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Abstract

During the last decades, the usage of silicon photodetectors, both as stand-alone sensor or integrated in arrays, grew
tremendously. They are now found in almost any application and any market range, from leisure products to high-end scientific
apparatuses, including, among others, industrial, automotive, and medical equipment. The impressive growth in photodetector ap-
plications is closely linked to the development of CMOS technology, which now offers inexpensive and efficient analog and digital
signal processing capabilities. Detectors are often integrated with their respective front end and application-specific digital circuit on
the same silicon die, forming complete systems on chip. In some cases the detector itself is not on the same chip but often part of
the same package.

However, this trend of co-integration of analog front end and digital circuits complicates the design of the analog part. The ever-
decreasing supply voltage and the smaller transistors in advanced processes (which are driven by the development of digital circuits)
negatively impact the performance of the analog structures and complicates their design. For photodetector systems, the effect most
importantly translates into a degradation of dynamic range and signal-to-noise ratio.

One way to circumvent the problem of low supply voltages is to shift the operation from voltage domain to time domain. By doing
so, the signal is no longer constrained by the supply rails and analog amplification is avoided. The signal takes the form of a time-
based modulation, such as pulse-width modulation or pulse-frequency modulation. Another advantage is that the output signal of a
time-domain photodetection system is directly interfaceable with digital circuits.

In this work, a new type of CMOS-compatible photodetector displaying intrinsic light-to-time conversion is proposed. Its physical
structure consists of a MOS gate interleaved with a PN junction. The MOS structure is acting as a photogate. The depletion region
shrinks when photogenerated carriers fill the potential well. At some point, the anode of the PN structure is de-isolated from the rest
of the detector and triggers a positive-feedback effect that leads to a very steep current increase through the PN-junction. This
translates into a signal of very high amplitude and independent from light-intensity, which can be almost directly interfaced with
digital circuits. This simplifies the front end circuit compared to photodiode-based systems.

The physical behavior of the device is analyzed with the help of TCAD simulations and simple behavioral and shot-noise models are
proposed. The device has been co-integrated with its driver and front end circuit in a standard CMOS process and its characteristics
have been measured with a custom-made measurement system. The effect of bias parameters on the performance of the sensor are
also analyzed. The limitations of the device are discussed, the most important ones being dark current and linearity. Technological
solutions, such as the implementation of the detector on Silicon-on-Insulator technology, are proposed to overcome the limitations.

Finally, some application demonstrators have been realized. Other applications that could benefit from the detector are suggested,
such as digital applications taking advantage of the latching behavior of the device, and a Photoplethysmography (PPG) system that
uses a PLL-based control loop to minimize the emitting LED-current.
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Résumé

Au cours des dernieres décennies, I'utilisation des photodétecteurs, que ce soit comme composant individuel ou intégré
en matrice, s’est considérablement développé. On les retrouve désormais dans toutes les gammes d’applications et dans tous les
marchés, allant des produits destinés aux loisirs, jusqu’aux appareils scientifiques haut de gamme, en passant par I'équipement in-
dustriel, automobile, et médical. L'impressionnant élargissement des domaines applications des photodétecteurs est étroitement lié
au développement de la technologie CMOS, qui offre aujourd’hui des possibilités de traitement de signal analogique et numérique
efficaces et a bas prix. Les détecteurs sont souvent intégrés avec leurs circuits de front end respectifs et les circuits numériques
propres a leur application sur la méme puce de silicium.

Cependant, cette tendance a la co-intégration du front end analogique et des circuits digitaux complique la conception de la partie
analogique du systéme. La diminution continue des tensions d’alimentation ainsi que de la taille des transistors dans les technologies
avancées (poussées par le développement des circuits numériques) réduit sur les performances des structures analogiques et com-
plique leur conception. Pour les systémes de photodétecteurs, I'effet se traduit principalement par une diminution de la plage dyna-
mique et du rapport signal sur bruit.

Un moyen de d’affranchir du désavantage introduit par les tensions d’alimentation réduits est de convertir le fonctionnement du
domaine des tensions au domaine temporel. Il n’est ainsi plus contraint par les rails d’alimentations et I'amplification analogique
n’est plus nécessaire. Le signal prend alors la forme d’une modulation temporelle, telle que la modulation de largeur d’impulsions
(PWM), ou la modulation de fréquence d’impulsions (PFM). Un second avantage réside dans le fait que le signal de sortie d’un sys-
téme de photodétection dans le domaine temporel est directement interfagable avec des circuits numériques.

Dans ce travail, un nouveau type de photodétecteur compatible CMOS effectuant intrinsequement une conversion lumiere-temps
est proposé. Sa structure physique consiste en une grille MOS entrelacée avec une jonction PN. La structure MOS joue le réle de
« photogate ». La zone de déplétion se réduit quand les porteurs photogénérés remplissent le puit de potentiel. A un certain point,
I’'anode de la jonction PN n’est plus isolée du reste du détecteur et initie un effet de réaction positive conduisant a une augmentation
subite du courant a travers la jonction PN. Ce phénomeéne se traduit par un signal de tres forte amplitude et indépendant de I'intensité
lumineuse, pouvant étre presque directement interfacé avec des circuits numériques. Cela simplifie la conception du circuit de front
end en comparaison des systemes conventionnels basés sur des photodiodes.

Le comportement physique du composant est analysé a 'aide de simulations TCAD. Des modeles simples décrivant son comporte-
ment ainsi que le bruit quantique sont proposés. Le composant a été intégré avec son circuit de détection dans une technologie
CMOS standard et ses caractéristiques ont été mesurées avec un systéme de mesure dédié. Les effets des parameétres de polarisation
sur les performances du capteur sont analysés et les limitations du composant sont discutées, les plus importantes concernant le
courant d’obscurité ainsi que la linéarité. De nouvelles solutions, comme I'implémentation du détecteur sur des procédés de silicium-
sur-isolant (SOI), sont proposées afin d’outrepasser ses limitations.

Finalement, des démonstrateurs d’applications ont été congus et fabriqués. D’autres applications qui pourraient bénéficier des ca-
ractéristiques spécifiques au détecteur proposé sont suggérées, telles que des applications numériques tirant parti du comportement
en « verrou » du capteur, ainsi qu’un systéme de photopléthysmographie (PPG) utilisant une boucle de contréle basée sur une boucle
a verrouillage de phase (PLL) pour minimiser le courant de la LED émettrice.

Mots-clés

Photodétecteurs sur silicium, front ends de capteurs, circuits intégrés CMOS, modulation d’impulsions, silicium-sur-isolant (SOI)

viii



Contents

ACKNOWIEAGEIMENTS ...eeiiiiiiiiiiiiiiiitiiiiciie et ss e s s s s e s s s s sas e e s s s s s sa b e s s se s sn s e e s sesesssnneesssssssnsesssssssnsesssssssnnenss v
Y« - ot N vii
KOYWOIAS...euriiiiiinereiiiineeeiisisste s ssssiase s ss e sae e s s s e s an e e s se s as e e s se s aa s e s ses s san e e s sssssassessesssssnnsessesssnnsesssssssnnesssssssnnessssssssnsenss vii
L3V =S viii
LAY oL o = OO viii
LISt OFf FIUIES..uuueeeeeieiiecceeeeeecisneeesescssnneesseesssnressassssnneessasssnnsessassssnssesasssssssesasssssssneeesssssnneessassssnsessesssssnsenesssssnneesasssssnnanans 12
LI I < N 16
Chapter 1 LLa Lo T TF Lo 4T o N 17
1.1 PROTOAETECTION ... e bbb e 18

1.2 IMPOrtant PhYSICAl PArAMELETS ...oc.viiiiiieeieeeee ettt e st eete e beebe e beebe e eteesseesneenseenns 18

1.2.1 Quantum Efficiency and RESPONSIVITY ....cueruiruiruieieieiisicrt ittt e e 18

1.2.2  Photon ADSOrPLioN AEPTN......coiiiiiiiei ettt et e 19

1.2.3  POISSONIAN NOISE ...eeiiiiiiiiiiiie ettt s e sb e 20

13 TYPES OF PROLOUETECTONS. ...ttt ettt st s it et e st ea e es sebtesatesatesaeesareeanes 20

1.3.1  P-Nand P-I-N PhOtOIOUE ......eeeieiieiieiieeie sttt st st sttt e b e steesnee e snnenneenns 21

1.3.2  Photogate and pinned PhotOdIOE ........ooviiiiiiiiiieiteiee e s e 21

1.3.3 Metal-Semiconductor-Metal photodeteCtOr .....couviuieiiiiierirereeeee e 21

1.3.4  Avalanche Photodiode (APD) .......ccuioereeeeieeierieeie ettt sttt ettt st s et e st b st et e e e saesbesbeeeneennens 21

1,35 PROTOTraNSISTON ...ttt s 22

1.3.6  Single Photon Avalanche Photodiode ..........ccueiuiiuiiuiiiiieieicnieeieee et st 22

1.3.7  Optically coONtrolled thYISTOr .....ciiiiiiiiie ettt et e e e et e e e e e e saae e s seesaeasnbees 22

1.4 Front ENA CIrCUILS ...veiiiciiieiciecc s e 23

1.4.1  Trans-Impedance AMPIICAtION ..oouii i e 23

1.4.2  Source-follower VOItage CONVEISION . ......cuiitiriiriieiieieiertert ettt sttt b e 24

TL4.3  SPAD AIIVER ettt ettt ettt a bt b e e bt sht e s at e sae et e e bt e bt et e bt e b e e b et naee e eate et e e aneenneen 25

1.4.4 Time-domain PhotOETECION ......cuiiuiriieiieiieieterte ettt e 26

1.5 SUMIMIAIY 1ttt e b bt e b s bb e e e e b b e e sab b e e s hb e e e b b e e s eab e e e b b e e s bb e ettt b e £e e bt eesaabeesbb e e s baeesane e e 27
Chapter 2 Hybrid MOS-PN PhoOtOdEECLON .....cciiiiiiieiiiiiiiinieiiiiisnneesisissneessssssssnesssssssnesssssssnsassssssssnsasssssssssasssssssnnes 29
2.1 DEVICE LEVEL @NAIYSIS. uieutieiieiieitieiteestee st e s te et tte et te et e et e et e e be e beete e teesseesseesseessseaseeesee e esaeenseenseensenneeseenne 29



Contents

2.2

2.3
24
Chapter 3
3.1
3.2

33

34
3.5

3.6

3.7
Chapter 4
4.1
4.2

4.3

4.4

2.1.1 DEVICE SEIUCTUIE c.viiiiiiictcc bbb et et 29
2002 OPEIATION ettt a e bt e st r e e e b bt e e ba e na sebe e st e e e nbbeenane 29
2.1.3 DA CUITENT it 31
2.1.4  Temperature dEPENUENCE .......oovi ittt ettt b e e s bt eseesate s e e et e e se e sneenneas 32
2.1.5 Linearity: Slow carriers and recombination CUMTENT .......cc.viiierierierie e 33
2.1.6  INPUE-OULPUL REIGTION ..niiiieiieeee et ettt sae e e e e e eaneeane s 35
2.1.7  SigNAI-t0-NOISE RAIO ...eiiiiiiiieiiieiii ettt st sttt ettt ettt e bt e s st e s sae e et e et e sane s 36
System-level desiZN aNd @NAlYSIS.......eeiiiiiirieieieres e e eateeraeenaeenreennes 38
2.2.1  Pulse Width Modulation (PWIM) SCREME......ccuiiviiiieiicie ettt eveeeveeereeere e e eaeees 38
2.2.2  Pulse frequency modulation (PFM) SChEME .....c..cviriiiiiirieieeeeeeeeee e 39
2.2.3  Pulsed VOItage OPEIatioN .....cccuiiiiiieeiiei ettt sttt e 40
2,28 BINAIY SEAICH c.eeiutiiieettet ettt ettt sttt h e a e a b e s e e te et e e bt e s nae e aeennteeaeennre s 43
Electrical model of the deviCe........coiiiiiiiiiiiii 44
SUMMIMIAIY 11ttt ettt ettt e b et e s et e et e e bt e s st e e e st et e sab e e e eae e e e st e e s aas e e e bt e e e abe e e saae e e te e bttt e ab e e snae e e baeesnreenas 46
Front end circuit design and experimental validation ..........ccccceeieiiirceeiiiiniieennscccree s cneessss s sseeeesssssnnnes 47
(08T of [ T o1 o[ USSP 47
ANOAE-SIAE FEAU-OUL ...ttt s 49
Cathode SIde read-0UL ......c.ciuiiiiiiiiii e b 52
3.3.1  Implementation With delay SENEratOr ......iiiiiiiiieeeee et enn s 52
3.3.2  Implementation with feedback SYStEM .........coiiiiiiiee s 55
DEVICE IMPIEMENTATION ..iitiiiieiie ettt ettt ettt e st e e sae e s st e sssesaeeesbeente e snteenseenseeseenseenn 59
COMPIEtE MEASUIEMENT SYSTEM .. iiiiiiieitieitieetiestee st se et e et e et e e e e teete e seese e se e seessaessaessaesnaes senseensennseensans 60
EXPEITMENTAI STUAY ...vietieiiieiiiesie ettt ettt e st et e ssteesteesteesseeseenseense e seensee e ssaeenaesnseensenseenseenns 61
3.6.1 Effect Of Cathode VOITAZE .. .ccueeuieieiee ettt ettt st neas 61
3.6.2  Effect Of Gate VOITAEE . eouiiiieceieeee ettt ettt et e et 64
3.6.3  NOISE MRASUIEIMENTS ....oviiiciiiiccic ettt sa e s b b s e nees 66
eI Y o T Tor = =T o Yo L 1Y SRR OPS PPN 68
3.6.5  IMPACE OF F@SEE AUIATION ..evvieiiieiieieeiee ettt et e b et e st e saeesneesnnes senseenseenseen 70
3.6.6  Effect Of pUISEA OPEratioN.......ccciiiiiiiiiiiici ettt s s ebe e st neas 71
SUMIMIAIY ettt ettt e e e st e e e e s b et e e e e e s b et e e e e e a s b e e e e e e e s mbe e e e e s e s nbe e e e e e eannee saanreeeeeeeannaneeeeeanrrneeeeas 73
Prospective technological SOIULIONS ........ceceieccieeeeiiicceeeriecceeeeseessereeses s raneesesssssnneseessssnneensssssnnenssasssnnnns 75
MUlti-gate IMPIEMENTATION .o.eeiiiiiiie et sttt a e bt e s bt seaess sabeenteebeenseenseenes 75
AMDBIENT lIZNT CANCEIIATION .. .eeiiiciie ettt et e e et e e b e e se e bee essaesseesseesneeenseennes 75
THIPIE WEII PrOCESS ..ottt ettt ettt ettt st st ettt et e bt e be e sbe e s et e sateent e et e eabe e aense e beenbeesaeesanesnnesnnes 77
4.3.1  DeViC iSOIAtION .ueiiiiiiciiicic s 77
4.3.2  Bulk biasing and iS0lated CIFCUIT .........iiiiiiiiiee e e 77
SIICON-ON-INSUIALOT ...ttt e et 77



Contents

4.4.1  Leakage CanCellation ......cceei i e 78

44,2 Effect OF DACK-GATE c..eeieiiiiie ettt et e et 80

L B 1 1T [ YOO TSP PO PRRPR 82

4.4.4  Optical effect 0f the SOI STACK .....cc.iiiiirieieee ettt s ebe e eaes 83

4.4.5 Polysilicon absorption and Backside illumMiNation ...........cccveeiiiinieineinieeee e 84

4.4.6 Isolation and multi-pixel iMplemMeNtation .......c.ccoiiiiiiiiii e e 86

4.5 SUMIMIAIY 11ttt ettt ettt e b e e bt saae e e e s b et e e ab et e s ab et e bt e e s eas e e e bt e e e bt e e s abb e e £e e bt et e aab e e sab e e e baeesareeeas 86
Chapter 5 Case Study and Potential APPlICAtiONS ......ccivveeiiiieiiiiiniitiieinre e sas s sae e 87
5.1 Realized demONSTrators.......oociiiiiiiiicii e s 87

B.L1  PrOXiMiItY SENSOT..couiiiiiiiieteetee st st sttt ettt ettt ettt e et e et e b eeae e e aae s ane s et e et e et e ne e eene e e e enneeanens 87

LT R -4 | 2 T =T OO OO TSSOSO SIS UPPUPPOPROP 90

5.2 (0] oo Y I 11 ol OO PP UROPUPN 93

5.2.1  ClOCK RECEIVET ..cuiiiiiiiiiiit bbb s e 93

5.2.2  Phase detector for pUISEd TNt ........coiiiiieieeieeeeee et e eaee e s 94

5.2.3  Phase detector in the SENEral CaSE ......cuciiiiriiririieieeee ettt e 96

5.3 PhotoplethySMOZIraphy (PPG) ....eiieiieieiiesiieste ettt ettt st st s e s e st eeaeeesbeenbeentes senteenseenseenseenn 98

5.4 J X )V E PO PP UPUPUPPOPPIINY 103

5.5 SUMIMIAIY 1ttt b et b e e ab e e e b b s ab e e e b bt e e b b e e s abe e e e bbb e s ab e e e bb e e ea seeabee s sabe e e bbeesbbeesaneeas 105
Chapter 6 L0 ol U YT 107
6.1 AChIEVEA FESUIES ...t e sa e sa e s 107

6.2 FULUIE AEVEIOPIMENT ..ttt ettt e et e s et e s nt e et e e b e e s e enbe e bt e beesbeess sabeenteenseenseenneensean 108

L3 1= =T o= 109
CUITICUIUM VAR ittt e e b e s b b e s s s e b e b e b e s b s s b e e R b e b b e b b e s a e e besasnesnnassns 113

Xi



List of Figures

Fig. 1-1: Silicon absorption coefficient versus wavelength .........cccccooveeveiniiiiinieicceeeeee e 19
Fig. 1-2: Model of the NPN phototransistor......c.eiierieiieriesiesee et s ae e enn s 22
Fig. 1-3: Structure of the ThyriStor [32] ...uiiiiiiieiieie ettt s e e e saaeeaee s 23
Fig. 1-4: |-V characteristics of the standard Thyristor [32]......cccivirieriierriieeeeeeeeeee e 23
Fig. 1-5: Basic transimpedance amplifier ........coveiieiiiieecieceee e e 24
Fig. 1-6: Three transistors (3T) PIXEI [43] weveririvirieieieieriesesee ettt s st st ns e sneenees 24
Fig. 1-7: Pinned photodiode (4T) PIXEl [43]...uiiiieiie ettt st s ae e enne e e enae s 24
Fig. 1-8: Passive qUeNChing CIrCUIL [13] . ccueiiueriieeiiieiieieeieeie ettt e e s saeesaee e 25
Fig. 1-9: Ring oscillator-based SPAD CIrCUIT [52] ..vveiieiieiierieseeseeseeseeseesee e see e e aesseeene s 26
Fig. 1-10: General principle of pulse modulation (PM) photodetection [54]........cccccevevererienenennens 26
Fig. 1-11: Principle of a a) PWM pixel, b) PFM PiXel [57] c.veevueeriiriierieiieniesieeie et 27
Fig. 2-1: Structure of the Hybrid MOS-PN deVICE.........ceriiriiirieiieeieeeeeeee et 29
Fig. 2-2: Structure of the device With POIYSIICON ....coviiiiriiiieee e 29
Fig. 2-3: Structure with space-Charge reiON .........cccveieeiieiiesiesee et 30
Fig. 2-4: Photon absorption, photoelectron accumulation .........cocevveviierieeceereeeeseese e 30
Fig. 2-5: Positive feedback effECt .......iiiuiiiiiieceecece e 30

Fig. 2-6: Simulation of the electrostatic potential before triggering in a bulk device a) 2D visualization, b)

potential along the cutline C1. Vg =3.0V, Van = 0.8V, Vit = 0.1V, weiiiiiiiiiiiiienieienececcseenesieeenne 30
Fig. 2-7: Conceptual equivalent circuit of the photodetector.........cocevieriiiiiniiiieereeeeeee e 31
Fig. 2-8: DArK CUITENT SOUICES c..vevveetieeieesitesteeteeteeteestesstestesseesseeseesseenseebeeteesseesseenseenseensseenseesseens 31
Fig. 2-9: Electrostatic potential without (top) and with (bottom) ground anchor .........c..ccccevevveenenne 32
Fig. 2-10: Effect of ground-anchor resistance on self-triggering time .........coccevvevvenceevenie e 32
Fig. 2-11: Simulated temperature dependence of the device Vanode = 0.8V, Veathode = 0.1V.ccuvvenveenneee 33

Fig. 2-12: Simulated magnitude of the electric field in the device. Vg = 1.8V, Va4 = 0.8V, Vit = 0.1V ...34
Fig. 2-13: Active area shrink with respect to light iNteNSItY ....cccveiveiieiiiieieeeeee e 34

Fig. 2-14: Simulated derivative of the inverse of triggering time versus light intensity. Vanode = 0.8V, Vcathode =

(00 Y N1 010V OSSPSR 35
Fig. 2-15: Simulated derivative of the inverse of triggering time versus Triggering Time. Vanode = 0.8V, Vcathode =
0.2V, A = 500NM. .ttt ettt sttt b bbb bt a e e e e bt e beeae e s naeere b eais 35
Fig. 2-16: Pulse Width Modulation (PWIM) .......c.cccuieiieieeie ettt ettt esaaasaaaenae e e 38
Fig. 2-17: Simple implementation of @ time INtEGrator.......cccvvviiiiiiiiieeee e 38
Fig. 2-18: Pulse Frequency Modulation (PFIM) .......coiueiierienienie e sie e ee e eve e eae e ese e e esneenneen e 39

Fig. 2-19: Simulation of the electron current density with (a) Van =0V and (b) Van = 1V. In both cases, V= 0.2V,
Viate=2V, Rou= 00K ..oiiiiiiiiiiiiice e 41

Fig. 2-20: Anode current versus time for different duty-cycle values. fouse = 10kHz, Vg = 2V, Van = 1V, Vi = 0.2V

12



Introduction

Fig. 2-22: Concept of a Successive Approximation Register (SAR) based converter ........cccccevvvereenuene 43
Fig. 2-23: Current paths before (top) triggering and after (bottom) triggering .......cccceevvevvevvevieennens a4
Fig. 2-24: Simple equivalent circuit of the deviCe ..o 44
Fig. 2-25: Equivalent circuit with parasitic CapaCitanCeS.......ccvvverieriieeiecieeie e 45
Fig. 2-26: Modelled device current versus diode forward voltage or different Ryole resistances......... 46
Fig. 3-1: Operating principle of the driver circuit in three phases .........ccoccevverierienieniese e a7
Fig. 3-2: Charge of a capacitance through a junction-diode ..........cccceevieriiiieniinieeeee e 48
Fig. 3-3: Evaluation of Uc(t) with Is=1e-14A, n=1.05, Ut=26mV, C=10fF.......cceecvvrvrenvienierierie e 48
Fig. 3-4: Implementation of the driver circuit with anode as sensing NOde..........ccccccueevveeieeiieeieenens 49
Fig. 3-5: Simplified schematic of the anode-side read-out CirCUIt.......cccceeveeveenieniienienice e 50
Fig. 3-6: Complete schematic of the anode-side read-out CirCUIt ........ccceeveerieerieiieniesiesee e 50
Fig. 3-7: Layout of the entire chip (UMC 0.181M) .ccuveieieriiniiniieiieieieiesieeeeee et see it seesnens 51
Fig. 3-8: Implementation of the first driver circuit with cathode as sensing node ..........ccccceeevvernenns 52
Fig. 3-9: Simplified schematic of the cathode-side read-out CirCUit........cccceevvevieiiieiiiieiiereeeeieene 52
Fig. 3-10: Complete schematic of the first cathode-side read-out Circuit........cccceevvevverieenierierieneenns 53
Fig. 3-11: Layout of the detection circuit (cathode read-out, first version).........ccccceceeveeviereeseennenns 53
Fig. 3-12: Layout of the entire chip (cathode read-out, first VErsion)........ccceeeveveneeieiiesienenesenenns 54
Fig. 3-13: Measurement of circuit self-triggering with respect to cathode voltage.........cccccccervuernene 55
Fig. 3-14: Concept of the “load” sequence feedback SYSteM........covvieriiriiriinienie e 55
Fig. 3-15: High-Level schematic of the second cathode-side detection system [75] ....cccccevevuveriernenne 56
Fig. 3-16: Leakage cancellation CIrCUIt [75] .oueirrierierierieniesiie ettt st e eaee s 56
Fig. 3-17: Principle of the read-out circuit with feedback (cathode-side, second version) [75]........... 57
Fig. 3-18: "load" sigNal 8ENErator [75] ...couiiiiiiieiieie ettt et e 57
Fig. 3-19: Simulation of the current consumption of the detection circuit [75] ......cccevveerierieerivennens 58
Fig. 3-20: Layout of the driver and read-out circuit (cathode-side, second version) [75]......c..ccceu... 58
Fig. 3-21: Layout of the entire chip (cathode-side read-out, second Version) ..........ccceeveeveeneeneennenne 59
Fig. 3-22: Picture of a wire-bonded chip and layout example of the device........cccevverveerierceeneennenne 60
Fig. 3-23: Concept of the complete MeasuremMent SYSEEM ......ccvvveeieerieerierieereese et 60
Fig. 3-24: Picture of the detection SyStEM PCB.......cccvccieiuieiieriee et see et e e ae e enae e 61

Fig. 3-25: Measurement of the effect of cathode voltage on self-triggering time for different gate voltages.

Fig. 3-28: Measurement of the effect of anode voltage on self-triggering time. Vg=1.2V, Vct=0.4V. .63

Fig. 3-29: Measurement of the effect of gate voltage on self-triggering time for different cathode voltages.

Fig. 3-30: Quadratic fitting of the self-triggering time versus gate voltage measurement.................. 65

Fig. 3-31: Measurement of the effect of light on triggering time for different gate voltages. Van=1V,
VCET0.525V e e e e e e et e e s e r e e e e eeeeeeenrrneeeeaanee 65

13



Introduction
Fig. 3-32: Measurement of the effect of cathode voltage on relative triggering noise ........cccccecveueene 66

Fig. 3-33: Measurement of the effect of gate voltage on relative triggering Nnoise ........cccecvevvervennnnne 67

Fig. 3-34: Evaluation of the total amount of accumulated carriers needed for triggering versus gate voltage

............................................................................................................................................................. 67
Fig. 3-35: Measurement of the effect of anode voltage on relative triggering noise .........cccccveevvuneens 68
Fig. 3-36: Measurement of the spectral response of the photodetector .......cccevvevieveeneeneeieeneenns 69
Fig. 3-37: Simulated photon absorption depth in silicon with respect to wavelength ...............c..c.. 70

Fig. 3-38: Measurement of the effect of reset rime on self-triggering time (with logarithmic fitting) 70

Fig. 3-39: Measurement of the effect of light on triggering time for different reset times. Vg,=1.2V, Van=1V,
VCEE0.525V ettt et s st e e s et r e e e e s e et it e e e s e abtaee e aaeeeean

Fig. 3-40: Pulsed operation of the driver CIrCUIt ..........ccueoieiierie s 72

Fig. 3-41: Measured triggering time versus light intensity for DC (a) and pulsed (b) operation. Vanode= 1V,
Veathode=0.6V, Vaate=L.2V. c.oooeeoeeeeeeseeeeeseesseeesseseseesssss s s ssssess s esssssss s s sssssssssssessssassssssssesssssnen 72

Fig. 4-1: Structure of the multi-gate device with one activated gate (a) and two activated gates (b).75

Fig. 4-2: Modified structure of the device with cancellation current .........ccccceecvevveviienieenieseeseeseenns 76
Fig. 4-3: Proposed ambient light and dark current cancellation control l00p ........ccccvevviiiierieeiiieennns 76
Fig. 4-4: Structure of two devices implemented on a triple-well Process.......ccccevvereeneeneeneeneeneenns 77
Fig. 4-5: Structure of the SOl-implemented device used in TCAD simulations ........ccccceceervereereennenne 78

Fig. 4-6: Simulation of the electrostatic potential before triggering in a SOI device a) 2D visualization, b)
potential along the line. Vg =1.8V, V3n = 0.8V, Vet = 0.1V, Vg = OV.eeoiiiiiiiiiiiciccce, 78

Fig. 4-7: Simulated self-triggering time versus gate voltage for bulk and SOI implementations. Van=0.8V,
RV o 00t PSP PR PPPTON 79

Fig. 4-8: Simulated self-triggering time versus gate voltage for different silicon layer thicknesses Va, = 0.7V, V¢t

Z 0V, Vhg = OV ottt bbb bbbttt be et bt eten 79
Fig. 4-9: Simulated effect of back-gate voltage on self-triggering time for different gate voltages. Van =1V, Vct
LTS SRS 80
Fig. 4-10: Evaluation of Nt with respect to back-gate voltage for different gate voltages................. 81

Fig. 4-11: Evaluation of dark current with respect to back-gate voltage for different gate voltages ..81

Fig. 4-12: Evaluation of dark current with respect to back-gate voltage for different gate voltages. lignh =
1nW/cm?2...

Fig. 4-13 : Simulated derivative of the inverse of triggering time versus light intensity for SOI........... 82
Fig. 4-14: Layer stack Of @ SOl PrOCESS ...co.uiiiiriiiiieie ettt sttt ettt sttt b e e s 83
Fig. 4-15: Wavelength tuning for different SOl parameters........cocveveeveereeneenierieeesee e 83

Fig. 4-16: External quantum efficiency for a silicon active region thickness of 395nm versus Box thickness (dgsox)
L0 Te IV 1Y7=1 1= =4 o USRS 84

Fig. 4-17: External QE vs thickness of SOI layer (dsoi) and BOX layer (dsox) for wavelength of 480nm 84

Fig. 4-18: Simulated effect of polysilicon gate on Quantum Efficiency, dsoi and dgox = 400nm........... 85
Fig. 4-19: Simplified fabrication process of a back-side illuminated sensor on SOl .........cccceevuvvivernenne 85
Fig. 4-20: Structure of two devices implemented 0N @ SOI ProCESS........eeveerueereereenienienee e seeseens 86
Fig. 5-1: Structure of a reflected intensity-based proxXimity SENSOr .......cccocuevveriieriieniiesie e 87
Fig. 5-2: Output signal of the detection system with LED on and LED Off........ccccccveviieiienvieeiieciieeieens 87
Fig. 5-3: Behavior of the proximity detection system under different reflective conditions................ 88

14



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Introduction
5-4: Behavior of the proximity detection system with a very absorptive surface........c.ccecveuens 89

5-5: Behavior of the proximity detection system with very strong ambient light..............ccccoe... 89
5-6: Concept of a synchronous light barrier system using the Hybrid MOS-PN photodetector....90

5-7: Concept of an asynchronous light barrier system using the Hybrid MOS-PN photodetector 90

5-8: Correlator-based FSK demodulation ..........ccccueiiiiiiiniiiiiiiiiciccc 91
5-9: PLL-based FSK demodulation ...........cccccuiiiiiiiniiiiiinc e 91
5-10: Local-oscillator-based FSK demodulation ...........c.ccoeoviiiiiiiiiiiiiie 92
5-11: Measurement system used as light-barrier, with IR long-pass filter.........cccoccevvvenivenceniennns 92
5-12: Moving-average-based light-barrier detection System ........ccccvveeievievieneesieseese e 92
5-13: Equivalent logic circuit of the photodetector with its front end ........cccceeeviieiiiiiiiiieciieen, 93
5-14: Clock receiver with cross-coupled deteCtors.........uciieiieciieiienieciesee e 94
5-15: Output waveform of the clock-receiver SYStEM ........coiiirierierienie e 94
5-16: Phase-detection behavior of the device for a 50% duty-cycle light-input signal ................. 94
5-17: Phase-detection behavior of the device for a pulsed light-input signal .........cccccevvverveneenns 95
5-18: Complementary-driven DBVICES ......c..ccveieerieeieeiieeieeieeieete et esseesseesaeesaeesteesseesseesseenseen enne 95
5-19: Duty-cycle outputs of the complementary-driven devices ..........cccocueeveeeveeeciiccieeie e 95
5-20: Duty-Cycle output of the desired phase-detection Signal.........ccocevievieniiiniienie s, 96
5-21: Equivalent schematic of the phase detector using Hybrid MOS-PN devices.......c..cccceeuene 96
5-22: PLL-based frequency synthesizer using the Hybrid MOS-PN detector........c.ccovcvevvenvennenns 96
5-23: Phase-detection characteristics of the photodetector in the general case ........c.cceevveuenes 97
5-24: Simplified schematic of the LM567 tone detector [101].....cccoeverieriieriieeieeneerieesieenieenieenees 97
5-25: Hypothetical tone-detector using the Hybrid-MOS-PN device as phase comparator.......... 97
5-26: Front end circuit of the Texas Instruments AFE4403 PPG circuit [78].....cccccvvvervverieeniueniiennns 98
5-27: Modelling of the optical chain with detector as @ DCO.......ccceevueriieriieriieeieeeeieee e 99
5-28: PLL-based demodulator for PPG detection SYSteM ........ccceeverierierienienieereeie e 99
5-29: PLL based system with second loop for reference-frequency tuning ........cccccevvervenvennnne 100
5-30: Parameters of the PLL-DAs@d SYSTEM ......c.ecvuieiiieriieiiciece ettt 100
5-31: Modelling of the system with the PLL-formalism.........ccecveieniinieniiesieeeee e 101
5-32: Simulink model of the detection 100P [76].....ccecvieiieiiiiie e 102
5-33: Switch between the two control loops and locking of the PLL [76] .......cccceevveeiuieiieeneeniene 102
5-34: Proof of concept of the PLL based detection system built on a Hirschman board............. 103
5-35: Structure of a digital pixel using the Hybrid MOS-PN photodetector .........ccccccoveevviveenneen. 103
5-36: Structure of a high fill-factor imager using the Hybrid MOS-PN photodetector................ 105

15



Introduction

List of Tables

Table 1-1: Classification of SOme PhotOdEtECTOrS.....cc.uiiiiiiieiecie e 20
Table 2-1: Device MOl PAramMELErS ....cc.eiiuiiriieiee ettt ettt st n e s ne e 45
Table 3-1: Characteristics of the anode-side circuit implementation ..........cccocveveevieveeniesieseecees 51
Table 3-2: Characteristics of the first cathode-side circuit implementation..........ccceeveevienieneeneenes 54
Table 3-3: Characteristics of the second cathode-side circuit implementation.........cccccevcvevvenveneennes 59
Table 5-1: Truth table of the Hybrid MOS-PN device as logical [atch ........cocevieviiiniiniieeee, 93

16



Chapter 1 Introduction

Photodetectors are nowadays ubiquitous. During the past decades, their range of applications have experienced a mas-
sive growth, both as stand-alone sensors or integrated into arrays for 2D and 3D imaging. They are now present in virtually any
market, ranging from toys and leisure appliances to high-end scientific equipment and including, among others, industrial, automo-
tive, and health-monitoring applications. This tremendous development has been driven by the relentless progress and cost reduc-
tion in CMOS technologies, allowing for higher integration and more and more sophisticated digital signal processing as well as, very
often, co-integration of sensors and CMOS circuits.

Development of CMOS technologies and their versatility has permitted to meet the specific requirements in terms of cost, power
consumption, and performance of the detection system on both ends of the range of applications. For example, compact proximity
sensors are present in every smartphone. CMOS imagers, thanks to co-integration of detectors and circuits and therefore smaller
costs, have supplanted CCDs in almost every application, including high-end photography.

Exotic technologies are nowadays limited to telecommunications (for wavelength reasons: low-bandgap semiconductors, for speed
reasons: avalanche photodiodes), extreme sensitivity requirements (single photon avalanche photodiode (SPAD), photomultiplier),
or extremely low noise and low dark current applications (low-temperature CCD imagers).

The impressive development of digital CMOS circuits in terms of feature size and power consumption unfortunately comes with a
price. The decrease in supply voltage and size of the transistors, with the related parasitic effects, have made analog design more
challenging over the years. In the domain of photodetection, lower supply voltages translate into degraded dynamic range and non-
ideal transistors make the design of amplifiers and analog-to-digital converters (ADC) more difficult, leading to degraded noise and
linearity characteristics.

One way to avoid the performance limitations due to very low supply voltage, analog amplification, and digital conversion is to shift
the signal from voltage or current domain to time domain. In such a system, photogenerated carriers are accumulated in a capaci-
tance. Depending on the chosen modulation method, the information might be encoded in frequency, duty-cycle, or pulse density
and is therefore unconstrained by supply voltage.

In this thesis, a new type of CMOS-compatible photodetector is presented. Its particularity is to feature in-device charge integration
and comparison, and a current output whose magnitude is independent of light intensity. These properties make it an ideal candidate
for time-based detection systems. The device-level charge accumulation and comparison avoids the use of a comparator, and the
high magnitude output makes it easy to interface with CMOS logic circuits. The switching behavior of the device makes its operation
comparable to the operation of a SPAD, and from which the design of the driver and readout circuit is inspired.

This work is organized as follows. The rest of this chapter introduces the physical concepts behind photodetection, and defines some
important parameters. It also reviews the existing types of semiconductor-based photodetectors and their operation. In chapter 2
the structure and the operation of the new photodetector, called the Hybrid MOS-PN device, are presented. Physical behavior is
explained and confirmed with TCAD simulations, and parameters are derived. In Chapter 3 the design of the co-integrated front end
circuit and the measurement system is detailed. It also presents measurement results and analyzes the effects of bias voltages of the
device parameters. In Chapter 4 potential technological solutions that could improve the performances and modify the behavior of
the device are explored. In chapter 5, some application demonstrators are presented as well as potential applications taking ad-
vantage of the detector properties. A summary of achieved results and the next research steps are discussed in chapter 6.
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1.1 Photodetection

Photodetection describes the general process of detecting incident light into a so called photodetector. To do so, almost every pho-
todetector uses the quantum physical effect of ionization by absorption of a photon (photoionization). This phenomenon is also
known as the photoelectric effect. It was first observed by Heinrich Rudolf Hertz in 1887 and explained by Albert Einstein in 1905 [1],
who introduced the hypothesis that electromagnetic energy is only emitted or absorbed in discrete packets (Energiequanten) that
are nowadays called photons. For his work on the photoelectric effect, Einstein was awarded the Nobel Prize for physics in 1921.

Historically, the photoelectric effect referred to the emission of electrons from a metal when bombarded with photons of sufficient
energy. However, in semiconductor-based photodetectors, the energy from the absorption of a photon is used to transfer an electron
from the valence band to the conduction band, creating an electron-hole pair resulting in a voltage buildup on the electrodes. In

order to be able to so, the energy of the absorbed photon (Eppo: = hv = %) must be higher than the band gap of the semiconductor

material.

For silicon, the bandgap energy at 300K is approximately 1.1eV, corresponding to an equivalent wavelength of 1.11um. This is an
important physical parameter which restricts the useful range of any silicon-based photodetector to the near-infrared region and
above, excluding the long range mono-mode fiber-optics telecommunication range at 1.3 and 1.5um.

Some photodetectors, mainly photomultipliers, Avalanche Photodiodes (APD), and phototransistors display internal gain. The physi-
cal principles involved vary between different types of devices. For APD and photomultipliers, gain appears when a free electron
created from the absorption of a photon gains sufficient energy to create other free carriers which in their turn will create more free

carriers.

In photomultipliers, the free electron is accelerated in an electric field and hits a plate called a dynode. In the so-called process of
secondary emission, new electrons are emitted and accelerated to the next dynode and so on and so forth, until they reach the
anode.

In Avalanche photodiodes, this happens in the material with a process called impact ionization leading to the famous avalanche
multiplication.

In phototransistors, gain is created by the transistor effect. In this case, photons are absorbed in a region corresponding to the base

1

of a bipolar transistor. The local variation of potential modulates the current flowing through the collector, like a “normal” transistor.

1.2 Important physical parameters

1.2.1 Quantum Efficiency and Responsivity

Quantum Efficiency (QE) is roughly defined as the ratio between the number of photo-generated carrier over the number of available
photons [2]. More precisely, Quantum Efficiency can be defined in two ways. First, Internal Quantum Efficiency (QEin) is defined as
the number of photo-generated carriers over the number of absorbed photons. In practice and for silicon, this ratio is very close to
one.

Nb of photogenerated carriers
Nb of absorbed photons

QEine =

Second, External Quantum Efficiency (QEex:) is defined as the number of collected photo-generated carriers over the number of inci-
dent photons on the detector.

Nb of collected carriers

Qfext = Nb of incident photons

The latter definition is the one that is useful in practice. QEex: is in general smaller than QEint, but can be >1 in the case of photode-
tectors that display gain. Several factors can participate in the decrease of QEex Of a detector, such as reflection at the surface due
to the refractive index difference, thin-film interference in the cover layers, photon absorption in the cover layers, recombination or
trapping of the photo-generated carriers at interface between oxide and semiconductor, absorption deep in the semi-conductor or
non-absorption.

Responsivity describes the electro-optical transfer characteristic of the detector. It is defined as the ratio between the photogener-
ated current and the received power.
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R=2 (4w
_Fr[/ ]

Since one photon can only generate one free carrier (for visible light), and since the energy of a photon is inversely proportional to
its wavelength (Eppo = %), the number of photons absorbed per second for a given incident power is directly proportional to the

wavelength, and so is the responsivity. In the ideal case, where every incident photon generate one carrier, the ideal responsivity is
given by

q
Ridear = 322 = 0.807 Ay [A/W]

The ratio between the actual responsivity and the ideal responsivity is defined by the external quantum efficiency (QE,,;) of the
device.

R(Y)

QEext (D) = Roveat (D

Consequently, responsivity and external quantum efficiency are two equivalent ways of describing the efficiency of a photodetector.
They are linked by the following relation.

A
R = " QEern (@) = = QEoxe (1)
pho

1.2.2 Photon Absorption depth

Photons propagating in the semiconductor ¢(x) are absorbed exponentially according to Beer-Lambert law and depending on the
absorption coefficient a(A) and travelled distance x.

d(x) = ¢ - exp(—=a(A) - x) [cm™2-s71]

In silicon, the absorption coefficient a(\) strongly depends on the wavelength A (Fig. 1-1). The longer the wavelength, the smaller the
absorption coefficient, and the longer the distance travelled by photons before being absorbed. As stated in the previous sub-section,
this effect can introduce a drop in QEex: if photons are absorbed too deeply in the silicon layer and don’t have time to travel back
(usually, by diffusion) to the depletion layer of the detector to be collected before recombination. It was also stated that QEex: drops
when photons are absorbed in the cover layers. One of them is polysilicon used in MOS gates and that features the same absorption
coefficient as silicon. Fig. 1-1 shows that for short wavelengths (below 500nm), the material starts to be very absorptive and, as a
consequence, can deteriorates the quantum efficiency of the detector if present on the photon path.

iy

Absorption Coefficient [um™]

-4 ! | | I I 1
0.4 0.5 0.6 0.7 0.8 0.9 1 11
Wavelength [um]

Fig. 1-1: Silicon absorption coefficient versus wavelength
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From the derivative of the photon flux (d¢(x)/ dx), the photo-generation rate G(x) can be defined. It expresses the number of

generated photo-carriers per volume and per time unit.

d¢(x)

G0 =- dx

= o a(d) -exp(—a(d) - x) [em™3-s71]

1.2.3 Poissonian Noise

The electromagnetic energy is quantized and forms photons. Each photon forming the incident light on a detector is statistically
independent from any other and arrives stochastically. As a consequence, the number of incident photons in a given time follows a
Poisson distribution, with the property that the variance of a Poisson random variable is equal to its mean [3]. This is the Photon
Noise, also called shot noise, or Poissonian noise.

Ophoton = 4/ Nphoton

The signal to noise ratio of incident light for a given time interval can be defined as the ratio between the mean number of incident
photons over its standard deviation (Gghoton)-

N
_ "Yphoton __
SNRphoton - o Y/ Nphoton

photon

Each incident photon has a QEex probability to be converted into a collected photo-generated carrier. Each collection is statistically
independent. The binomial selection theorem states that the binomial selection of a Poisson random variable is a Poisson random
variable and that the mean of the output of the selection process is the mean of the input times the probability of selection.

Neottectea = QEext Nphoton

SNRcottectea = ’QEext : Nphaton

This signal to noise ratio is a physical limit rooted in the stochastic process of photon arrival. Consequently, the ways to increase this
signal to noise ratio at the output of a detector for a given light intensity are, to have QEx: as close as possible to 1, to increase the
active area of the detector, or to increase the detection time (averaging).

In practice, SNR can be degraded by dark current, as well as circuit-related noise such as Johnson noise, flicker noise, reset noise, etc.
Those external noise sources can be minimized by careful circuit design or, depending on the system, techniques such as correlated
double sampling. Section 2.1.7 discusses SNR in more details.

1.3 Types of photodetectors

In this section, a non-exhaustive list of semiconductor-based photodetectors that are relevant to our research is presented. They are
summarized in Table 1-1.

Switching

No gain Inbuilt Gain behaviour

Photodiode ;
Avalanche Single photon

Photogate avalanche

photodiode )
Pinned photodiode photodiode

Metal-
Semiconductor-
Metal
photodetector

Phototransistor Optical Thyristor

Table 1-1: Classification of some photodetectors
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1.3.1 P-N and P-I-N photodiode

This is the simplest kind of semiconductor based photodetector and probably the most used. The applications range from power
solar panels to low noise photodetectors, and including telecom applications [4, 5].

For efficient detection, photons must be absorbed in the depletion region of the PN junction, where the electric field is high. Free
carriers created this way are accelerated and form a drift current that is quickly collected at the electrodes. Carriers generated outside
the depletion region form a diffusion current component and are way slower and have a high chance of recombination. Slow carriers
impair the linearity and speed of photodiode-based detectors, and several techniques exist to suppress their effect [6].

Adding an intrinsic region to the PN junction has two advantages. By increasing the depletion region, the junction capacitance is
reduced, leading to smaller RC delays and faster operation of the detector. The increased depletion region also improves quantum
efficiency by increasing the number of “useful” carriers generated in the high field region. Hence, P-I-N photodiodes are superior to
P-N ones.

PIN photodiodes are widely used because of their simplicity of structure, CMOS-compatibility, higher linearity, higher quantum effi-
ciency and lower cost compared to other photodetectors with gain.

1.3.2 Photogate and pinned photodiode

The photogate is the principal component of charge coupled device (CCD) sensors and some CMOS image sensors (CIS). Basically, it
is a MOS structure, with usually a polysilicon gate and a SiO; oxide. Applying a voltage on the gate creates a depletion region and a
potential well in the substrate, in which photocharges are accumulated. Charges are then transferred directly to a floating diffusion
and converted into voltage at pixel level (CIS), or transferred from gate to gate to a single floating diffusion and amplifier (CCD).

In CIS, having the sensing node and the read-out node separated allows the implementation of correlated double sampling (CDS), a
technique that reduces fixed pattern noise (FPN) across the sensor by cancelling reset noise and mismatch from one pixel to another.

However, photogate sensors suffer from two main drawbacks. First, the interface between silicon and the oxide presents traps that
lead to carrier recombination, decreasing quantum efficiency and increasing noise. Second, light absorption in the polysilicon of the
gate stack at short wavelengths degrades the blue response of the detector in the case of front-side illumination [7].

The pinned photodiode (PPD) solve those problems [8]. In that case, the potential well is not created by a gate but with the doping
profile. In consists of a sandwich between an n+ diffusion on a p substrate, and a very shallow p+ diffusion on top of the n+ one. The
n+ diffusion creates a potential well below the surface of the semiconductor. The read-out is performed the same way as with pho-
togate sensors. Special care must be given to the doping profiles between the PPD, the transfer gate and the floating diffusion in
order to ensure a complete charge transfer. Pinned photodiodes are nowadays present in the majority of CMOS image sensors [9].

1.3.3 Metal-Semiconductor-Metal photodetector

Another kind of widespread photodetector is the Metal-Semiconductor-Metal (MSM) detector [4]. That device is constituted of two
back-to-back connected Schottky barriers. When applying a voltage between the electrodes, the electric field creates a depletion
area in the substrate where photogenerated carriers car drift to the electrodes, thus generating a photocurrent.

The MSM photodetector has the advantage of being compatible with standard CMOS processes. Another advantage is the smaller
capacitance compared to an equivalent P-I-N photodiode, enabling high-frequency applications, such as fiber-optics communication.
The drawback is that dark current levels are higher than for an equivalent photodiode.

1.3.4 Avalanche Photodiode (APD)

An avalanche photodiode has a similar structure to a P-N or P-I-N photodiode. It is reverse biased under very high voltage to take
advantage of impact ionization and avalanche multiplication. This in-built gain is extremely useful for high-sensitivity and high-speed
applications. Using the intrinsic gain of the detector, the gain requirements of the front end electronics can be relaxed and conse-
quently a higher bandwidth is achievable [10].

One of the principal drawbacks of APDs is the relatively large noise generated in the avalanche multiplication, which is a random
process [11]. The noise comes from the fact that each generated carrier doesn’t generate a deterministic number of other carriers.

The response time of an APD depends of the avalanche buildup. This response time increases linearly with gain and the gain-band-
width product (GPW) remains constant, and can reach up to 400GHz [12].
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Although some APD can reach bias voltages of several hundreds of volts and are built in specific technologies, CMOS compatible APD
in proportional mode with relatively low bias (~¥10V) have been reported. Epitaxial growth of Germanium allows it to operate in the
1.5um telecommunication range [13].

1.3.5 Phototransistor

The structure of a standard phototransistor is more or less similar to the one of a bipolar transistor, but the base is floating [14].
Holes created by incident photons in the depletion region separating base and collector flow to the energy maximum and are trapped
in the base and raise its potential, allowing a large number of electrons to flow from the emitter and to be collected by the collector
(Fig. 1-2).

(B+1)lpn
loh

Fig. 1-2: Model of the NPN phototransistor

Advantages of phototransistors are the low cost, compatibility with bipolar technology, and high gain. However, the gain of a photo-
transistor is not constant with light intensity and its speed is limited by the RC constants of the transistor and cannot reach the one
of an APD.

Moreover, bipolar phototransistors are not suitable for low light applications. At low light intensity, their current gain (B) collapses
because of carrier recombination in the base.

MOSFET type photodetectors with high gain have been proposed, using either a floating gate [15], or a photodiode-effect in the bulk
[16]. SOI-based MOSFET-type detectors based on body -charge have also been proposed [17].

1.3.6 Single Photon Avalanche Photodiode

A Single Photon Avalanche Photodiode (SPAD), or Geiger mode avalanche photodiode, is a type of APD biased above its breakdown
voltage. In this mode of operation, the device cannot extract the avalanche generated carriers at a sufficient rate, leading to a rapid
switching of the device into a conductive state. A single photon can trigger the switching, making this device useful for very low
intensity applications in offering an alternative to photomultiplier tubes [18].

An important parameter of a SPAD is the dark count rate (DCR), which is the rate (frequency) of “false” detections triggered by
thermally excited carriers. DCR depends on the Excess Bias Voltage and, of course, on temperature. This value is in the order of
several tens of kilohertz.

Photon Detection Probability (PDP) corresponds to the ratio between detected photons and incident photons.

The timing resolution of a SPAD can be assessed defining its full-width at half-maximum (FWHM) resolution. It describes the time
range in which half of the photon detections have occurred (The smaller, the better). A good time domain resolution is important for
applications such as time-of-flight measurement. The very high time resolution of SPADs makes them useful for applications requiring
extremely fast detection of a weak signal, such as time-of-flight 3d cameras [19-23], but also fluorescence measurement [24] and
optical communication [25].

CMOS compatible SPAD have been proposed [26-29]. They can feature a relatively low breakdown voltage (10V), a DCR of 100 kHz,
a PDP of 41% and a FWHM of 144ps [30].

1.3.7 Optically controlled thyristor

The optically controlled thyristor is a type of semiconductor switch that is triggered between its OFF and ON state by incoming light.
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The structure of this device is the one of the standard thyristor [31]. This P-N-P-N structure can be understood as two cross-coupled

transistors (Fig. 1-3).
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Fig. 1-3: Structure of the Thyristor [32]

In forward bias, the application of a pulse on the second P diffusion can be seen as turning the NPN transistor on, which then turns
on the PNP transistor. The device will then remain in its conductive state as long as the current is above a certain threshold. Hence,
the thyristor is a semi-controlled switch (Fig. 1-4). Conceptually, in the case of the optically controlled Thyristor, the gate isn’t con-
trolled by an externally applied current pulse, but by the photogenerated current.

Fig. 1-4: |-V characteristics of the standard Thyristor [32]

The optical thyristor is not a widespread device in the field of Photodetection. It is a more commonly used device in the field of power
electronics. The goal here is to provide galvanic isolation between the control system and the power component.

Nevertheless, thyristor-like photodetectors have been proposed in the past. One of them, [33] is based on the metal-insulator-sem-
iconductor thyristor (m.i.s.t) which is basically a tunnel-diode in series with a PN junction.

One other, for which differential detection circuits have been developed [34], is based on a thyristor-like structure (P-N-P-N) in exotic
semiconductor materials.

It will be shown in chapter 2 that the device of interest can be viewed as field-induced optical thyristor.

1.4 Front End Circuits

This section presents some detection circuits that are of interest for this research. Mainly, it compares the respective circuits of the
two big families of detectors: the linear ones, converting light intensity into current or voltage, and the switching ones, converting
light intensity into switching time.

1.4.1 Trans-Impedance Amplification

The standard concept of interfacing circuits for photodiodes and avalanche photodiodes are current-to-voltage converters, also called
transimpedance amplifier (Fig. 1-5). Usually, those are implemented with operational amplifiers (Op Amp). This detection method
allows for very linear and/or very fast circuits [35] and the analog processing of complex modulations of the signal , but at the price
of a relatively large [36, 37] silicon area and power consumption. Moreover, the design of such circuits becomes more and more
difficult with the diminution in supply voltage, with adverse effects on noise performance and dynamic range.
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Fig. 1-5: Basic transimpedance amplifier

1.4.2 Source-follower voltage conversion

When used in a CMOS image sensor, photocharges are simply transformed into Voltage on the gate capacitance of a source follower
readout transistor [38]. Here again, SNR and dynamic range are limited by the supply voltage.

The simplest form of pixel circuit in shown in Fig. 1-6. It consists of only three transistors, a row selection switch, a source follower,
and a reset transistor (3T-pixel). A voltage amplifier and an ADC are found at the end of each column. It is interesting to note that the
reset transistor is an NMOS. There are two main reasons for using an NMOS transistor. First, using a PMOS would increase the pixel
size and decrease the fill factor, since an N-well would have to be placed in each pixel, with the associated separation constraints
between N and PMOS transistors. Second, the NMOS transistor stays in saturation for almost all the reset sequence (soft reset),
which divides the voltage noise by a factor V2 with respect to the same operation with a PMOS transistor in triode region, that would
perform a so called “hard reset” [39]. The disadvantage of soft reset is that it introduces image lag (reset value is dependent on the
previous detection) [40, 41]. Several techniques can be used to alleviate the lag. In general, they consist in performing first a hard
reset to reduce the lag, and then a soft reset to ensure low noise [42].

Voo

Reset

Source

Fig. 1-6: Three transistors (3T) pixel [43]

For low light intensities, the 3T pixel noise is dominated by circuit noise, especially reset noise, but also flicker noise and read noise.
A very efficient technique that can be used to cancel reset noise and flicker noise is correlated double sampling (CDS). This is used
extensively in CCD sensors but cannot be used with the simple 3T pixel sensor, because the read-out diffusion needs to be separated
from the detection node.

CDS is however made possible with the introduction of photogate-based or pinned-photodiode-based pixels (4T pixels). Fig. 1-7 shows
that the pinned photodiode is separated from the read-out floating diffusion by the so called transfer gate. This setup can be seen as
an “in-pixel CCD".

Fig. 1-7: Pinned photodiode (4T) pixel [43]
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In CDS, the voltage of the read-out diffusion is sampled just after reset, and once again after the photocharges from the pinned
photodiode (or photogate), the difference between those two samples is then taken, effectively cancelling reset noise, and offset
fixed pattern noise (FPN), flicker noise (because both samples are taken a very short time apart), at the expense of doubling read
noise. Typical dynamic range of imagers with CDS is of about 80dB.

More complicated schemes including averaging, such as correlated multiple sampling (CMS) can effectively reduce read-noise and
are useful for very low light applications. SNRs approaching the shot noise limit with only 1.12 dB loss were reported on systems
implementing CMS [44].

Techniques to furthermore improve dynamic range exist [45], such as output signal compression, for example in linear-logarithmic
sensors [46]. Dynamic ranges of 10 decades are even reported for sensors with complex read-out systems [47].

The performance of sensors with complex noise-reduction and read-out techniques is now good enough to compete with CCDs on
high end applications [48] such as, for example, to implement bioluminescence labs-on-chips [44], but also applications requiring
extreme temporal precision and sensitivity such as time-of-flight measurement [49], or fluorescence measurement [50, 51].

1.4.3 SPAD driver

In the case of single photon avalanche photodiodes, the detection circuit provides a so called quench and reset operation.

That kind of circuits is of particular interest for this research because the proposed photodetector also needs a reset action directly
after sensing.

When detection occurs, the current in the SPAD increases very rapidly and must be stopped (quenched) as soon as possible to avoid
self-destruction of the device. The SPAD must then be reset (or recharged) to its nominal bias voltage to allow the next detection.

The simplest quenching circuit is the passive one (Fig. 1-8). When avalanche occurs, the rapid increase in current is translated into a
voltage on the resistor. Consequently, with a sufficiently large resistor, the voltage on the SPAD decreases below the breakdown
voltage and the avalanche stops. The device then resets itself to its nominal voltage with a RC time constant depending on the
quenching resistor and the SPAD capacitance.

Fig. 1-8: Passive quenching circuit [13]

This time constant, along with along with the after pulses phenomenon, which are subsequent avalanches occurring during the re-
covery paralyzing the device, constitute fundamental limitations of passive quenching circuits.

In order to overcome those limitations, Active quenching circuits have been developed. When an avalanche is detected, it is actively
stopped (e.g. by switching the device supply). Then, after a dead time (generated e.g. by a multivibrator or a ring oscillator (Fig. 1-9))
the device is reset by reapplying the nominal bias voltage.
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Fig. 1-9: Ring oscillator-based SPAD circuit [52]

Since the dead time is constant, well defined, and smaller compared to passive circuits, those active circuits show higher detector
response linearity.

There are also Hybrid systems, using passive quenching and active recharge [53], or active quenching and passive recharge [18].

1.4.4 Time-domain photodetection

It was shown previously that SNR and dynamic range of CMOS image sensors are limited by voltage headroom and the characteristics
of the source follower transistor. Techniques improving the dynamic range often include a non-linear response.

Dynamic range can be greatly improved by shifting the signal from voltage to time domain [54]. To do so, photocharges are integrated
on the capacitance of the detection node and its voltage compared with a reference voltage by a comparator. The integration time
between the end of the reset sequence and the switching of the comparator is measured. The generic name of this technique is Pulse
Modulation (PM) detection (Fig. 1-10).

Vbp
Vreset | ‘

Vresel

Vint

I
I
| —
ICPD :
|
Vout —n

Comparator

tint
Fig. 1-10: General principle of pulse modulation (PM) photodetection [54]

There are basically two categories of PM systems, Pulse Width Modulation (PWM) and Pulse Frequency Modulation (PFM).

In PWM, the information about light intensity is carried in the time between reset and the switching of the comparator. There is an
inversely proportional (1/x) relation between integration time and light intensity. The higher the intensity, the shorter the integration
time. The dynamic range of such a system is defined by the measurable integration time range.

In PFM, the information about light intensity is carried in the frequency of the reset pulses, which is a linear function of light intensity.
Here, dynamic range of the system is mainly constrained by the resolution of the counter, but also by the duration of the reset pulse
and the quality of the reset-circuit [55]. PFM can be understood as a sequence of PWM measurements. As a consequence, noise is
decreased by the averaging effect over multiple measurements. In PM systems, performance and power consumption are largely
determined by the design of the comparator. OTA-based comparators usually offer the best matching [56], thus reducing FPN at the
price of static power-consumption.
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Fig. 1-11 presents the information encoding in PWM and PFM. More detail about their respective characteristics are given in chapter
2.
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Fig. 1-11: Principle of a a) PWM pixel, b) PFM pixel [57]
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Both detection schemes, PFM and PWM, can be used in high dynamic range imagers, with different combination of reset and read-
out strategies depending on the chosen modulation and targeted application. However, the different types of sensors can be roughly
classified in two big categories. First, the Digital Pixel Sensors (DPS) [58-61] in which each pixel features its own memory and the
read-out is performed for the whole frame at once after the detection. Second, the Address Event Representation (AER) [57, 62, 63]
in which each pixel sends a signal when integration is completed. The timing information corresponding to each pixel is then written
in a central memory. The big limitation of DPS sensors is that each pixel has its own memory, with very negative consequences on
pixel-size and fill factor, which also limits the size of the memory. AER-based sensors don’t have this problem, but their design com-
plexity is shifted to the handshake circuit and/or bus-arbitration system that must be able to handle the asynchronous behavior of
the pixels. Pixel collision is an important problem of such systems, especially for featureless or uniformly illuminated scenes, where
every pixel tends to finish integration at the same time. This introduces imprecisions in timing measurement and, hence, noise.
Imagers with a dynamic range of more than 140dB were reported [57, 64].

As previously stated, PM sensors suffer from FPN due to comparator mismatch, as well as reset noise, and coupled digital noise. In
order to alleviate noise coupling, isolation techniques are used during the layout, as well as coding techniques, such as Grey encoding
[58]. PM systems implementing CDS [57] in order to cancel FPM and reset noise were reported.

It is worth noting that stand-alone PFM detectors, also called Light-to-Frequency converters, are very practical to be directly inter-
faced with microcontrollers due to their digital output. Such sensor systems are inexpensive, compact, and widely available as com-
mercial products [65, 66].

1.5 Summary

This chapter presented the general construction of this thesis, which is about a new type of photodetector featuring intrinsic light-
to-time conversion and switching behavior.

General concepts of photodetection were introduced, as well as some photodetectors and their associated circuits that are of interest
for this research. It especially showed that shifting the signal to time domain, such as in pulse modulation (PM) imaging, is an inter-
esting alternative to standard CMOS sensors, especially in terms of dynamic range. A time-domain output is also practical for inter-
facing the sensor with digital circuits.

It is going to be presented in the next chapters that the device of interest for this thesis could advantageously be used in pulse
modulation sensors or imagers.
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Chapter 2 Hybrid MOS-PN photodetector

In this chapter, a new type of photodetector that is referred to as “Hybrid MOS-PN photodetector” is proposed [67, 68].
The structure and physical operation of the device are described in section 2.1. TCAD simulations are used to explore the impact of
technological and electrical parameters on the operation of the device. In section 2.2 the use of the photodetector at system level is
described. Different schemes for photo-signal processing are analyzed and their impact on the overall system performances high-
lighted.

2.1 Device Level analysis

2.1.1 Device structure

The structure of the Hybrid MOS-PN photodetector consists of a combined MOS and PN structure on a low-doped p substrate. As for
a standard diode, the p+ and n+ diffusions are called anode and cathode, respectively. The anode is surrounded by a MOS gate. A
second P+ diffusion, acting as a ground anchor, is necessary to set the potential of the substrate (Fig. 2-1).

pt+

Vn

Cathode

p-substrate

Fig. 2-1: Structure of the Hybrid MOS-PN device

In standard modern CMOS implementations, this basic structure is completed with Shallow Trench Isolation (STI) between the differ-
ent diffusions. P+ diffusions on each side of the gate are added as a CMOS fabrication requirement. (Fig. 2-2).
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Fig. 2-2: Structure of the device with polysilicon

2.1.2 Operation

The operation of the detector starts by applying a positive voltage step on the gate. This creates a space-charge region due to the
carrier depletion induced by the electric field. At the same time, a positive voltage is applied on the anode and the cathode is kept
grounded (or at a low voltage). However, no current flows through the PN structure because the anode is isolated by the depletion
region and the cathode to bulk junction still reverse based thanks the ground node (Fig. 2-3).
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Fig. 2-3: Structure with space-charge region

Under illumination, photo-generated electron-hole pairs are separated by the electric field. Electrons drift under the gate and holes
are evacuated to the cathode and ground connections. Over time, the accumulation of electrons under the gate starts to shield the

electric field. Consequently, the depletion region shrinks and de-isolates the anode, which in turn emits holes that lower the barrier
on the cathode side by locally increasing the potential (Fig. 2-4).

S Depletion region

Photon
absorption

Fig. 2-4: Photon absorption, photoelectron accumulation

In turn, the cathode starts to emit electrons which add up to the charges under the gate, de-isolating the anode even more and

increasing the hole current. This leads to a positive feedback effect with a very sharp increase in current magnitude between the
anode and cathode (Fig. 2-5).

Fig. 2-5: Positive feedback effect

Another way to look at the physical behavior of the device is to look at the potential barriers across it. Fig. 2-6 presents the potential
along the red cutline of (a). It can be seen that the potential barrier disappears after the triggering of the device.
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Fig. 2-6: Simulation of the electrostatic potential before triggering in a bulk device a) 2D visualization, b) potential along the cutline C1. Vg =3.0V, Van
=0.8V, Vet = 0.1V.
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In summary, the forward biased PN diode becomes conducting (turns on) after a certain amount of charges is accumulated under

the gate. The accumulation rate of the charges is directly proportional to light intensity, which means that the time to turn on, also
called the triggering time, is inversely proportional to light intensity. The photo-detector thus acts as a charge integrator and com-
parator, which can be understood as a light-to-time converter (Fig. 2-7). It is also worth noting that the final current magnitude is
independent of light intensity.
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Fig. 2-7: Conceptual equivalent circuit of the photodetector

For a given technology, the amount of charges needed for the device to trigger is mostly determined by gate voltage and geometry.
The higher the voltage, the stronger the electric field and thus the higher the number of electrons needed to shrink the depletion
region enough for the device to trigger. Concurrently, a larger gate also increases the amount of needed carriers due to the bigger
space-charge region thus created. Technological parameters such as oxide thickness and substrate doping have a direct influence on
the amount of charge needed to trigger the device.

Once the device has triggered, it needs to be reset in order to evacuate the electrons under the gate as well as the carriers at the PN
junction. In order to do so, the Gate is grounded so that the accumulated carriers recombine and/or are evacuated to the anode, and
the polarity of the PN junction is reversed in order to evacuate the carriers at the PN junction. The device is then ready for the next
detection sequence.

2.1.3 Dark current

In reality, parasitic effects add to the aforementioned operation of the detector. The most notable of them is dark current, which in
the case of the Hybrid MOS-PN device refers to the accumulation of non-photogenerated carriers (Fig. 2-8). These carriers participate
in the accumulation process and thus to the triggering. The time needed for the detector to trigger due to the dark current alone (i.e.
in complete darkness) is called “self-triggering time”.

|\._ Depletion region \ Cathode leakage

Thermal
generation

Fig. 2-8: Dark current sources

In the device of interest, dark current comes from two main sources. The first dark current component is thermogenerated electron-
hole pairs in the substrate (igark). This component is not specific to the device of interest, but is common to any charge based photo-
detector. The second component is specific to the device, and is due to electrons (minority carriers) emitted from the cathode over
the junction with the p+ substrate (ijeax)-
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ldark = lthermal T lleak (2-1)

Cathode to anode leakage comes from the low potential barrier between the n+ diffusion and substrate. The mechanism giving rise
to this leakage is as follows. For standard substrate doping levels (N, = 101> cm3) and/or low gate voltages, the depletion region is
not deep enough to completely engulf the anode. Consequently, there is a resistive path from the anode to the substrate where a
hole-current is free to flow. Those free holes end up in the substrate and diffuse towards the cathode where they locally increase the
substrate voltage (i.e. decrease the potential barrier).This effect can be alleviated by a good electrostatic control of the substrate
through a ground anchor close to the device, as shown in Fig. 2-9. This anchor keeps the voltage around the cathode close to zero.
Concurrently, biasing the cathode to a few hundreds of mV, instead of zero, also increases the barrier and reduces the leakage expo-
nentially [69]. This effect is studied in section 3.6.1.

Fig. 2-9 presents a simulation of the electrostatic potential across the device with and without a ground anchor. As expected, without
a ground connection, the barrier on the cathode side is inexistent and the anode-side depletion region is smaller.

Ga An Ga Ct

Fig. 2-9: Electrostatic potential without (top) and with (bottom) ground anchor

The closer the ground anchor to the device, the better the electrostatic control and thus the smaller the leakage. In Fig. 2-10, the
variation in distance to the ground connection is emulated by varying the value of the series resistor shown in Fig. 2-9. The smaller
the series resistance, i.e. the closer the ground anchor, the longer the self-triggering time.
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Fig. 2-10: Effect of ground-anchor resistance on self-triggering time

2.1.4 Temperature dependence

A simulation of the temperature dependence of the inverse of self-triggering time for different gate voltages is plotted in Fig. 2-11.
Several effects can be observed [70].
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First, the higher the gate voltage, the longer the self-triggering time. This is partly due to the fact that the amount of carriers needed

to turn the device on increases with gate voltage, but also that leakage current increases for lower gate voltages because of the
higher holes injection from the anode due to the shallower depletion region.

Second, the slope of the characteristic (i.e. the exponential factor) is not constant. For low gate voltages, the self-triggering time is
divided by two at a higher rate than every 5 to 7 Kelvin corresponding to thermal generation [71]. This is due to the dominance of
the cathode leakage variation component over thermal generation at low gate voltage.

Finally, it is interesting to note that the slope suddenly increases at high temperature for low gate voltages (1.4V and 1.6V). At those
voltages and temperatures, the depletion layer (and thus the isolation of the anode) does not seem to form properly, leading to a
very fast triggering of the device.
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Fig. 2-11: Simulated temperature dependence of the device Vanode = 0.8V, Veathode = 0.1V

2.1.5 Linearity: Slow carriers and recombination current

There are two categories of photogenerated electron-hole pairs in the photodetector. First, when a photon is absorbed in the deple-
tion region, the photogenerated electrons drift in the strong electric field of the depletion, accumulate under the gate and almost
certainly participate in the photodetector operation. The second category of photocarrier are the ones generated outside of the
depletion region. Due to the absence of strong electric field, these carriers are quite slow and reach the depletion only after a certain
delay. The proportion of these slow carriers increases with the absorption depth of the photons (i.e. their wavelength) and with the
area outside the gates (i.e. the area where no depletion occurs). Fig. 2-12 presents the magnitude of the electric field across the
device and shows that the field quickly decreases out of depletion regions.
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Fig. 2-12: Simulated magnitude of the electric field in the device. Vg = 1.8V, Van = 0.8V, Ve = 0.1V

The time taken by slow carriers to reach the depletion region introduces non-linearities. Indeed, not all the slow carriers have time
to reach the depletion region and the time at their disposal depends on light intensity. The higher the intensity, the shorter the
triggering time and the smaller the amount of carriers able to reach the depletion region.

Consequently, the useful area around the depletion region decreases when light intensity increases. This translates into a diminution
of active area and thus a diminution of the sensitivity of the detector. It also translates into a diminution of quantum efficiency,
especially for long wavelengths, for which the majority of the photons are absorbed deep into the silicon (Fig. 2-13).
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Fig. 2-13: Active area shrink with respect to light intensity

Fig. 2-14 shows the simulated derivative of the inverse of triggering time triggering time with respect to light intensity, which corre-
sponds to the sensitivity of the device. It can be seen that it is decreasing for high intensities, showing the reduction in effective active
area (oscillations are due to numerical imprecisions). It is also worth noting that, as a general trend, the sensitivity is higher for lower
gate voltages. This is due to the fact that the amount of carriers needed to trigger the device is smaller at low gate voltages, leading
to a steeper characteristic. This effect is measured and analyzed in section 3.6.2.
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Fig. 2-14: Simulated derivative of the inverse of triggering time versus light intensity. Vanode = 0.8V, Vcathode = 0.1V, A = 500nm

By plotting the same relation with respect to triggering time, it can be seen that the sensitivity mostly decreases in a linear way with
time, confirming that the main changing parameter is active area (Fig. 2-15).
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Fig. 2-15: Simulated derivative of the inverse of triggering time versus Triggering Time. Vanode = 0.8V, Veathode = 0.1V, A = 500nm.
This slow carrier effect can be cancelled by effectively blocking the slow carriers, so that they don’t have a chance to reach the
depletion region. For example, by fabricating the device on a Silicon-on-Insulator technology, as presented in section 4.4.
2.1.6 Input-Output Relation

In this section we propose to derive the basic equations describing the light to time conversion of the proposed photodetector. Under
the assumption that the amount of accumulated carriers needed to trigger the device (Niot) doesn’t depend on light intensity and
that the accumulation rate of charges doesn’t change during the integration time (i.e. Light intensity varies slowly in comparison of
triggering time), the relation between triggering time, dark current, and photocurrent is given by .

11

(nphot + ndark) [S_l] (2'2)

Ttrig Ntot
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Where nppor = % = number of integrated photogenerated charges per second. [s];

idark

Ngark = = dark carrier generation by temperature and cathode leakage [s!];

Tirig = triggering time [s];

Niot = Q;"‘ = Number of carriers needed for triggering;

The variable nphot, and thus the triggering time, can be expressed in function of light intensity (liignt), active area (A), quantum efficiency
for a giver wavelength (QE»), and wavelength (A), as:

1 1 [ AQExA 1 | AQE,
=— Lignt + 1 =— =2l +n 2-3
Terig Ntot he light dark Neot | Ephot light dark ( )
_
Mphot Nphot

This relation can also be written in function of responsivity (Ry), knowing that:

_qQEx2 [A _C
Ry = 1525 (A7, = € ] (2-4)
Yielding:
1 1 .
Tow - O ARy Ligne + laark (2-5)

iphot

These theoretical expressions show that Teig? varies linearly light intensity, if all the parameters are constants with respect to light
intensity.

In order to verify the limit of this characteristic, TCAD simulations are performed. Section 2.1.5 has shown that it’s not actually the
case and that the effective active area of the photodetector (A) varies with light intensity.

From the previous relations, an expression of self-triggering time (To) can be derived.

Ty = et (2-6)

idark

2.1.7 Signal-to-Noise Ratio

In order to derive the expression of the signal-to-noise ratio (SNR) of the proposed device, its operation is first compared to the one
of a CCD. Indeed, the detection principle of the Hybrid MOS-PN photodetector shows similarities with the one of a CCD pixel. In both
cases, carriers are accumulated in a depletion region. Our calculation is thus inspired by the SNR expression of CCDs [72]:

SNRp =2=— 2 @7)

aéark+glzight+arzead
@ : signal. Number of photocharges
Odark : dark carriers shot noise
aiight - photocharges shot noise. Equals to \/5
Oread - readout noise (extrinsic noise)

The main difference between a CCD and our device is that, with a CCD, a variable amount of charge is integrated during a fixed time,
whereas with our device, a fixed amount of charges is integrated during a variable time. The intrinsic noise of our device is thus given
by:

N. N.

— phot _ phot

SNRintrinsic - TN N (2‘8)
\/‘Téark*'%zanot VNaark+Nphot
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Knowing that

Nior = Nphot + Nyark (2-9)
Naark = Naark " Ttrig (2-10)

1 1
Tirig = m (Maark + nphot) (2-11)

It is possible to express Ngark in function of Nphot OF Niot:

N, Nphot
N, =n Tepig =1, —tt = - (2-12)
dark dark trig dark Naark +Hphot dark Nphot

The expression for intrinsic SNR can thus be rewritten in function of the amount of charges needed to trigger the device (Niot), Nphot,
and Ngark as:

Mphot
n, +n.
SNR o /_Nphot _ N dark™Mphot _ /Ntut (2_13)
intrinsic = “mggx - tot ~ Idark,q
4t Ndark*Mphot n
Mphot — phot
Mphot

This expression shows that the intrinsic noise of the device converges to /Ny, for high light intensities (large 1,,,). In low light
conditions, the detrimental effect of dark current (ngar) is more important. Notably, cathode leakage must be minimized.

The expression of the SNR can be rewritten in terms of light intensity (liignt), active area (A), and Responsivity (Ry) or quantum effi-
ciency (QE)) and wavelength (M) as:

SNRi o = VNeot  _ Ntot VNtor (2-14)
intrinsic — Tdark,y — _ldark , ~ _"darkmC |
Tphot ARy liighe AQExAllight

Under the assumption that the device is linear, i.e. that its parameters don’t change with light intensity, the same expression can be
rewritten with respect to triggering time (Tiig) and self-triggering time (To), using the following relation.

Ntot
P, (2-15)
Mphot LS To—Ttrig
Ttrig To tot
The expression for the intrinsic SNR can thus be rewritten.
1 Teri
SNRintrinsic = Ntotw =+ Ntot(1 - %) (2-16)
Mphot

In order to complete the noise characterization of the whole photodetector system, the following extrinsic sources have to be con-
sidered:

Oread: read noise of the front end electronics. Expected to be very low, since the readout is almost fully digital.
Ogate: VOltage noise on the gate.

Oanode: Voltage noise on the anode

Ocathode: VOltage noise on the cathode

The SNR can thus be written as

SNRyotar = Jphot phot (2-17)

2 2 2 2 2 2 Naark+tNphot+NOiSeext
jUdark"'”phot"’”read+agate+‘7anode+o-cathode \/ ar pho ex

Noisegxt

By using the same calculations than previously, the expression for the total SNR can be derived:
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1

VNeotrggme— Teri

dark trig
+1 / -
SNRygra1 = JMphot = o (e ) (2-18)
total ¥ . Noisegyt Noisegyxt
Ndark*Mphot  Noisepxt 1+ 1+
T, toano Ntot Ntot
phot phot

It is interesting to note that, in order to reduce the impact of the external noise component, the size of the integrator (Nit) must be
increased.

2.2 System-level design and analysis

In this section, several detection schemes and modulations suitable for the Hybrid MOS-PN photodetector are presented and their
advantages and drawbacks are analyzed.

2.2.1 Pulse Width Modulation (PWM) Scheme

Pulse Width Modulation (PWM) is one of the most natural ways to use the device of interest. In this mode of operation, the device
is alternating between forward biasing (sensing) and reverse biasing (reset) at a fixed frequency (Fig. 2-16). In this case, the infor-
mation about light intensity is contained in the duration of the forward biasing sequence before triggering, i.e. triggering time (Tirg).

‘ sense r‘ese‘t sense nese"c
I
|
command |
I
I
I
i
i b b
I . .
I I I
device | Weak i | Strong !
! . ! . !
output ! light ! light }
i i i
I I

Fig. 2-16: Pulse Width Modulation (PWM)

This time can be measured by a digital counter, Time to Digital Converter (TDC) such as a delay line or a combination of the two to
maximize dynamic range [73]. The time measured in this case corresponds to the inverse of light intensity, since:

Neot

Nphot+Ndark

Ttrig = [s] (2-19)
The measurement can optionally be linearized. Depending of the application, this can be done at conversion time using a look-up
table, varying the frequency of the clock signal driving the measurement counter [58].

Another simple method to linearize the measurement is to integrate the triggering time. This can be done analogically on a capacitor
or numerically on an accumulator. An example of an analog implementation is presented in Fig. 2-17. In that case, the imprecisions
in the measurement mainly come from charge injection of the switch and leakage of the capacitor.

VDD

Sel. (10uA-1uA)

comp Integ. Full

GND

VREF

RST

Fig. 2-17: Simple implementation of a time integrator
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The behavior of the analog integrator can be modelled as follows.

Vier C

Tint = J, frde (2-20)
With

_ Tt"rig _ 1
a = T_o = 1+nphot (2'21)
dark
Which yields
_ (Vrer € Nphot _ Vi€ Nphot
Tint - fo Iset (1 + ndark) a = Iset (1 + ndark) [S] (2_22)

Tint is thus linear with respect to nphot.

The dynamic range of the PWM detection system depends on the maximum and minimum measurable triggering times. In this case,
Tmax corresponds to the self-triggering time (To), which is defined by dark current. Tmin corresponds to the minimum measurable
triggering time, which depends on the speed of the electronics (i.e. the technology node) and on the measurement and digital con-
version technique.

DRpwm = Tmax  To (2-23)

Tmim Tmin

In practice, the dynamic range of the implemented device can be evaluated to about 140dB (7 decades), assuming a minimum meas-
urable time of 1ns and a self-triggering time of 10ms (section 3.6.1).

In PWM mode (not linearized), the expression of the sensitivity is given by

_ | @Terig | _ Ntot

Spwm = = s? 2-24
pwM Id”photl (nphnt+ndark)2 [ ] ( )
The expression can be rewritten in terms of light intensity (liignt)
dTerig| _ NeorAQEx-A 1 m?s? st
Spwm = |&ferta] BT 7 [ =] (2-25)
ldLiigne| he (A Q:;M Ilight+ndark) / kg

It is interesting to note that the sensitivity decreases for higher light intensities, introducing a compression effect which can be inter-
esting in high dynamic range applications. The equation also reveals that the dark current decreases the sensitivity of the device.

2.2.2 Pulse frequency modulation (PFM) Scheme

The Hybrid MOS-PN photodetector is also usable in a pulse frequency modulation (PFM) scheme (Fig. 2-18). In that case, the device
is immediately resetted for a fixed reset time (Treset) after each triggering (Tirig).

reset

Triggering
device ¢ Time )
output

Strong light
<« > <

Weak Light

Fig. 2-18: Pulse Frequency Modulation (PFM)

There is therefore a linear dependence between triggering frequency and light intensity. The frequency is easily measured and di-
rectly digitized with a simple pulse counter at the output of the detection system. In the ideal case, where Treset << Tirig, the output
frequency is given by

1

1
ferm = = Yo (nphot + ndark) [Hz] (2-26)

Ttrig

From which the sensitivity can be calculated
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1

Ttrig _ 1

Sprm = 1 (2-27)

Anpnot Ntot

The expression can also be rewritten in terms of light intensity (liignt)

1

d
Tirig| _ A'QEx:A m_z _ 52]

T heNee V) kg

Sprm = Whignc (2-28)

It is interesting to note that in this case, the sensitivity neither depends on light intensity nor on dark current, but only on physical
parameters.

Another interesting aspect of the PFM detection is the averaging effect. During a measurement timeframe (Tfame), the number of
measurements that are effectively being performed is equal to fpemTrrame. In other words, fpem:-Trame*Niot Carriers are being accumu-
lated, which changes the SNR formulation as follows.

SNR _ JIpEm Trrame Neot _ JTrrame(Mphottndark) _ /TframeMphot (2-29)
intrinsic,PFM — n - n - =
dark+1 dark+1 ﬁldark*‘”phot
Mphot Nphot

In this case the SNR is not constrained by Nt anymore and tends to (TsameNphot) /2 for high intensities or small dark current. This
equation also shows that, theoretically, an arbitrary SNR can be achieved with a long enough measurement timeframe.

However, if the assumption Treset << Tyig is Not verified, which is the case for strong light intensities, the expression for the output
frequency becomes:

1 Mphot tNdark
ferm = = . . [Hz] (2-30)
TtrigtTreset Niot+Treset (Mphot tNdark)

Which gives the following formula for sensitivity:

1
| o |
Tiri N,
_ trig tot . ] (2_31)
(Ntot+Treset(nphot+ndark))

The sensitivity now depends on light intensity and dark current, and that tends to zero for high intensities or large Treset. As expected,
this expression reverts to the previous one when Treset tends to zero.

The dynamic range of the PFM system is defined by the maximum and minimum achievable frequencies. The maximum frequency is
constrained by Treset, and the minimum frequency is constrained by self-triggering time (To), which gives the expression:

1
DRppy = fmax — Triset — To+Treset _ Niot +1 (2-32)

fmin — Treset N Naark Treset
To+Treset

In practice, due to the relatively long reset time of the implemented Hybrid MOS-PN device, dynamic range is limited to about 40dB,
assuming a self-triggering time of 10ms (section 3.6.1) and a reset time of about 100us (section 3.6.5).

2.2.3 Pulsed voltage operation

As presented is sub section 2.1.3, a significant part of dark current originates from cathode leakage, which is due to the incomplete
shielding of the anode of forward biased PN junction. Holes thus injected in the substrate lower the barrier on the cathode side,
which in turn emits electrons that are integrated under the gate. Fig. 2-19 reveals that the electron current density increases by
several orders of magnitude when the PN structure is forward biased (b) compared to the case when it is tied to ground (a), which
translates into a decreased self-triggering time.
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Fig. 2-19: Simulation of the electron current density with (a) Van = 0V and (b) Van = 1V. In both cases, Vet = 0.2V, Vgate=2V, Rbu = 400kQ.

Two strategies were used in [67] and [69] to effectively counteract this detrimental effect, yet both present limitations. In [67], low
substrate doping (around 104 cm3) increases the depletion depth. However, such low doping is incompatible with standard CMOS
processes (nominal substrate doping around 10> cm3). In [69], the cathode potential barrier is increased using a specific biasing of
the device. This technique, however, significantly attenuates the dark current only when the cathode voltage is raised to a sufficiently
high level. This obviously results in a drop of the triggering current with a greater detection difficulty.

On the other hand, the detrimental continuous forward biasing is not necessary during charge integration. In fact, the sole function
of the forward bias is to generate the positive feedback and, in turn, the triggering when the integrated charge reaches a given Niot.
In other words, the device acts as a comparator [74]. By biasing the PN junction during short lapses of time instead of with a DC
voltage, cathode leakage can effectively be decreased. By applying a pulsed voltage of duty cycle D, the expression of the dark current
becomes

Ngark_puised = Nehermal T D * Nieak (2-33)
Consequently, triggering time is increased. In the ideal case, it is given by

1 1
T =% (D " nyear + Nehermar + nphot) (2-34)
trig_pulsed tot

Most importantly, the SNR of the device is also improved. The following expression is valid in the ideal case.

v Neot

SNRintrinsic_pulsed = DileakcHighermal (2-35)
phot

Fig. 2-20 demonstrate the increase of triggering time for small values of D = T,/T. As expected, the self-triggering time is inversely
proportional to the duty cycle. For instance, dividing Ty by 10 (from 5 to 0.5 ps) leads to a change in time triggering from 3.6 to 36
ms.
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Fig. 2-20: Anode current versus time for different duty-cycle values. fpuse = 10kHz, Vg = 2V, Van = 1V, Ve = 0.2V

Nevertheless, in real operation, each rising edge of the anode voltage might introduce recombination. Let’s assume that each rising
edge entails the recombination of a fixed amount of carriers Nrecomb. The total amount of “lost” carriers during one detection windows
is proportional to the number of rising edges of the anode signal, which depends on the ratio between triggering time (T+g) and the
period of the anode signal Tpuise.

Teri

Nigst = T;:Nrecomb (2-36)

Those lost charges must be compensated and add up to the number of carriers needed to turn the device on. The expression of
triggering time is thus modified.

1 Nphot T Ndark_pulsed 1 Nrecomb
= N = (Mpnot + Naark puisea — ) (2-37)
Ttrig Ntot+Niost Ntot p P Tpulse
—_—
Nrecomb

The effect of recombination can thus be modelled as a current nrecomb Which is subtracted to the photocurrent and dark current. An
adverse effect of this current is that it adds up to the noise of the photodetector through shot noise and degrades the SNR.

Nphot _ v Niot
- N.
2 2 2 Dn +n 4o recomb
\/gdark,pulsed*’”phot+‘7recomb leak™"thermal Tpulse

Nphot

SNRintrinsic_recomb =

(2-38)

+1
From this expression, it appears that the best SNR is reached for small values of D and large values of Tyuse. However, applying an
anode signal of long period introduces quantization noise (not modelled in the expression) that increases with Tpuse. There must

therefore be an optimum of SNR with respect to Tpuise.

Animportant and beneficial consequence of the pulsed operation of the device is that it acts as a direct digital conversion. By counting
the number of pulses before triggering, a thermometer scale digital converter is created (Fig. 2-21).
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Fig. 2-21: Concept of a pulse-counting converter

Of course, that kind of conversion scheme has several disadvantages. First, the digital word thus obtained corresponds to the inverse
of light intensity. Second, in order to reach a high resolution, the pulse period (Tpuse) must be very small, with the aforementioned
disadvantages in terms of noise. In order to linearize the conversion and to alleviate the recombination problem, the device can be
driven with a variable frequency, generated for example via a look-up table, as presented in section 2.2.1.

2.2.4 Binary search

Another way to use voltage pulses to cancel cathode leakage without introducing the recombination problem is to perform a binary
search algorithm on the triggering time.

Instead of driving the anode of the device with an AC signal of small duty cycle, only one voltage pulse is applied after some prede-
termined integration time. Depending on whether current flows through the device during the voltage pulse, the integration time of
the next detection is either decreased or increased. A binary search algorithm is thus created, and an N-bits analog to digital conver-
sion is performed in N detection cycles. A SAR-ADC is thus created (Fig. 2-22).

Hybrid
MOS/PN Device

Current
Detected

SAR

il Output word: B(0...x)

Fig. 2-22: Concept of a Successive Approximation Register (SAR) based converter

With this detection scheme, cathode leakage current during detection is completely cancelled (instead of being multiplied by D), and
the potential recombination problem introduced by the rising edge of the anode voltage does not exist either, because the device is
resetted after each pulse. The drawback of such a detection scheme is mainly conversion speed. As previously stated, an N bit con-
version requires N detection periods, and requires light intensity to be constant during the conversion.

Here as well, a look-up table can be used to linearize the conversion by generating “pre-distorted” delays. The precision of the whole
system is mainly constrained by the quality of the delay generator, which must generate very precise and reproducible delays, espe-
cially for strong light intensities.

It is also worth noting that there is a physical limit to the precision of the conversion due to shot noise. For a one sigma precision on
the LSB, for m-bits, Nt in the ideal case (no leakage) can be expressed

Y, Neotmin = 2™ (2-39)
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This number is a theoretical minimum. In practice, due to dark current and other noises, Nt min is larger and the photodetector has

to be designed consequently. This limit is not specific to the pulse-operated binary search algorithm, but valid for any analog to digital
conversion scheme.

2.3 Electrical model of the device

In order to be able to device a control and read-out circuit for the Hybrid MOS-PN device, it is important to have a model describing
the electrical behavior of the device.

The model of the device must take in account both its operating states and non-ideal parameters, which are presented in Fig. 2-23.
When the device is off, most of the leakage current consists of a hole-current flowing from the anode to ground (Rieak). The electron
current emitted from the cathode and participating in the dark current of the detection is negligible compared to the current through
Rieak and is not represented. It is important to understand that the hole-current between anode and ground does not participate to
the dark current of the detection (i.e. it does not accumulate under the gate). When the device is on, the anode current has two
components, one diode current between anode and cathode with a small series resistor Rs, and a hole current to ground of a way
bigger magnitude than before (Rhole<<Rieak)-

10pm: -
V Vn GND

0,./"" p-substrate

Fig. 2-23: Current paths before (top) triggering and after (bottom) triggering

A more complete model must take into account the reverse biased diode between cathode and ground, which introduces a small
reverse leakage current. Fig. 2-24 presents an equivalent circuit of the device. The transition between the OFF and ON state is done
by closing the ideal switch.

Rs
Rhole
ey |
—_—J
|
S,
Rleak

Vet GND

Fig. 2-24: Simple equivalent circuit of the device

The dynamic behavior of the device strongly depends on the parasitic capacitances between the different terminals, which are intro-
duced in the complete model presented in Fig. 2-25.
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Fig. 2-25: Equivalent circuit with parasitic capacitances

It is difficult to determine the values of components and the diode parameters without a proper semiconductor-level modelling of
the device. Nevertheless, the values in Table 2-1 were used for circuit design, and the diode areas were chosen according the the size
of the N+ diffusion.

Rs 10-100 Q
Rhole 0.1-1 MQ
Rleak 10-100 MQ

Cc1 10 fF

Cc2 1fF

c3 1fF

Table 2-1: Device model parameters

The resistance Rnole introduces a resistive path in parallel to the diode current. Depending on the resistance value and the diode
forward voltage, the resistive current path can dominate. Fig. 2-26 shows that diode voltage (Van-Vt) must be higher than 0.5-0.6 V
in order to dominate. Nevertheless, this simple model doesn’t take into account the electrostatic effects of the ground anchor on the
diode characteristics depending on the geometrical arrangement between the cathode and the anchor and can therefore only pro-

vide qualitative results.
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Fig. 2-26: Modelled device current versus diode forward voltage or different Rnole resistances

From a system point of view, one can argue that knowing which is current the dominant one has no importance, as long as the
positive feedback effect takes place and produces the steep current step during triggering and that total current is sufficiently high
to be easily detectable. The next chapter is going to present circuits taking advantage of the device characteristics.

2.4 Summary

This chapter presented the Hybrid MOS-PN device and its use as a photodetector. Its structure and physical operation were presented
and its behavior analyzed. In particular, the triggering time of the device is proportional to the inverse of light intensity. The perfor-
mances of the device strongly depend on substrate doping levels as well as the distance to the nearest ground anchor (i.e. the elec-
trostatic control of the substrate).

Several detection schemes usable with the device were then presented and analyzed, such as PWM and PFM. The performances in
PFM mode suffer from the relatively long reset time. It is shown that pulsed operation of the device can reduce leakage and thus
improve SNR, and can also be used as a method for light-to-digital conversion.

Finally, a circuit-equivalent model on the device is presented, taking in account leakage and parasitic capacitances. Such a model is
useful for efficient circuit design.
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Chapter 3 Frontend circuit design and exper-
imental validation

This chapter presents the design and validation of the light detection system using the Hybrid MOS-PN device as photo-
detector. Several implementations of the driver and front end circuits are presented, as well as the microcontroller-based control
and measurement system. Measurements of the device characteristics using the detection system are then presented and analyzed.
Finally, an implementation of the pulsed operation of the detector is presented.

3.1 Circuit principle

Chapter 2 showed that the Hybrid MOS-PN photodetector behaves as a device-level charge integrator and comparator that triggers
with a sudden current step when a certain amount of charge is reached. The front end circuit must efficiently take advantage of this
behavior while minimizing silicon area and power consumption. Concurrently, the circuit must drive the detector to the correct volt-
ages, switching it between a reverse and forward bias.

Basically, the front end circuit has to detect a step in current. However, directly measuring a current is complicated and may involve
a transimpedance amplifier, which is exactly the kind of circuit that is used in standard photodiode-based detection and that the
device of interest is supposed to avoid. A simpler method was thus selected, which consists in directly converting the diode current
into voltage by discharging (or charging) the anode (or cathode) node capacitance.

The design of the circuit is inspired by the active quench-and-reset circuits used with single photon avalanche photodiodes (SPAD).
However, the operation is more complex. In the case of the SPAD, the detector simply has to be resetted (biased to a reverse voltage
higher than the breakdown voltage) after each detection. In the case of the Hybrid MOS-PN photodetector, there is one more step
in the operation during which the device is reverse biased and the free carriers evacuated. The device is then forward biased in order
to be ready for the next detection. Finally, the anode (or cathode) is put in high impedance, allowing the triggering of the device to
discharge (or charge) the node capacitance.

With a standard bulk CMOS implementation, the substrate is always grounded and is the most negative potential. It is therefore
impossible to apply a negative voltage to the device in order to reverse bias it. Instead, the polarity of the device is reversed by
applying a high voltage on the cathode while grounding the anode. Once cleaned of free carriers, the device is then forward biased
before the detection node being put in high impedance. Fig. 3-1 presents the three operating phases of the detection circuit, here
presented with detection on the anode side.

(a) Reset (b) Load (c) Sense
CMD IN CMD IN
Delay Delay Delay
Isolate Isolate Isolate
Vanode Var&o\( Vanode
o] —o —0
GND GND GND out
ouT [ ouT >
Vgate Vgate Vgate
8 XZ N N
e — \Vi — \Vi
GND GND GND
Vreset Vreset Vreset
—o
Vcathode I Vcathode I Vcathode I

Fig. 3-1: Operating principle of the driver circuit in three phases
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The forward current of the device after triggering follows an exponential behavior with respect to forward voltage that can be mod-

elled by the Shockley diode equation. This current charges the capacitance of the detection node. In order to express the time-varying

voltage on the capacitance, the circuit of Fig. 3-2 must be solved.

t=0 ud(t)
—

Uo + c T ; Uc(t)

oV

Fig. 3-2: Charge of a capacitance through a junction-diode
Knowing the equation of the capacitor

au.(t)

It)y=C ot

And the Shockley diode equation
1) =1 (exp (U:—éi)) - 1) =1, (exp (Uo;l;i(t)) : 1)

Which combine into the following ordinary differential equation.

0= o[ 1) -0

Which can be solved for the initial condition U,(0)=0V.

Uc(6) =nU; - In (exp (nU_Ll;t) - (exp (:l(l)t) - 1) $exp (_ C':ls”t

(3-1)

(3-2)

(3-3)

t)) (3-4)

This logarithmic behavior of the capacitor voltage entails that, for a fast and noiseless detection, i.e. a detection where the slope of
the voltage is very steep, it is important to have a low detection-voltage threshold (Fig. 3-3). The next sections detail the design on

the detection circuits.
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Fig. 3-3: Evaluation of Uc(t) with Is=1e-14A, n=1.05, Ut=26mV, C=10fF
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3.2 Anode-side read-out

Using the anode as detection node presents some advantages, notably in terms of reset sequence. Indeed, Fig. 3-1 showed that
during reset, the anode is connected to ground, whereas the cathode is connected to Vieset, Which is a positive voltage. Having the
read-out transistor on the anode side allows to apply a high voltage on the cathode (3.3V) while using low-voltage transistors on the
anode side without risk of breakdown. For this reason, this configuration was the first to be implemented in the UMC 180nm CMOS
technology.

The driving circuitry is simply constituted of an inverter and a tri-state inverter on the cathode and anode side, respectively. The tri-
state gate is here to put the anode in a high impedance state after having biased the PN structure in forward mode. A small program-
mable delay between the forward biasing and the high-impedance mode is generated by a chain of inverters, as presented in Fig.
3-4. The inverters chain can generate a maximum delay of about 8.8 ns with 73 inverters.

compensation
Vanode [ current \

CMD IN 1.8V . ) )
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D D D D D \6.0/0,24| >
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Sensing Node ¥ external
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GND Ve [TT7
CMD IN 3.3V Vreset /g—{
|| Level N . .
shifter | 2.0/0.34
external |t
1.0/0.34 | GND
3.3V transistors Vcathode

Fig. 3-4: Implementation of the driver circuit with anode as sensing node

Fig. 3-4 also shows a compensation-current circuit. It was chosen to implement this circuit due to the poor understanding of the
device at the time of the circuit design and due to the foreseen leakage current thought the NMOS transistor of the anode driving
circuit. Eventually, the compensation current proved itself very useful, due to the imperfect shielding of the anode and the associated
hole-leakage current. For any system using anode-side read-out, anode leakage would have to be compensated. With good device
modelling, the leakage current can be characterized and the compensation circuit made simpler, without external bias, for example
with a resistor or a small diode-connected PMOS transistor. The compensation current is based on an external tunable current ref-
erence.

In this implementation of the circuit, the level-shifter for the control signal (CMD_IN) as well as the gate voltage (V) control circuits
are implemented at board level with discrete components and circuits.

The front end circuit itself is basically a level-shifter that converts the swing of the sensing node to a CMOS 1.8V logic signal (Fig. 3-5).
The design challenge of this circuit is to minimize the parasitic capacitance on the sensing node, allowing for a steep discharge and
thus read-noise minimization, while having a fast-enough front end circuit that minimizes the signal delay and allows a precise read-
out in fast-triggering conditions.
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Fig. 3-5: Simplified schematic of the anode-side read-out circuit

In order to minimize the capacitance and knowing that the circuit only needs to detect a falling-edge transition, it was decided to use
an “asymmetrical” scheme, with only one low-Vt PMOS transistor connected to the sensing node. The pull-down and pull-up com-
ponents were implemented as fixed-bias transistors with a high resistance. To ensure a quick and clean reset of the voltages after
detection, reset transistors are added. Those are activated during the “load” phase of the system and are controlled by the same
delay generator as the anode driver. The sizing of the transistors was performed by parametric analysis in order to minimize the
propagation delay between the triggering and the output signal (Fig. 3-6). The optimized delay is of about 650ps.

Vad 1.8V

Vanode Vbias2 | | /Vreset

0.48/0.45 1.2/0.18

Sensing Node 1.2/0.18

4.8/0.24 |E Low Vt E
Low Vt I | ﬂJT

2.0/0.24
0.48/0.45 0.24/0.18 I

Vbias1 I | Vreset 0.24/0.18

GND

Fig. 3-6: Complete schematic of the anode-side read-out circuit

Per chip, four different front end circuits were implemented and their inputs and outputs multiplexed in order to be able to test four
different detectors. The total circuit area is about 150um x 75um. The complete chip size is 1.5mm x 1.5mm. In the example presented
in Fig. 3-6, only three devices are connected to the circuit. The fourth front end circuit is not connected to any device and is there to
test the functionality in case of problems. In that case, the detection node is connected to an NMOS transistor that simulate the

triggering of the device.

The layout of the entire chip is presented in Fig. 3-7. In this first implementation, the detectors were placed far away from the circuit
in order to avoid any interference.
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Fig. 3-7: Layout of the entire chip (UMC 0.18um)

The characteristics of the circuits are summarized in Table 3-1

Parameter Value

Technology
Chip Area
Vdd
Vreset, max
Number of pads

Total circuit area

Number of detection
circuits

Detection node
Static consumption
tq

Vin

UMC 0.18 pm
2.25 mm?
1.8V
33V
24
11’250 um?
4

anode

Yes (compensation cur-
rent and bias)

650 ps

-160 to -200 mV

Table 3-1: Characteristics of the anode-side circuit implementation

A potential detection problem that can arise from the circuit design is that due to the very small threshold voltage of the first tran-
sistor, the circuit might trigger itself before the device has triggered, especially for leaky photodetectors. In order to avoid this prob-
lem is to carefully tune the compensation current as well as the bias of the load transistors of the detection circuit. A solution to
avoid this problem altogether is not to use a low-Vt PMOS transistor on the detection node but a standard PMOS transistor (Vi = -

490 mV) at the price of a longer detection time.
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3.3 Cathode side read-out

It was shown in the previous section that one of the main disadvantages of the anode-side read-out circuit is that it has to compensate
for the anode-leakage current, which introduces static consumption as well as a risk of self-triggering. A solution to this problem is
to use the cathode as detection node [74]. This section presents the design of two different implementations of a cathode-side front
end circuit.

3.3.1 Implementation with delay generator

The first implementation of the cathode-side front end circuit follows the same principle as the one presented in the previous section.
It was designed and realized on the ON-semiconductor 0.18um CMOS technology.

The driver circuit is the same as previously, but with the tri-state gate on the cathode-side, which is now the sensing node (Fig. 3-8).
With this configuration, the compensation current is now unneeded, since the leakage on the cathode side is almost negligible. The
drawback of this configuration is that reset can now only be performed with a maximum voltage (Vreset) of 1.8V. This is due to the
fact that the front end circuit consists of low-voltage low-Vt transistors, whose gate oxide might break down for higher voltages.
Consequently, the tri-state gate also consists of low-voltage transistors, with the same voltage requirements. Another particularity
of this driver circuit is the introduction of body effect on the NMOS transistors of the tri-state gate, due to the fact that Vcathode Can
be higher than ground. Consequently, these transistors were designed with a wider gate in order to compensate for the larger on-
resistance (Ron) introduced by the body effect. The gate driver circuit (Vg) is implemented externally.

Vanode
5.6/0.18
CMD_IN
0.96/0.18
GND

Vg_{ N\
Vreset -V
ﬁ_

> 3.0/0.18 “.f ouT

Sensing Node
D‘{>'l>'_’ 5.6/0.18 Ig
Programmable delay line GND
5.6/0.18

Vcathode

Fig. 3-8: Implementation of the first driver circuit with cathode as sensing node

The principle of the front end circuit is a reverted version of the previous one, and its goal is also to convert the triggering of the
photodetector into a CMOS logic signal (Fig. 3-9). The selected technology (On-semi 0.18um) does not implement low-Vt transistors
of PMOS type. Consequently, a standard low-voltage PMOS transistor was used

VDD (1.8V)

ouT

Sensing Node
Low Vit

Y

GND

Fig. 3-9: Simplified schematic of the cathode-side read-out circuit
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The design procedure of the read out circuit is the same as the previous one, but simplified. In order to avoid any external bias, the

loads of the “level shifter” were implemented as diode-connected transistors with low-gm (long transistors). Like before, quick and
correct reset of the circuit is ensured by reset transistors acting during the “load” phase of the system (Fig. 3-10). Due to the unavail-
ability of low-Vt PMOS transistors, the detection-delay time is longer than previously, with a delay t4 = 1.6 ns.

VDD (1.8V)

0.24/1.8 3.0/0.18
L l

||: :Il e 1.2/0.18,
. I

6.0/0.18 ||_: ouT

6.4/0.8

Sensing Node ": |

Low Vt 0.24/0.18
VrESEt

024/1.8 | | 0.a8/1.8

GND

Fig. 3-10: Complete schematic of the first cathode-side read-out circuit

Two independent detection circuits were implemented per chip, which allows to test two detectors. Due to time constraints, the
multiplexing circuitry was implemented externally with discrete components. Fig. 3-11 shows the layout of a complete driver and

front end circuit. It is worth noting that % of the area are occupied by the delay generator. The total area of one detection circuit is
about 1400 um2.

Delay Generator Driver and
detection circuit

Fig. 3-11: Layout of the detection circuit (cathode read-out, first version)
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The complete chip has a size of about 1.3 mm x 1.3 mm and also contains test devices. Fig. 3-12 presents the layout of such a chip.

Fig. 3-12: Layout of the entire chip (cathode read-out, first version)

Table 3-2 summarizes the characteristics of the circuit.

Parameter Value

Technology ON-semi 0.18 um
Chip Area 1.69 mm?
Vad 1.8V
Vreset, max 1-8 V
Number of pads 20
Total circuit area 2x 1’400 pm?
Number of detection )
circuits
Detection node cathode
Static consumption Yes when triggered
ty 1600 ps
Vin 150 to 180 mV

Table 3-2: Characteristics of the first cathode-side circuit implementation

The detection circuit was fabricated and tested, and it was remarked that the circuit itself suffers from self-triggering. Off-current in
the PMOS transistor of the cathode-driving gate (Fig. 3-8) was overlooked during design. A test circuit that is not connected to any
photodetector was used to measure the self-triggering of the circuit itself in function of Vcathode. Fig. 3-13 shows that the worst case
appears for Vethode = OV. Indeed, the higher the voltage drop on the PMOS transistor, the higher the leakage current in the off tran-
sistor. Several solutions can be implemented in order to alleviate this problem. For example, The PMOS transistor can be made
smaller, at the price of a higher Ron and slower transition of the Photodetector into reset mode. Another solution is to improve the
circuit by adding a system that disconnects the PMOS transistor from the power supply during detection.

54



Front end circuit design and experimental validation

1.00E-03
9.00E-04
8.00E-04
7.00E-04
6.00E-04
5.00E-04
4 00E-04
3.00E-04
2.00E-04

Circuit Self-Triggering Time [s]

1.00E-04
0.00E+00

0.2

0.4

0.6

Cathode Voltage [V]

Fig. 3-13: Measurement of circuit self-triggering with respect to cathode voltage

3.3.2 Implementation with feedback system

A second version of the cathode-side front end circuit was developed. Its main goals are to test a new concept of “load” phase without
delay generator, optimize the design of the read-out circuit, and fix the flaws discovered on the first implementation, notably self-

triggering due to off leakage.

The previous section showed that the % of the driver and front end circuit area are in fact occupied by the delay generator used for
the “load” phase of the photodetector. Avoiding the delay generator would not only spare silicon area, but also power consumption.
In order to avoid the use of a delay generator, a feedback system that uses the information about the state of the sensing node in
order to control the driver circuit is proposed. Fig. 3-14 presents that, basically, the sensing node is put in high impedance when a

certain voltage is reached.

Vanode
CMD IN
GND
Vreset

Y

S
SR Latch
R

Q

-

Y

Sensing| Node

VDD (1.8V)

ﬁ]

A

GND

Low Vt

ouT

Vcathode

GND

Fig. 3-14: Concept of the “load” sequence feedback system

The new circuit was designed during a semester project and its general schematic is presented in Fig. 3-15. It consists of a driver
circuit (Reset cathode), a Front end (Readout), and a feedback block that controls the “load” phase of the detector as well as a positive
feedback effect on the front end circuit. It was designed on a UMC 0.18um CMOS technology.
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Fig. 3-15: High-Level schematic of the second cathode-side detection system [75]

The Reset cathode block solves the leakage problem of the previous circuit by disconnecting the reset PMOS transistor from the Veset
voltage during the sense phase, cancelling the voltage drop on it (Fig. 3-16). The IN node corresponds to the sensing node.

VRST

reset

.

b oad

Vcathode

Fig. 3-16: Leakage cancellation circuit [75]

The Readout block operates on the same principle as the previous one, but it incorporates a feedback system that turns off the
passive loads and thus cancels the static power consumption when the circuit has triggered (Fig. 3-17). It also incorporate a “load”
system to ensure that the logic levels are well defined before the “sense” phase. The first NMOS transistor (the one connected to the

sensing node (IN) has a low-Vt. All other transistors are of standard type. The delay time (tq) between triggering of the photodetector
and the change in the output signal is of 1.5 ns.
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Fig. 3-17: Principle of the read-out circuit with feedback (cathode-side, second version) [75]

The load signal is generated with the following circuit (Fig. 3-18). During the reset phase, reset = 1 and OUT = 0. Therefore, the
intermediate signal RL = 1 and load = 0. When reset goes from 1 to 0, RL stays 1 until OUT goes to 1, during this time load = 1. In other
words, the system exists the “load” phase when the output is back to the correct state. The feedback system has the advantage that
the duration of the “load” phase is automatically adapted to the speed of the sensing node and the front end circuit.

2 ET o6

ouT

Fig. 3-18: "load" signal generator [75]

The feedback system turning off the passive loads of the front end circuit means that the complete system does not suffer from any
static consumption. This is clear in the ireadout graph of Fig. 3-19, which only has a current peak during triggering and load. It is also
worth noting that the circuit does not suffer from self-triggering. The leakage cancellation technique is therefore efficient.
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Fig. 3-19: Simulation of the current consumption of the detection circuit [75]

Fig. 3-20 presents the layout of the complete circuit. The total silicon area of one detection circuit is 840 um?2. It can be easily seen
that this area can be decreased by optimizing the layout. By comparing this area with the one of the previous circuit (1400 um?), the
gain of not having a delay generator is clear.
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Fig. 3-20: Layout of the driver and read-out circuit (cathode-side, second version) [75]
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Fig. 3-21 presents the complete layout of the circuit. Four driver and front end circuits were implemented and multiplexed, with four
different detectors.

Fig. 3-21: Layout of the entire chip (cathode-side read-out, second version)

The characteristics of the device are summarized in Table 3-3

Parameter Value

Technology UMC 0.18 um
Chip Area 2.25 mm?
Vad 1.8V
Vreset, max 1.8 V
Number of pads 24
Total circuit area 5775 um?
Number of detection 4
circuits
Detection node cathode
Static consumption No
ty 1500 ps
Vin 150 to 180 mV

Table 3-3: Characteristics of the second cathode-side circuit implementation

3.4  Device Implementation

The Hybrid MOS-PN devices are implemented on the same chip as the driver and front end circuits. It is directly implemented on the
substrate with standard design rules. A “p-well block” layer is drawn on and around the device to ensure that no additional p-type
dopant is implanted in the substrate below the device and therefore that its doping stays low (substrate doping of the UMC 0.18um
technology is evaluated around Na = 8:101* cm3). In addition, the metal-filler layers are opened above the devices so that light can
reach them and be absorbed in the substrate.

Fig. 3-22 presents the layout of a Hybrid MOS-PN photodetector. In order for a thin gate oxide to be fabricated, it is necessary (on
the used CMOS technologies) to draw the gate-anode assembly as a PMOS transistor. It means that the p+ diffusion on the anode is
present on both sides of the gate and is left floating on the outer side. If the device is not built that way, no thin gate oxide is built
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under the gate, but thick field oxide instead, and the device does not work. The reference device that was used for all the character-
izations is the one presented in Fig. 3-22, which consists of 10 um long anode and cathode that are placed 7 um apart, with 1.1 um
wide gate on each side of the anode.

"
-
Anode <> cathode

Fig. 3-22: Picture of a wire-bonded chip and layout example of the device

Several different device geometries were implemented, with different distances between anode and cathode as well as some circular
geometries.

3.5  Complete measurement system

The aforementioned driver and front end circuits are part of a complete measurement system which is able to send the required
signals to the device under test as well as measure the triggering time of the photodetector. The measurement system is connected
via USB to a computer and uses this link to receive commands and send back measurement results.

The central component of the measurement system is an ARM-based STM32F4 microcontroller (MCU) with a clock frequency at
84MHz. This MCU drives the DACs that generate the anode, cathode, and gate voltages as well as programmable resistors that tune
current references for the anode compensation current and bias of the front end circuit (section 3.2). Fig. 3-23 presents a simplified
schematic of the measurement system with the principal components

Computer

Photodetector triggered
-

Driver control v
Config signals Front end
Current Programmable
references resistors
(LM3342) (MCP4351)
current |

Vcathode

Fig. 3-23: Concept of the complete measurement system

The system was fabricated on a double-layer printed circuit board (PCB). Power is supplied through USB and linear regulators provide
1.8 V and 3.3 V stabilized voltages. Coaxial cable connectors are present in order to output signals to an oscilloscope for precise
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characterization of the hybrid MOS-PN photodetector. The circuit is also designed with provisions for a proximity sensing demonstra-
tor (Fig. 3-24). The size of the PCB is 130.8mm x 47mm (5150mil x 1850mil) and the minimum track width and clearance is 150um.

The chip with driver and front end circuits as well as photodetectors is wire-bonded on a small removable PCB, which allows for the
characterization of multiple devices. The size of the removable PCB is 21.1mm x 21.1mm (830mil x 830mil). The design of the small
PCB can be modified in order to accommodate the different versions of the chip without modifying the whole system.

MCU programming Level Shifte;?ransistor for
and reset Microcontroller IR-LED driving

7 s

Voltage Regulators Tunable Current References

USB communication and power supply (ASIC biasing)

Fig. 3-24: Picture of the detection system PCB

The system uses a FTDI USB-to-UART converter chip to communicate via USB with the computer. The selected MCU also implements
a native USB2 controller, but it was chosen not to use it because of the needed development time and because the high performances
of the USB2 were not needed in this application. Instead, the FTDI chip emulates an RS-232 serial port on the computer and allows
commands to be transmitted over a virtual COM port. A small communication protocol was developed in order to send configuration
commands to the measurement system and to get light measurement results.

3.6  Experimental Study

The driver and front end circuit presented in section 3.2 was used to characterize the behavior of the Hybrid MOS-PN device for
different biasing conditions and in function of light intensity [69]. The device used for all the following measurements is the one
shown in Fig. 3-22. Unless otherwise specified, the light source is a Thorlabs S1FC635 fiber coupled laser with a wavelength of 635nm.
The oscilloscope used for measurements is an Agilent MSO6034A.

3.6.1 Effect of cathode voltage

It was presented in section 2.1.3 that cathode leakage is responsible for the majority of dark current. This is due to the small potential
barrier between cathode and substrate. This barrier can be increased by biasing the cathode to a positive voltage with respect to the
substrate.

Measurements in darkness are presented in Fig. 3-25 and show that the triggering time, and therefore dark current, depends expo-
nentially on cathode voltage. An increase of 100mV in cathode voltage translates into an increase of more than one order of magni-
tude in self-triggering time. Those measurements also show that the higher the gate voltage (Vg), the longer the triggering time. This
is because the number the accumulated carriers needed to trigger the device increases with gate voltage.
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Fig. 3-25: Measurement of the effect of cathode voltage on self-triggering time for different gate voltages. Van=1V.

Measurement of the inverse of triggering time versus light intensity for different cathode voltages (Fig. 3-26) shows that the slope of
the characteristic does not change with cathode voltage. This means that varying cathode voltage only acts on dark current, but
neither on the amount of carriers needed to trigger the device, nor on the active area.
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Fig. 3-26: Measurement of the effect of light on triggering time for different cathode voltages. Van=1V, Vg=1.2V

Basically, the cathode voltage acts on the potential barrier of the cathode. Under the assumption that triggering of the device is solely
due to cathode leakage and that the behavior of the leakage current corresponds to the one of a forward biased PN junction, it is
clear that the variation of triggering time with respect to cathode voltage should be exponential.
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It is difficult to determine the actual value of V. It of course depends on cathode voltage, but also on the potential drop across the
depletion region as well as on the position of the ground anchor and substrate doping. Fig. 3-27 shows a trend line for the region
where the characteristic is truly exponential.
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Fig. 3-27: Exponential fitting of the self-triggering time versus cathode voltage measurement

The fact that the variation in triggering time is indeed due to the forward voltage of the diode structure is confirmed by measuring
the variation in triggering time due to the anode voltage (Fig. 3-28). Here, the relation is more complicated because the anode voltage
acts on both the leakage current and the size of the accumulator. However, the exponential component dominates.
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Fig. 3-28: Measurement of the effect of anode voltage on self-triggering time. Vg=1.2V, Vct=0.4V.
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3.6.2 Effect of gate voltage

It was presented in section 2.1.5 that sensitivity of the device can be tuned by changing the gate voltage. By increasing the voltage
at the gate, the depletion region deepens, the anode is better isolated, and the amount of charges needed to trigger the conduction
is higher. Here also, the impact on the self-triggering time, shown in Fig. 3-29, is significant. Note that approximately below 1V, the
triggering time decreases dramatically. This can be considered as the minimum gate voltage for which the anode can be engulfed by
the depletion region and the forward-biased PN diode blocked.
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Fig. 3-29: Measurement of the effect of gate voltage on self-triggering time for different cathode voltages. Van=1V.

In Fig. 3-30, the characteristic of self-triggering time versus gate voltage is plotted on a linear scale. In the voltage region where the
depletion region is deep enough to efficiently isolate the anode (Vg > 1.1 V), it can be analyzed that the relation seems to be quadratic
with respect to voltage. It means that the amount of carriers needed for the device to trigger increases quadratically with gate volt-
age. One hypothesis that can be put forward to explain this behavior is that a higher gate voltage not only increases Niot, but also
decreases the leakage current by improving the isolation of the anode. Indeed, a more resistive path between the anode and the
substrate leads to fewer holes injected into the substrate and, in consequence, a lower potential on the cathode side which leads to
a smaller dark current. Both effects, higher Niot and smaller ijeak Occur at the same time, leading to a quadratic behavior.
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Fig. 3-30: Quadratic fitting of the self-triggering time versus gate voltage measurement

The variation of the number of charges needed to trigger the device with respect to Vg is easily seen when light is applied onto the
photodetector. The higher number of carriers needed to trigger the device translates into a less steep slope of the inverse of triggering
time versus light intensity (Fig. 3-31). In other terms, the sensitivity (as defined in section 2.2.2) decreases with higher gate voltages.
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Fig. 3-31: Measurement of the effect of light on triggering time for different gate voltages. Van=1V, Vct=0.525V

From Fig. 3-26 and Fig. 3-31, it is clear that the behavior of the device is non-linear with light intensity. Moreover, its sensitivity seems
to increase with high light intensities. This is not in agreement with the TCAD simulations presented in section 2.1.5, in which the
sensitivity decreases for high intensities. One hypothesis that can be put forward to explain those discrepancies is that recombination
current due to traps at the interfaces is not taken into account in the simulation. Nevertheless, in real life, this current can be non-
negligible, especially for low intensities, due to the STl isolation for which the interface is not expected to be clean and smooth.
Indeed, in standard CMOS circuits, no current is supposed to flow and no carriers are supposed to be accumulated under the STl and
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its interface is thus not designed to be of very good quality. However, in our case, electrons indeed flow around the STl and can even

be accumulated under it.

3.6.3 Noise Measurements

One way to confirm the findings presented under sections 3.6.1 and 3.6.2 is to analyze the noise characteristics of the measurements.
It was shown in section 2.1.7 that, in the ideal case, the noise of the device is only due to shot noise. In that condition, the variance
of the total amount of carriers (Niot) is equal to Niot (E(X) = Var(X)).

In practice, the noise translates into variations of triggering time from one measurement to another. The oscilloscope used for timing
measurements features statistical functions that allow to evaluate the standard deviation of triggering time over many measurement
samples. Under the assumption that shot noise is the dominant noise source, Nt can be evaluated from noise measurements.

Ttrig Ntot Ntot
—d = ot = Tt — /N, 3-6

OTtrig IN¢ot VNtot tot ( )
Under the assumption that the noise of the entire system is dominated by shot noise, the fact that Nt does not depend on cathode
voltage (section 3.6.1) should translate into a nearly constant Tiig/Oririg ratio independent of V. Fig. 3-32 confirms it by showing a
nearly constant ratio.
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Fig. 3-32: Measurement of the effect of cathode voltage on relative triggering noise

The same reasoning, the evaluation of Tiig/0rtrig When varying Vg should show an increase in the ratio for larger gate voltages. Indeed,
it was shown in section 3.6.2 that Ny directly depends on V. This is confirmed by Fig. 3-33.
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Fig. 3-33: Measurement of the effect of gate voltage on relative triggering noise

Under the assumption that the total noise of the system is only due to shot noise, squaring the Tyig/Oririg ratio yields the N In
practice, many other noise sources add to shot noise, but evaluating (Ttig/Ortrig)? gives some hints about the evolution of Nt with
gate voltage. Fig. 3-34 presents this evolution, and shows that it is more or less linear for Vg > 1.1V. Comparing it with the quadratic
behavior of triggering time versus gate voltage (Fig. 3-30) confirms the hypothesis that Vg not only acts on Ny, but also on liea.
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Fig. 3-34: Evaluation of the total amount of accumulated carriers needed for triggering versus gate voltage
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Evaluating the Tiig/Omrig ratio with respect to anode voltage (V,) confirms that this voltage not only acts on leakage current (iieak), but
also on the number of carriers needed to trigger the device (No). Fig. 3-35 shows that the Tig/0ririg ratio decreases when V, increases,

confirming the results presented in 3.6.1.
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Fig. 3-35: Measurement of the effect of anode voltage on relative triggering noise

3.6.4 Spectral response

It is interesting to measure the response of the sensor with respect to the wavelength of incident light. Under the assumption that
the response of the photodetector is linear, a value proportional to the quantum efficiency of the device can be obtained by normal-
izing the triggering time with respect to the number of incident photons per second per cm? (ngh.[s"2cm2]).

11 ( 1 _i)-m,-

Ttrig To Terig To
Eoctfe 2119 3-7
Q o e ] (3-7)

Measurements were performed by placing a monochromator having a bandwidth of 10nm in front of a “white” light source. Light
intensity was measured by the use of a beam-splitter and a calibrated photodiode. Results are presented in Fig. 3-36.
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Fig. 3-36: Measurement of the spectral response of the photodetector

The analysis of those measurements puts forward some interesting features. First, the characteristic is not monotonous but there is
ripple in the quantum efficiency with respect to wavelength. This is due to interference in the metal stack as well as in the gate stack
and shallow trench isolation. Second, a degradation of the efficiency is observed for short as well as for long wavelengths, with a
peak efficiency around 560nm.

The degradation for long wavelengths can be explained by the diminution of the absorption coefficient of silicon for longer wave-
lengths, leading to a deeper absorption of the photons. Fig. 3-37 presents the absorption depth according to Beer-Lambert law with
respect to wavelength. For wavelengths above 600nm, a sizable portion of the photons may be absorbed outside the depletion
region, entailing a diminution in efficiency.

For short wavelengths, the absorption depth becomes very shallow, and a sizable proportion of photons are absorbed in the polysil-
icon gate without reaching the active area. On the UMC 0.18um CMOS technology, the gate-polysilicon thickness is 200nm. Fig. 3-37
shows that such a thickness is sufficient for it to become quite absorptive for wavelengths shorter than 500nm. More details about
polysilicon absorption and how to avoid it are presented in section 4.4.5.
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Fig. 3-37: Simulated photon absorption depth in silicon with respect to wavelength

3.6.5 Impact of reset duration

After each detection, the device needs to be resetted in order to evacuate the accumulated charges under the gate and at the for-
ward-biased junction. This process, however, is not instantaneous and the quality of the reset depends on the duration of the reset
phase [76]. This is partly due to the well-known problem of diode reverse recovery [11]. If the PN-junction is not reverse-biased for
a long-enough time after having conducted, excess majority carriers at the junction are not completely evacuated, lowering the
potential barrier on the cathode-side and increasing leakage current for the next detection. The other carriers that need to be evac-
uated during reset are the minority carriers under the gate, on the anode-side.

Fig. 3-38 presents measurements of the self-triggering time with respect to reset time. The relation between reset time and self-
triggering time seems to fit a logarithmic function. This hints that, during reset, accumulated carriers under the gate are in fact not
evacuated but slowly recombine when the gate voltage is put to zero with a minority carrier lifetime 1. In that case, self-triggering
time would be due to residual carriers under the gate, reducing the number of carriers to be accumulated before triggering.
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Fig. 3-38: Measurement of the effect of reset rime on self-triggering time (with logarithmic fitting)
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The aforementioned hypothesis is confirmed by the measurement of the inverse of triggering time versus light intensity for different
reset-phase durations. Fig. 3-39 shows that varying the reset time does not significantly change the leakage current but instead acts
on the sensitivity of the device, which depends on the amount of carriers that need to be accumulated before the device triggers.

35
30 —-Treset = 80ps
—4—Treset = 120us f’
—

=>=Treset = 160us

—A—Treset = 600ps /

15

1/Triggering Time [ms!]

e

S

s

N
o
n
w

1i5:
Light intensity a.u.

o
o
tn
=

Fig. 3-39: Measurement of the effect of light on triggering time for different reset times. Vg,=1.2V, Van=1V, Vct=0.525V.

The equation of the device can thus be rewritten by taking in account the residual carriers Nresiqual, Which depends on reset duration.

1 (iphot+idark) (3-8)

Terig q@-(Ntot—Nresidual)

According to those findings, it seems that the reset strategy used until now is not the most efficient one. For now, gate and anode
voltages are put to OV during the reset phase, while cathode voltage is put to a positive reset voltage. Consequently, most of the
accumulated carriers stay in the bulk near the anode and wait for recombination, which takes time in a low doped substrate. It may
be possible to speed-up the reset process by keeping the anode voltage positive after putting the gate voltage to OV. In that case,
minority carriers would drift towards the anode and be quickly recombined in the highly-doped p+ diffusion.

3.6.6 Effect of pulsed operation

It was presented in section 2.2.3 that the performances of the device in terms of dark current and power consumption can be im-
proved by pulsing the anode voltage during light sensing. In practice, this is realized by slightly modifying the circuit in order to drive
the anode and the cathode independently [74]. Fig. 3-40 presents the operation of the driver circuit in pulsed mode.
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Fig. 3-40: Pulsed operation of the driver circuit

The measured triggering time versus light intensity is presented in Fig. 3-41. For comparison, both the results for pulsed operation
and non-pulsed operation are illustrated. The performance improvement is obvious, with an increase of triggering time for a given
light intensity of more than two orders of magnitude, principally due to the diminution in dark current.

However, the linearity is not as high as in the TCAD simulations and, in practice, is worse than the one with normal operation. The
causes of the non-linearity are multiple. Some of them are rooted in the circuit, with the injection of the leakage compensation
current, whose goal is to stabilize the anode voltage for long triggering times. This stabilization is, however, not instantaneous and
introduces a non-linearity when the pulse duration is short. Another source of non-linearity is rooted in the operation of the device
itself. As explained in section 2.2.3, pulsed operation increases minority carrier recombination due to the pulsed anode in the middle
of the depletion layer. However, the amount of recombined carriers at each voltage pulse might not be constant, and might depend
on the amount of already accumulated carriers, introducing non-linearity. Another source of non-linearity, common to both opera-
tion modes, may be recombination due to traps at the interface between silicon and STI, as explained in section 3.6.2.

Higher recombination current in pulsed operation also increases the noise level, and introduces quantization noise due to the discrete
nature of the operation (section 2.2.3).
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In order to improve the performance of the system, especially in terms of recombination and linearity, it might be interesting to pulse

the cathode voltage instead of the anode voltage. This would greatly reduce recombination in the depletion layer. However, in that
case, the hole-leakage current through the depletion layer from the anode to ground would still be present, increasing the power
consumption of the detector.

3.7 Summary

This chapter presented both the circuit design of the detection system as well as a characterization of the Hybrid MOS-PN photode-
tector using the said detection circuit.

The general principle of the detection system is to measure the (dis)charge of the parasitic capacitance of a high-impedance node
when the device triggers. The design challenge is to minimize the parasitic capacitance while having a fast and efficient detection.
Several circuits with different detection strategies were designed and co-integrated with the sensors on standard CMOS technologies.
The complete measurement system consists of a printed circuit board with a microcontroller sending signals to the chip and com-
municating with a computer via USB.

Characterization of the device using the measurement system confirmed that sensitivity of the device depends on gate voltage, and
that the leakage component of the dark current strongly depends on the forward voltage of the PN structure.

Pulsed operation of the device was performed, and performance improvements in terms of dark current were confirmed.

Characterization of the device with respect to the wavelength of incident light showed a dropped in efficiency for short wavelengths,
certainly due to polysilicon absorption, as well as for long wavelengths, due to the deeper absorption of the photons.

Analysis of the impact of reset duration showed that a too short reset time does not introduce leakage, but residual carriers staying
under the gate for the next detection phase.
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Chapter 4 Prospective technological solu-
tions

This chapter explores some technological solutions that can potentially address some limitations of the Hybrid MOS-PN
device that were presented in the previous chapters.

4.1  Multi-gate implementation

It was presented in chapters 2 and 3 that the amount of carriers needed for the device to trigger (Nwt), and thus sensitivity, is con-
trolled by gate voltage. However, it was also shown that the tunable range is limited to about a factor two, which is not very inter-
esting if one want to use this feature to tune the sensitivity for high dynamic range measurements.

A solution that could be implemented to increase the tunability is to build a device with multiple gates that can be turned on and off
in an onion ring manner. The size of the depletion region can thus be controlled. The more gates are turned on, the larger Niot.

On a standard CMOS process, such a structure must be built as a series of transistors, or a transistor with multiple fingers. Conse-
quently, gates are separated from one another with a floating P+ diffusion. The multi-gate implementation only works under the
assumption that electrons are free to move in the whole depletion region and that the whole accumulated charge averages out over
the entire gate area. For this to be valid, the floating P+ diffusions must be small enough so that electrons can cross it with a low
probability of recombination in the high doping region. On a standard 180nm CMOS, such small diffusions are 200-300nm wide,
which is small enough for electrons to pass through with a low recombination probability. Fig. 4-1 presents such a structure.
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Fig. 4-1: Structure of the multi-gate device with one activated gate (a) and two activated gates (b)

4.2  Ambient light cancellation

In many applications, such as for example light curtains, proximity sensing, or heart-rate monitoring, a small signal variation must be
detected on top of a large constant ambient light signal that can be up to 4 or 5 orders of magnitude stronger. This introduces a
detection challenge in keeping the input-stage of the detection chain unsaturated while having a sufficiently high gain to detect the
signal. In order to avoid this problem, detections systems usually try to cancel the ambient light component before amplification, by
the use of a high-pass filter [77] or by subtracting the ambient light photocurrent [78-80].

Of course, in the case of the Hybrid MOS-PN photodetector, it is not possible to simply filter-out the constant component of the
photocurrent. However, it might be possible to subtract charges from the depletion layer by changing a bit the structure of the
detector. By adding an n+ diffusion connected to a current source directly in the space-charge region, photocurrent as well as dark-
current could be effectively cancelled. By integrating the current source into a control loop, the cancellation current (icancel) can be
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tuned in function of the average triggering time (Tiig, avg) in order to keep the detector in a state where detection is easy, i.e. a state

of relatively long triggering time or low frequency. Fig. 4-2 presents the modification to the device structure and one way of control-

"ng icancel-

Icancel

lcancel = K/Ttrig, avg
—=

Depletion region
(induced n)

p-substrate

Fig. 4-2: Modified structure of the device with cancellation current

One simple way of implementing the ambient light cancellation control loop is to use the sensor in PFM mode. In that case, the
cancellation current is controlled via a PLL (Fig. 4-3). If the low-pass filter of the PLL is designed in such a way that it completely filters
out the AC due to the light signal (lsic), the average frequency of the FM signal at the output of the detector is equal to the reference
frequency. Consequently, the relative amplitude of the modulation is increased, the sensor is guaranteed to operate at a favorable
frequency (fem << 1/Treset), and the FM demodulator has the information about the center-frequency of the signal at its disposal,
allowing for a more efficient demodulation.
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Fig. 4-3: Proposed ambient light and dark current cancellation control loop

Such a system would also provide an automatic temperature compensation, by subtracting the dark current. However, one has to
keep in mind that even though such a system would cancel ambient and dark currents, it would not cancel their associated noise.
Indeed, the shot noise components associated with the different current still add up, even if the currents cancel-out.

— 2 2 2 2
Otot = \/Usig + Oamb + Odark + Ocancel (4-1)

The same kind of control loop can be implemented in time domain, using timing information instead of phase information.
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4.3 Triple Well process

Most modern CMOS processes feature a triple well (TWELL) option. It refers to the possibility of having a p-well inside of a so called
deep n-well. The advantage of this technique is that the p-well is isolated from the substrate by the deep n-well, and can therefore
be biased to a different voltage than ground. This section presents the potential applications and advantages of a triple well process
for the Hybrid MOS-PN photodetector.

4.3.1 Device isolation

Theoretically, triple well is a very interesting solution for device isolation. By building the devices in p-wells inside a deep n-well, one
could first ensure that there is no crosstalk between devices as well as no substrate noise coupling. Fig. 4-4 presents the concept of
triple-well isolation of the devices.

Deep n-well

p-substrate

Fig. 4-4: Structure of two devices implemented on a triple-well process

Building the devices in triple wells would also improve their linearity by blocking the diffusion of slow carriers generated away from
the depletion region or deeper in the substrate. A good quantum efficiency can be assured even for longer wavelengths of the visible
spectrum or near infrared by having a sufficiently deep local p-well.

However, this technique cannot be used in practice with standard CMOS processes due to the doping of the local p-well, which in is
in the order of N, = 1017 cm3. In those conditions, it’s impossible to generate a deep enough depletion region to isolate the anode of
the detector.

4.3.2 Bulk biasing and isolated circuit

It was showed in previous chapters that in order to limit dark current, the cathode needs to be biased to a slightly positive voltage
with respect to the substrate. Usually, the substrate is connected to ground and the cathode is connected to a slightly positive voltage.

A triple well process can be used to bias the whole substrate instead of the cathode. The idea is to put the complete read-out and
driving circuitry inside a triple well and keep the devices in the substrate. The circuit would thus be isolated from the substrate, which
could then be biased to a negative voltage while keeping the cathode connected to ground.

Another advantage of having the circuit isolated in a triple well is avoidance of parasitic coupling through the substrate that could
add noise to the detection. This is especially useful in our case, where the read-out and subsequent circuits are of digital nature, with
fast switching and current peaks.

4.4 Silicon-on-Insulator

Chapters 2 and 3 presented some limitations of the Hybrid MOS-PN photodetector. The main non-ideal effects are cathode leakage
due to poor electrostatic control of the substrate and non-linearity with respect to light intensity due to slow carriers generated in
the substrate.

Silicon-on-Insulator (SOI) technology can alleviate those issues [81]. It is shown in this chapter that adding a buried oxide (BOX) to
the device structure has many positive effects in terms of electrostatics and linearity with respect to light intensity [82]. The BOX also
introduces interesting optical effects that can be used in certain applications [83].

Some specificities of SOI technology can be advantageously used for device isolation in the context of an array as well as a method
to increase quantum efficiency by implementing backside illumination.

The modelling of an equivalent device structure on fully-depleted SOl is proposed in [84].

Unless otherwise specified, all the TCAD simulations whose results are presented in this chapter were performed with a silicon layer
depth of 500nm, a BOX thickness of 1um, and a substrate doping of N,=10%> cm-3 (Fig. 4-5).
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Fig. 4-5: Structure of the SOI-implemented device used in TCAD simulations

4.4.1 Leakage cancellation

It was shown in section 2.1.3 that on standard CMOS implementations, incomplete anode shielding and poor electrostatic control
lead to cathode leakage, which accounts for the majority of dark current in the device. On bulk CMOS, it is needed to add a third
contact connected to ground and to bias the cathode to a positive voltage in order to create a good enough potential barrier.

On SOI, the addition of an isolating BOX greatly improve the leakage characteristics of the structure. By setting the BOX depth to a
few hundreds of nm (500 nm in most of the simulations), the depth of the depletion region created by the gate electric field is
constrained by the BOX. There is no room for the formation of a path for holes to the rest of the device. This, in turn, cancels the
cathode leakage dark current. In such a structure, the potential of the substrate of the device is no longer fixed by a ground anchor,

but with the so called back-gate. By connecting the wafer below the BOX to ground (or any other voltage), the BOX itself acts as a
very thick transistor gate, and thus imposes the potential of the device.

The electrical potential across the device is shown in Fig. 4-6. It confirms that the potential well is constrained by the BOX, effectively
isolating the anode from the rest of the structure. By comparing those results with the potential barriers of the bulk device presented
in Fig. 2-6, it is clear that the quality of the barriers are better in the SOI case, even for a smaller gate voltage. Leakage current is
greatly reduced as a consequence.

Gate p, Gate

[y
o

lectrostaticPotential (V)

o
«n

'\l Cathqsig

P2
\

Electrostatic Potential along cutline C1 [V]

o

1 -
X [um]

Fig. 4-6: Simulation of the electrostatic potential before triggering in a SOI device a) 2D visualization, b) potential along the line. Vg =1.8V, Van = 0.8V,
Vet = 0.1V, Vig = OV.
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TCAD simulations of self-triggering time show that the introduction of the BOX is extremely beneficial, especially for “practical” gate

voltages (<2V). For Vg = 1.8V, an increase of self-triggering time by a factor 20 is observed, proving the efficiency of the technique
(Fig. 4-7).
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Fig. 4-7: Simulated self-triggering time versus gate voltage for bulk and SOl implementations. Van=0.8V, Vct=0.1V

Of course, the effect of the BOX strongly depends on its depth. Lower gate voltages require a shallower silicon region to achieve the
same leakage cancellation. The effect of silicon thickness is illustrated in Fig. 4-8, where a thicker silicon region leads to a shorter self-
triggering time. It shows that, in practice and for a substrate doping level of 1015 cm?3, silicon thickness should be smaller than about
700nm for the device to be usable. On the other end, shallower silicon regions have disadvantages in terms of light absorption,
especially for long wavelengths, as analyzed in section 3.6.4.
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4.4.2 Effect of back-gate

Afeature of SOl technology is that the BOX can behave as a gate oxide with the silicon bulk under being polarized at a voltage different
than 0V. Doing so influences the electrostatics of the device and changes its behavior. In particular, it has an effect on igark and Niot.
Fig. 4-9 shows that negative voltage biasing of the back gate can increase self-triggering time (To) and that there is an optimum voltage
for which the triggering time is maximized, depending on gate voltage.
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Fig. 4-9: Simulated effect of back-gate voltage on self-triggering time for different gate voltages. Van = 1V, Vct = 0.1V.

By applying light on the device and using the sensitivity formula from section 2.2.2, the total amount of charges necessary to turn
the device on (Nt) can be evaluated.

1

A-QEyA m? _ s?
=== =2 4-2
o= (@)

- hcNeor

d
S _ Ttrig
PFM dliight

Niot can be evaluated under the assumption that the active area doesn’t significantly vary with gate voltage (Vg) and that recombi-
nation current is negligible. QE is evaluated taking in account the reflection at silicon interface and absorption of photons at A=500nm
in a silicon thickness of 500nm. The derivative was evaluated by calculating the slope for an illumination between 0 and 1e-9 W/cm?2.
What is important here is not the exact value of N, but how it varies with Vbg. It is interesting to note that the maximum of Nt
does not appear at the same Vbg as the maximum of T, (Fig. 4-10).
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Fig. 4-10: Evaluation of Nt with respect to back-gate voltage for different gate voltages

It is now possible to evaluate igark, knowing from section 2.1.6 that To= Ntot/idark, a5 Shown in Fig. 4-11.
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Fig. 4-11: Evaluation of dark current with respect to back-gate voltage for different gate voltages

The behavior of dark current for Vg = 1.8V seems to indicate that it is a limit case for which the electric field forming the depletion
layer is not strong enough to cancel the leakage completely under Vbg biasing.

Once Niot and igark are evaluated, it is possible to evaluate the SNR for lign: = 1e-9 W/cm?, presented in Fig. 4-12.
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Fig. 4-12: Evaluation of dark current with respect to back-gate voltage for different gate voltages. light = 1nW/cm?

It is interesting to note that, for such a low light intensity, the achievable optimized value of the SNR with back gate biasing with
respect to OV is about 15% in the best case. One has to evaluate if such a small increase in SNR is worth the added complexity of a

backside biasing system.

4.4.3 Linearity

Section 2.1.5 showed that, in the case of a bulk CMOS implementation of the device, slow carriers generated in the substrate impair
the linearity of the device with respect to light intensity. On SOI, most of these carriers are blocked by the BOX and cannot reach the

depletion layer of the device. Fig. 4-13 shows the derivative of the inverse of triggering time with respect to light intensity.
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Fig. 4-13 : Simulated derivative of the inverse of triggering time versus light intensity for SOI
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Compared with Fig. 2-14 of section 2.1.5, linearity is improved, with a maximal variation of about 40% over 10 orders of magnitude
of light intensity, compared to a factor 3 in bulk implementation.

There is a maximum of sensitivity for some values of light intensity (depending on Vg). The drop in sensitivity for lower values of light
intensities can be explained by recombination at the anode.

On the other end of dynamic range, for strong light intensities, the drop in sensitivity can be explained by the fact that not all the
slow carriers are eliminated by the BOX, and carriers generated in the silicon layer but outside of the depletion region don’t have
time to reach the depletion region under small triggering time, leading to the same effect as the one described in section 2.1.5.

4.4.4 Optical effect of the SOI stack

Building the device on SOI technology also changes the optical properties of the photodetector. First, a shallow silicon layer has a
negative effect on photon absorption, especially for long wavelength [85]. Photons in silicon diffuse according to Beer-Lambert law
before being absorbed and the absorption coefficient of silicon strongly varies with wavelength. This translates into a drop in quan-
tum efficiency for a given silicon thickness when wavelength increases, as it was shown in Fig. 3-37.

Nevertheless, due the difference in refractive indexes between the silicon (ns; = 4.3) and silicon dioxide (nsio2= 1.5) and the layer stack

of the SOI process (Fig. 4-14), a light confinement effect appears and resonates for certain wavelengths, depending on the thicknesses
of the different layers [81, 86].

Passivation oxide
Active region

Fig. 4-14: Layer stack of a SOl process

The resonance translates into a peak in quantum efficiency at a certain wavelength, and a drop for the adjacent ones, as shown in
Fig. 4-15.
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Fig. 4-15: Wavelength tuning for different SOI parameters

By tuning the thickness of the different layers, the resonance can be tuned to appear at a particular wavelength. Fig. 4-16 presents
the variation in quantum efficiency for the upper spectrum of visible light with respect to BOX thickness, for an active region thickness
of 395nm.
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Fig. 4-16: External quantum efficiency for a silicon active region thickness of 395nm versus Box thickness (dsox) and wavelength

In some specific applications, such as bioluminescence measurement, the signal is present at one particular wavelength. In the case
of bioluminescence, it is either at 480nm or 560nm, depending on whether it involves renilla luciferase or firefly luciferase, respec-
tively. Fig. 4-17 presents the variation of quantum efficiency for A=480nm, with respect to BOX thickness and active region depth. It
is interesting to note that the resonance wavelength is more dependent on silicon thickness than BOX thickness.
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Fig. 4-17: External QE vs thickness of SOI layer (dsor) and BOX layer (dsox) for wavelength of 480nm

Those results show that the Hybrid MOS-PN photodetector built on SOI can be an interesting candidate for fully integrated biomedical
systems such as bioluminescence labs-on-chip. Such a detector, being tuned to be sensitive to the wavelength of interest but too
shallow to absorb efficiently huge parts of the spectrum, behaves like a bandpass filter and can effectively cancel background noise
(in the form of ambient light) without any added optical filter. This may be interesting for low cost and/or in-vivo applications, where
the system should be disposable and/or very compact.

4.4.5 Polysilicon absorption and Backside illumination

A common problem with photogate-based sensors, such as the Hybrid MOS-PN device, is polysilicon absorption. Polysilicon is a very
absorptive material and the gate stack thickness (x200nm in 0.18um CMOS technology) is sufficient to absorb almost all the photos
for wavelengths shorter than 500nm [86] (Fig. 4-18).

84



Prospective technological solutions
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Fig. 4-18: Simulated effect of polysilicon gate on Quantum Efficiency, dso and dsox = 400nm

Absorption in the gate stack reduces the overall efficiency of the detector by reducing its effective active area. One technological
solution that can be used to overcome this problem is backside illumination, for which SOl is a suitable technology [87, 88].

The simplified fabrication process of an SOI-based backside illumination sensor (Fig. 4-19) starts by mounting the previously fabri-
cated SOl circuit (a) on a handle wafer for mechanical stability (b). The silicon on the backside is then selectively etched, and replaced
by a passivation layer, anti-reflective coatings (c), and possibly color filters and micro-lenses.
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Fig. 4-19: Simplified fabrication process of a back-side illuminated sensor on SOI

It is shown in Fig. 4-17 that the resonance wavelength of detection is less sensitive to BOX thickness than to active region depth. This
is positive, because it means that even in the event of a small over-etching of the silicon region underneath the BOX, a small diminu-
tion in BOX thickness would not destroy the resonance effect.

Another general advantage of backside illumination is the avoidance of the interference effects due to reflection in the multiple metal
and inter-metal dielectric layers that are usually present for front-side illumination sensors and that were measured in Fig. 3-36.

Unfortunately, for back-side illumination, there is no possibility of fixing the substrate potential by the use of a back-gate. It is thus
necessary to add a ground anchor to the device, as in a bulk implementation. This could introduce problems for fixing the potential
when the silicon layer is shallow.
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4.4.6 Isolation and multi-pixel implementation

Another advantage of SOI technology is the possibility to completely isolate the devices from one another, which is useful to ensure
that there is no crosstalk between devices in the case of an array implementation. This is possible due to Deep Trench Isolation (DTI),
which consists of trenches filled with dielectric penetrating completely through the silicon layer, down to the BOX (Fig. 4-20). As a
consequence, every device has its own silicon, and no charges are exchanged between them.
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Fig. 4-20: Structure of two devices implemented on a SOl process

4.5 Summary

This chapter presented several techniques aimed at alleviating or solving some limitations of the device of interest.
A Multi-gate implementation can improve the tunability of the sensitivity.

A modification of the structure of the device could allow a subtraction of the dark current as well as ambient light, which can be very
useful for some industrial or medical applications.

A triple-well process could help for device isolation if a low doping of the p-well can be achieved. It could also be used to isolate the
circuit from the device.

Building the device on SOI would drastically reduce dark current and would be beneficial in terms of device isolation. It could also
improve the linearity of the device by blocking the slow carriers.

Resonance effects in SOI create a built-in band-pass filter and can be useful for applications requiring the detection of a well defines
wavelength, such as bioluminescence.

Finally, backside illumination would solve the problem of gate polysilicon absorption and interference due to metallic layers
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Chapter 5 Case Study and Potential Applica-
tions

This chapter presents some realized application demonstrators using the Hybrid MOS-PN photodetector, as well as some
propositions for potential applications.

5.1 Realized demonstrators
This section presents two different application demonstrators that were realized using the test circuit presented in chapter 3. They
consist of a proximity sensor and a light barrier system.

5.1.1 Proximity sensor

By adding a LED to the detection system presented in chapter 3, it is possible to transform it into a reflection-based proximity sensor
(Fig. 5-1). Such a system is found in every smartphone and is used to inhibit the touchscreen during a phone call when the phone is
held against the head in order not to accidentally press buttons.

Surface
Reflexion

Optical
Crosstalk

oloss / /\

Fig. 5-1: Structure of a reflected intensity-based proximity sensor

The system works by comparing ambient light to reflected light from a collinear LED. When the LED is on, part of the emitted light
can be reflected by a nearby object. The closer the object, the stronger the intensity of the reflected light and the bigger the difference
in intensity between ambient light and reflected light (Fig. 5-2).
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Fig. 5-2: Output signal of the detection system with LED on and LED off

In the case of the Hybrid MOS-PN device as a detector, an infrared LED is turned ON every second detection period. The difference
in light intensity translates into a difference in triggering time. By measuring this difference, the distance to the object can be evalu-
ated. It is not possible to perform an absolute distance measurement because reflected power depends on the type and color of the
surface of the object. Nevertheless, the ratio between reflected power after subtraction of ambient illumination (Pgata) and emitted
power (Ppuise) is proportional to the inverse of the squared distance (D) [89].
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Pdata iz + Crosstalk + Of fset (5-1)
Ppulse D
Crosstalk arises from the direct feed of LED emitted light to the detector (Fig. 5-1). This can be avoided by good geometrical design
of the system. Offset refers to the electrical offset on the subtraction of ambient light.

With the assumption that crosstalk and offset are negligible, P4t can be obtained using the relation of section 2.1.6 by subtracting
the ambient light intensity (laus) to reflected light intensity (lref).

1 1 1 1 a
e =—(al + al, +n ——(al +n )=—1I (5-2)
Tiep  Tams Nmt( refl AMB dark) Neot AMB dark Neot refl
Pgata

Once again, the inverse of triggering time can be obtained through the use of a look-up table.

Fig. 5-3 shows the behavior of the system with no reflected light (a), a small reflected light intensity due to a nearby hand (b), a large
reflected light intensity due to a very close hand (c). It is interesting to note the diminution in ambient light intensity when the hand
is brought close to the detection system.

Fig. 5-3: Behavior of the proximity detection system under different reflective conditions

Fig. 5-4 presents the same experiment, but with a very absorptive object (black box). It is interesting to see that, as expected, the
intensity of reflected light is way smaller for a given distance than with the hand.
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R —

Fig. 5-4: Behavior of the proximity detection system with a very absorptive surface

Fig. 5-5 shows that the proximity detection system is still able to work when flooded with ambient light. Of course, in this case, the
triggering time is way shorter and the detection system must be able to discriminate between very short times. In this figure, the
time base of the oscilloscope was magnified with respect to the previous tests.

Fig. 5-5: Behavior of the proximity detection system with very strong ambient light

Overall performances can be improved by the use of a long-pass infrared filter. Such a filter cancels about 95% of ambient light. As a
consequence, triggering time increases drastically and specifications of the detection system are easier to achieve, for example in
terms of dynamic range which is typically in the order of 16 bits [90].
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5.1.2 Light Barrier

Another demonstrated application is the light barrier. It refers to a system which detects when the path between a light emitter or
reflector and a receiver is crossed by an object or a person. This type of system is extremely widely used in industrial applications,
security, etc. There are multiple ways to implement it, but they can be classified in two categories.

In the first category are the synchronous systems (Fig. 5-6). It includes systems with the emitter and the receiver on the same side of
the barrier, with a passive component (reflector) on the other side. It also refers to systems in which a synchronization signal is
exchanged between the receiver and the emitter situated on the other side of the barrier [91]. The transmission of the synchroniza-
tion signal can be either electrical or optical. When implemented with the device of interest, the operation of such systems is similar
to the one of the proximity sensor.

Square Signal at f0
_I_l_l_l_l_l Synchronization
Signal
Isic ..
Iror > Sensor Digital Output
Front-End

IAMB

Fig. 5-6: Concept of a synchronous light barrier system using the Hybrid MOS-PN photodetector

In the second category are the asynchronous systems (Fig. 5-7), i.e. systems in which the emitter and receiver are independent (i.e.
do not exchange synchronization signals). In such systems, the emitted light is usually amplitude modulated at a pre-determined
frequency (usually 38 kHz [77]). The receiver amplifies the detected signal and feeds it to a bandpass filter tuned at the pre-deter-
mined frequency in order to reject ambient light as well as high frequency parasites. Those implementation are often simpler and
less expensive than the synchronous ones, at the price of reduced performances. Such a system cannot be implemented in that way
with the Hybrid MOS-PN device due to the nature of the output signal of the detector. As presented in section 2.2, there are two
main operating modes of the device that can be used to detect a signal, PFM and PWM.
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Control
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Fig. 5-7: Concept of an asynchronous light barrier system using the Hybrid MOS-PN photodetector

Lyup

With a PFM detection scheme, the ON-OFF modulated light from the emitting LED translates into a two level frequency shift keying
(FSK) modulation at the output of the detector. Therefore, there are two frequencies, first fiow that is determined by ambient light,
and fhigh which is the same but with the added intensity from the LED. Unfortunately, both frequencies depend on ambient light and
their difference is proportional on the LED output power and the square of its distance to the detector.

There are several ways to implement a demodulation system using the Hybrid MOS-PN device. One of the simplest is to use a corre-
lator, which can be understood as a digital version of the FM quadrature demodulator [92]. It works by multiplying the frequency-
modulated signal by a delayed version of itself.

sin(2wft) - sin(2uf(t + 7)) = % [cos(Zn'f(—‘r)) - cos(27rf(2t + ‘r))] (5-3)

90



Case Study and Potential Applications
Equation 5.3 shows that the effect of the multiplication is a component whose amplitude depends on the frequency (f) and the delay

(1), which is the demodulated signal, as well as a component oscillating at twice de frequency, which can be easily filtered out. It is
easily seen that the delay must be tuned according to the actual frequency of the signal in order to ensure a successful demodulation.
Unfortunately, the frequency of the signal is not known a priori. A control loop acting on the value of the delay for a demodulation
of maximal amplitude is thus needed. The multiplication operation can be implemented as a simple XOR gate, and the variable delay
generator can be implemented as a variable size shift register, or a variable RC delay in case of an analog implementation. Fig. 5-8
presents a conceptual schematic of the correlator-based demodulation system.
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Fig. 5-8: Correlator-based FSK demodulation

Another possible solution to demodulate the FM signal is the PLL based FM demodulator. The advantage of such a system is that it
is self-regulating and that the frequency of the modulated signal doesn’t need to be know a priori, at the price of implementing a
VCO with a high-enough dynamic range so that it is able to handle the variation in ambient light. In such a system, the demodulated
signal is in fact the control signal of the VCO, as seen in Fig. 5-9.
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Fig. 5-9: PLL-based FSK demodulation

The demodulation method that was finally implemented as a demonstrator uses a local frequency generator that oscillates at the
same frequency than the led control signal. A counter is then used to compare the value of the frequency of the modulated signal
during the half-period with the LED ON with the one during the half-period with the LED OFF. If no difference is detected, it means
that no light from the LED reaches the device and therefore that the barrier has been crossed.

It is of course impossible to guarantee that both oscillators (the one controlling the LED and the one on the receiver side) work at the
exact same frequency. They will drift and at some point they will be in quadrature, which means that the average frequency over a
period will be constant, although light from the LED is received. In order to handle that case, the local oscillator is delayed by one
eight of a period when no difference in the average is detected. If this is repeated several times without any difference being meas-
ured, it means that the barrier was indeed crossed. The system is presented in Fig. 5-10.
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Fig. 5-10: Local-oscillator-based FSK demodulation

This detection scheme was implemented on the microcontroller of the measurement system. On the emitter side, a 950nm emitting
LED with an ON-OFF modulation at a frequency of 100Hz was used. Barrier lengths up to 3 meters were demonstrated. Fig. 5-11
shows the receiver side fitted with a long-pass infrared filter used to cancel ambient light.

Fig. 5-11: Measurement system used as light-barrier, with IR long-pass filter.

A general limitation of PFM based systems is that the dynamic range is constrained by the duration of the reset phase (section 2.2.2).
As a consequence, it is unlikely that such a system is able to meet the specifications of commercially available products, notably in
terms of ambient light. The limitation in dynamic range can be avoided by using a PWM detection system.

The proposed system uses a binary counter to measure the triggering time. Those values are then accumulated in a moving average
filter. By choosing the depth of the moving average as half of the LED signal period, the amplitude of the resulting signal at the output
of the filter is maximized. When no difference in the average is measured over one full period of the signal, it means that the barrier
has been crossed. Fig. 5-12 presents a conceptual schematic of such a detection system.
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Fig. 5-12: Moving-average-based light-barrier detection system
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The precision of the system is constrained by the clock frequency (fck) that drives the binary counter. A clock prescaler with a look-

up table can be used to linearize the signal at the output of the filter (c.f. section 2.2.1). In case the triggering time is very short, a
time-to-digital converter (TDC) can also be used to measure triggering time.

5.2 Optical Latch

Optical data links and clock distribution signals are progressively replacing electrical interconnects and voltage-based signals on
shorter distances. Over the past decade, optical local-area network (LAN) became a standard and optical backplane interconnects
started becoming a reality. Nevertheless, optical data transfer and clock distribution at printed-circuit board (PCB) and package level
are not widespread yet. In order for those to become a reality, a power-efficient light emission technique as well as readily CMOS
compatible small and power-efficient receivers are needed [93, 94].

Existing clock receiver circuits include integrating circuits [95, 96], trans-impedance amplifier-based circuits [97], and the so-called
receiver-less approach, using two photodiodes connected as a “totem-pole” configuration and receiving laser-pulses alternatively.
This creates a voltage swing on the middle node that can directly be directly transformed into CMOS-level signal [98].

Taking advantage of the latching properties of the Hybrid MOS-PN photodetector, a very simple all-digital clock receiver for pulsed
optical clocking signals [99] can be designed. Moreover, detectors can be arranged to form a phase detector which can be used in a
light-fed PLL. Such a PLL could be for example used as a local clock synthesizer, or a demodulator for optical data transmission.

Under the assumption that light intensity is sufficiently high for the triggering time to be quasi-instantaneous (i.e. in the order of the
delay of a CMOS gate), the device with its front end can be modelled as a digital component with its truth table presented in Table
5-1. This corresponds to a SR-latch with reset priority, as shown in Fig. 5-13.

Light Reset Output
X 1 0
0 0 Hold
1 0 1

Table 5-1: Truth table of the Hybrid MOS-PN device as logical latch
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Fig. 5-13: Equivalent logic circuit of the photodetector with its front end

5.2.1 Clock Receiver

By using two adjacent cross-coupled detectors, an optical clocking signal receiver can be built. The proposed design (Fig. 5-14) fea-
tures a “flip-flop like” behavior, detecting the laser pulses and recreating a 50% duty cycle clock signal at half the pulse frequency
(Fig. 5-15). Such a design works under the assumption that the laser pulse width is shorter than the device triggering time and the
reset signal propagation, which is not a problem considering that laser pulses can be as short as a few femto-seconds.
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Fig. 5-14: Clock receiver with cross-coupled detectors
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Fig. 5-15: Output waveform of the clock-receiver system

With this concept, the maximum recoverable clock frequency is constrained by the minimum acceptable reset time of the photode-
tector. The minimum frequency is determined by the self-triggering time due to leakage. One way to get around the frequency limi-
tations of the device would be to locally generate a high-frequency clock out of the optically transmitted low-frequency one. In order
for this to be achieved, a PLL is typically used. The next section shows that the detector itself could be used as a phase detector.

5.2.2 Phase detector for pulsed light

When driving one detector with synchronous light and reset signals, it can be seen that the duty cycle of the output signal is sensitive
to phase, but only to a phase lead of the light signal with respect to the reset signal. It is interesting to note that the behavior of the
detector in terms of output signal duty cycle varies depending on the nature of the light signal in the case of a phase lag. When driven
by a 50% duty cycle square optical signal, the output of the detector when the phase of the optical signal lags behind the one of the
reset signal has a constant duty cycle at 50% (Fig. 5-16). When driven by a pulsed optical signal of negligible width, the output for a
phase lag is constant at 0 (Fig. 5-17).
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Fig. 5-16: Phase-detection behavior of the device for a 50% duty-cycle light-input signal
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Fig. 5-17: Phase-detection behavior of the device for a pulsed light-input signal
By combining two detectors driven with complementary reset signals (Fig. 5-18), phase sensitivity can be achieved over the complete

2n range (Fig. 5-19). It is therefore possible to design a very simple phase comparator usable in a PLL that locks on a pulsed optical
signal.
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Fig. 5-18: Complementary-driven devices
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Fig. 5-19: Duty-cycle outputs of the complementary-driven devices

In order to create a usable phase comparator, it is needed to combine the two discontinuous output signal into one continuous signal
over a 2m range and with a duty cycle ranging from 0 to 100%. This can be achieved by combining the Outl and Reset signals with a
logical OR in order to create an output with a duty cycle ranging from 50% to 100% in the case of a phase lead (Fig. 5-20).
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Fig. 5-20: Duty-Cycle output of the desired phase-detection signal

The outputs are then multiplexed and selected depending on whether there is a phase lead or a phase lag. Determining this condition
is easy, and can be done by comparing the state or Outl in the event of a rising edge of Reset. If a rising edge of Reset when the state
of Outl is 1, then the phase of the optical signal leads the one of the reset signal. Fig. 5-21 presents the complete phase comparator
circuit. A slightly different circuit can be used to create a phase comparator working with a 50% duty cycle signal.
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Fig. 5-21: Equivalent schematic of the phase detector using Hybrid MOS-PN devices

This complete phase comparator circuit can be directly used in a light-pulses driven PLL, e.g. for high frequency clock synthesizer, as
shown in Fig. 5-22.
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Fig. 5-22: PLL-based frequency synthesizer using the Hybrid MOS-PN detector

5.2.3 Phase detector in the general case

The previous chapter presented the phase detection properties of the Hybrid MOS-PN device in the ideal case, i.e. no ambient light
and strong enough signal for the device to trigger immediately.
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It can be shown that the device behaves like an imperfect XOR detector when fed with a light signal that is synchronous with the

reset signal. The ambient light creates an offset, and the gain of the phase detector depends on the signal strength (Fig. 5-23).
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Fig. 5-23: Phase-detection characteristics of the photodetector in the general case

If it is possible to lock a PLL on the signal of such a « bad » detector, this property of the device could be used for example in a tone
detector circuit that would operate like an « optical » LM 567 [100] (Fig. 5-24).
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Fig. 5-24: Simplified schematic of the LM567 tone detector [101]

The challenge here would be to design a loop filter that would be able to cancel the « DC » part due to ambient light but still allowing
the PLL to lock. If this is possible, the principle of the LM567 can be reused (Fig. 5-25).
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Fig. 5-25: Hypothetical tone-detector using the Hybrid-MOS-PN device as phase comparator.
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5.3 Photoplethysmography (PPG)

Photoplethysmography (PPG) refers to the optical volumetric measurement of an organ. This technique is often used to measure the
blood flow and the oxygen level by illuminating skin and measuring the change in light absorption of some parts of the body (typically
the finger). The system performing such a measurement is called a pulse oximeter and is widespread in medical and leisure applica-
tions [102]. The standard way of implementing such a system is to measure the transmitted (or reflected) light from an emitting led
through the skin with a photodiode. The photocurrent is then amplified with a transimpedance amplifier, filtered, and finally con-
verted to digital [37, 103, 104]. Some non-uniform sampling-based approaches have also been proposed [105]. Fig. 5-26 presents the
front end of a commercial product from Texas Instruments, the AFE 4403.
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Fig. 5-26: Front end circuit of the Texas Instruments AFE4403 PPG circuit [78]

The market for portable and leisure oriented PPG system is growing rapidly due to the apparition of smart watches and dedicated
sports-gear, for which minimizing the cost of the system as well as its power consumption are top priorities. By using the Hybrid MOS-
PN device as detector and thus avoiding analog amplification and filtering of the photocurrent, silicon area and power consumption
can be saved. In terms of silicon area, recent publications show that the area occupied by the analog signal processing chain (ampli-
fication and filtering) in PPG applications is between 0.2 mm? [37] and 0.6 mm?2 [36], with a current consumption of over 300 pA.
Most of the area of the front ends is occupied by filtering components. However, at system level, the largest part of power consump-
tion comes from the emitting LED, whose power has to be minimized.

In order to address those two points, a PLL-based PPG system using the hybrid MOS-PN device as photodetector is proposed. In this
system, the chain comprised of the emitting led with its driver, the transmission channel (the skin of the subject) and the detector
working in PFM mode forms a digitally controlled oscillator (DCO) with frequency modulation due to absorbance and/or reflectance
variations in the transmission channel (Fig. 5-27).
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Fig. 5-27: Modelling of the optical chain with detector as a DCO

The goal of the detection system is therefore to efficiently demodulate the FM signal created by the channel. For this, a PLL is used.
The goal is to lock the phase of the detector output frequency on the one of a reference frequency. Once the system is locked, the
variations of the channel giving rise to variations of the detector output frequency are perfectly compensated by the control loop by
acting on the LED output power, and the control signal of the LED driver is the demodulated (Fig. 5-28).
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Fig. 5-28: PLL-based demodulator for PPG detection system

The Reference frequency of the control loop has to be chosen according to the “free-running frequency” of the oscillator. In this case,
it means the frequency due to ambient light only. For this, a second control loop is added to the system (Fig. 5-29). When it is acti-
vated, the LED driver is inhibited and a DCO is locked on the ambient light frequency. The DCO frequency is then fixed and the inner
loop is re-activated. In order for it to be able to lock, the new reference frequency should be set a little bit higher than the “true” one
only due to ambient light so that the LED has to provide some light, i.e. the loop is actually closed.
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Fig. 5-29: PLL based system with second loop for reference-frequency tuning

The goal of the system is to minimize power consumption. The LED is therefore driven at the minimum possible intensity, i.e. just
adding very little intensity over ambient light. However, this might not be enough to demodulate a signal with an acceptable SNR. It
is therefore needed to have a control system that controls f.f with a condition on the quality of the signal. A bad or inexistent signal
would trigger an increase in fre, which entails an increase in LED power output due to the control loop, which finally increases the
amplitude of the signal and thus its SNR. This is conceptually similar to an automatic gain control (AGC). The behavior of the system

can be analyzed using the PLL formalism, as described in Fig. 5-30.
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Fig. 5-30: Parameters of the PLL-based system

This analysis uses the assumption that all the light crosses the “channel” before arriving on the detector, i.e. there is no “leakage” of
light onto the detector. An abstracted view of the system in terms of inputs and outputs is presented in Fig. 5-31.
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It is possible to derive the expression of Vo(p).

V,(p) = F(p)Kp <(Pref - K;” H(p)(IAMB + KLEDVo(p))> (5-4)

K
F(D)Kp(Pref— ZerH(p)IAMB)

%]
1+F(p)KD%H(t)KLED

s @)=

(5-5)

The action of the second loop (reference frequency tuner) is modelled by a dependence on Iamg through Heissue (N0 modulation) with a
parameter Kiwne Which can be considered a little bit >1. It corresponds to the little higher frequency needed for the loop to be able to

lock, as explained previously. The gain of the measurement chain K pqin = F (p)Kp ;“” is also introduces in order to lighten the
notation.
(p) — KchainlamB(Ktune=DHtissue™ h(p)) (Ktune—1 Htissue—h(p) (5'6)
1+KchamKLEDHttssue"'Kchamh(p) AMB 1/ Chain"'KLED(Htissue"'h(p))

Equation 5-6 shows that the output level is proportional to Iavs, Which is expected. It also depends on the difference of the reference
frequency with respect to the “ambient frequency” (Kiune-1).

In order to see how the output varies with respect to the modulation h(p), the derivative is calculated.

av,(p) (1/1(”1”"+KtunthissueKLED)
dnp) | AMB 2 (5-7)
(1/Kchain+KLEDHtissue+KLEDh(p))
Considering Kchain >> 1, i.e. the gain of the detection chain is way bigger than all the rest.
dVO(p) — _IAMBKtune 1 (5_8)

dh(p) KLep Htlssue+2h(p)+

h(zﬂ)2

The derivative is maximized for a given modulation when ambient light laug is strong, or the Kwne parameter is large, or the gain of
the LED driver Kigep is small. This result is expected and logical. The more light, the stronger the signal, and the smaller Kep, the larger
the variations in V, for a given intensity variation.

As a conclusion, it’s first interesting to observe that ambient light, as long as it doesn’t reach the sensor directly, is beneficial to the
detection. Hence, power can the spared by designing a system taking advantage of it. Second, Kiep must be kept small for a better
demodulation. However, keeping it small adversely affects the lock range of the PLL. One can imagine a variable gain system: high
when capturing and small when locked. The PPG signal being of very small bandwidth (a few tens of Hz), the system doesn’t have to
be fast and the loop filter can be designed accordingly in order to minimize the noise on V,. By using a TDC instead of the standard
phase-frequency comparator, the whole treatment can be performed digitally. This is especially interesting for the filter, which would
then be digital, i.e. scalable with technology and independent of physical parameters. It is also important to note that the perfor-
mances of the system rely on a precisely tunable LED current. However, most efficient LED drivers are of the switching type and only
provide an ON-OFF modulation of the current. Nevertheless, due to the really low bandwidth of the physiological signal to be de-
tected, the driver can be easily controlled by a high frequency PWM or AZ signal and a good precision can be guaranteed.
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A MATLAB-Simulink model (Fig. 5-32) of the loop using detector parameters extracted from measurement was created. It demon-
strates the feasibility of the PLL based detection system and the ambient light tracking loop. The system was able to switch back and
forth between the two control loops and the PLL locked in each case (Fig. 5-33)
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Fig. 5-32: Simulink model of the detection loop [76]
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Fig. 5-33: Switch between the two control loops and locking of the PLL [76]

It is worth noting that the principle of the PLL-based detection system is independent from the Hybrid MOS-PN device and can be
used with any photodetector capable of generating a PFM signal. In particular, the system can be built with a standard photodiode
or a phototransistor as a detector. The concept of the PLL based detector with a phototransistor was demonstrated by building it on
a Hirschman plate in the lab (Fig. 5-34).
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0117 mv:

Fig. 5-34: Proof of concept of the PLL based detection system built on a Hirschman board

54  Array

Under the assumption that crosstalk interference between devices is not problematic, the Hybrid MOS-PN photodetector can be
used to create arrays for imaging purposes. There are several ways to arrange the device of interest into arrays, depending on the
amount of intelligence embedded at pixel level and the desired characteristics of the sensor in terms of dynamic range, fill factor,
and size.

The time-domain operation of the detector makes it very suitable for a use in digital pixel sensors (DPS). In such an implementation,
each pixel operates independently and performs analog-to-digital conversion at pixel level with its own memory and reset circuit.
This increases the dynamic range of the array and avoids the rolling shutter effect that is present in standard CMOS image sensors
(CIS). Those pixels are either based on PFM or PWM modulation schemes. Conceptually, both approaches have advantages and
drawbacks, but chapters 2 and 3 showed that, due to the long reset time, PFM with the hybrid MOS-PN device is quite inefficient in
terms of dynamic range and linearity. PWM, also called time to first spike, is thus the modulation of choice for this device.

Fig. 5-35 presents a digital pixel with embedded memory and asynchronous reset scheme using the Hybrid MOS-PN device. The
asynchronous reset puts the detector in reset mode as soon as it triggers and thus avoids the large current spikes that would appears
if the whole imager was resetted at once. In order to linearize the output, the pixel-level counter is driven by a variable frequency
clock. The variable frequency is generated by a look-up table, as presented in section 2.2.1.
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Fig. 5-35: Structure of a digital pixel using the Hybrid MOS-PN photodetector
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The drawback of such an approach is the limited practical size of the memory that is reasonably implementable at pixel-level while

keeping an acceptable fill-factor. Examples in literature limit the memory size to around 8 bits [58], and takes more than half of the
pixel areas. In addition, even though the image is created at once, the read-out of each pixel is performed sequentially afterwards,
which limits the achievable frame rate.

One way to increase the fill factor and speed-up the read-out while keeping the advantages the DPS is to avoid having one memory
per pixel. Instead, each pixel generates an event when it triggers and a time-value associated with each pixel address is stored in a
central memory. The complexity of such a system resides in the bus arbitration scheme that must handle priority when several pixels
fire simultaneously. Bus arbitration also introduces imprecisions due to the fact that some pixels must “wait” to get a corresponding
time-value attributed. This translates into a higher fixed pattern noise (FPN). The worst case scenario in precision appears for a
uniformly illuminated or featureless scene where all the pixels trigger almost simultaneously.

A simpler approach that would keep the dynamic range advantage of the DPS but that would not need a bus arbitration circuit and
thus have better precision and fill factor at the cost of image acquisition speed is to arrange the detectors in a “CMOS sensor” way,
with the conversion taking place at the bottom of each column. In that scheme, detection and read-out is performed sequentially,
one row after the other. Fig. 5-36 presents the principle of such a system. The drawback of such a system is slower acquisition time
for a complete frame, which can become very large in low-illumination conditions.

Atechnological solution to greatly increase the fill factor of an array is to fabricate the detector and the circuit on two different silicon
dies that are connected with through-silicon vias (TSV). In that case, each part of the system can be built independently and receive
its own optimizations, e.g. optical coatings and low doping for the detectors and advanced CMOS process for the digital control and
read-out circuits. A system design solution to increase the fill factor is to have a common driving circuit for each row, with only the
detection transistors at pixel-level.
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Fig. 5-36: Structure of a high fill-factor imager using the Hybrid MOS-PN photodetector.

5.5  Summary

In this chapter two working application demonstrators using the Hybrid MOS-PN device were first presented; a proximity detector
system and an asynchronous light-barrier system.

It was then showed that the device can be modelled as an optical latch and therefore used as a logic element. Examples in clock
recovery and phase comparison are given.

A system level approach using a PLL-based PPG detection system that can be used with the Hybrid MOS-PN device was then presented
along with its proof of concept and MATLAB-Simulink model.

Finally, a discussion about the use of the device of interest in different types of arrays and their respective advantages and drawbacks
was proposed.






Chapter 6 Conclusion

6.1 Achieved results

The main achievement of this thesis is the development of a new family of photodetectors displaying intrinsic light-to-time conversion
and requiring almost no analog processing of their output signal. Their structure, based on a Hybrid MOS-PN combination, is fully
compatible with standard CMOS processes. The concept was validated and optimized through TCAD simulations, and a prototype,
including a readout circuit, was fabricated and measured.

In chapter 2, TCAD simulations performed to confirm the hypotheses about the physical behavior of the device at semiconductor
level were presented. They allowed a refined understanding of the relations between the different parameters of the photodetector
and its performances. The relations determining the sensitivity, signal-to-noise ratio, and dynamic range of the photodetector were
proposed, as well a technique decreasing significantly dark current using voltage pulses instead of a DC bias.

The photodetector driver and front end circuits were designed and co-integrated with the sensor in a standard CMOS process, as
shown in chapter 3. Those ASICS were used in a custom measurement system including a microcontroller and a USB connection to a
computer. The measurement system was used to carry out a complete characterization of the photodetector, analyzing the influence
of the different bias voltages and timings on light sensitivity and dark current. It was notably shown that the sensitivity of the device
can be tuned by changing the gate voltage. The impact of the different bias conditions on noise was presented. The measurement
system was also used to demonstrate the performance improvement when pulsed operation of the device is used.

In chapter 4 some technological solutions that could increase the performance and/or change the behavior of the device were pre-
sented. Notably, the effect of a silicon-on-insulator implementation on the performances of the proposed photodetector were stud-
ied using TCAD and its strong advantages in terms of dark current, linearity, and cross-talk analyzed. The optical properties of the SOI
stack introduce a filtering phenomenon that could be interesting for some narrow light-spectrum applications, such as biolumines-
cence or fluorescence detection.

Potential applications of the device were presented in chapter 5. Demonstrators for proximity sensing and light curtain applications
were realized. Digital applications taking advantage of the latching behavior of the detector were presented, such as clock recovery
or phase detection. The use of the device in an optical heart-rate measurement system is also proposed and a PLL-based control loop
aimed at reducing power consumption is proposed. Finally, concepts allowing to use the device in an array for imaging are presented.

In summary, it was shown that the Hybrid MOS-PN device has a strong potential in several application domains. Its time domain
operation allows low light detection without the use of complicated electronics and its dynamic range is not limited by power supply
voltage, allowing for low voltage high performance detection systems or low cost industrial applications. Its switching behavior makes
it easy to interface with digital CMOS circuits, which makes it a good candidate device as optical clock receiver, for example. The
simple driver and read-out circuit potentially makes it ideal to use in a Digital-Pixel-Sensor array, as well as other types of image
sensors.
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6.2 Future development

However, this thesis only scratched the surface in almost all aspects of device analysis and technological integration. Future work on
the topic include

e  Compact modelling of the device behavior with respect to technological parameters and bias conditions

e  Complete noise analysis and modelling. Is shot noise the only intrinsic noise source? Is flicker noise present? How does the
noise on the bias voltages translate into detection noise?

e Implementation of the proposed technological solutions, with a priority on fabrication of the device on SOI.

e  Modelling of the device behavior on SOI

° Characterization of the crosstalk between devices, simulation and fabrication of an array.

e Analysis of scaling. How do the performances of the device scale with smaller technology nodes?

On the circuit and system side, a lot is to be done as well.

e  Optimization of the front end circuit according to a reliable model of the device

e  Characterization of the charge-equivalent noise of the front end

e  Design of a very compact circuit optimized for pixel-level operation in arrays

e  Exploration of techniques aimed at reducing the duration of the reset sequence

e  Exploration of the feasibility of time-domain correlated double sampling with the device.

e  Exploration of several types of control loops for dark and ambient current compensation, temperature compensation, dy-
namic range improvement, etc.

e  Exploration of the operation of the device with new types of modulation, such as AZ, that could be made possible with a
modification of the device structure.

e  Exploration of the use of the device as a digital component, design of optimized driver and front end circuits for this pur-
pose.
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