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Introduction: 3D Sensors

L are decoupled

Electrode distance (L)
and active thickness (A)

-> L<<A by layout

electrodes

n-active edge

S. Parker et. al. NIMA 395 (1997) 328
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High radiation hardness at relatively low voltage (power)

ADVANTAGES:
- Low depletion voltage (low power diss.)
- Short charge collection distance:
- Fast response rise
- Less trapping probability after irradiation
- Lateral charge drift > cell “shielding” effect:
- Lower charge sharing
- Low sensitivity to magnetic field

C. Da Via, S. Watts, NIMA 603 (2009) 319

DISADVANTAGES:
* Non uniform spatial response
(electrodes and low field regions)
« Higher capacitance with respect to planar
(~3-5x for ~ 200 um thickness)
« Complicated technology (cost, yield)
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Tech 1: Full 3D with active edges
SNF (Stanford, USA)

Active edges

i
i support wafer

C. Kenney et. al. IEEE TNS 48(6) (2001) 2405
C. Kenney et al., IEEE TNS, vol. 46(4) (1999),1224
3D CONSORTlUM

» SNF technology was used for the first 3D sensor prototypes
* Within the 3D Consortium, it was later transferred to SINTEF
(Oslo, Norway) in view of possible productions

T. E. Hansen et al., JINST 4 (2009) P03010
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Tech 2: Double-sided 3D sensors
FBK (Trento, Italy) CNM (Barcelona, Spain)

f G Bump A e— Bump

p-spray

| oxide Il metal [l passivation __ oxide [l metal B passivation
"] p'Si ] p'Si B n'Si _ p'Si M ppolySi M npoly-Si [ p'Si
A. Zoboli et. al., IEEE TNS 55(5) (2008), 2775 G. Pellegrini et. al. NIMA 592 (2008), 38

G. Giacomini, et al., IEEE TNS 60(3) (2013) 2357 G. Pellegrini et. al. NIMA 699 (2013), 27
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Main milestone: ATLAS IBL 3D pixels
* Double-sided 3D’s by CNM and FBK (50x250-2E, 230 um thick) FBK CNM
» First demonstration of small volume production p—" Sbl“
* Excellent performance up to > 5x10"° n., cm EZ3 e
ATLAS IBL, JINST 7 (2012) P11010 s = = s
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- ' z;:::umn PN @ fence
® ® ® o
. . 3d;¢ing d/
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Pixel Roadmap: LHC —» HL-LHC

To maintain occupancy at ~% level and increase
the spatial resolution - Reduce pixel size
50x50 or 25x100 pm?, compatible with new ROC
generation (CMOS 65 nm) from CERN RD33
Collaboration

Implications for small-pitch 3D’s

* Luminosity of 5x1034 cm-2s-"
« Higher hit-rate capability

(up to 200 events per bunch-crossing) electrode spacing (~30 um)

 Radiation fluence up to ~2x1016
for the innermost pixel layers

Modified technology/design for:
« smaller pixels with reduced inter-

Neg/CM? * narrower electrodes (~5 um)
« thinner active region (~150 ym)

Intense R&D programs with 3 processing facilities (FBK, CNM, SINTEF) since 2014
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CNM small-pitch 3D pixels with double-sided process

Si0, . .
g - = « CNM 3D pixel detector, 50x50 um?2 cells
B CEam B & e * (Partial) readout with FEI4 ROC
5 P4 e Pt P23Kem . DProton irradiation up to ~3x1016 Neg/cm? (KIT and IRRAD)
0um E « Beam tests at CERN SPS

HY | J. Lange et al., JINST 13 (2018) P09009

3D CNM, 50x50 um? 1E, d=230 um, 0°, 10ToT@20ke" 3D CNM, 50x50 um? 1E, d=230 um, 1.0 ke, 0° tilt 3D CNM, Different Geometries, d=230 um, 0° tilt
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Tech. 3: FBK new single-sided 3D pixels

Double-sided process not favoured for thin sensors, especially on 6” wafers

G.-F. Dalla Betta et al.,
contact hole ~ Metal bump pad NIMA 824 (2016) 386 and 388

» FBK pioneered use of SiSi DWB for thin

passivation/' sensors on handle wafer (also proved on
oxide —— SOl wafers)
* Ohmic column depth > active layer depth
n* junction (for backside bias)
5&3%‘30 L ‘/CO'“'T'” 152 « Junction columns depth < active layer depth
pSi (for high V)

sensor wafer

* Reduction of hole diameters to ~5 um

/._ * Holes (at least partially) filled with poly-Si
Metal

o p** Si « Post-processing: handle wafer thinning and
(after thinning) handle wafer ] .
backside metal deposition
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Other single-sided 3D approaches

SINTEF (Oslo, Norway) CNM (Barcelona, Spain)
paSSivation | p-stop , Dicing line to remove
Al Al Al : : support structure
50, i P . E
TR [
2 : . & | Highp
e PP % p+
3 : N
E T’ : p+ implant

Low p

Support wafer

=)

Wet etching process

A.L. Heggelund et al., JINST 17 (2022) P0O8003 G. Pellegrini et al., NIMA 924 (2019) 69

- 6" wafers, similar to FBK approach * 4"SOlwafers
- Main difference is in planar dopings * Backside wet etching for handle

at column opening wafer removal
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Small-pitch 3D pixels layouts = ¢

M. Boscardin et al., Frontiers in Physics 8:625275 RN oy
I
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3D diodes: Ieakage current and capamtance

Bias voltage [V]
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Electrical tests on pixels by temporary metal

» It's important to check the device quality at wafer level before bump bonding
» Multiple rows of pixels (strips) are shorted by temporary metal for electrical tests
» Detailed monitoring of process defects _
e S f I-V’s provides total currents M. Boscardin et al,
um o P _ Frontiers in Physics 8:625275
« Temporary metal removed after testing

Micrograph All strips in one sensor Total currents
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Efficiency of irradiated modules at beam test

13 VELO U2 Workshop, 12 June 2025

+ RD53A assemblies with different 3D sensor geometries
» Irradiations at different sites (CYRIC, KIT, U. Birmingham, IRRAD), both uniform and non-
uniform

e Beam tests at CERN SPS and DESY

INFN

Istituto Nazionale di Fisica Nucleare

« At 10'® n,,/cm? hit efficiency of 96% at normal beam incidence reached below 100 V
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Power dissipation

« Tested on neutron irradiated 3D diodes S. Terzo et al., Frontiers in Physics 9:624668

« At the voltages of interest for a high hit efficiency, the power dissipation is still low
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RD53A assemblies with 25x100-1E 3D sensors from FBK

Bonded to ROC at IZM, assembled on single-chip cards

Irradiation at KIT with 23 MeV protons (max. testable fluence 1.8x10%° n,,/cm?,
limited by high TID to the ROC)

Beam test at DESY: hit efficiency of 97% at normal beam incidence reached at ~150 V
G. Bardelli et al., JINST 18 (2023) C01028
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Production phase for HL-LHC
Layer O of ATLAS ITk will use 3D sensors

Initial decision (November 2019):
« Barrel (25 x 100 um?) > CNM, 4-inch wafers (~500 sensors)
« Endcap (50 x 50 um?) - FBK and SINTEF, 6-inch wafers (800 sensors each)
FBK and SINTEF accomplished pre-production of 10% sensors, CNM failed
- Production of all 25 x 100 um? sensors for the barrel assigned to FBK

Productions at FBK and SINTEF are well under way (almost completed)

« CMS also opted for using 25 x 100 um?2 3D sensors in the innermost tracking layer

- Production assigned to FBK, under way
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2 o1
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ATLAS 50x50 ~700
ATLAS 25X100 ~ 320
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s . Total Good Devices produced up now:
M. Boscardin, 3@ DRD3 week, Nikhef, 2 - 6 June 2025 CMS 25 x100 ~ 525
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Production at FBK (2)
- ATLAS
. . . - 25x100
Sensor sorting criteria - s s
B 25x100 25x100
0 lieak l€Ss than 2.5 pA/cm? (~9.6 pA) .
o Vgp more than 25V s
o Optical inspection (mainly for shorts) § j
5 . 30%%
¢ 20%
/ ‘. 1068
P~ / 2020 2021 2022 2023 2024
Years

Increasing the number _ _
of batches » Increasing yield

M. Boscardin, 3¢ DRD3 week, Nikhef, 2 - 6 June 2025
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Comprehensive ATLAS ITk paper in preparation INEN
G.-E Dalla Betta . VELO U2 Workshop, 12 June 2025 F

Beam test results, ATLAS ITkPixV1 modules
« Sensors from pre-production batches: FBK (50x50 and 25x100) and SINTEF (50x50)

« Bump bonded to ROC at IZM, assembled on Bonn single chip cards
» Irradiations at different sites (Bonn, IRRAD, CYRIC, KIT), both uniform and non-uniform
« Tested at CERN PS/SPS: 97% hit efficiency reached at max ~ 100 V
ATLAS ITk-Pixel Preliminary ATLAS ITk-Pixel Preliminary
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3D pixels for timing
» 3D sensors are also expected to be fast ...
S. Parker et al., IEEE TNS 58 (2011) 404
« CNM 50x50 um? square single cells DS-3D (230 and 285
um thick) tested by several groups, p source and laser setups

G. Kramberger et al., NIMA 934(2019) 26 e 3D-trenched electrode
C. Betancourt et al., MDPI Instruments 6 (2022) 12
L.-Diehl. et al., NIMA 1065 (2024) 169517

sensors thoroughly tested in
many beam tests

« Best reported timing resolution ~25 ps, no beam tests yet « Intrinsic timing resolution
« DS-3D’s from CNM new «timing» batch currently under test ~10 ps, not degraded by
C. Lasaosa et al., TREDI 2025, to appear in JINST irradiation

« But technology is more

difficult
F. Borgato et al., Front. Phys.11 (2023) 1117575
F. Borgato et al., Front. Phys. 12 (2024) 1393019
M. Addison et al., Front. Phys. 12 (2024) 1497267
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21

Exploring different 3D-column layouts for optimal timing
2E configurations expected to yield better intrinsic performance (trade off with capacitance)
A. Loi et al., Sensors 25 (2025) 926

Improve the process robustness by:

« Filling n & p columns
Increasing the planarization performance using BPSG
Reticle layout

Removing poly cap from p-columns

Pixel pitch: 55, 50 and 45 ym

45x45-1E

‘ Bump pad

p* col.

metal

‘\contact
p* poly-cap

n* col.

n* poly-cap

45 pm

45 pm

45 x 45 - 2E

Bump pad

n* col.

p* col.

¢

*+ poly-cap contact

45 pm

n* poly-cap '

Wafer layout
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J. Ye et al., PIXEL 2024, to appear in JINST (arXiv:2503.04272)

8D G.E Dalla Betta VELO U2 Workshop, 12 June 2025 @ _INFN
New 3D-trench batch from FBK
M& Mﬂ Test diodes Te echnological EVEN EVEN GRID: 23980 X 27328
(continuous ohmic trench) (dashed ohmic trench) (STD & DSH) Test Structures
55 pm . 55 pm

A A 3
- A st
Bump pad (64" 64)

p-Poly Contucts B IB 18 shot exposure

Obumic trench T S % Srehay STD 32%32)
= (128x128) |
- Funded by AIDA Innova project (e
« Comparing different pixel layouts m;
* Including different pixel arrays DSH @3*2‘%
« Largely increased device density on wafer (126x129) | |
w.r.t TIMESPOT batches (11 shots) ! |

< i
« Bow under control (~max 20 ym) ~18 mm 29 shot exposure
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Sensor size = 32x32 ATLAS Itk spec: 250 Sensor size = 64x64 .
7ol [ I(V,,) < 2.5uA/cm? 5
> e DSH | 200 == DSH i
8 601 g STD | m= STD i
® i 2 150 !
o o5 Yield | 5 Yield |
S g ~90% 5 g% ~82% !
. ~ 80% ; ~73% i
1 50 1
S _ ! :
o ¥ " i '\\ Leakage current |
% 10! 10° m101 102 | 103 10 at compliance fd—z 10-1 10° 161 1(‘)2 - 103 104
© Leakage current at 30V (nA) Leakage current at 30V (nA)
= Sensor size = 128x128
S ol ! « Small 3D trench-electrode sensors (32 X 32) have
- o DSH i comparable (high) yield for both designs;
8 M . STD ! - The vyield decreases as the sensor size
S 8 e § increases, but the DSH has better vyield
s 3 Y'Z'g(y | compared to the STD;
Y 404 ~ 1 . .
o - 33% ! - The fabrication technology has to be further
LS ! . .
O ! improved for a better yield on large sensors;
o o | e 1 - 6 Best wafers selected for bump bonding
1072 1071 10° 10! 102 103 104

Leakage current at 30V (nA) (TIMESPOT, IGNITE, TIMEPIX4 ROCS)
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A new 3D sensor manufacturer on the horizon
M. Liu, 3" DRD3 week, Nikhef, 2 - 6 June 2025

» Institute of Microelectronics, Chinese Academy of Sciences (IMECAS)
» Active in the DRD3 Collaboration

« 8-inch wafer CMOS technology

* Both single-sided and double-sided processing

» Impressive aspect ratio achieved for narrow trenches (~70:1)

Collecting electrode

External reverse =
bias voltage =

0.5 um

2 um
IME-S5500 3.0kV 0.3mm x1.50k SE
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Conclusions

» 3D pixel sensors have gone through an impressive progress in the past few
years, pushed by the ATLAS and CMS tracker upgrades at HL-LHC

« Small-pitch 3D pixel modules with new ROCs from the RD53 Collaboration in
65 nm CMOS have demonstrated to fulfill project specifications

* Productions almost completed at FBK and SINTEF

3D sensors are a viable solution for tracking + timing, ~25 ps (~10 ps) timing
resolution demonstrated on single column (trench) test structures

* New dedicate 3D-column “timing” batches under way at FBK and SINTEF
(single-sided) and CNM (double-sided)

* New 3D-Trenched Electrode pixel sensor assemblies to be tested soon



Universita deghi Studi

G.-F. Dalla Betta VELO U2 Workshop, 12 June 2025 _INFN

Istituto Nazionale di Fisica Nucleare

Backup slides



Universita deghi Studi

Efficiency [%]

di Trento

100
99
98

97~

96
95
94
93
92
91
90
89
88
87
86
85

D. Zuolo, NIMA 1068 (2024) 169759

G.-E Dalla Betta

27

VELO U2 Workshop, 12 June 2025 _INFN

Istituto Nazionale di Fisica Nucleare

Beam test results, CMS CROCv1 modules

25x100 3D sensors from FBK and CNM R&D batches
Bump bonded to ROC at IZM, assembled on single-chip cards

Irradiations at different sites (IRRAD, KIT), both uniform and non-uniform

Tested at CERN PS/SPS, FERMILAB and DESY: 97% hit efficiency reached at max ~ 130 V

ACCeptance= 1 '(Nmas ked/NtotaI)

® [ ]
® b4 ¢ ¢ * :
I °
- e
- —8— CROC_FBK_3: ®=1x10""n,/cm?, Thr=1000e- (efficiency) | |
= «— CROC_FBK_3: efficiency*acceptance
= CROC_FBK_2: ®=1x10"*n /cm?, Thr=1000e- (efficiency)
— CROC_FBK_2: efficiency*acceptance
- —8— CROC_CNM_2: ®=1x10"°n,,/cm?, Thr=1000e- (efficiency)
— <— CROC_CNM_2: efficiency*acceptance
C | | | | L L0
80 20 100 110 120 130 140 150

Bias voltage [V]
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------ T IEEE RESEEEE R
° L b
- [ )
B °
- )
- —8— CROC_FBK_4: ®=1.6x10"°n,;/em’, Thr=1200e- (efficiency)|
- . CROC_FBK_4: efficiency*acceptance
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Technological flavours (1): p-spray vs p-stop
Intrinsic behaviour (TID=10 Mrad): V,4 can exceed 250 V in both cases

P-stop

® = 1x107° n, /cm?

%
\

—+«— Pos=6um
—+«— Pos=8um
—+— Pos=10um
—+— Pos=12um

2 3 4 5 6
Width (um)

10

Current (nA)

P-spray

—— F=5.0%10"% ngy cm~2, Vgy=246V

| —— F=1.0x10° no; cm~2, Vgy=248V

—— F=1.5x10%® ny, cm™2, Vgg=254V
F=2.0x10%® ny,, cm—2, Vgg=258V

0 50 100 150 200 250

Reverse Bias (V)
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Technological flavours (2): p-spray vs p-stop

Breakdown limited by column tip effect

,,,,,,,,,,,,,,,,,,,,

—— p-stop
—— p-spray

| TID=10 Mrad +

® = 1x10" n,/cm?

20 40 60
Reverse Bias (V)

80 100
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Technological flavours (3): column radius and gap

TCAD simulations, surface + bulk Perugia radiation damage model
Impact on the breakdown voltage for FBK technology with p-spray

J. Ye et al., Sensors 23 (2023) 4732

180 1

170 A

160 -

® = 1x10"® n,,/cm?
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SINTEF process differences wrt FBK

SINTEF 3D fabrication process 1

Simplified cross-ssetion seetches Metal mask for DRIE: more

selectivity and protection
additional steps.

2. Both type of columns
completely filled with poly-Si

3. N*columns etched first

4.

Thermal oxidation to cover the

1. P-5FRAY IMPLAMT . DRIE maskirg 3, DRIE N+ galumn 4. FILL + DOPBG

5. Re-DXIDATIOMN &, Repeat 3 fo.4 for P column T COMTAELCT OFEMIN B. METAL + PASSIVATION

columns

5. Planar dopings at column
opening
6. Temporary metal before

passivation

M. Povoli, U2 Workshop, November 2024
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Earlier studies on non-uniform irradiations

» First raised for application in ATLAS AFP and CT-PPS, featuring very non-homogenous
irradiation pattern
— Some regions of the sensor might require high bias voltage that other regions are not
able to withstand (breakdown)
KIT Circle Hole Idea for multiple bias operation
in full 3D sensors with active edge

p+ section-divider electrodes
+~— dicing etch trench

Prance (107 »km']

¥=~p* active edge
L]
L
e+——n"* electrode
L]

]
B t—— p"‘ electrode
L]

Prost Cobamm | g ae

oxide insulator

J. Lange et. al. JINST 10 (2015) C03031 S. Parker et. al. NIMA 685 (2012) 98
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Beam test results for non-uniform irradiation
Activation level me‘a-surément (D. Vazquez) _ Estimatled ﬂu'enf:”e .ma:t - ° 50X5O FBK FE-|4 mOdU|eS
ot ace” £ [ ¢+ Non-uniform irradiation at CERN IRRAD
] 7€ R 12 7 9 « 24 GeV/c protons, peak fluence 9.6x10"®
| | 10 6 X 2 i
sty = - Neg/cm?, peak TID 310 Mrad(Si)
= B .+ Beam testat CERN SPS (July 2017)
: s (ERE ; .+ High efficiency (~97%) at all fluences,
T ” ..M closetogeometrical limit for un-tited particles
’ L i, ToT (collected charge) uniform within the pixel
> N12pr e e (@ e
5 116 Nmm.,
% 1? 130V e = ."" — 0.025 20 V 130 V
- = S— i ov 4 E e E R 5
0.9 —— 60V = é 0.02 E, E Ly [
0.8F —— 50V = 0.015 2 > Th B
07E 40V E 0.01 < i <
F 3 0.005 o] _:r = e
06 oV 0 e
0.5F | = ~0.005 . m-: i
0'42_ +—o—20v _E 001 -. - . H
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3D-Trench cell scaling
55 um 50 um 45 um

Continuous
Ohmic trench

45 um

45 um

Dashed
ohmic trench

45 um
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3D-Column cell scaling

* * *

“

45 um

55 um

1E
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.

2E

55 um
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1 - SENSORS
Very small-pitch 3D sensors = 5 s

3'0 | 400 F'_OB..DAZ\G:JE -
_ ‘ —o-D1 ——D2 ——D3 P 55, el BRUNO KESSLEF
2| | 350
£ s
" | 3
S | s/ § 300
©10 | <1 pA/COI g
§ } o f"‘."‘-zﬂ:';.;»,ia 8 250
- P ~75 fF/col.

0,0 200 R N SN

0 20 40 60 80 100 0 10 50 -

Reverse Voltage [V] Reverse Voltage [V]

» Feasibility proved at FBK on 3D diodes with standard process

G.-F. Dalla Betta, M. Povoli, Front. Phys. (2022) 10:927690
« Good electrical characteristics, evidence of charge multiplication

A. Gentry et al., JINST 19 (2024) P12024
« Additional challenge for pixels would come due to bump pad
» Dedicated effort for technology optimization required
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G. Pellegrini, AIDA Innova Final Annual Meeting, Prague, May 5-8, 2025
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3D-DS Timing, Aidalnnova Timing Run X yAIDA
Run 18245:5 wafers
Total steps: 109 (29/109) ;
Start: October 2024 o LA ¥
Expected end: End of 2025 ’mmd |
More Delays Expected: B B
At the start of 2025 the DRIE was out of service due to technical problems with ﬁ 1
the machines. Caused major disruption, run stopped for 3 months. Back running : e |
as of May 2025. %
IMB-CNM clean room will be closed from June 2025 for 4 months for essential . - '
improvements. No processing will be performed during this period. Causing run Ry
not to be finished in time for the end of the project. Iﬂé‘fz,:—i ‘
Technology b
Double sided technology * TimePix3. 55x55 um pitch, 256x256
Wafer diameter 100mm -> next will be  Pixels
in 150mm wafers * TimeSpotl. 55x55 um pitch, 37x32 50, =
Wafer thickness : 285um +/-10um pi.xels. . . i 3
HRFZ silicon, p-type>Skohm*cm * [PicoPix. 55x55 um pitch, 64x64 pixels |  § : . o
P-stop isolation. * Different test structures. -

e, t

Holes diameter 8/10um * Mask CNM1247

Status of LGAD and 3D Productions at CNM
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