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> 1 BERGRFRNEE (Hybrid)
> 2. R ERABERNAE (Monolithic)
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2.3 CMOSE KR 23

¢ CPS (CMOS pixel sensor) X FRNMAPS ( monolithic active pixel sensor) , V£[H Strasbourg
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CPSBR R T A I EEIF R

o HLFEERM, sensor AL HL TSR AR [A] — N b
> P type Si
> Signal created in low doped thin epitaxial layer
> ~ 80 e /um, total signal ~ O(1000 e-)
o ¥ HCH FLAT AR DT 3
> Limited depleted region
> By thermal diffusion
> Charge sharing - resolution

o BRI B 7R3 L
- AR % 5 AR IR
> DR,
> BT H AR R R

o I AFE= R R TAE
> From 0°C up to 30-40 °C if necessary

o BT TOFRERICMOS T2

> Advantages on costs, yields, fast evolution of the technology, Possible
frequent submissions



FEMHEE: TEDH

Q“H_ { MIMOSA 28 -epi 20um :
< - chooceoag MIMOSA 32 - REF - 1502!]x2|]um“2
a L MIMOSASZ REF 1SCZDX4I}um“2
c100— —
0 f—
S r
E
w 99—
98—
97—
96—
94_ |....E:,..;:,...E:....l;....i..,,
4 5 6 7 8 9 10 11

R CE /¢

sharing)
o 1% & ] ~F(cluster in several pixels)
o 1% 23 (discriminator or ADC)

size

SR 23

Threshold / noise

Resolution (ium)

— kA TS R IWEE  (charge

(8] 77 #%: 3.2um for 20um X 20um pixel

|3 4

&

Resolution (um)

Mimosa resolution vs pitch

e +--—- Theoritical digital resolution (pitch / ¥12)
12H Mimosa 8 Analog (12bits)
| Mimosa 9 binary (1bit, reprocessed) ,
| Mimosa 16 binary (1bit)
| Mimosa 18 Analog (12bits)
1 0_ Mimesa 18 binary (1bit, reprocessed)
| | ———— Mimesa 22AHR binary (1bit)
| v Mimosa 28AHR binary (1bit) :
- Mimosa 34 analog (12bits) P (\%
8H Mimosa 34 digital (1bits) | 06\
» Qc
| E— ;
Qe ; SR S N SOOI S
=4
- i /_/[
o B N £ o S - enc aing
- 42t
- 1 : ;

IIII|I\II|IIII|II\\|IIII|IIII‘\IIIlIIII
05 10 15 20 25 30 35 40 45

pitch (um)
Pixel Dim. [um”] | 20x20  22x33  20x40
oo [m] 32401 5./55 54101




DUAE R TERE

iﬁﬂun —J*ﬁ('riﬁl%? IS%
o MIMOSA28 E & I il I PLaE R HE /7 -

* MIMOSA32: combined dose of 1 MRad and 10'3neq/cm?
> SNR:21 @20 °C, 19 @30 °C
> Detection efficiency : 99%

HE &b

3X10%neq /cm? + 15

0 kRad at 35 °C

Radiation load 0+0 3-1012 n. /cm? + 300 kRad [ 1013 n.,/cm? +1 MRad
Coolant temperature 15°C 30°C 20°C 30°C 20°C 30°C
SNR 304+ 07 2831+ 0.6 22.0 £+ 0.3 23.0+ 0.3 21.1+0.3 19.5 + 0.2
Detection 99.86 99.59 99.63 99.49 99.34 99.35
Efficiency +0.14 % + 014 % +0.13 % 4+ 0.16 % + 0.19 % +013%
N
| Signal/Noise ratio for P25 | [ Seed signal for P25 |
én_ne S . - REFIGL -MEVEA0-35:0.71 :;omé : - REF@15C - MPV=645.23:14.02 :;n.12: : a - — R
|:] REF@30C - MPV=28.33:0.56 0.035f .
0.05}- - - 1MRad+10™@20C - MPV=21.12:0.33 DkDBf I:l REF@30C - MPV=626.26:10.15 9-1;' B LA R ‘ - MR +10 G20C Maan=2441 RMS=T41 Orflow=1
D.ﬂiif S - _1Mmm1u‘@3m B MP\.I'ﬂ!l.Hiu.Z;.l 0.025; - 1MRad+10"@20C - MPV=559.20: 7.7 0.08 :— 1 ‘ |:| REFGIC Meane21 30 RMS =419 Ovedlow=1
; : D.DZ: e -
0.03f o 1NMRad+10" @30C - MPV=519.48:51 0.0 =i i P15 Meacrt 87 RMS <831 Ovationy
; 0.015F - - : : : N : - -
- 001 e S C !
D.D‘l: . D_DD5§ . E . nnz;.
o 100 z 1000 1500 2000 25;11: I ': 35§u " 4000 ;

SignaliMoise

Collected charge (electrons)

>4

90 100
Electrons



BEHEE

o TRV RN, B U7 A0SR R
> MIMOSA28: 2cmX2cm, T, 200 us/Mi (200ns/1T14 &)
> MIMOSA32: 5.2mmX3.3mm, T__ 32 us/Mi(200ns/row)
> ASTRAL: 3cmX1cm, T. 15us /M

» Bafemie iR
0 KAMIGE BT

» Less row per column

» Allow in pixel discriminator

- r.o>2 X faster

S E AT

simultaneously

- r.o022-4 X faster

)
» 2 or4rowsreadout }I
{.
{

> Subarrays read out/in N

- r.o >2-4 X faster

o A A Crolling shutter—
global shutter)




(material budget)

YI:

thinned sensors

e STAR TR FFHLEL: 0.37%X,/layer
> Senser: thinned to 50um lﬁme My i T T —
> Cable: Low mass flex cable IO * \ 100 pm

. E 2mm
o LT L o em
i R

> one side: high-resolution senser
L3
l ~ spatial resolution Low mass flex cables

the other side: fast senser
> First prototype: 0.6%X ,/ladder

validated with 100GeV test beam
> 0.35%X 0/|adder (0-18%X 0/|ayer) Cryostat; 0.2mm CFRP+1cm styrofoam+0.2mm CFRP Beryllium shell = ; cooling tube:
}/ 051 od:Zr}'}m,id:l.Smm
: [\ /

under construction

o BHKINFE > AR (air or

Layer 3: 17 ladders Ilmm CFRP

69.6

i Layer 2: 11 ladders

cool N,), I/ DRI &5 H A7) Ji
> MIMOSA28: 150 mW/cm? S e
» ASTRAL: 100 mW/cm? —— el e
—— 82 N 143 |15,
' 146 3)164.6_| 75




CPSit> | L2 Bl

o g}g%ﬁﬁ%ﬂﬁ%%ﬁ*ﬁﬁﬁ RIFEERLL, MAPSS R AXEEZSCAH =T201
o N ARAK S BEM B S TR, BT T2 Mud i
> HVEA) Codt AG R B BT DU N DIFE . $R s, AR I P K8 ALPIDE
(Self-triggerediz i /7)) FIASTRAL (Rolling shutterisz H /7 7))
> KHTEEREMHAMEE (> 1kOhm) CMOST. 2., B =KW IE, {fisensorflFhiE =4
FER, DA m e SRR M2 (8] 0 9%, BPHR. HV-CMOS

f Charged track
/ passivatior| Sensing node

0.35pum - 0.18um mos PMOS
e

Pwell | Nwell Pwell Nwell | Pwell

Resistivity: 0.4- 1-2kQ.cm Deep (Burried) Pwell

Epitaxy: 14 - 18 - 40 um thick
NMOS >NMOS+PMOS
Higher read-out speed,

P- epitaxy

higher radiation tolerance P** substrate

e [MIMOSA 26 (Eu-EUDET) e | MIMOSA 32 (first prototype)
. MIMOSA-22THRA1

e MIMOSA 34 (optimization)

e MISTRAL (ALICE ITS, dis. In column)
* MIMOSA 31 (with 4-bit ADC) e ASTRAL (ALICE ITS, dis. In pixel) 10

e MIMOSA 28 (STAR-PXL)
e MIMOSA 30 (Double-sided prototype)



2.4 CPSIE =R Z5 I N H

« EUDET &N RImBEIL s R4t
> 6x Mimosa26 planes
> Successfully operating since 2008

o STAR Tﬁgﬁ%xﬂ' a5, Ebr B8 g G R PRI S5 1E S Re ) B S 5e HH B RN, 2014412
> CBM @ FAIR: 2016 45 B %k
o CAMERITFEAKITINH

~ ALICE @ LHC: WRIEE R FH 2 (~10 m2).

_ILD @ ILC: Tl s ) 22 Fhimf
_ CEPC: Til si#R2s Fiisst

STAR HFT (0.16m?-356M pixels) CBM MVD (0.08m?-146M pixels) ALICE ITS Upgrade (10m2—1ZGp|er)
11



1: STARTW,

=AUk

TPC — Time Projection Chamber
(main tracking detector in STAR)

HFT — Heavy Flavor Tracker
eSSD — Silicon Strip Detector
eIST — Inner Silicon Tracker

ePXL — Pixel Detector
or=2.8,8cm




STAR Pixel Detector (PXL)

Mechanical support with kinematic

mounts (insertion side)

Insertion from one side
e 2layers

e 10 sectors total (in 2 halves)
e 4 |adders/sector

e Air cooling

Ladder with 10 MAPS sensors (~ 2X2 cm each)

L. Greiner (LBL) / CPIX-2014

Key dates
3-sector prototype May 2013
Full detector Jan 2014

carbon fiber sector tubes
(~ 200 pm thick)

2-layer kapton flex cable with Al traces

< 20 cm

v

13




STAR Pixel Detector (PXL)

e Technology: AMS 0.35 pm

ﬂ i NMOS only in pixel e Reticle size: (2x2 cm?)
- Pixel Array array * Pixel pitch: 20.7um
i Rolling shutter mode fHf o Rr? architelcture: m”il?gl e Array size: 928 x 960
{|E NMOSonly! H Shutter column parallel ion time- 1
| readout with inte rafced Inte'gratlon time: 185.6 us
zero suppression logic * Inpixel CDS
e Sensors thinned to 50um
U High Res Si option
ADC ’"CMOS | Mimosa 28 - epi 20 um - 30 C |
Zero suppression _ —— NotImadiaied 5
Zoo = §
g 510'1%
.3 98 3:10" 'é
Esa 210° §
=10* E
ULTIMATE : * 110° %
(MIMOSA 28) £ 92 10"
5 90 | ::42
: - ® 10*
8 TR TETR TR 1] | 86 T W 10"
g ) ek "'-i [r RO PO | PPN | ST | PR PRV | PRI | R PR Feve A1
i ‘:~.:.~.'..-.-.w..-..\-‘.m‘..-..rs..—.-'--‘»-u- 4 5 6 7 8 9 10 11 12 13 14 10

(&

Threshold (mV)
€ ——— 22240mm —>

C. Hu (IPHC) / CPIX-2014 14



STAR PXL — Detector Design Characteristics

DCA Pointing resolution

(120 ® 24 GeV/p-c) um

Layers

Layer 1 at 2.8 cm radius
Layer 2 at 8 cm radius

Pixel size

20.7 um X 20.7 um

Hit resolution

3.7 um{”) (6 um geometric)

Position stability

6 um rms (20 um envelope)

Radiation length first layer

X/X, = 0.39% (Al conductor cable)

Number of pixels

356 M

Integration time (affects pileup)

185.6 us

Radiation environment

20 to 90 kRad / year
2*10* to 102 1MeV n eq/cm?

Rapid detector replacement

~ 1 day

L. Greiner (LBL) / CPIX-2014

e 356M pixels on ~0.16m? of Silicon

) Simple geometric component, cluster centriod fitting gives factor of ~1.7 better

15



W FI2: ALICE ITS 2%

uter layers

10m?, 2J12G pixels

MR K, HEetREE
FCPSE: i 7 UG R AR

R
Beam pipe
* 7-layer barrel geometry based on e NHH3)Z (Inner Barrel layers)
CMOS pixel sensor
« T coverage:23-400mm « 4MAAJZE (Outer Barrel layers)
e ncoverage:| n|<1.22 For tracks from ° #@ﬁ%/)%:o-:s%xo(m), 1%XO(OB)

90% most luminous region

16



ALICE ITSER ML B

Mean X/X, = 0.276% Cooling Ducts

2]

o

D
b 3
M
)

3

Mechanical
Connector

9 Pixel Chips

Soldering Balls

Flex Printed Circuit

Total weight
1.5 grams

o AR BB
B AH RS

17




ALICE ITS:t Fr

CMOS Pixel Sensor using TowerlJazz 0.18 um CMOS Imaging Process

NWELL NMOS PMOS
DIODE TRANSISTOR / TRANSISTOR

) o W
e U e /L T TowerJazz 0.18um CMOS
N Feature size: 180nm
HDEEP PWELL

G Metal layers: 6
- Suited for high-density, low-power Gate
A oxide 3nm
k " - Circuit radiation-tolerant

--“» .'- ’ B
Epitaxial Layer P- R .. -

PR I I FH (>1kQem) pZ A EJZ, B 20um-40pm
/I’n-well diode(EL1£2-3 um), Z11/10(8 FZ R ~F KB E
A I TAE R R 3 I n-well i FIFER )2

A DU A p-well, HELEEI U5 R VG

18



O ZHER

Parameter Inner Barrel Outer Barrel
Silicon thickness 50 um

Spatial resolution 5um 10 um

chip dimensions 15 mm x30 mm

Power density < 300 mW/cm? <100 mW/cm?
Event time resolution <30 us

Detection efficiency >99%

Fake hit rate < 10~ per readout frame

TID radiation hardness (*) 2700 krad 100 krad

NIEL radiation hardness (*) 1.7x10%3 1MeV n,, /cm? 10*2 1MeV n,, / cm?

(*)10 X radiation load integrated over approved program
(~6 years of operation)
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ALPIDE

NOooorNoo
100 |00, 00
]
000 Ol
00| 00| 100

suppression

E
O
TOo0o0n

000000
u
0

TD DTD DTEI DT

AMP COMP

Pen P

EB HH BL
fioh 3 M

Buffering and Interface

Ty W N

MISTRAL - O

s

0

O
{n

SEL=1 ‘\2'

"

nEn

LS

L

UL

L L

]

LH L O

mifn}

N}

mifsll=!

L U

Lt

000 e.
DoCe .

Lh Ch L

SUZE (Zero Suppression and Encoding)

0,005

EEBEF 1L
H Crolling
shutter)

Chip size (mm X mm)
Dead area (mm X mm)
Pixel size (Lm X um)
Readout speed (us)

Power consumption (mW/cm?)

15X30
1.1X30

28X 28

<40

15X 30
1.1X30

36 X64
~20

97 (nl By N2I73) 90



ALICE Plxel DEtector (ALPIDE)

Detection Efficiency (%)

100
% | 6GeV/cn
98—  Efficiency Fake-hit Rate @ V_.=-3V %
- . . Non Irrad?gled
94— —— —=—  Mon Irradiated :
F @ —e— —a—  TID Irradiated, 206 krad
gol— \ —a— —g—  TID Irradiated, 205 krad
— —_ —#—  TID Irradiated, 462 krad
oo — —s—  TID Irradiated, 509 krad
= —+—  MNIEL, 1.7e+13 1MeV n ;cm:
- —a—  MIEL, 1.7e+13 1Me\' n_ /
88 rsemsitivifly Limit I E+ ) E n"“ c -
(20 Pixels masked ] 1 T
86—

-t
(=1
B

e Large operational

n 1 L L 1 1
100 200
Nucl. Phys. A 967 (2017) 900-903

e 5 umresolution @ 200
e threshold

* Chip -to - chip
negligible fluctuations

Resolution (um)

99% 2 0°g margin with only 10
_____________________________ 0o masked pixels
4 .- (0.002%), fake- hit
%, = rate <2 x 101!
Sy 'y pixel/event
O 10°% . .
S e * Non irradiated and
_ | TID/NIEL chips
1 similar performance
400 “s00 "
Threshold (e )

Nucl. Phys. A 967 (2017) 900-903
- 6
- | 6GeV/cn 3
- 15
- — =t Nonlradiated ==~~~ " " —
— TID Irradiated, 206 krad ]
:— TID Irradiated, 205 krad — 3
- TID Irradiated, 462 krad .
== TID Irradiated, 5089 krad -
2 NIEL 1 7413 1hou/ ) e 2
E_ — e ;
g; - - L1 ! L1 :u

100 200 300 400 500 )
Threshold (&)

L1l

Average Cluster Size (Pixel)
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" Infier Barrel s

© ~"E Muse [EERN).= VC), Vienrin, Feb 2019

~ =

Layers—0, 1 and 2

A




. FH 3. CEPCIH = R 2%

e CEPC (Circular electron position collider) is proposed as e*e"
Higgs (Z) factory
> The collider ring is about 100km
> E_~240GeV, luminosity ~2x103* cm=2s?, 2 1P, 1M Higgs in 10 years
> canalsorunatthezZ. W
> Precision measurement of the Higgs boson (and the Z boson)

e CEPC - possible accelerator based particle physics program in China
after the BEPCII (Beijing electron position collider) o

29
8

£)
Higgs mass = 125 GeV

IP 2

Booster

g

Cross-section (fb)
S

Positron Ring | | Electron Ring

0 i i i
200 250 300 350 400

e*e” Higgs (Z) factory
Ring length ~ 100 km

_ Linac




CEPC Tl s R 28 1 77

FEEERETE AR resolution on the track impact parameter

A\

i N & 14518 7
o /MEFERSF: digital pixel 16pm
YiliiE (Material budget) :<0.15% X ,/layer

>

> RPLAEHR

10
p(GeV) sin®/2 ¢

Orep = 9 pIm & JAT11.

¥ (Spatial resolution nearthe IP) : <3 um

50 um

> {KIhFE (ATBARGAEDD) + <50 mW/cm?

> BRI P AL A BT 2R R A
B ETHHE (Pixel occupancy) :<1%

> MEERERT: 16 pm
> it AR ~ few-20 ps

— ZHIM 25142 radius of the first layer ) ~ 1.6 cm (CDRIE#5)

> e in I .

77 &b
&=

~ few-20 ps

: lonizing dose: ~1 Mrad/ year, Non-ionizing : ~10'?n,./ (cm?year)

24



=% 33z ans

- EI —1 E' E_ _._c058=0.565 ',c059=0.842 __'__cose=0.949
e IL6/=, HE3FE E ’ :
0T 300 -+ ;
double- mded@%ﬁ% o oSIT
E
= 200 ~_€0s6=0.986
o Ei‘ g;?l‘}l:' 7 IETJ 7] ?5}15 1505_
225 . z 1 47 FTD | _—"]
ﬂ‘ j_\{ ° 2 . 8 um 100;— ' I v . g  c0s6=0.998
= = 2 o
% 20 40 600 j000 1200 1400
Z [mm]
R (mm) |z| (mm) |cos 6] 05, (um) | Readout time (ps)
Layer 1 16 62.5 0.97 2.8 20
Layer 2 18 62.5 0.96 6 1-10
Layer 3 37 125.0 0.96 4 20
Layer 4 39 125.0 0.95 4 20
Layer 5 58 125.0 0.91 4 20
Layer 6 60 125.0 0.90 4 20

25



AR

e CMOS pixel sensor:

vV V V

* SOI:

Architecture

Pitch (pm?2)
Power con.
(mW/cm?2)

Integration time
(us)*

Prototype size
(mm?)

Main goals

2015, 2017 IR JadePix1, JadePix2, MIC4,
2019%FEiR A s
2020%E i /' : TaichuPix2

> 202149 A TaichuPix full size,

CPV1, CPV2, CPV3(2019), CPV4_3D (2020), CPV5_3D (2023)

JadePix3, TaichuPix1

JadePix4%E

JadePix1 JadePix2
2015
Roll. Shutter + Roll. Shutter +
Analog output Bl In pixel discri.
33 x 33 22 x 22
/16 x 16
- 40-50
39x79
(36 individual ro) ~ ° 33
Sensor Small binary
optimization pixel

2017

MIC4

R

oll. shutter +

Data-driven r.o.

+ In pixel discri. end c:ncc'ﬂaz:iﬂﬁw
25 x 25 - 16 x 26
16 x 23.11
150 m) -55

~3 ~100

31x46 EEp 10461
Small pixel + Smaller pixel +
Fast readout+ Low power +

nearly full functional fully functional

26



e e

JadePix-1 JadePix-2/MIC4

CMOS




S.P. resolution (um)

O F P RERT T

¢ ‘—Eﬁ: ):IL ‘I‘% ﬁl% ﬁﬂ: 7{» 7‘5‘ ?jﬂ? Plane 0 1 2 3 4 5 z
o TR MRS R —— A
- BORINR: WIS TR

B M26 plane
N7y Yo él—\b* —
A A J
> AR PERERR E
Beam . DUT plane
e R B s I
2 [ CEPC JadePix-1 - |:| Add. material
[ = - p
S| shl e .
5 &t / e 2]
g [/ =1
s [
& a4/ I
5 ¥ 1 1
3 32?\1\;&_.;;
o E gt ) £ ] 7
" z, z, z, puT z, z, z,
1 1 1 l | 1 1
2 - Alinx = A3inx n -
F o Aliny = A3iny
1
PRV EPRRPRTINN IS B U APIN BPRTI B
0 2 4 ] 8 10
Neutron Fluence [10' 1 MeV n,,/cm?] o esidual vs Laser power tune ETOXJ?S"I""I""""I"" e — .
. i =2 =S L I L R tE [ 3
S.P. resolution measured as a function of threshold 2 65 JadePix3 —*— RMSofResidual X /. 3 g oF - Data E
45 % 555 @ RMS of Residual Y /// E E TaichuPix ) — Fit 3
. 8 e LS E S0 E
35 = E avg. cIuste/r;r e <15 g E E
3 | 0.5pitch %) 4.5 3 A E - :_ E
25 [ v’? o S — o a- = E .
) ] . | - 3.5E 3 *E E
15 - t - f - = E r ]
3t ] 20— 3
1 t | 1 550 E F -
os - Cluster size increased 1 na 3
0 0926 0928 093 0932 0934 0936 0.938 C 3
° 1000 2000 3000 400 000 Laser Power Tune :|-|||-|||||||IL |.In|1|l||||l:. Iu--.l....l....:
Bos 004 .05 002 001 0 001 002 003 004 005

Signal charge of laser beam (e) L | | L | residual(x - X,gq) (mM]
4 3.5 3 2.5 2 =




RO AR 1] K R

o [KMiE (0.37%X,) M LB (v10pm) K
ol

o PRI GSAIAY 28 GEAE 8 E DESYREAT SR I

TR < A

| B sit f
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RO AR

Cluster Size

Counts

Y RNE:S

C Mean = -0.55 60000 Mean = -0.05
GO0 — . - [ *
- Sigma =4.8 - Sigma = 4.97
- 50000
S0000|— —
- 40000 |—
40000 = -
B § -
- 2 30000
30000 | O a
20000 — e
1OHKHD :_ 100D :—
{):"""""""' i I B I PR I 0 I llnnnndl L L
=50 40 30 20 -10 0 10 20 30 A 50 =50 -4 =30 =20 -10 0 10 20 0 40) 50
AU [um] AV [Hm]
Cluster Size VS Threshold @ 5GeV
’ - ] 6= -@- U Resolution
2_8: : E =@~V Resolution
C \ - 55 —
26 - = I ]
— — — 5.6 gy —
C T - £ - i ///.-——_"—- ]
o= &\\ ] % 54 e -~ =
- . 5] - ]
22 \\ — % 52 = / =
- ""-...\ ] e — —
of = LIS — -
- \\ = SE ]
18 - 4.sf f
- .
4 4.5 5 55 6 6.5 7 15 8 8.5 4 4.5 5 3.5 6 6.5 7 7.5 8 8.5

Threshold [Sigma]

DRI IR IS B 70 2] Sum

Threshold [Sigma]
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e LGAD (Low-Gain-

Avalanche-detector)

ZERLEN FEAR Nl

%%&A%T—%

it 2% =2

/=

o FEAMIN IR IR, H N

o SLIE 5 UK
o (K325 (10-JL1)

HR I RN ey 37 (X
12 KA

Bias Voltage

Lumopyealg

Voltage

__:____:'_:_':'_'_UIEEE:-'E‘F_Q‘lﬁ'_'__'::Z'_::ZZ_':I_______'_

umopyealg



LGAD I-VAIC-V

1/c?

Current
<
m
[=]
=

Low gain

»
i
g Low gain
>

Bias Voltage

Bias Voltage

|-V C-V

o 18RI FLIg AT DAAE R T 1 L e
] PN 290 SR AE AR Y 7 B 75 110 F 37 X[ T AN
Sl FE R BE, SEEUN SR T
5 IR RS HOR

o LGAD A7-AE N MEHIE B R 1E

LV, HISERR MR |
s Ve AAERHE signal

>

Amplitude

>
Bias Voltage
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AC-LGAD
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Avalanche Photodiode (APD)
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Geiger mode -APD
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