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Single-Photon Avalanche Photodiode Fabricated with Standard CMOS
Technology

Student: Chia-ie Dai Advisors: Dr. Sheng-Di Lin

Department of Electronics Engineering & Institute of Electronics Engineering
National Chiao Tung University

Abstract

In this thesis, by using standard 0.18um CMOS technology, we design a single-photon
avalanche photodiode (SPAD) with uniform built-in electric field in light detection region.
The metal grating structure is used to enhance the photon detection efficiency. Because
the imaging system with SPAD array uses pulsed blue LED as lighting source, we aim at
enhancement of detection efficiency below 550nm. We use P-well guard-ring to avoid the
corner breakdown and, to enhance photon detection, the metal layers are used to
implement grating structure in the active region. As a result, we can enhance detection
efficiency and, at the same time, keep the response speed. We design 15 devices with a
chip size of about 851x851 pum”and the low breakdown voltage of -9.9V is obtained as
expected. In DC response measurement, we compare responsivity between devices with
different grating structures and, with one of the devices, a 50% enhancement of
photo-responsivity measured with a 465nm blue-LED is achieved. The pulsed lasers of 400
nm and 780 nm are used to study the transient response of our SPADs and the results are
consistent with the simulation. Finally, with a passive quenching method, we bias the
SPADs above breakdown voltage with a load resistor (R.) of 250 kQ. At an excess bias of 0.5
V, the dark count rate is about 1.3MHz at 25°C. By considering the dead time of SPADs, we
get the effective incident photon numbers and obtain a peak photon detection efficiency
(PDE) of about 6%. Most importantly, by using the metal grating, we improve the PDE by

20% and achieve a noise equivalent power of 1x10™ WHz Y2,
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a,p (em?)
\
\
N

10 5’/ 3

10>

10

E (10° viem)

B 2-12 ~ #& it A T 3B 4B [10]

Bfs AR EE RS GRDCH A E M-k ATV AL RH RGP LIRS

BEERF I (2N 2-4) P nog 2 £ F2%F o nrig 5 Trigger Probability -

Countsjgna)-hv-e

PDE = T]QE . nTrig = X 100% (2-4)

Pincident
2.2.3 %'E.";;% X e _} (NEP)
$30 % vist 5 (NEP) L0 25 i ) B0 - B3 £ & e in o 27 J5 0

RRE IO EAL KT R EFE

gnk

v NEP his & 2 748 & 2 B8 2 T
_j

SeTitAple oA T R AL FR 5 V4 E 7 it SPAD SNR ¥ o
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B k3R R eh g,){gig] ST {@‘} Fe. Poisson distribution 3235 » Poisson
distribution &y 1 % 356 5 M % £ 7] 2 VM &7 & Poisson distribution ¢ 32
BRI X 2 15 W N x3hHE kS R B SNR &2 NEP -

HkF Bp® SNR & NEP 2 ;Y 2% (6] :

FORERRT LR A PR P AU & =k b

Ss+p = (Ns + Np) + (Ng + Np)*/2

g

RIRET | AVERA A PR N GURLAL £ = 3t i
Sp = (Np) + (Np)*/?2

b iR AR T B R A At ki

Ss = (Ns) £ (Ns + 2Np)"/?

Agd SNR 2 3¢k T30 ik 4RI £ 7 @ 5] SNR &

SNR = =% = Ng/(Ng + 2Np)
ASs

s~ § SNR=1 p¥ Ns=Ng+2Np > * &8 %+ f plocd ¢ A v o1 @ 5

Ns.hv.e ' | hv-e
PDE = P :> Pi == ﬁ‘/ NS+2ND

2 %] Np>>>Ns > B {834 i 18 B fe i & 2a0 5 (258 2-5)

hv-e
NEP = E,/ 2ND (2'5)

PDE & H sk + #lpl»as > Np £yt h £f 0 ¥ de > v Lk o
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2.2.4 FRfE4TR

wHESF BRIEY o RAERPTF IR ARG RS R FE- s E8 o R

@ 43t SPAD > W Rl B Pty A= T U RIRELS S K o FIRL pFRE R A

(Timing resolution) g =~ & 2 F ~ 2 (e3¢ & it =« Jgd time jitter 3¢ f* 7 12 17 4
B3 P Bl 2478 > TR 5 X3 2 HEFEELSEI TN OmERF L o

e g A RSB R - R BRI 4 g

7~ i time jitter & EAFF T F A Fl o Flt > BB BHAEH RS A|TRR O B E
2L HEC I RENEN L E] RS A kT R BT iE4 R 58 5 ch AT E o

EANIERY %ﬁ“r} ~ %+ 7 e i £ ehpicosecond laser pulse % {8 ] SPAD A% ki &

T time jitter 0 % & > - ﬁh{%‘r@ & (Transient response)4c i 2-13 #75 » ¥ *F Time

Correlated Single Photon Counting(TCSPC)% & ip| ~ it #f & 5 » e e ¥ 14 {8

o it TR R e
A

10

(&)

Voltage [mV]
o

-10

Time [ns]

B 2-13 « = i 45/ SR F=5[3]
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2.3 CMOS ¥ k3 i jp| %

H k5 # - 148 (Single-Photon-Avalanche-Diode)## & & 7 - d *t 4l fz %
Beend B JkiF & Geiger-Mode 0¥ Sk 5 # - 48 ¥ 1.3 um &2 1.55 um 3 3
AE X RiE R B * InGaAs/InP & Ht 2 end k3 H - Rk R 0 B AR
INGaAs/InP ¥ k. #f - &l F F4p§ B Dl RPeS o g p7 LR AT
B L - F HHA X P AEen fl* CMOS #azs @l ivew § k3 H k- myp %
g dpT LEFRIE AT EELESH - f Y DR BT L e
F12 B PR Gl KiE X R F A hd B A0 d 3 CMOS AR IFE $ren
B P HKT BRI BITE RFRE XML o

FEEXI WP B ED S G E S p-n e A guard-ring b = 8 < A
JoB 2-14 9557 [11]> H - 4 d & & vt (F e A 4n 3 2 CMOS @42 ¢ 4o §) 2-15 -
BAP SRS #3040 10 g TR ehE 3 R F o o oo
LR RS B MRS R - G T @ E 473t CMOS R Y
f2¢ o Apdz. T d CMOS &3 @l fe v B end X3 i p| BdoB] 2-6 » 827802 ki en
FRElSTIR* Tk e P8 T s AR HFRY o RS A AT RS E

M geeng 4 o P F LR RS THE G oahg g XA BE A H PE o

metal

r 5
n P oxlde

H—H

L

guard ring

metal
B 2-14~ 5 8 k5 fp B2 4[11]
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£ A_CMOS + % $ji2¢ CMOS -3 Az pojir » 8 56 5 8 = {54 & (P95
TRAFEFLY AT P ARG hE T FRIPTLFVARF EET
o ERTAEY b MR ERAE R B SR £ 2R R
FAEA L s Suif oo etz dl - Guard-ring k3t B gk BT S
oo @A p-well ~ STI & £ % $ied g % guard-ring[12] » % it § e > ~ i &

FRHA ] 0 RS CMOS £ 7 Hpsarit * 2. m % guard-ring ¥ &2 4p 3 AR 9 4y

10-100 pm
|€——>{ n++ shallow n++ isolation

Anode Cathode

Virtual guard-ring

w
=
n+ substrate =
3
Y

B 2-15 ~ CMOS % 7 #jiv 8 k5 tf | B =~ 2 24 [12]

M5 CMOS - @fe 8 b+ GRIE - FRAER RN 2 jH b ohy

pial

o ¢ {3 4 i¢* STI(Shallow Trench Isolation) & = guard-ring s »c#-~ 2 & &
#+ 1 27 ps (Full-width-half-maximum)4- ] 2-16> # | F & £ 45 2 5um 12T [13] »
3 A oGk B goN-well #5 32 > #-DCR(Dark count rate) ™ i< © 0.22 kHz[14-15] -
Ramoo it STIsEF ra@d ~ B ehfkm dFr g | GRIEE S LFL R PRI VY
A2 17 STl 4 6 4 Ko~ B840 > B0 244 F chdark counts » 4k B ik e se § o
AR R S TRRE 2 P INTHE AR @ LT R T
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Detection area

Anode Cathode
STI
N-Well
i
guard-ring
P-substrate

B 2-16 ~ CMOS-STI H & 5 if jp| % ~ i+ ,fé'—;-f#[lB]

AR g E o @ * CMOS &% 4] 47 #- Passive or Active quenching circuit
BH A MRS E - P doRl 2-17 24T 0 B0 TR B 3
v ] R-iE R (6 30 ns) [16] o gt b M-H k3 Mk - R (TS 5]
P Ao 2-17 55 0 &7 2D e 3D vkl o WAL A E R oo T 0 A
T EhrmErd MR E LA fpF 3~ FESH - B PR BOT R 22
A R AR T T A RS S B e i K FRALP B H kS AR R

Bl A EFE P o

— : : : =
»’/“ N [ '----.'."..:'....'.-..'.: ! - = 7 = PX
o / 4 ™ \ L E‘lmcumé 0%)(').@ (’)@ X @‘
i | daeEes 50, 06, 538 5S
] ARESo R LEAE 28\ ; R B B 7oy N )
7 \ /'_/ E ‘E 100um : v,' 0y ." N a
e O AT
§'a€c,|sftn‘ 5
Japmescagonscagabsecgtorendionsnabnens e es s aiiees ]
| COLUMN DRIVERS ,
4 1 i

Bl 2-17 - CMOS ¥ % 3 i jp] B #F
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$=3% TCAD = # #dg e e

J1* CMOS R #lfzse s F i & « et o~ | M -7 P S BB ES

b S 8cE o F)pt o A JE % * Technology Computer Aided Design(TCAD)ficHt

o

ok H-CIC T 2 WARKGZ AP M 57 30 2 2 S8k 2 I ~ 2R R e
TRt E o ¥ PR H kS R EBEA o AR ¢ AP * Sentaurus TCAD #2
Bk sl He 2 I M X ARTM LA RS AR BRS R h

Pl i 2 B R 2 Passive-quenching T B aF 0 o it 2 0 B &

b
\8
dor
[N
4y
T

3.1 Sentaurus ¢ EH#

BHCGRE LT B - T R AR Ao 312 B R LR
FEEHS 20um - 2 ¢ A g * £ CMOS @Az 47 source/drain implant
P*-Nwell A AR PG 0 ij‘ﬁ{%i"‘ Fookm — B ¥ P-Nwell = &=48 4 & /ﬁ‘

PR

metal 1~6

cathode p+ Active region

N well

P-sub

Bl 3-1 ~ CMOS H £+ # F = & # fi-kt % #(Cross-section view)
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S 20um -

P-substrate

F13-2 - CMOS H % 3 3 = &4 Ho5e. 2 4 (Plan view)

X330 G aP RoF GEFL ARG DEE I FREDZLRSRE BT
Fa BRTMEY ailf o M CBERA RS HE . 57 £ 4 P-Nwell
ZZFHAER I o PP SR c R HRHE T HEF - BWERE S
FTEDIEHF R BB P -NwellEs > 7 2 1 & * Pwell % 2 guard-ring

BSEGR B PTG e M B AT e BT S *ﬁ FRE A EES

T L - e B E o L0 Foonnlp g L B sl g 0
Deep-Nwell 5 545 iz Nwell ﬁ— | § sxentg % > 777 0 & %] Pwell 2 Nwell 2 2

27 L HEA O REPIPFIE RBE AP LA PR TR -

W33 Hr A HRTFAGH LIV G AR THEIAG AL
BRI F ? (d 30a) @@ d e 2% ¢ 2 - Rl % o Pwell #7273 o
guard-ring = # "% M iE B s d WERE N e |-V F Y &P 4oB) 3-4 1T o
AR HF T RAN-O~-10V TR E EL107E A A m R IR E e R E e fF

TR TR B¢ T FAE T 70um &2 20um o AF A 9 12 B o g TR AL Aoyt o

BT RAPRY B CMOS £ EA£T 7 i chil %R 1% R v a4
ARG PR AL HBREARAC SR L  BYRRAE AT FRGIEAT
AR LR
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Paper result

X (um)

ation of the APD under reverse bias using the DESSIS
at the maximum electric field will appear in the desired p*

X [;m]

N-well 1e17, Deep-N-well 5e17, P-well 1e17, p+ 1e19

Bl 3-3 ~ SPAD =~ i+ 457 34 7 B[16]

Current(A)

Well-3.2e17,Sub-9e16,P+-1e19

8 6 -4 2 0
Voltage(V)

Bl 3-4 ~ SPAD ~ i+ ift |-V #F14 0 s
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SR S

r_r\-&¥

Bk Mk A s s ] o E A e Nwell 5048
ek RT P HEH B BRER > MEREZIHFTREY Nwell B2k k™ % 6 -
ho] 3-5 #1F o B pEA L E A E 9 P-Nwell #6474 # o F50-Pwell 352
JE R 'R T 5e+16 Nwell $32k & — st > %€ % R 4% 0% 3 7 5 guard-ring
PRk R AR S @ E K R ETH{ 40y A F AR R AR 36 2w o HE T RR

¥ Nwell B+ =@ b o

0.0
-2.0x10™2- l
< -4.0x10™ 1 l
c
q) -12
= -6.0x10™ - 1
>
s —— Nwell 5e16
-8.0x10™ 1 —— Nwell 1e17/]
—— Nwell 5el17
-1.0x10™ T J =
-20 -15 -10 -5 0

Voltage(V)

B 3-5 # T R4 Nwell %52k 2 % £ B

i

Bl 3-6 ~ Pwell 42 32k & $1 T 3393 R ¥ 5 W
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d % CMOS #-# @ 42¥ > g2 oo 7R > F AP 2% Nwell 2 Pwell

s RA 0.6um 2 10UM > AR A i AR F ARG RA T > (7 fudd hd RAcH 3-7

DT o
0.0 e 0.0
2.0x10™" 4 ( Guard-ringdepth=0.6 um 1l soxied Guard-ringdepth=1.0 um .
@-4.0)(10"*- - J <~.0x10" . .
= £.0x10™" 4 1 =s.0x10" -
=
o o
8.0x10™ - 8.0x10™" 4 -
|—e—Pwell-1e17 Nwell-1e17| |[—=—Pwell-1e17 Nwell-1e17|
'1 .OX1O-H L] T T T T T '1 -OX10-II T LJ T T T L]
<14 42 40 -8 6 -4 -2 0 14 12 10 -8 6 4 -2 0

Voltage(V) Voltage(V)

B 3-7 &5 i7k WUAa%E R
S AEREHEE APT @A well kR EEMFTRE Y

g TP T hBRER FRBFERR PG AEA BRI o G hiE

EHETR DHIUEIADRABFERE > B RT AT o

3.2 EMW k4 #38

R kG MBS R RIS 0 5 T BB~ SPAD (7 it £ i

SO A L Rk TCAD-EMW ik » 5% chsk @ 358 & 5 E(VIm) > J5d

G i H et B 00 E] o~ bk iy £ (Power) o FIUt T @ Ae A i ARERPE & ¢ ik
B2 AP E ARERFE G R o
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Incident power(W) = Power density(W/mz) X Area(m?)

Power density (W/mz) =

1

2

C-gy-n-E?

= Incident power(W) = (%- 3x108-8.85x 10712 1-E(v/m)?) x Area(m?)

3.2.1 =fcthicsciy

d R T R LR R Rl R S X T R AR AT ¥

Foerdy Bl F R0 o B 3-8 FREF 0§ A sk Ed 0.85um 0 3 0.45um i

(N—

J

R AR kT BRI SFE -

Optical wavelength=0.85-um Optical wavelength=0.75-um

Optical wavelength=0.65-um

Optical wavelength=0.55-um Optical wavelength=0.45-um

OpticalGeneration(1/s

. 9.2¢20

7.3e20
5.5e20
3.7e20

1.8e20

0

* cm3)

B 3-8 ~ Silicon &7 I » kL £ T 2B T 8P
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3.22 r»HkpRAJEAPHIL

SR Y SRR & RS L A S R T S S A LA
Bt § PR kR DA T L R0 - B30 ¢ AP gd foRE
FooF bk EAXES|TARE > A4 2 KT RR e s K BARA KT 2
Fx T - 25318 HFEHNwel)upseb B S HEFHFTRA | #20LT 0

Al 5 2 %4 @) 3-10 #777 °

1E-5 - - - -
—0— 0.1uW_0.85um
—A— 0.1uW_0.75um
—wv— 0.1uW_0.65um
—<4— 0.1uW_0.55um |+
—»— 0.1uW_0.45um

——0.01uw_0.85um
—O—0.01uW_0.75um
—0— 0.01uW_0.65um|.
—+#— 0.01uW_0.55um
—©— 0.01uW_0.45um

1E-6

1E-7

Current(A)

14 12 10 8 6 -4 2 0
Voltage(V)
B 3-9 kT~ sdkig B 2 L E M2
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—=— 1E17_0.85um
—— 1E17_0.75um
—+—1E17_0.65um|-
——1E17_0.55um
—<—1E17_0.45um
—— 5E16_0.85um| |
——5E16_0.75um
——5E16_0.65um
—— 5E16_0.55um| |
—— 5E16_0.45um

Current(A)

& o
PR )}}5‘5’?&@?«
] R Rty S :
22 0y e
] ,’»‘»» """"""mnm g, oaus
222 AIrsrseyry . . Y
i 222 LI ey - W
S )))))))))))))))))))))))),))), » )))))))))))))))))))))))))))))))))))))))) 17377 1118
. R 3202057033% SR
1 E _ 8 o . IV
F
]

-20-18-16-14-12-10 -8 -6 -4 -2 0
Voltage(V)
B 3-10 ~ % T in22 Nwell #5235 2 4 £ B % F)

3.2.3 F %o PRk

A AR kF 2 gl (Rsoft) o 1 * ptt 48 & 4 4 7 (Rigorous Coupled
Wave Analysis, RCWA)= 35 CMOS -8z g™ ~ & 2 & 55 o R jiF
311485 % 7R F s ERE T FAY AR T 0 9 B PR R T

Tl s CMOS Az 2 G K 2 44 1t K =rig & 4o 3-11 &+ = #97 > Tt » sk
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S 0.41 N
©
@ | 4
©
: o | \W

0.04 . T . r . . . T .

0.4 0.5 0.6 0.7 0.8 0.9
Wavelength(um)

Bl 3-11 ~ SPAD F ¢ % H %z ]

EFIERENGET T OAPTUIE A TSR ST B 3127 Aprw o F

Ja
3

AERFE LT HF BB AEY > BRI OFFF ARG RS Y
feeniAr Y L P RITNG A E S ERE SHFORT o RS T R

g E - & FE oo

0.25 T T
—o— All-Structure

—~ 020 —— No-Passivation| |
2
<
> 0.15-
=
c 0.10-
(@)
o
O
% 0.05 - N

0.00 —_—

400 500 600 700 800
Wavelength(nm)
] 3-12 « SPAD b & 5E % £ % 1 ]
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3.2.4 %ip B

BA Tt ¢ AP G D] SPAD fk (Rl AZA B kg R M kS
BERA o A FIRSLINA o d R A B R ST R R 0 ks X
SR B R g WHFERpEDEF lce” » BY o T isjciilic FRH L
SojeF i @& * SOI(Silicon on Insulator) i 4 % buried oxide * 4& DBR(Distributed
Bragg Reflector). ‘*ﬁ;ﬁ N L hE L LS RS Ry S
5t & (Anti-Reflection coating) it > & + ehk &3 > A& gt B4 ¥ &2 3t CMOS #-#
#Ap e HiEo

Flpt o F AP 4RE CMOS @Ay chE B g KT 2B REG K

FEd P B A S S R KT Bkl 0 A B AR MR S X

i@ﬁ ek %y @) 3-13 1o 0t B A '“ﬂié“ R S R o} =W f‘:"%ﬁﬁ’/éjii"
L OFIH A dE FILA R R TR e 2 PR B RS Rk
Ep REI

A HF-hv

hAv hV ssr
)

e Dielectric
Passivation

..o Aluminum
grating

...> Silicon
substrate

B 3-13 « sk e k3 o SH T s S R FI[17]
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Bt AP LA R A AT R R B G DT R G

AR AR B B B-14 90T o FF - FH I EEA - B O £R MY
PAEE § TG R EY PR D A2 F SRS & O, hBESR riS b 86 O
EBEk o f— AL PR B R P P R AT T 7k A 5T ki > 4o 3-15

PR PR g FlEERE A2 A ek R G SR SR AKE DRSS T

|_\

AR RO TR R kg HRFIGKD T FRIRGRW S 0~ bk Yrig

KA kAL BRERPET Fn R o

“'-1\\-

Incident : Diffracti
: T ight
GH 1
A i
! 0d
Diffraction | Diffraction
light i1 i=-1 light

Bl 3-14 ~ £ i S5 R B

ma o hH LS GRIER RS £ Rk R ok SIER Y BT 3 ¥ T HOHCE
@i A T D - R 0 A PR EMW-FDTD i st 3 i 73 5

3% 0 K A e Maxwell = 4758 J1 g8 > Arrlag * T ITH B R B 4T o

Incident
wave Backward -
+1 -1 diffracted
\ modes
Region | A
f——

Region l[::-:::-::::-:::*T’X
Region Il ’/l \a d
)

1 0 Forward -

y -1 diffracted

modes
] 3-15 ~ 12 18 sk ¢ SES1E BB [ 18]
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i CMOS ###4z? » AP ENEAARAT LRI RE L1 TR 6
R & R RBCEE A SHE 0 XA FIR R 6 R NERARTIUFIE S > F A PEER
132 5k chh Bk msakip i 200 0 Skl £ 1 ks
Bk sk & 400nm 2 470nm L& T o R A A R EAF T A EE A AR Bor &
R £ PR RSP I3 ARG F KRRk B F13-16° R4S
Pl N ST S Al E R BRI E RS SRR ARG £ BT R
S BSR4 3L B R L Bl & 317 A7 2-15 sE BRI BERTD
RIE Lk S 0 TR BT R AT e
FRERSE S > APV FRA 18 ki ST c E RS R ELER S - f
rEPEAETEEF G FPROERS > X AR BRI 60 » Bk E S 400nm

FERASARAHLITR - b @k

E3
=

SHY LS G AL B o H

k3 BRE BRI R AT RGPS P T 2R BT EAAPTTER

0.10 T T T T T T
B Incident wavelength 400nm ‘ 0.10-‘ ® Incident wavelength 470nm \ ?
q
~o008{ 1 | o ' 1. ’
E ) ] . ) E 0.084 o 'Y ..’.. SIS BN
< < ?
> 0.06; . y 1= 0.06]
g [ B =
£ 0.04 12 0.041
o o
o o
o 0.02- 13 0.02-
[0 d I x
O-OO T T T 0-00 T
1234567 891011121314 12345678 91011121314
Detector-Number Detector-Number

B 3-16 ~ 400nm ~ 470nm £ & % % &2 v R Fl
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ERIES | PP ERTRE | BT | BAGK EA Y 5 FRF R

(Number) | (period) | (width) | (spacing) | (fill-factor) | (metal layer) B
1 Without metal grating structure(e = 70um) 1
2 Without metal grating structure 1
3 0.58 0.23 0.35 0.4 Metall 1.43
4 0.68 0.23 0.45 0.34 Metall 1.72
5 2.0 0.35 1.65 0.18 Metall 1.16
6 0.56 0.28 0.28 0.5 Metal3 1.77
7 0.7 0.28 0.42 0.4 Metal3 1.41
8 1.1 0.28 0.82 0.25 Metal3 1.53
9 2.0 0.35 1.65 0.18 Metal3 1.07
10 1.8 0.28 1.52 0.16 Metal3 1.21
11 2.0 0.28 1.72 0.14 Metal3 1.09
12 0.67 0.28 0.39 0.42 Metal5 1.25
13 0.9 0.28 0.62 0.31 Metal5 1.42
14 1.8 0.35 1.45 0.19 Metal5 1.22
15 1.7 0.28 1.42 0.16 Metal5 1.08

ERHE® um

% 31 AL
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3.3 A EYHFEHEER

3.3.1 HHPR

f1* TCAD #7is ~ 2 g > AP F U Gd W8~ 73 kil £ BFT s41F 5]~ 22

-~

B o Bt APl PSR U - BIRERT ST ELAc B 3-17 1T o
A= I ¥

Bl 3-17 ~ "% b5 431 LR ]

d 3Rk E P G 400nm £ 780nm R fEE b Flpt A gt S L BUR G Bi
B ES SA R B R > X P R ETIBAY 3 R R TN S TOpS et e HE k5
BRI EEET R IV IARLEHFRRGO5LV .

B 3-18 2 3-19 ¢ > A R EE ) 400nm 2 780nm % (FF ST AL BB 0 = F
P AZZLRAGEPEER G X Gd F- M EEITRLAM G AT gRE A
g

MR e A MR T AR RS E R e & 2R 0 - 400nm

[

BRI HPE 2L He S B PRRD 0 Fd LRAPT 0 BEF

TR SRR A SRR A PR R R P

-

i k& 780nm T 7]

BT E e R P R i BAcR] 3-19 0 HRS Ak £ T 2 PP 400nm
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¥ 600ps - 780nm ¥ 1500ps » &7r 4 & & T FISfTiF o HACH G F R ER
I ELH 0 AT timejitter 2ol 0 LR BTG F R R L R -

b d B 3-20 AP ERACYE HF R R ol i R 0 £ ¢ 7 5] 400nm % e
FHET AEAESREFFD 0.6ns H 4D 2.5ns - 780nm ¢ 1.5ns H4c I 4.5ns 5 F]
PPAPL KR R T AR P F A AR AR RS A
¥

[

WRPEE T o MBI E R NTRENFT NP -

T T T 1.0 T
0.003- = -lv
@ 081 —e— -3V
g —+—-5v
S 0.002 S 0.6+ v -7V
T 2
2 3
£ & 04-
£ 0.001 I
£ 0.2
o
P
0.000 . B . 0.0- l600ps -
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] 3-18 ~ 400nm *% fbr g 47 Ak R Wk 5
0.0009
—e— -1V
m e -3V
0.0006 3 45y
g E —v— -7V
()
g 1
S N
=>0.0003 =
@
E
o
P
0.0000 1 , , , _ 1500ps T TeRASRRRRRARRRRans
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Bl 3-19 ~ 780nm "% #FF A7 AL RIS &
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— 4IOOnm
—e— 7/80Nnm

o
o

o
N

Normalized(Voltage)
o
>

o
o

2.5ns m
15 16 17 18 19 20
Time(ns)

@l 3-20 ~ A2 % /& 0.5V T ~ i w7 SR s B

3.3.2 Passive-Quenching § &

SPAD % it fidk (PP § & 3 ¢h 0 R B sl @ R v 3 2 £ 45 M enis 4] »
i@ SPAD ¥ £4F #if > { § & FIRDRELK & SPAD ALFT 4 12 B #r ] (LRI E P 30
Tomen™ N kBB SPAD > # {8 SPAD ¥ 1 E 45 Rt B K engE i o B fE T K
XA S Quenching T B » 19457 Fen@ RIS H - L 97 =20 » 83
Gated-mode ~ Passive-quenching ¥ Active-quenching - 41 * TCAD #F & = i+ #-#¢ >
AiE R E kS R B4R (F & Passive-quenching pF > A it E A7 #E g 2
BB T o

¥ SPAD i &2 o ARG S A BRBLFHATIRNTL
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