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Outline

@ Demands for sensors produced in Russia

@ Designs of MAPS (monolithic active pixel sensor)

@ Development of Tip APD — Silicon Photomultiplier based on spherical p-n junction

@ On possible development of MAPS
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Pixel sensors for vertex / tracking detectors

@ High demands in particle detectors
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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 Si wafer
¢ Many advantages, intense R&D at high-tech centers, reproduction started in China
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MAPS-ALPIDE - partial depletion design

@ Partial depletion => slow charge collection low radiation hardness

NWELL TRANSISTORS NWELL
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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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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
process

o Fully depleted substrate

\ 4

o Drift charge collection
O Bulk rad hardness
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MALTA - full depletion + charge focusing

@ Prototype: 100 um thick, 36 um pixel, full depletion at -6 V, operating voltage <-50 V
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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 uym gap in the low dose n-layer
‘extra-deep p-well’ layer: 5 pm wide additional p-well implant

300um HR substrate

P-type Cz substrate 800 Q*cm

P+
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Reproduced in China: TaichuPix1 = MAPS-ALPIDE

@ Prototype 2022: Si-epi 25 um, pixel size 25 um, array 192x64 (~512x1024 to be in 2023)
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R&D on Silicon Photomultiplier (SiPM):
basic studies (1980s, LPI), MRS APD (1990s, CPTA), SIiPM (20005 MEPhI)
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P. Buzhan, B. Dolgoshein et al, ICFA Instrum. Bull., 2001
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Modern SiIPMs based on planar p-n junction (MEPhI design):
Hamamatsu, ST Microelectronics, Excelitas, SensL/On Semiconductor, FBK/Broadcom
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Non-planar SiPM designs based on quasi-spherical p-n junctions:
Metal-Resistor-Semiconductor APD, Micro-well APD, Tip APD

SiC or Si* Ti or Au layer of d~0.01p
(d~0.15p) ? %

resisrors Incident photons
M R
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Sadygov, Z. Three Advanced Designs of Avalanche Micro-Pixel Photodiodes (NDIP 2005) Vinogradov, S. Tip Avalanche Photodiode—A Spherical-Junction SiPM Concept (NIMA 2023)
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Advantages and drawbacks of TAPD

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

Cathode

¢ Low capacitance => .
Tip-shaped Spherical
— fast timing response, fast recovery ~ RC, n electrode Pt junction
— low readout noise ~ kTC; p-type photosensitive layer
¢ High Dynamic Range (small cells) pt subsirate
¢ Low breakdown voltage =>
— low power consumption, | |
¢ Low size of high electric field region => et e - s -,a‘rb't}ry ael sl melg) eSSty
— lowDCR by SHR (TBD) : quenching resistor

— radiation hardness (TBD);

@ 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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@ Single electron response time = 4 ns

@ Single cell recovery time = 4 ns

Normalized amplitude

Single electron response
3D-SiPM (15 pm pitch)
---- PM3315-WB (15 pm pitch)
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TAPD developed in collaboration with KETEK (2017 — 2020): record performance

@ Max PDE =73% (608 nm)
@ NIR PDE =22% (905 am)

@ Waide spectral range: PDE > 50% (400 — 800 nm)
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Engelmann, E.; Schmailzl, W.; Iskra, P.; Wiest, F.; Popova, E.; Vinogradov, S. Tip Avalanche Photodiode—A New Generation
Silicon Photomultiplier Based on Non-Planar Technology. IEEE Sens. J. 2021, 21, 6024—-6034, doi:10.1109/JSEN.2020.3041556.
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lNpoekT no pa3pabotke SiPM HennaHapHou KOHCTpyKuun ¢ MUDT

@ Benerca HUOKP «Pa3paboTka HOBOTO THIIa KPEMHHUEBBIX (POTOYMHOKHUTEIEH HETIJIAHAPHONW KOHCTPYKIIHM
¢ I'pant ponaa coaeiicTBus uHHOBaMAM «TexHoctapt-1» Ha 2022 — 2023 rT.
Ha texnonoruueckoit 6aze LIKII u TII MUDT, rn. texnonor A.A. Xykos

L 4
¢ Pa3paboTaHbl KIIIOUEBBIE AIEMEHTHI TEXHOJOTUH, TEXIPOLECC, (POTOIAOIOHBI
L 4

Breimyck 1-i1 maptun mianupyercs jertom 2023

SEl 20kV WD11mmSS40 5um SEramEaETe AN o

C.J1. BuHorpagos «O paspaboTtke MAPS» CoseLanne ONAN 24-04-2023



ApanTuBHbIN Ko3dnumeHT ymHoXeHus: 10 ... 10°@ AU =10V

Gain~ 10 @ U ~40 V, Idark ~ 40 pA/mm?  ................ Gain ~ 10 @ U ~ 50 V, I dark ~ 0.5 mA/mm?
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3aKkn4veHue

@ Bo3MoOXHbBIE KOHCTPYKIIMH HemaHapHbiX S1IPM + MAPS:
¢ SiPM + MAPS-ALPIDE
¢ SiPM + FD-MAPS

®@ B03MOXHbIE MPEUMYIIIECTBA KOHCTPYKIUM:

4 CCHCOp N aKTHBHAA 3JICKTPOHHNKA NU30JINPOBAHBI 1 HC3aBUCHUMBI

¢ CeHcop UMeeT MUHUMAaIbHYI0 EMKOCTH (cpepa) 1 alanTUBHYIO YyBCTBUTEILHOCTD (JJaBHHA)

— YIPOIIEHUE JIEKTPOHUKH (0€3 YCUIICHHUS)

— YMEHBIIIEHHUE TOJIIIMHBI CEHCOPA (MEHBIIIE PACCESTHUE)

@ B03MOXHOCTBH pa3pabOOTKH U BBIIYCKa B 3€JICHOIPAJIE - pACCMaTPHUBACTCS
¢ Cepreu Bukroposuu 3mee, MUDT

@ Bo3moxxHOCTh 3anHTEpecoBaHHOCTH BM(@N — npeanonaraercs
¢ Muxaunn Mouceesny Mepkun, HUAD MI'Y
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Paspabotka 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

@ I3mepenus odpasnoB B KETEK u MUD®U

¢ IloarBepikacHUE peKOPAHBIX TapaMeTpoB B Jadopatopuu SIPM komnanuu 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

@ OyHKIOHAIBHOCTH SIPM — pa3pernienne unciaa (GOTOHOB - MOATBEPKICHA

¢ BosmoxHo, ecTh pa3dpoc paguyca chepruaeckux P-N mepexoos

¢ XapaxTepu3allys 1o MUKaM 10 CTaHIapTHBIM MeTogukaM SiPM
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NoaoTBepxaeHue paanaumMoHHou ctoukoctn TAPD (2022)

Uccnenoanng UHH/DESY Detector Lab
OO0ay4yeHHe TEII0BRIMU HelTpoHaMu 1 M»aB

JTo3e1 10 1012 cm2

CpaBHeHuE ¢ T1aHapHeIMHu S1PM
¢ KETEK MPI15: 15 mkMm sueiiku, 1x1 mm?2

¢ Tunuunas nis SiPM paj. cTOMKOCTh

@ Poct temHoBoro cueta (mpu ®=10'% cm?)
¢ TAPD - 10°pas3
¢ KETEK MP15 — 10° pa3

J. Romer, E. Garutti, W. Schmailzl, J. Schwandt, S. Martens,
“Radiation Hardness of a Wide Spectral Range SiPM with
Quasi-Spherical Junction”, NDIP (2022) / NIMA (2023).
http://arxiv.org/abs/2209.07785.
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Figure 7: The dark count rate at 20°C calculated
using Eq. 7 normalized to a detector area of 1 mm?

for the TAPD 0.6 pm and the MP15. The overvolt-
age is given as Vover = Vpias — VBD.-
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