cells [162, 163]. The
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system implements a more complicated, digital version of the analog amplitude
thresholding process by controlling the counting and timing operation of the sensor using
signals from the trigger-detect network. The noise discrimination feature, achieved
automatically in the conventional analog configuration is implemented digitally with an
embedded refresh logic to zero out the output of the 1-bit counter if no trigger detect
signal is received within a pre-set time window [164,165]. In effect Digital SiPM is a
variation of the parallel In-pixel SPAD image sensor architecture with an integrated 1-bit
counter as was mentioned in section 5.1.1.3. The only difference is that it is modified for
single-shot rather than continuous detection. In other words, rather than being
synchronously clocked the readout operation is dynamically triggered using a trigger-

detect network.

The digital operation renders the system less susceptible to gain variations and
electronic noise resulting in improved photon-count and TOA measurements. The
performance gain, however, comes at the cost of lower pixel fill-factor and greater

operational and structural complexity.

5.4 General Summary and Critique of the Existing Readout Paradigms

Single SPADs essentially behave as digital single-photon switches with external
reset. Accordingly a digital architecture would seem the most obvious choice for the
readout of a SPAD array. Yet the performance of such a readout architecture is severely
limited. Transmission of multiple digital pulses across a shared medium is a time-
exclusive operation as digital pulses are discrete events and cannot occupy the same

space at the same time. Resource sharing in digital systems is fundamentally a
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synchronous process. SPADs however, are inherently asynchronous devices with
dynamic response profile. Digital readout across a shared medium essentially results in
loss of temporally correlated signals, with the loss mediated by the degree of sharing
implemented. Digital technology is therefore intrinsically ill-suited as a transmission
platform for a system featuring a large array of autonomous, dynamically firing elements,
such as a SPAD array.

Analog technology, on the other hand, is inherently asynchronous and can support
dynamic data transmission without rate or timing constraints. Conceptually an analog
architecture would represent an optimal signal encoding platform for an array of
independently firing dynamic nodes. SiPM configuration exploits the inherent advantage
of analog technology as it relates to the dynamic aspect of SPAD operation, especially
relevant in array-based implementation. In SiPM detectors, the analog readout
architecture allows constraint-free dynamic signal transfer from multiple micro-pixels to
a common output node across a shared path, thus offering maximum operational
parallelism using a single readout channel. The effective transmission bandwidth is
comparable to having a dedicated readout channel for each SPAD device. The ability to
dynamically represent different patterns of parallel activity, across multiple micro-cells,
on a single readout node has been the key attribute responsible for making SiPM the
SPAD-based single-photon detector of choice in radiation detection. Yet the analog
approach has fundamental shortcomings. Although it enables a very simple and precise
scheme for dynamic encoding of the signal at the array-level, it displaces all the
imprecision and complexity from the signal encoding level, to the signal decoding level.

The robust digital voltage response of the SPAD device is replaced by analog charge
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signal that is highly susceptible to fluctuation and noise. The electronic extraction of the
relevant information from the analog response of the SiPM detector introduces many
challenges and trade-offs that ultimately constraint the performance of the detector and

limits its applicability.

It was understood early on that, as with any high performance pixel, the
tremendous potential of SPAD technology lies in development of large monolithic arrays.
The SPAD response can be described, highlighting its most impressive features, as
dynamic in nature and digital in profile. The digital readout approach takes advantage of
the digital nature of SPAD response at the device level but fails to support the dynamic
aspect of SPAD operation in context of a large array. The analog implementation
supports the dynamic aspect of the large SPAD arrays at the cost of the robust digital

response at the device level.

The dominant strategy to address the performance limitations of the analog
architecture has been signal processing brute force. Analog SPAD arrays (SiPM) operate
in conjunction with large power intensive readout ASIC. In the digital domain resource
sharing has emerged as an implementational compromise in face of trade-off between

performance and fill factor.

5.5 Proposed Readout Architecture — A New Encoding Paradigm

It seem clear that an all-digital or an all-analog solution to the readout problem of
monolithic CMOS SPAD arrays inevitably runs into limitations stemming from

fundamental constraints of the underlying signaling technology. Addressing readout
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challenges and limitations constitute the bulk of the existing research in the field and

dominant approach has been through increasing structural complexity.

If SPAD operation is characterized as dynamic in nature and digital in profile
with each functional characteristic best supported by a different signaling technology, as
described in section 5.4, it would seem that a hybrid system offers the most apt readout
solution. A digital model adequately describes the instantaneous state of the detector at
the micro-pixel level and is the most robust signaling scheme at this level. However,
considering that the state of the detector at the array level can be represented, at any
given instance of time, by the collective states of its constituting elements (the number of
active elements), an all-digital approach, that is binary in nature, would have clear
limitations in representing the instantaneous state of the detector array. Array-level

response is most optimally represented by a discrete-time analog signal.

5.5.1 Discrete-Time Representation of Detector response

Instead of compromising between an all-analog or all-digital approach,
a new paradigm for representation of the array response is proposed that
mergers the best characteristics of digital mode (generation of a logic pulse
with standard size and shape at the pixel level) with those of the analog mode
(dynamic linear summation of individual SPAD signals over a common
readout wire to represent the array-level signal). In this way the system
benefits from the architectural simplicity and dynamic nature of analog
readout, while minimizing noise and additional signal processing by early

digitization of the SPAD signal. In a nut-shell, the proposed array signal
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encoding methodology incorporates the advantages of both readout schemes

without suffering the drawbacks of either.

This is made possible across a sense interface that supports multiple
digital input ports and a single DC-biased floating output node. The digital
outputs of the SPAD cells are capacitively coupled to a shared floating
terminal which comprises the output port of the detector interface. The
interface dynamically converts the simultaneous digital activity on its input
ports into a representative discrete-time signal at its output port, by direct
weighed summation of temporally correlated input pulses. The basic

schematic for the detector interface is illustrated in Fig. 5.11.

Digital Count
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W

Figure 5.11: General representation of the detector readout interface

The layout diagram for a 10-input detector interface, utilizing

minimum size poly2/poly capacitors is shown in Fig. 5.12. The silicon area
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occupied by the interface is insignificant relative to the area taken by the

connected SPAD pixels.

ViV ViV Vs Ve V7 Vs Vo Vo

TETETER R

Digital Count
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Figure 5.12: Compact layout structure of a ten input readout interface.

Area: 176 um? (0.5 um Standard CMOS)

The bottom plates of the input coupling capacitors are connected
together to form the floating output node of the detector interface. According
to the charge conservation law, the charge trapped on an isolated (floating)
node is redistributed among all the connected capacitors in response to signal
transitions on a capacitively coupled neighboring nodes, but a the total
amount of charge remain the same before and after the signaling. Therefore, in
reference to Fig. 5.11, when a SPAD device fires, activating its corresponding
input ports, the electrical energy of the signal is converted to an electrostatic
charge induced on the top plate of the respective coupling capacitor.
Accordingly, an equivalent amount of charge, of opposite polarity, is re-
distributed on the floating bottom plate [165, 166]. A system of charge
distributes itself in such a way to minimize the electrostatic potential energy
of the system and this equates to a uniform distribution where charges are
equally distanced apart from one another across the surface of the conductor.

Assuming the initial trapped charge, Qq, is zero and the total parasitic
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capacitance from all transistor driven by the floating sense node is Cp, the
resulting charge relation at the floating node after triggering of its input ports

is expressed by equation 5.2 [167, 168].

Q = C1(an - Vl) + CZ(an - VZ) + -+ Ch (Vin — Vo) + CpVpy (5.2)

The change in the floating node voltage in response to the signaling
activity on the coupled input ports is represented by the parameter Vg,. C;
through C, are the equal-sized input coupling capacitances and V; through V,
represent the corresponding voltage transitions on the input cross-connects.
The equivalent capacitance seen at the output floating node is equal to the

sum of all the input coupling capacitances, C; plus the parasitic capacitance

(Fig. 5.11).
C1+C2+"’+ Cn+Cp = CT+CP (53)

Using equation 5.2 and 5.3, the voltage on the floating node can be expressed as

_ C1V1 + C2V2 + A + Cka
B Cr+ Cp

fn (54)

The subscript k represents the number of triggered inputs out of n total
connections. Therefore induced voltage on the floating node can be expressed

as linear sum of voltage transitions on the input coupling ports scaled by the
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total number of cross-coupled connections, minus the voltage from the
induced charge on the parasitic capacitance. Equation 5.5 illustrates the basic
expression for the induced voltage on the floating node with ‘n cross-coupled

connection in response to parallel activation of k inputs [170].

k
1 Q
Vi = —Z Vi - C—: (5.5)

Form equation 5.4 it is observed that the parasitic capacitance reduces the induced

voltage on the floating node by a factor represented by the expression 5.6. The floating

Cr
Cr+ Cp

(5.6)

sense node essentially acts as a charge sharing line onto which input signals can be
coupled capacitively. The voltage at the sense node is a function of charge division
between the capacitors connected to the floating node minus the charge induced on the

parasitic capacitance [170].

Note that the scaled voltage summation at the floating node is not
restricted to simultaneous signals and can be applied for different time
intervals. This window can be actively adjusted by varying the pulse-width of
the output response associated with the connected SPAD pixels.

The quiescent charge on an isolated (floating) node is not predictable or

controllable (charge trapped on the node during fabrication process) and its DC quiescent
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state (No activity on the inputs) is typically undefined. Therefore, in order to set the
initial voltage condition of the floating node to a known reference value (typically zero),
a high impedance path to a reference voltage (typically ground) is connected to the output
floating node. This is accomplished by the cut-off transistor M1 in Fig. 5.11. The gate of
the NMOS is grounded to set the high impedance path — The anchor-bias terminal
connects the drain of the NMOS to the desired baseline DC bias that will serve as the

reference voltage level for the induced voltage variations on the floating node.

5.5.1 Quantized Detector Response — Performance Aspects

Since the proposed method of detector signal encoding does not
involve integration of charge as a proxy representation for a detection event,
the dynamic range of the output detector signal is not restricted by the charge
handling capacity of the interface electronics. Rather the active range of the
detector signal is inherently tuned to operating voltage (gnd — VDD) and
cannot exceed it. Furthermore the detector signal amplitude is a direct
indication of the number of the photons detected and not a proxy quantity
proportionally related to the detected photon count. The raw detector signal
exhibits a flat top profile that is directly available for digitization without
requiring further shaping or conditioning. This significantly simplifies the
readout chain by excluding the several signal conditioning components

required in the analog mode.

109



In the proposed method the slope of the detector signal is constant
regardless of the signal amplitude. As a result, the time walk effect, a major
source of timing uncertainty in the standard analog readout, is eliminated.
Additionally the performance of the proposed architecture is unaffected by
the performance constraint typically associated with increasing the number of
interconnections in a shared access configuration, such as longer data

transfer delay, greater power consumption and decreased bandwidth.

5.5.2 Adjustable Measurement Window — Utility Aspect

The noise hit rejection by signal amplitude thresholding is valuable
feature in analog implementation of SPAD arrays. The inability to achieve
the same in digital mode has been a key limiting factor in performance and
utility of digital SPAD arrays. The proposed architecture enables a digital
implementation of noise filtering based on amplitude thresholding. The
Overlap rate (integration window) is controlled by the adjustable duration
time of the SPAD readout pulse. As described in Chapter 3 all SPAD devices
have been equipped with an actively adjustable event pulse generator as part
of their integrated front-end circuitry. Since pulse summation occurs during
the overlap window between the readout pulses, a variable pulse-width

feature enables active configuration of system detection window in
accordance to the application requirements or target signal characteristics.

The adjustable gating feature enables variable energy windowing and more

effective system-level noise suppression. In general it extends the detection
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scope of the system. The simulation of 4-input interface for two different

SPAD readout pulse-width is shown in Fig. 5.13.

The simulation illustrates the relationship between the pixel output

pulse-width (the integration interval of the cluster signal) and the induced

interface output voltage. As can be seen from the simulated results varying

the gating window modifies the detection criteria of the system.
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Figure 5.13: Simulation results showing the response at the output port of a 4-input
interface for two different input pulse widths PW1 and PW2.
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5.6 Summary

Digital SPAD array implementations suffer from architectural
constraints that limit their throughput. Analog implementations benefits from
the inherent asynchronous nature of analog signaling; however at the device
level the analog output is highly prone to amplitude and timing variations.
The extraction of relevant information from the analog detector response
requires complex and power-intensive signal processing electronics. As such
the utility of each approach has been limited to specific applications. In this
chapter a novel paradigm for representation of SPAD-based array response
has been proposed whereby the robust nature of digital single photon SPAD
output can be exploited in an array configuration capable of parallel
detection for resolution of multi-photon packets. The photon resolving
capability for an array composed of digital SPADs has been made possible
across a multi-input detector interface with single output port comprised of a
DC-biased floating node. The resulting platform enables dynamic summation
of multiple digital pulses with the sum signal represented as a discrete
voltage waveform with clearly defined discrete amplitude levels. Existing
digitally implemented shared access architectures are based on first-in take—
all sharing scheme. The proposed architecture offers a platform for multiple
digital SPADs to dynamically share a resource, i.e. digital counter, without
data loss or delay. The hybrid architecture that operates in both analog and
digital domain improves the performance of SPAD-based array detectors in

both photon counting and photon number resolving modes of operation.
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Chapter 6

Fully Integrated Asynchronous Digital Decoding System

6.1 System Architecture Overview

Digital circuits offer robust performance in processing and storage of electronic
data, thus there generally is a strong trend towards integrating digital electronics with the
analog front-end of optical sensors and imagers. Analog to Digital Converter (ADC) is
typically used as an interface between the analog core and the digital processing
electronics in conventional image sensors. In the standard SiPM design the final stage of
the analog readout chain consists of an ADC that performs the final digital decoding of
the relevant data. The accuracy of the digitization process depends on the analog
sampling rate and the bit resolution of the ADC. Performance improvement, in terms of
ADC signal conversion accuracy and speed comes at the cost of larger silicon real estate,
and greater power dissipation, typically in the range of tens of mW [171, 172]. ADC
modules generally require additional digital support circuitry to provide timing and
readout control. As such monolithic integration of ADC presents a few problems. There
is a great deal of research being conducted into more compact higher performance analog
processing and readout systems including compact, low power ADCs that offer adequate

accuracy and speed for effective digitization of the analog SiPM signal [173, 174].

The proposed readout system consists of two main functional units —

operationally intertwined. The First unit is the multi-access conversion interface
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responsible for dynamic encoding of the incoming digital data. The design and operation
of the encoding interface unit was described in chapter 5. The interface signal does not
preprocessing and can be directly read into an ADC. However, since the signal on the
floating output node of the interface is highly sensitive to parasitic capacitance external
processing with an Off-chip ADC is not an option. In fact, parasitic effect of long on-chip
interconnects should also be avoided. Hence it would be best to perform the digitization

as close as possible to the detector interface.

This chapter proposes alternative digitization architecture to comprise the second
functional unit of the readout system. This method involves deconstruction of the main
detector signal into a set of serially generated pulses, equal in number to the
corresponding parallel input set. The pulse train is sequentially processed by a digital
counter to reproduce the incident photon count in binary format. The conceptual block

diagram of the digitization system is shown in Fig. 6.1.
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Figure 6.1: Conceptual signaling block diagram of the readout system showing the
primary internal signals and the operational flow of the overall system.
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The High Speed Pulsing Comparator (HSPC) is triggered high when the voltage
signal at its positive input terminal, coupled to the detector interface, exceeds a
predetermined threshold value. The HSPC generates a continuous stream of narrow
pulses while the voltage on its positive terminal remains higher than the reference voltage
on its negative terminal. The design of the HSPC is discussed in section 6.2.1. The
generated pulses are subsequently added by the Discrete-Signal Pulse Adder (DSPA).
The summation is carried out by the same method of charge redistribution used to
generate the signal on the detector interface. The difference is that instead of the multiple
parallel input lines of the interface circuit, the pulse adder only has a single serial input
line. The input line routes each incoming pulse to an immediately adjacent open coupling

port by sequentially stepping through the capacitor array.

As illustrated in Fig. 6.1 the output of the DSPA is connected to the negative
terminal of the HSPC module. Therefore the DC bias of the DSPA unit provides the
discrimination threshold for filtering noise events. The output of DSPA represents an
adaptive reference voltage that successively tracks the signal on the positive terminal of
HSPC in discrete increments. Once the signal level on the positive terminal is exceeded

by the tracking signal, the HSPC terminates the pulse stream.

The interface output voltage moves in accordance to the signal transitions on its
input lines. However since events are represented by digital pulses each step rise in the
interface voltage in response to a rising transition on one of its inputs will eventually be
followed by a step reduction from the falling edge of the corresponding pulse. This is
useful in the case of temporally uncorrelated noise events that do not trigger a counting

cycle, as it ensure that the associated interface response is quickly diminished.
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On the other hand when multiple SPAD cell fire in parallel the rising edge of their
corresponding output pulse lines up to induce a proportional rise in the interface voltage
(biased floating node) that may exceed the detection threshold and trigger the counting
process. As stated above the counting process terminates when the amplitude of the
interface signal is exceeded by the tracking signal. Therefore any drop in the interface
voltage level (in response to a falling pulse edges), prior to the completion of the
counting process could prematurely terminate the serial pulse stream and distort the count
measurement. As a result, while the count extraction process is in progress the interface
signal level must not be allowed to drop. The implementation of this feature is further

discussed in section 6.2.3.

The profile of the main internal signals of the system is shown in Fig. 6.2. The
incident optical stimuli are represented by the grey dots in Fig. 6.2a. The waveform edge
represented by dashed gray line represents the falling edge of interface voltage as it
would proceed if the detection threshold was not crossed. By observing the system
primary signal in Fig 6.2 it becomes clear that the system schematic shown in Fig 6.1 is
not complete. There is no circuitry for generation of a timing signal required to hold and
release the interface signal and reset the tracker signal in synch with the start and end of

the counting cycle.

The time boundaries of the HSPC signal mark the start and end of the counting
process, however the HSPC signal is a uniform pulse train and cannot be used as a
clocking signal to indicate the start and end of the count cycle. Therefore a second High
Speed Comparator (HSC) is required to generate a clocking pulse whose rising and

falling edge signals the start and end of the digital count extraction process respectively.
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Figure 6.2: Primary system internal signals. (a) Dynamic signal on the output port of the
detector interface. (b) Tracking signal at the output of the DSPA module. (c) Serial
pulse stream.

The width the control pulse would represent the duration of the counting process and
hence the magnitude of the extracted count. Since count conversion is performed
sequentially, longer counts take a proportionally longer to complete. The complete

system level block diagram is shown in Fig. 6.3.
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Figure 6.3: Conceptual block diagram of the complete readout system, featuring the drive
signaling portion and the control signaling portion of the overall architecture.

6.2 System Electronics

6.2.1 High Speed Comparator

The key performance parameters for a comparator are gain and response time.

Gain of the comparator determines the smallest signal deviation at the input that would

trigger the output of the comparator to switch. It determines the smallest AV; that the

comparator will respond to. Response time is the time interval between input and output

signal transition. Here | use a conventional three stage comparator comprised of an input

buffer, decision stage and output buffer as depicted in Fig. 6.4.
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A key requirement for the input stage is to minimize the loading effect on the

detector interface signal. Therefore very low input capacitance and very high input

VSigne —t 10+
iQ-
Vet > '/’ <
Input Decision Output
Stage Stage Stage

Figure 6.4: Conceptual block diagram of the standard three stage high speed comparator.

resistance are required parameters. The decision stage is composed of cross coupled
NMOS latch driven by the current output of the input stage. Cross-coupled connection in
the decision circuit results in a positive feedback effect which will enable faster switching

speeds. The schematic for the regenerative comparator is shown in Fig. 6.5.

All transistors are sized 4/2

Input Stage g e - '

Figure 6.5: Input and the decision stage of the High Speed Comparator
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The gain of the input stage is given by the equation 6.1. The output current is composed
of the small signal current of the driving NMOS (M1) and the bias current component. As

shown in equation 6.2 [174].

A, = EmM1) (6.1)
8m(N1)

= Ibias — i,_ (6.2)

lo+

(V in, =V in_> N Ibias

In the Decision circuit the sum of the input differential currents equals the total
current lg. Referencing Fig. 6.5, if io- is raised well above i_(0+) the gate-drain voltage
of M7 start to drops to reflect the magnitude of i_(o+). As a result transistor M5 starts to
shut down. The current (io-) at this point can be represented by the current through M5.

This is shown in the equation 6.3.

Bx

ip- = iy = 7 (Vo— - Vth(Nmos))2 (6-3)

Where By = K’V—Lv

relates to transistors M5 and M6 while B, = K’V—LV relates to

transistors M4 and M7 in Fig 6.5. As i,, increases, due to the conservation of the total
latch current (Ig), i,— will correspondingly decreases. The reduction in i,_ will induce
the output voltage v,_ to decrease according to the equation 6.3. Since v,_ is realized
with reference to the voltage at the common source node of the latch circuit in Fig. 6.5, it

can be represented as the gate source voltage of transistor M6 (v,6). The decrease in v,_
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will eventually shut off transistor M6. At the switching point, the current i,, can be

represented by the saturation current through M6, shown in equation 6.4.

. . B 2
loy = IMe = 7)( (Vo— - Vth(nmos)) (6.4)

An expression for the differential current can be derived by dividing the expression in 6.4

and 6.3. This expression is shown in equation 6.5
— iy (6.5)

Similarly the differential output voltage of the latch circuit can be expressed in terms of
the B parameter by substituting the expression for i,_ and i, into equation 6.3 and 6.4
respectively. The differential output response of the decision circuit can be expressed by

equations 6.6 and 6.7. By combining equations 6.2 and 6.5 an expression for the input

’Zi _ ’ 2
Vo— = B_O + Vih(nmos) = B_ T Vih(nmos) (6-6)
y y

2ig, 2
Vo+ = BO + Vih(nmos) = B_ *+ Vih(nmos) (6.7)
X X

The maximum output voltage of the decision circuit is equal to:

2Ibias
Vo+(max) = B + Vth(nmos) (6.8)
x

121



trigger signal (Av;,) can be derived in terms of the bias current (Ibias) and transistor
aspect ratios. This is represented by equation 6.9. The minimum input trigger signal sets

the limit for the smallest signal level that can be detected by the HSC

o Ibias (Bx — By>
B = — <Bx+ S (6.9)

The output stage of the HSC serves as a high speed buffer for the output signal of
the decision stage generating a fast rising digital output pulse. A complementary Self
Biased Differentia Amplifier (CSBDA\) is used to implement the output stage of the High

Speed Comparator. The schematic of the output stage appears in Fig. 6.6. Self-biasing

Vo.

Figure 6.6: Output buffer stage of the High Speed Comparator, generally deployed for
slew rate improvement and generation of an output response with a digital profile.
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allows the CSBDA to generate a switching current much greater than its quiescent
current. This will improve the slew rate of the output signal and increase the speed of the
overall device. The schematic diagram of the High Speed Comparator in pulse mode
appears in Fig. 6.7. The grayed connection comprises the modification required for the

pulsing operation.
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Figure 6.7: Schematic diagram of the complete High Speed Comparator with the auto
pulsing feature.
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The pulsing feature is enabled by modifying the output stage of the HSC. Every
time the output signal of the HSC (Vo) rises, a connection is made, through transistor
N9, between the Negative Terminal of the output buffer and VDD. This will reset the
output signal to zero and turn N9 off at the same time. As long as the signal at the
positive input of the HSC (Vin+) is greater than the reference voltage (Vin.) the process
will repeat resulting in a continuous pulse stream. The biasing signal Vp, sets the
impedance of the Auto-Reset Pathway thus controlling the duty cycle of the generated
pulse stream. The layout diagram for the pulse mode HSC is shown in the Fig. 6.8. The
HPSC is the input stage that directly couples to the detector interface. It is the unit
responsible for the internal conversion of the parallel pulse activity at the input of the

interface into a serial pulse stream of equal pulse count at the output of the interface.

Ibias
Vit o ik
a2 _z}) . e
[ ) (e
i wiyw N

- .

Area: 1437 pm?
(0.5 pm Standard CMOS)

Latch
Comparator
Transistors

Figure 6.8: Layout diagram of the High Speed Comparator, highlighting the compact
electronic footprint of the module.
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The pulse stream is subsequently processed by a digital counter and converted
into a binary count value. In this architecture noise discrimination can be performed
efficiently in the analog domain, directly on the raw detector signal rather than at the end
of the signal processing chain as is the case with the analog SiPM readout architecture. If
the discrete analog waveform on the main interface is less than the Adaptive reference
voltage the HSPC unit remains in the quiescent mode and no signaling activity takes
place. The adaptive reference voltage signal is represented by the DC bias value of the
DSPA module and can be externally set and actively adjusted. A serial pulse stream is
only generated when the optical activity, within a set time interval, at the main interface
exceeds this reference value. As a result the ancillary electronics is not triggered by noise

thus yielding lower power consumption and greater signal throughput.

6.2.2 Discrete-Signal Pulse Adder (DSPA)

The Discrete-signal Pulse Adder monitors the output pulse stream of the HSPC
unit by tracking the voltage level at the positive terminal of the HSPC which is connected
to the detector interface. The schematic diagram of the DSPA module is shown in Fig.
6.12. The coupling nodes labeled ‘a’ through ‘e’ on Fig. 6.12 are driven high successively
in response to the incoming pulse stream. Since all the coupling capacitors are of equal
size (within the mismatch parameter of the technology process) each incoming pulse

induces approximately the same step rise on the reference floating node.

The rising edge of each incoming pulses successively activates the next available
coupling port, at the same time the falling edge is blocked from propagating down to the

coupling node and deactivating it. In Fig. 6.9 the first rising transition of the input pulse
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Figure 6.9: Schematic diagram of the Discrete-Signal Pulse Adder.

stream pulls the first internal coupling node ‘a’ high while the Diode-connected transistor
N1 isolates the node from the subsequent falling edge of the associated pulse. This
ensures that, once activated, node ‘a’ will remain high until the activation of the Reset
terminal. Transistor M1 and N2 (routing transistors for node ‘b’) ensure that node ‘b’ is
driven high at the next rising transition of the Input signal following the activation of
node ‘a’, not sooner or later. Transistors M2 and N3 do the same thing for node ‘c’ and
so on. The successive incrementation of the tracking signal continues in this way until its
magnitude exceeds the magnitude of the voltage signal on the detector output interface.
At that point, the input pulse stream stops and the Reset signal is initiated, deactivating

the internal coupling ports in preparation for the next extraction event.
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A more compact version of the DSPA module that is driven by the Least

Significant Bit (LSB) signal from the digital counter, rather than the HSPC output pulse

stream, is presented in Fig. 6.10. Since each signal transition of the digital counter LSB

signal corresponds to a distinct event, the DSPA output voltage, in this configuration,

must increment on every transition of the input signal.
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Figure 6.10: Schematic diagram of the edge-driven Discrete-Signal Pulse Adder featuring
improved operational speed and a more compact structure.

The layout diagram for a 10 count edge-driven SPA module appears in Fig. 6.11.

The edge driven DSPA uses half as many gating transistors (N1, N2, M2, M3) for routing

hence it presents less loading on the transitioning input signal. It also utilizes fewer reset

transistors. Consequently there is also less loading on the control signal which manages

the reset function of the DSPA unit.
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Figure 6.11: Layout diagram of the 10-Count pulse-driven Discrete-Signal Pulse Adder

6.2.3 SPAD Signal Path Configuration

As discussed earlier, successful digital extraction of the count is contingent upon
preventing amplitude level drops at the interface due to falling edge of the event pulses in
the counting widow. One approach is to hold the signal directly at the floating output
node of the detector interface using a transistor switch in series with a storage capacitor,
typically used as a part of track and hold circuitry for peak detection in standard ADC
system. However, this approach suffers from inherent non-ideal effects such as capacitive
feed-through and charge injection which can limit the performance of the system. This is
particularly a problem when dealing with sensitive analog signals that require precise
measurement [175, 176].

The proposed alternative approach exploits the digital nature of the raw input
signal (the TTL output pulse of the triggered SPAD devices), by performing the gating
function in the digital regime (directly on the signal path of individual SPAD elements)

rather than the discrete-analog signal at the detector interface. This means that after a
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detection event has triggered the count extraction process, the falling edge of all count-
contributing input pulses must be prevented from reaching their corresponding coupling
port until the count extraction is complete. It is important that falling-edge filtering is
only initiated after a detection event, otherwise events that do not fall within the counting
window (noise events) will be counted as well and no noise filtering would be possible.
The simulation of the detector interface signal, using in-path gating of the SPAD signal,

for a five element SPAD cluster is shown in Fig. 6.12. The simulation was run for two
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Figure 6.12: Simulation of the interface signal response. (a) Optical input stimuli used
for the simulation. (b) SPAD device digital output. (c) Interface response for a 4-
photon detection threshold. (d) Interface response for a 3-photon detection threshold.
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different detection thresholds to demonstrate the effect of in-path gating on the interface

signal. The SPAD model used in the simulation is described in Appendix A.

The incident photon signal, shown in Fig. 6.12a is applied to the simulation model

as short voltage spikes which trigger the model response. The important characteristics of

the optical signal are the number and relative timing of the individual photons. As can be

observed from the simulation results in-path gating of individual event pulses

accomplishes the intended function without distorting the interface signal. The in-path

gating can be realized by simply adding a switching transistor along the path connecting

the SPAD output to its dedicated coupling port as shown in Fig. 6.13.
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Figure 6.13: SPAD Signal path electronics. (a) Hold and Count Mode electronics. (b)

Free Running Mode electronics
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In Fig 6.13(a) transistor M1 acts as a switch driven by the control pulse (also
referred to as the Count Pulse in Fig. 6.3). The inverter, 12 isolates the coupling node
from the switching action on the gate of M1. In the Hold and Count mode, shown in Fig.
6.13a, in addition to the falling edge of event pulses within the counting window, the
output pulse from SPAD triggered after the start of the count cycle are also blocked until
the current counting cycle is complete. Therefore, in the Hold and Count configuration no
activity is allowed on the interface during the hold phase.

The main limitation of the Hold and Count format in Fig. 6.13a is that the dead
time following each detection event applies to all the SPAD elements of the cluster. This
configuration is sub-optimal for resolution of extended light pulses or continuous photon
counting applications. Similar to the analog SiPM detectors, this implementation is best
suited for Photon number resolution tasks involving high intensity, short pulses of light.

The signal path configuration presented in Fig 6.13b eliminates the dead time
associated with the counting process. In this circuit transistor M2 automatically blocks
the falling edge of the SPAD pulse, while always allowing the rising edge to propagate
down the signal path to the input coupling node. A secondary path through N1 remains
open to the coupling port for both rising and falling pulse edge, before the count cycle is
triggered and count pule is initiated (detection threshold not met). The N1 path enables
the falling edge, associated with a SPAD output pulse, to extinguish signals that are
below the triggering threshold (associated with non-detection events). The rising signal
transitions from SPAD element triggered during a counting cycle continue to pass
through M2 and dynamically increment the interface signal during the count extraction

process. In the Free Running mode the digitization process continuously tracks the
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dynamically varying interface signal in order to update the digital count extraction
process with any incoming events. The simulation results in Fig 6.14 are generated for a

5 element cluster using burst mode and continuous input stimuli.
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Figure 6.14: Simulation results of primary internal signals. (@) Optical stimuli
representing short multi-photon optical pulses. (b) Internal system response to short
multi-photon stimuli profile under both signal path configuration. (c) Optical stimuli
representing longer optical pulses or a continuous photon stream. (d) Internal system
response to continuous optical stimuli.
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As illustrated in Fig. 6.14, the Free Running configuration results in a more
accurate representation of the photon count data as it involves no counting dead time.
However, for certain optical profiles represented by Fig 6.14a, the increased counting
accuracy of the Free-Running mode might inversely affect the SNR. In general this
applies to detection scenarios characterized by short burst of multi-photon packets where
any subsequent solitary events are regarded as noise or background signal. Photon
number characterization for an atomic emission source and detection of scintillation
photons are examples of applications that can benefit from the Hold and Count mode,
while for photon counting applications, the Free-Running mode is the most the optimal

choice. An adjustable-mode signal path design, is shown in Fig 6.15.
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Figure 6.15: The schematics for the Configurable signal path electronics
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6.2.4 Highly Compact Asynchronous Digital Counter

Internally the photon count is represented by a serial pulse stream equal in
number to the parallel pulse output of the SPAD cluster. For external digital
representation, the pulse sequence must be processed with a digital counter and coded
into a binary word for storage. The internal parallel to serial conversion process enables
constraint free resource sharing among pixels. In this case a single digital counter is used
to accurately process the count from all SPADS in the cluster. An integrated digital
counter represents the main external interface of the readout system. Standard digital
counters are large devices typically involving up to 46 transistors per bit [178]. In a fully
integrated system where fill factor is a design constraint, a more compact realization
would be highly desirable. The signal routing circuitry utilized in DSPA may be modified
alternate between high and low output transitions according to the transition pattern
associated with binary counting. The schematic diagram for a two bit compact digital

counter, realized in this way, is shown in Fig, 6.16.
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Figure 6.16: Schematic diagram showing the compact structure for a 2-bit Digital counter

134



The output of Bit 1 switches at every positive transition of signal at the input.
When the input is low Bit loutput is low and N1 is off while M1 is on. Signal rise at the
Input node turns M2 on while driving node ‘a’ low and turning M3 off to prevent the
activation of the reset path. Consequently Bit 1 output goes high to register the event
arrival. The subsequent falling edge associated with pulse 1 turns M2 off in order to
prevent the signal transition at node ‘a’ from affecting the output of Bit 1. Immediately
following the deactivation of M2, M3 is turned on. This action will active the
Nltransistor and pull the voltage on node’ @’ high, thus arming the reset signal. The next
rising transition at the Input node activates M2, allowing the voltage at node ‘a’ to
propagate through and reset the output of Bit 1 back to zero, indicating the arrival of
pulse 2. The input of the Bit 2 circuit is driven by the inverse of the Bit 1 output signal. In
this way resetting of Bit 1 coincides with the activation of Bit 2 and so on all the way to
the Most Significant Bit (MSB) of the counter. When all the Bit outputs are high and the
maximum count is reached the next incoming event will cause the counter to self-reset,
returning the count back to zero. As previously described, the readout system is capable
of sequential photon counting and parallel multi-photon detection. Both modes are
simultaneously active. This is made possible due to the internal serial encoding of parallel
input by the system. It is essential for the internal sequential processing of parallel events
to remain transparent at the bit output of the counter. In this way the readout of the
counter will accurately represent both the single-photon and the multi-photon events as
they are dynamically represented on the main detector interface, while avoiding excessive
power dissipation from unnecessary output signal transitions. In order to achieve this, the

digital count readout should be gated by the pulse output of the HSC module. The
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schematic of a 3-bit latched counter with dynamic reset appears in Fig. 6.17. The layout

for the 3-bit counter implemented in 0.5 CMOS process is shown in Fig. 6.18.
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Figure 6.17: 3-bit compact digital counter with active reset.
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Figure 6.18: Layout diagram of the 3-bit compact digital counter with active reset
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The count pulse indicates the start and end for each sequential-processed counting
cycle. If the readout and reset signals of the counter are gated by the count signal the
counter will latch the extracted binary count at the output before resetting the bit signals.
In this way the digital output represents the number of events within each subsequent

measurement window at the end of its respective counting cycle.

6.3 Integrated Readout System

The schematic and layout diagram in Fig 6.19 and Fig. 6.20 represent a readout
system with gated read and reset, along with SPAD signal path connection to each input

coupling port for a 5-SPAD cluster.
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Figure 6.19: The schematic diagram of the readout system using free-running architecture
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6.20: Layout diagram of the full readout architecture for a 5-SPAD cluster

The post layout simulation of the primary internal and external signals of the

readout system with gated readout and active reset features, along with the optical profile

for the input simulation stimuli used for the simulation is shown in Fig 6.21.
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Figure 6.21: Post-layout simulation results showing the primary internal and the external
signals
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6.3.1 Experimental Results — Proof Of Concept

As previously discussed, the amplitude of the interface signal (magnitude of the
detection event) can be represented by the pulse width of the count pulse signal. This is a
fundamental system feature. In order to asses this functionality a test version of the
system with the detector interface replaced with an Input/output pad connection to
facilitate externally generated interface signal, was designed and tested. The layout

diagram and the measured input/output waveforms for the test unit appear in Fig. 6.22.
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Figure 6.22: (a) Proof of concept test structure. (b) Measured waveforms for the user-
defined input test signal and the generated count pulse response of the test system.
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The input and output terminals of the structure are highlighted in the layout
diagram in Fig. 6.22(a). Fig. 6.22 (b) shows the measured count pulse waveform
generated in response to the test signal. As can be observed from the measurements the
width of the count pulse is a function of the interface signal amplitude. An important
observation is the significant drop in the maximum range of the amplitude signal in the
measured data. This is due, in a large part, to the parasitic bottom plate capacitance at the
floating node. Since the aggregate cluster signal is generated on the shared bottom plate
of the capacitor-based sense interface, the large parasitic capacitance between the Nwell
and the substrate (in case of MOSCAP based interface) will impact both the linearity and
the dynamic range of the interface signal [175, 176]. Several techniques such as
geometrical manipulation of the layout structure, bootstrapping and bottom-plate
shielding can used to reduce the bottom plate parasitic effect [177].

Another selected criterion for proof of concept demonstration is the effect of
SPAD count rate on the activity level of the cluster. Since the count signal represents the
combined real time activity of all the SPADs within the cluster, increasing the count rate
of each associated SPAD pixel should increase the probability of overlap among
independent output pulses, resulting in greater arrival rate of detection event. A five input
readout system in free running mode coupled to cluster of 5 passive SPADs was used to
test the cluster response as a function of pixel activity rate. This test structure is shown in
Fig. 6.23. For testing purposes, the SPAD activity rate was modified using the field gate
bias setting. Multiple measurements of the count pulse signal in 5ms time window were
taken. A representative 5 ms capture waveform for the count pule signal at different gate

bias values is shown in Fig. 6.24.
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Figure 6.23: Test Structure showing a full cluster system for 5 passively quenched SPADs
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Figure 6.24: Representative snapshot of count pulse signal captured for Proof Of
Concept demonstration (a) Count signal at gate bias of 11V corresponding to low overlap
probability hence fewer detection events.(b) Cluster response at gate bias of 9V showing
increased detection activity (c) Lowest gate bias leading to highest measured activity rate
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A Self-Biased Differential Amplifier (SBDA) was used as the digitization
interface for the passively quenched SPAD pixel in Fig. 6.23. The bias voltage on the
reference input of the SBDA controls the width of the output TTL pulse produced by the
SPAD pixel, such that larger reference bias values (Vref) results in a wider pixel output
pulse and hence a larger aggregation window at the cluster level. A longer
integration/summation interval will accommodate a greater number of arrival events
which will lead to longer counting cycles (sequential count processing). The duration of
the counting cycle is represented by the width of the count pulse, therefor increasing the
magnitude of Vref at the SPAD pixel level should reflect in the pulse width of the count
pulse signal at the cluster level. Fig. 6.25 shows the average pulse width of the
representative count pulse as a function of Vref. The representative count pulse is
determined based on the highest rate of occurrence observed in ten consecutive

measurement windows of 5 ms duration.
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Figure 6.25: Count pulse for various integration intervals determined by the value of the
Vref signal.
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Since the count pulse signal can dynamically represent, with a single waveform,
the operational response of the system in response to both single photon and multi photon
events, it is the most convenient and useful measurement index for proof of concept
demonstration. However the final output of the system, ready for final storage in digital
memory, is provided by the parallel bit outputs of the digital counter. The digital readout
functionality is examined by verifying bit signal transition relative to the edges of the
count pulse signal. Since the bit readout of the digital counter is latched only at the end of
each counting cycle, bit signal transitions should only follow the falling edge of count
pulse signal. This has been shown to be the case for the represented measurements,
simultaneously recorded for the count pulse and Bit 1 signal, over three consecutive 20

ms time window and shown in Fig. 6.25.
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Figure 6.26: Digital decoding of the pulse-width modulated count signal. The waveform
trace represents the count pulse and the Least Significant Bit transition respectively, at
the end of each counting cycle as implemented by the SPAD-cluster readout system
shown in Fig. 6.23.
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Dynamic transitions of Bit 1 and Bit 2 are shown in Fig. 6.27. The measured waveform,
captured over 20 ms measurement window, represents the first two bits of the photon
count value. These measurements are limited in scope and meant only for functional

verification of the system possible with the available 2-channel signal acquisition board.
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Figure 6.27: Digital representation of photon count associated with an optical event,
determined through simultaneous measurement of the latched Bit 1 and Bit 2 signal.

6.4 Summary

Existing ADC-based digitization systems, used in conjunction with single-photon
analog detectors, do not digitally encode the photon count information directly. Instead,
they generated a digitally coded quantity proportional to the photon count. In the last two
chapters, a new paradigm for signal processing and readout for high performance single-
photon pixel arrays was defined and developed. The novel architecture implemented is
capable of direct extraction of digital photon count data from the raw detector signal.

This chapter conceptualized, designed and demonstrated a Signal Digitization
Unit (SDU) for digital decoding of the detector interface signal. The digitization
methodology introduced is particularly well-suited for the signal collection scheme

described in Chapter 5. It is capable of representing both sequential and parallel events.
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In the case of multi-photon events, characterized by parallel triggering of multiple SPAD
elements, the system internally generates an equal-weighted serial pulse stream and
digitally process the serial input.

The precision-related difficulties are inherent in the analog approach taken
towards the discrete quantification process which underlies the operation of ADC
systems. There should be no analog processing in intensity measurement through a
fundamentally discrete process of photon counting. In direct adherence to this
performance guideline the proposed system operates in the discrete-signal regime,
utilizing a self-generated quantized reference signal for direct conversion of detector
response into digital count values. In this way the discrepancy and precision
shortcomings associated with the standard signal conversion method of ADC systems is
avoided.

The operation of the readout system optimizes power consumption by eliminating
the electrical processing of unwanted signals (noise) and excessive signaling activity on
the external readout terminals. The minimization of unnecessary electrical activity
streamlines the operation of the system and improves its throughput.

Since the signal collection/aggregation interface is part of the readout
architecture, the system acquisition mode can be actively controlled by the digitization
electronics directly at the individual SPAD signaling path. This has the advantage of
enabling active configuration of detection parameters. A mode-select bit can transition
the operation of the system from trigger-based mode best suited for discrete detection of

short multi-photon packets to a free running photon counting mode capable of continuous
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digitization on a dynamically incrementing peak signal. This eliminates the dead time and

performance bottle-necks associated with digitization and the readout process.

In digital SPAD arrays, current schemes for effective utilization of hardware
resources such as counters and TDCs are based on a first-in take—all sharing model. This
architecture results in loss of system throughput, resulting in performance trade-of and
application limitations for the digital SPAD arrays. The proposed readout system offers a
method for multiple SPADs to dynamically share a single counter without introducing
additional throughput limitation or performance trade-offs.

Furthermore, speed optimization in SPAD imager arrays in a large part has to do
with readout of individual counters. By aggregating the signal, using the scaled
summation technique and processing the signal with the proposed signal Digitization
Unit, multiple counters can be replaced with a single slightly larger shared counter. This
can simplify the readout architecture and improve the readout speed while significantly

reducing the occupied silicon footprint.

The integrated digital count extraction electronics is comprised of modules that
offer unique performance advantages and can be utilized independently in variety of
application. An itemized list of these module and the novel features they implement is

provided below.

1) A Comparator configuration that combines the functionality of a high speed
comparator with that of a Voltage Controlled Oscillator (VCO) with externally adjustable

duty cycle.
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2) A Discrete-signal pulse counter that maintains an internal reference signal with a
constant rise time for each successive incrementation step. This results in the elimination

of the slew rate constraint which is a fundamental limiting factor in analog counters.

3) A novel design for a highly compact digital counter, and a method of generating a
pulse-width modulated signal that encodes both the arrival time and the absolute photon
count of associated with a detection event. In this way both single photon and multi-
photon events can be simultaneously represented using a single output waveform. This
functionality is currently missing in both CMOS-based photon counting pixel arrays and

PMT-based optical detectors.
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Chapter 7

Conclusion

Available design and development strategies for SPAD-based pixel arrays in
standard CMOS offer limited optimization possibilities. The existing trade-offs afflicting
different operational aspects of the system only allows selective enhancement of
performance parameters. A multi-objective optimization strategy for a general single-
photon sensing solution in CMOS does not currently exist nor is it being pursued. Current
research and development efforts are primary focused towards application specific design
and targeted implementation while a general solution is postponed pending the advent of
future ultra-compact and versatile process technologies that can alleviated some of the
inherent limitation and performance trade-offs. The underlying motivation behind this
research is to bridge the existing performance gap in development of large CMOS
integrated SPAD arrays by introducing novel design concepts and innovative
implementation schemes, at every architectural level from device to system, within the
context of existing low-cost, conventional CMOS process.

Towards this purpose, at the device level, the structure of the p-n junction has
been modified with a surface field gate and the geometrical profile of the junction altered
to increase the perimeter to area ratio. The proposed structure enables a SPAD device

with a large detection area and high SNR performance. The enhancing effect of the
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incorporated features on the fill factor has been established. The resulting improvement
on the performance was demonstrated through measurement of the device DCR.

At the pixel level, functional support to enhance performance and utility is
achieved using a novel design for the front-end pixel interface that optimizes speed and
noise performance of the device while providing an adjustable output interface signal in
order to accommodate array level operation. The incorporation of an independent readout
interface at the pixel level enables functional flexibility at the system level. In order to
ascertain valid interpretation of pixel measurement data in presence of dead time related
system nonlinearities, a theoretical detection model was developed and verified against
controlled empirical measurements.

Finally at the array level the favorable functional features exclusive to the digital
readout architectures and the performance advantages unique to the analog method are
brought together across a readout interface that resolves the associated intrinsic
implementational conflicts and incorporates key featural advantage from each readout
paradigms into unified monolithic readout architecture. An integrated digitization sub-
system was also designed and developed for digital information extraction. The
operational profile of the digitization unit is customized to the profile of the detector
response and the method of signal collection used at the detector interface. The unified
system aims to present a complete blueprint for CMOS integrated single-photon sensing
and processing platform.

Analog SPAD array readout architecture, used in SiPM detectors, suffers from the
complexity and power consumption associated with the required analog signal processing

and readout circuitry. This obstacle has limited the applicability of the SiPM system and
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prevented monolithic system integration of the readout. Exploiting the digital nature of
SPAD response is deemed a necessary future enhancement for the SiPM detector array
only then can full integration of SPAD detector and readout system be achieved in SiPM.
The proposed readout system presents an architectural platform whereby the digital
nature of SPAD is fully exploited at the pixel level within a design framework that also
exploits the dynamic and asynchronous nature of analog signaling at the array level. This
can improve the current SiPM systems by enabling full integration of sensing and
processing units towards a true single-chip solution.

Digital SPAD array readouts, used in SPAD image sensors, are based on a first-in
take —all sharing scheme. The proposed readout system offers a method for multiple
SPADs to dynamically share a single counter without introducing additional throughput
limitation. Speed optimization in SPAD imager arrays in a large part has to do with
readout of individual counters. By aggregating the signal, using the scaled summation
technique and processing the signal with the proposed signal Digitization Unit, multiple
counters can be replaced with a single slightly larger shared counter. This can simplify
the readout architecture and improve the readout speed while significantly reducing the

occupied silicon footprint.

The proposed readout system comprises the first generation design. The empirical
measurement and testing performed on the readout system are limited to proof of concept
demonstration and identification of areas for targeted future design improvement. Gross
verification of system operational has been achieved through qualitative demonstration of
system response as a function of key operational parameters. Parasitic capacitance

available at the floating sense adversely affects the system operational linearity and range
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node and has been identified as a major candidate for feature enhancement in later design
revision. Next generation design should focus on shielding techniques and more effective

layout strategies in implementing the floating node of the detector interface.
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APPENDIX A

SPAD Device Modeling

In order to adequately reflect the behavior of a SPAD device, a circuit model has
to include functional elements for triggering, self-sustaining and self quenching the
avalanche process. The SPAD device has been traditionally modeled as a series
combination of a resistor, representing space-charge, neutral and contact resistances in
series with a DC voltage source representing the breakdown voltage. The intrinsic and
parasitic capacitance of the diode device is represented via a parallel connected capacitor.
[64]. A transistor controls the triggering of the avalanche. Fig A.1 shows a schematic of

the model.
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Figure A.1: SPAD device model



In this model, photon arrival is represented by a voltage pulses at the gate of the
NMOS. The rising edge of the pulse turns on the NMOS and triggers the avalanche
current, subsequently the falling edge of the pulse turns the NMOS off and interrupts the
avalanche current. Therefore quenching is controlled by the simulation stimulus photon
and is a function of the stimulus pulse width rather than the design. A model proposed to
deal with this issue, uses a combination of current and voltage controlled switches to
control the triggering of the avalanche [65].A schematic representation of the model

appears in Fig A.2.
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Figure A.2: State of art SPAD device model

In this model, avalanche quenching is dissociated from the simulation photon

signal. A capacitor stores and applies the voltage necessary to keep the avalanche switch
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S3 on even after switch S1 is opened in synch with the falling edge of the simulation
photon pulse. Switch S2, usually open, is set to close when its voltage drop below a
threshold. If there is a quenching mechanism in the circuit , the current through the
accessory resistor Ry, drops below the threshold of S2 at a point that can be set through
selection of S2 threshold and Ry, size. This will close S2, discharging C1 and hence,
opening S3 which terminates the avalanche. In this model, if a photon pulse arrives at S1
before the diode has been charged to a voltage above its breakdown a reverse avalanche
current pulse is triggered. In order to prevent an ignition of reverse avalanche pulse a
diode is placed between model terminals. However, the avalanche trigger switch, S3, is
still activated despite the sub-avalanche voltage conditions. This does not accurately
reflect Geiger mode Avalanche Photodiode behavior. A different model [66] overcomes
this problem by controlling the path of the photon pulse by a separate switch, with
threshold set to Vpq. Therefore, the photon pulse triggers an avalanche only when the
appropriate voltage requirement is met. The model then uses a current-controlled switch
to sustain and quench the avalanche. Although this is more accurate reflection of SPAD
behavior, the implementation uses a current controlled switch which is not available in
standard simulation tools. Here we propose a device model for photodiode operation in
Geiger mode which does not require modification of the SPAD structure [66] or inclusion
of nonstandard circuit component to ensure (correct behavior). The proposed model
incorporates avalanche trigger mechanism based on presence of a photon and correct bias
condition, utilizing standard voltage controlled switches in conjunction with
passive/active components. The signal for ignition and quenching of the avalanche are

represented by two separate paths.
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controlled switch t S1

Provided a quenching mechanism is in place, the current
through the Resistor R will continue to drop from its maximum
value lg towards its asymptotic steady state value lf As it
crosses the quenching threshold point, t 81 switch is closed for
a shot perod of time enough to discharge C1

Figure A.3: Proposed SPAD device model with embedded text box describing the
functionality of select components. The inset shows the actual circuit implementation of

t_S1 component.

Incoming photons are represented by a voltage pulse train. When S3 is closed and

a photon is incident (Netl is high) S2 closes, activating the Avalanche Signal Path and

hence closing S1, discharging the SPAD. This indicates avalanche ignition. The falling

edge of voltage pulse representing a photon opens S3, thus deactivating S2. However, the

capacitor C1 and hence the Avalanche Signal Path remains charged (self-sustaining) until

the activation of the Reset Signal Path which discharged C1. The Reset Signal Path
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should only be activated long enough for C1 to discharge and t_S1 to open. If it does not
disengage at that point the positive terminal of the S1 will stay grounded, the switch will
stay open, and the SPAD will stay quenched through the subsequent avalanche events.
For this reason t_S1, has to disengage automatically, shortly after it is activated, in order
to release the signal path. Circuit implementation of t_S1 is shown in the inset of fig 3.3.
Momentary shorting of the reset path (activate and release) is accomplished by feeding a
trigger signal (voltage v, in the inset) to an inverter and using current pulse of the inverter
across a small resistor as the Activate/Release signal for the reset path (blue wire).
Current of an inverter rises and drops in response to a high voltage at the input. This
provides activate (rising edge) and release (falling edge) signal characteristic required. By
setting the NMOS aspect ratio much larger than that of the PMOS, the inverter’s current
pulse output in response to a low input voltage can be kept below the threshold of S5.
Therefore only a high signal indicating that the latch current threshold has been crossed,

will enable the quenching operation.

Diode junction capacitance (Cy) is function of over bias voltage Vex. However in
situations where the capacitance of the diode is dominated by interconnections and pad
capacitance Cq4 can be kept constant without a loss of accuracy. This is especially
applicable for small Vex values. However, the intrinsic series resistance of the diode
represented as Ry in the above device models is a function the excess voltage across the
multiplication region (Vgx). In almost all device models in the literature this value is set
as a constant, usually 1K [65], [66], [67]. The model proposed in [68] accounts for the
non-linear I/VV characteristic in avalanche mode by programming empirically obtained

I/V values of a SPAD device into a voltage source. The voltage source was modeled in
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Verilog-A and the was placed in parallel with the capacitors Cq4 (junction) and C,
(parasitic). The model then compares the diode voltage V (t) with the hardcoded values
and appropriately computes a value for Ry at each step. Although accurately modeling the
dynamic space-charge behavior of diode, this approach requires pre-testing the device
with a source-measure unit and can be used only as a model for the particular device. In
the proposed model of fig A.3, the dynamic feature of avalanche operation will be
incorporated by using Cadence Spectre bsource functionality. Ry can be modeled as
bsource, with its resistance set to appropriate function of the avalanche current, once a
representative expression is worked out. It should be noted that for small excess bias
voltage Vex and hence small avalanche current, the effect of diminishing avalanche
current on Ry has much less of an impact on the performance of the diode. The proposed
model in [68] is simulated with a large excess bias. The diode capacitance has been
modeled as a function of diode terminal voltage. Verification of the model was carried
out by comparing the simulated waveform of the model with the measured waveform of a
SPAD test device. The simulations parameters were calibrated to match the bias
condition and parasitic loading of the test device, as closely as possible. The simulation
input photon stream was built by matching it to the avalanche event time of the measured
waveform. In Fig A.4 a, the depletion capacitance of SPAD model was calculated using
the test device area, doping profile and the depletion region voltage at quiescent. In Fig.
A.4 b, same procedure follows, except that the time-varying value of depletion voltage is
wired into the expression for the capacitance. The simulations result closely matches the
measured data, particularly when the fluctuating SPAD terminal voltage is taken into

account when computing the depletion capacitance.
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Figure A.4: (a) Solid Green trace represents the measured waveform using data
acquisition system. The black trace is the simulation out using the SPAD model in Figure

time (us)

4.3. Depletion Capacitance was set at its quiescent value.
represents the measured waveform using data acquisition system. The black trace is the

simulation out using the SPAD model in Figure 4.3. Depletion Capacitance was set to
change according to the time varying SPAD terminal voltage (depletion region voltage

drop)
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