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Outline

@ Designs of MAPS (Monolithic Active Pixel Sensor)

@ Designs of SiPM (Silicon Photomultiplier)
¢ Based on planar p-n junction — modern SiPMs
¢ Based on spherical p-n junction — Tip APD

@ On possible design of MAPS based on spherical p-n junction

@ Status of R&D on Tip APD in the Lebedev Physical Institute
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Monolithic vs Hybrid

@ Hybrid = sensor chip + FEE chip coupled by flip-chip integration

¢ Became obsolete, large total thickness => particle scattering and resolution losses

® Monolithic = sensor region + FEE region on the same S1 wafer
¢ Many advantages, intense R&D at high-tech centers, reproduction started in China

Hybrid sensor chip (e.g. silicon) Monolithic (MAPS)
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MAPS - ALPIDE

@ Partial depletion => slow charge collection by diffusion, low radiation hardness

NWELL TRANSISTORS NWELL
DIODE NMOS PMOS DIODE
: VRST
PWELL [ ] PWELL A_NWELL A/ PWELL L(\S/ND
: ‘«\. 3 E T Ves
DEEP PWELL PN DEEp PWELL 10 cm?®  —

~~~~~~~

N, ~10** cm?
Epitaxial Layer P-

N-well diode, p-type epitaxial layer (~25 pm) and substrate

Diode size (2-3 pm) — very small than pixel size — low capacitance — high S/N

Possible to reverse bias (up to -6 V)

Drift e- reaching the collection diode induce a current signal at the input of transistors

Deep PWELL shields NWELL of PMOS transistors
— allows full CMOS circuitry in active area
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MAPS - MICA

MICA MAPS pixel chip
Collection Collection
electrode - __electrode * Domestic process
| = ' * Pixel Size: 27x31um?
* Pixel Array: 512x980

* Front-end peaking time: < 2us

Depletion area Depletion area

* Pulse discrimination time: 5-10 us
* ENC < 10e-

* Power consumption < 40mW/cm?

@ Le Xiao, The Research and Development of MICA Chip, Seminar on the Chinese-Russian Cooperation within the NICA MPD-ITS
Project, VBLHEP JINR, 23 — 24 Jul. 2024.

@ Yuri Murin, The MPD BP Installation Container; status and perspectives of the ITS, XIII-th MPD Collaboration Meeting, Dubna
23.04.2024.
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Outline

@ Designs of SiPM (Silicon Photomultiplier)
¢ Based on planar p-n junction — modern SiPMs
¢ Based on spherical p-n junction — Tip APD
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R&D on Silicon Photomultipliers:
MOS APD (1980s, LPI), MRS APD (1990s, INR/MELZ), SiPM (20003 MEPhI)
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Modern SiPMs based on planar p-n junction:
Hamamatsu, ST Microelectronics, Excelitas, On Semiconductor/ SensL, FBK/Broadcom

metal ring metal ring

oxide /

quenching
resistor

covered
' ¢ edge

p -epi-layer

)
)
«

= p“-Substrate

FBK

Sergey Vinogradov «On possible development of MAPS» VIII SPD collaboration meeting, JINR 5 - 8 November 2024 8



Non-planar SiPM design — Tip APD (TAPD)

Incident photons
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Advantages and drawbacks of TAPD

@ Advantages ﬁ
¢ High efficiency (no cell boundaries) => high PDE;

Cathode

¢ Low capacitance C => :
e,
— fast timing response, fast recovery ~ RC, nt electrode b
- IOW readOUt nOISe ~ C) p-type photosensitive layer
¢ High Dynamic Range p+ substrate
¢ Low breakdown voltage =>
— low power consumption,
arbitrary cell cluster metal bias supply

¢ Low size of high electric field region => -
— radiation hardness (TBD);

P

quenching resistor

@ Drawbacks
¢ High sensitivity of Vbd to the tip radius
¢ High risk of tunneling near the tip

¢ Questionable reproducibility of the tips

active area

pillar
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R&D on TAPD with KETEK, Germany, 2017 — 2020: record performance

@ Single cell recovery time = 4 ns @ Max PDE =73% (608 nm)
@ Single electron response fall time =4 ns @ NIR PDE =22% (905 uam)
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E. Engelmann, W. Schmailzl, P. Iskra, F. Wiest, E. Popova, S. Vinogradov, Tip Avalanche Photodiode—A New Generation
Silicon Photomultiplier Based on Non-Planar Technology, IEEE Sens. J. 21 (2021) 6024-6034. doi:10.1109/JSEN.2020.3041556.

Sergey Vinogradov «On possible development of MAPS» VIII SPD collaboration meeting, JINR 5 - 8 November 2024 11



TAPD timing performance

@ Single cell photon counting ~ 100 MHz/pixel @ Single photon time resolution ~ 0.5 ns

¢ Cell size / pitch =15 um & Partial depletion
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S. Vinogradov, Tip Avalanche Photodiode—A spherical-junction SiPM concept, Nucl. Instruments Methods Phys. Res. Sect. A Accel.
Spectrometers, Detect. Assoc. Equip. 1045 (2023) 167596. doi:10.1016/j.nima.2022.167596.
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NoaoTBepxaeHue paanaumoHHou croukoctn TAPD (2022)

@ Hccnenopanuss UHH/DESY Detector Lab 101,

@ OOsydyeHHEe TEIUIOBBIMM HelTpoHamu 1 M»aB

@ Jo3er mo 1012 cm?

@ CpaBHeHHE ¢ IaHapHBIMU SIPM
¢ KETEK MP15: 15 MM sueliku, 1x1 Mm?

¢ Turmunas pisg SIPM pan. cToHKOCTb

@ Pocrt remuoBoro cuera (mpu ®=10% cm2)

¢ TAPD - 103%pas3
¢ KETEK MP15 - 10° pa3
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Figure 7: The dark count rate at 20°C calculated

J. Romer, E. Garutti, W. Schmailzl, J. Schwandt, S. using Eq. 7 normalized to a detector area of 1 mm?
Martens, “Radiation Hardness of a Wide Spectral for the TAPD 0.6 pm and the MP15. The overvolt-
Range SiPM with Quasi-Spherical Junction”, NDIP age is given as Vover = Vbias — VBD-

(2022) / NIMA (2023).
http://arxiv.org/abs/2209.07785.
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Outline

@ On possible design of MAPS based on spherical p-n junction
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[peanaraemble KOHCTPYKUUM NuKcena MAPS:
Tip APD + MAPS-ALPIDE — 1) 3arnybneHune n+ Konmnekropa

@ HenomHoe o6eqHEHNME, CITON ICKTPOHUKH U30JMPOBAH OT JUOAA M MOXKET 3aHATH BCIO IIOMIAIb
@ Deep Pwell u p+ substrate moryT ObITh 3a3emieHbI, cmerienre +U Ha N+ quon
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lNpeanaraembie KOHCTPYKUUU nukcensa MAPS:
Tip APD + FD-MAPS - 2) 3ameHa p-3nu Ha n-anu

@ Iloxnoe O6€,Z[H€HI/I€, ) (0)7§ SJICKTPOHHUKHU U30JIMPOBAH OT JHUOJAd KU MOKCT 3aHATH BCIO INIOIIA/Ib

@ Deep Pwell u p+ substrate MmoryT ObITh 3a3eMJIeHBI, cMelieHue +U Ha nt+ auon
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Outline
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@ Status of R&D on Tip APD in the Lebedev Physical Institute
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lNMpoekT no paspabotke TAPD ¢ MUJIT / HIMK TLU, 3eneHorpapg

@ HHNOKP «Pa3paboTka HOBOr0 THIIa KpPEeMHHUEBBIX (POTOYMHOXKHUTEIEH HEeTUIaHAPHONW KOHCTPYKIIUM
I'pant Gonna conerictBus nHHOBaLMAM «TexHoctapt-1» Ha 2022 — 2023 1.
Ha texnonmorudeckoit 6aze HIIK «Texnomoruueckuit LlenTp», ri. texnomnor A.A. )KykoB

PazpaboTana TeXHOJIOTHS co3AaHus chepruuecKoro Mepexoia paanycoM 1 MKM Ha TJIyOMHE 7 MKM C IIaroM 15 Mxm

* & & o

Beimyck 1-#1 maptuu - ero 2023; 2-i maptuun — BecHa 2024

. Mmag o HV curr WD HFW — V 11]

' «. Mag HV curr WD HFW | ——— 30 pm
120 000 x 30.0 kV|9.98 pA 23.1 mm|12.8 um SMA Quanta 3D FEG

|4 000 x 30.0 kV 9.98 pA 21.1 mm 64.0 um SMA Quanta 3D FEG
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PesynbTtaTtbl 2023 (1-a napTtua)
Gain ~ 5 K, photoresponse ~ ns
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PesynbTtaTtbl 2024 (1-a napTtusa)
OeTekTupoBaHue anbga-yactuy 4’Am (5.486 MeV)

@ Ammiuryaa~ 13 MB, paspemenue o/p ~ 27%, mMpruHa UMITYJIbCA ~ 5 HC

2024-06-04
16:13:01

Current Max Min 1e o (S-dev) Even unt Wave nt
Meas Group 1 B

Obn 37.018 p¥*s| 104.91 p¥*s| -10.915 p¥*s| 42.775p¥*s| 44.381 p¥*s| 11.828 p¥*s 210435 210435
CTaTMCTHKA:
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PesynbTtaTtbl 2024 (2-7 napTus)
OOHO3NEKTPOHHbIU uMmnynbsc: Gain ~ 75 K

[ File I Vertical +* Timebase Display = # Cursors @ E Measure & Math | Analysis X Utilities @ Support
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Measure P1:(P3-P5) P2:min(C2) P3: faII(C2) P4-ampl(C2) P5-area(C2) P6-area(C2) P7:(P6-P5) P8-delay(C3) P9-delay(C4) P10-hampl(F1) P11.edge@Iv(C3) P12rise(C2)
value 3251 mv 4 6549 pWb 6.6678 pWb 2.0129 pWb 1.039 ns
mean <7434 ns 3129 mv 1.989 pWb 8.746 pWb 6.757 pWb =975 ps
min =89 ps 491 pv -10.0175 pWb -4.0064 pWb -4.0581 pWb <77 ps
max <18.298 ns 9.646 mV 10.8075 pWb 24 7600 pWhb 24 2446 pWhb <19.178 ns
sdev =3.085ns 1.104 mV 2.384 pWb 3.064 pWb 3.058 pWb <1438 ns
num 4 182e+3 4 146e+3 4 146e+3 4 146e+3 4 146e+3 2.084e+3
status " " o
histo ‘ ‘ il i i

Timebase 1.4 ns||Trigger E C
Norm. 1.69 mV
12Bits Edge Positive

1.00 mv/div}
-2.400 mV §

1 . : : X1= 485ns AX= 64.1ns
T 1716 mV| T : : X2= -156ns 1/AX= -1560 MHz
A 1889 mV|A :
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PesynbTtaTtbl 2024 (2-7 napTus)
OOHO3NEeKTPOHHbIN UMnynbce: Trise = 0.45 ns, Tfall = 4.45 ns
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Measure P1:(P3-P5) P2:min(C2) P3:fall(C2) P4-ampl(C2) P5:area(C2) P6:area(C2) P7:(P6-P5) P8-delay(C3) P9-delay(C4) P10-hampl(F1) P11:edge@Iv(C3) P12:rise(C2)
value 4 456 ns 2617 mv 815687 Wb 6.014480 pWb 5198793 pWb 491 ps
mean 4 456 ns 2617 mv 815687 Wb 6.014480 pWb 5198793 pWb 491 ps
min 2617 mv 815687 Wb 6.014480 pWb 5198793 pWb 491 ps
max 2617 mv 815687 Wb 6.014480 pWb 5198793 pWb 491 ps
sdev
num 1 1 1 1 1
status " v o 2

histo | | | |

: Timebase 1.0 ns|[Trigger (=4 ES
1.00 mV/div 2 Bits
X1= 489ns AX= -9.5ns
X2= 394 ns 1/AX= -105MHz

! ! :
1 58.02 pV §
A 1190 pv}
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Pe3synbTtaTtbl 2024 (2-1 napTus)
cneKkTp poTOINEeKTPOHOB OT nasepa 535 Hm 40 nc

1.6 kil ! ! %‘
14 It : : \ Everywhereyoulook” 4
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Measure P1:(P3-P5) P2:-freq@lIv(C1) P3:fall(C2) P4-ampl(C2) P5:area(C2) P6:area(C2) P7:(P6-P5)  P8edge@Iv(C2) P9-delay(C4) P10-hampl(F1) P11:edge@Iv(C3) P12:rise(C2)
value — — 5074 ns 1.597 mV 2382 fWb 1.7300 pWb 1.4918 pWb 1 — 893 ps
mean — — <3141 ns 1.850 mV 904 fWb 4112 pWb 3.208 pWb 1.0979 — <7088 ps
min — — <36 ps 256 pv -4 2258 pWb -3.8488 pWb -10.3046 pWb 0 — <23 ps
max — — <8829 ns 11477 mV 10.6831 pWb 293910 pWb 26 4147 pWb 13 — <2874 ns
sdev — — <2051 ns 1.247 mV 1.034 pWb 3.205 pWhb 3113 pWb 855.7e-3 — <5081 ps
num 0 0 164 255e+3 164 570e+3 164 .570e+3 164 570e+3 164 570e+3 164 .570e+3 0 159.631e+3
status EiY A A v v < < & 7
histo s
-84 .0 ns||Trigger
; . 5.0 liv] Norm. 410 mV
12 Bits Edge MNegative
X1= 10895ns
141 mV] ] X2= 5900ns 1/AX= -20.02 MHz
11.9mV]1
22 mV|A
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Summary

@ Advantages to combine MAPS and spherical junction TAPD designs:

& Sensor and FEE are isolated and independent

¢ All front-side area is available for FEE

& Spherical p-n-junction in depth of epi-layer is efficient collector with lowest capacitance

¢ High radiation hardness is expected

@ Good progress in R&D and application studies of TAPD

@ Possibility of development and production in Zelenograd (MIET, ZNTC) - TBD

Sergey Vinogradov «On possible development of MAPS» VIII SPD collaboration meeting, JINR 5 - 8 November 2024
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PaspaboTtka TAPD SiPM

@ HIMOKP B corpymuanuectse ¢ kommanueit KETEK, I'epmanus (2017-2020)

¢ Ha rexnonornueckoii 6aze KETEK, X-Fab, Fraunhofer EMFT

@ O6pasusr TAPD 1x1 mm?, mar stueex 10 — 15 mxm, paguyc 0.6 — 1 MM

Structure Name  Nominal Radius (r;)

Breakdown Voltage

S06 0.6 um
S08 0.8 um
S10 1.0 um

@ 3mepenus oopasnoB B KETEK u MUD®U

¢ TloaTBepkacHUE PEKOPIHBIX TapaMeTpoB B jaboparopun SIPM kommanuu Broadcom

@ Ilyb6mukarmuu (2020 - 2022)

[1] E. Engelmann, W. Schmailzl, P. Iskra, F. Wiest, E. Popova, S. Vinogradov, “Tip Avalanche Photodiode - a new generation Silicon
Photomultiplier based on non-planar technology”, IEEE Sensors J. (2020) Vol 21, No 5, 6024-6034

[2] S. Vinogradov, E. Popova, W. Schmailzl, E. Engelmann “Tip Avalanche Photodiode — a new wide spectral range Silicon
Photomultiplier”, “Radiation Detection Systems”, Taylor & Francis (2021) Vol. 1, Ch. 9, 257-288

[3] S. Vinogradov, “Tip Avalanche Photodiode — a spherical-junction SiPM concept”, 9th Int. Conf. New Developments in Photodetection,

Troyes, France, 4 - 8 Jul. 2022.
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PesynbTtathl namepeHun TAPD:
paspeLllueHne yncna oTo3NEKTPOHOB

@ DOyHKIMOHAILHOCTH S1IPM — paspelieHue yncia (OTOHOB - HOATBEPIKICHA

¢ BosmoxHo, ecTh pa3dpoc paguyca chepruuecKux p-n mepexooB

¢ Xapakrtepu3zalus Mo MUKam 1Mo CTaHIapTHBIM MeToiukaM SiPM
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PesynbTtaTtbl 2024 (2-7 napTus)
POoTOOTKNUK Ha nasepHbIin umnynbc 40 nc: Trise = 0.48 ns, Tfall = 7.68 ns

B File | ¥ Vertical |+ Timebase I Trigger & Display @ # Cursors | E Measure & Math | = Analysis X Utilities =@ Support

35.1mV ! !
I [
30.1 mV i |
| . B
251 mv i i
g i f | |
201 mV i i
i A i
151 mVv i i
i |\ i
10.1 mv | |
| I |
5.1 mv i ’ \
100 T i | 4
49mV fcz i i c2
394 ns 49 4 ns 59.4 ns 69.4 ns 79.4 ns 89.4 ns 99 4 ns 109.4 ns 119.4 ns 1294 ns 139.4 ns
Measure P1:(P3-P5) P2:min(C2) P3:fall(C2) P4-ampl(C2) P5:area(C2) P6-area(C2) P7:(P6-P5) P8:delay(C3) P9:delay(C4) P10-hampl(F1) P11:edge@Iv(C3) P12rise(C2)
value 7681 ns 26.068 mVv 896.875 f\WWb 75.219822 pWb 74322947 pWhb 479 ps
mean 7681 ns 26.068 mVv 896.875 f\WWb 75.219822 pWb 74322947 pWhb 479 ps
min 7681 ns 26.068 mVv 896.875 f\WWb 75.219822 pWb 74322947 pWhb 479 ps
max 7681 ns 26.068 mVv 896.875 f\WWb 75.219822 pWb 74322947 pWhb 479 ps
sdev —
num 1 1 1 1 1 1
status i i o v v g
histo
HD ||Thase  -89.4 ns|[Trigger
5.00 mV/di Norm. -420 mV
= 5.1_[![![! m : Edge Negative
10.159 k § X1= 1393ns AX=  999ns
151 mV|] 68910 p ; X2= 394ns 1/AX= -10.01 MHz

Sergey Vinogradov «On possible development of MAPS» VIII SPD collaboration meeting, JINR 5 - 8 November 2024 28



MAPS - TaichuPix1

@ Si-epi 25 um, pixel size 25 um, 512x%1024 array
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FD-MAPS (ARCADIA) — full depletion design

@ Full depletion at -160 V @300 um Si, -40 V@100 um Si sensor thikness

o Standard CMOS process
O Electronics buried in deep p-well
O n-type high p substrate
o Back-side standard CMOS
pProcess
O Fully depleted substrate
\ 4
o Drift charge collection
O Bulk rad hardness

Sergey Vinogradov «On possible development of MAPS»

300 pm

VIl SPD collaboration meeting, JINR

DEEP DEEP DEEP
PWELL PWELL Ay oA PWELL

n-epi
n-type substrate

GR

Insulator

GR

Insulator

Charged particle / Radiation

5 - 8 November 2024 30



MALTA — full depletion + charge focusing

@ Prototype: 100 um thick, 36 um pixel, full depletion at -6 V, operating voltage <-50 V

p———— TRANSISTORS ——

n-well NMOS PMOS NMOS n-well

- B3N B _BE _JEm  Bu I - - e W e ww - -
p-well n-well p-well n-well p-well .

v

-

n_

special layouts for deep p and n wells to optimize field
configuration and charge collection: increase lateral field near
pixel edge to “focus” charge to electrode:

gap in the n-layer: 4 um gap in the low dose n-layer
‘extra-deep p-well’ layer: 5 um wide additional p-well implant

300um HR substrate

P-type Cz substrate 800 Q*cm

P+
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Pixel sensors for vertex / tracking detectors

@ High demands in particle detectors

Kanopumerpbl
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@ High demands in nuclear medicine
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