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Introduction: 3D Sensors
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S. Parker et. al. NIMA 395 (1997) 328

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

L

High radiation hardness at relatively low voltage (power)

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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Full 3D with active edges

SNF (Stanford, USA) A g
ctive 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 CONSORTIUM

« 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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Historical evolution of 3D Sensors in Trento
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FBK/INFN/PAT agreements (since 2004) and CSN5-CSN1 projects (since 2005)
DDTC+ (2009-2014)

STC (2004-2006)

=)

DDTC (2007-2009)

PAE (2009-today)

HYDE (2013-today)

=

SS (2015-today)
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Project CSN5 TREDI (2005-2008)

ionizing particle

| electrons are swept

away by the transversal
field

5 _N

holes first drift to the
central region and then
diffuse/drift towards the
backside p+ contact

« Charge collection mechanism not efficient
« Ballistic deficit still the main effect after irradiation

C. Piemonte et. al. NIMA 541 (2005) 441

Collected Charge (fC)
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The first test vehicles: 3D-STC (semi 3D)

Istituto Nazionale di Fisica Nucleare

signal induced on the central strip

Pl

/

/ very fast component + 7

long tail due to hole
diffusion
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Moving to real 3D devices: 3D-DDTC
Front side as in STC

Project CSN5 TREDI (2005-2008)

d Back side:
+ litho and DRIE

» Detector concept able to ease the fabrication process
» Expected to have performance comparable to 3D detectors from Stanford

(if d is much smaller than t )
A. Zoboli et. al. IEEE TNS 55 (2008) 2775
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The ATLAS-IBL challenge: 3D-DDTC+

Project CSN5 TRIDEAS (2009-2012) - Fully double side process
and CSN1 ATLAS (2010-...) ° Column etching stops at thin membrane

» Edge protection layers to improve mechanical
-_* ‘ h *- yield
el

p-ﬁoy G. Giacomini et. al. IEEE TNS 60 (2013) 2357

n* col. o P sup.

» Substrate bias from the back-side

(also suitable for dual-readout pixel/strip detectors)

* No active edge, but allows for “slim-edge” detectors
» Technology of choice at FBK for ATLAS IBL

» Temporary metal for on-wafer tests before BB
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Performance comparison
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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 ym?, compatible with new ROC
generation (CMOS 65 nm) from CERN RD53
Collaboration

Istituto Nazionale di Fisica Nucleare

Challenges at HL-LHC Implications for small-pitch 3D’s
 Luminosity of 5x1034 cm2s™' Modified technology/design for:
« Higher hit-rate capability « smaller pixels with reduced inter-
(up to 200 events per bunch-crossing) electrode spacing (~30 pm)
» Radiation fluence up to ~2x10'® n,,/cm? « narrower electrodes (~5 um)
for the innermost pixel layers * thinner active region (~150 um)

Intense joint ATLAS-CMS R&D program with INFN and FBK since 2014
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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)
E;lﬁmic L ‘/CO'L"T“” 15?\ « 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 = p™ Si « Post-processing: handle wafer thinning and
(after thinning) handle wafer _ -
backside metal deposition
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AR
Small-pitch 3D pixels layouts =<
M. Boscardin et al., Frontiers in Physics 8:625275 ERURAHE
a) 50 x 50 — 1E b) 25 x 100 — 1E : ¢) 25 x 100 — 2E
A Z
® _ ® @& ' 8@ D
q I Q@
l >
I Q
| _ =
| p:: D
- @ ® )
8 ey | i
A L
4% Bump 1 |8
p* col. pad 1 |
l n* col. : l 3




Universita degli Studi

G.-F Dalla Betta Workshop Sensors@TIFPA, 16 June 2026 INFN

Istituto Nazionale di Fisica Nucleare

di Trento

3D diodes: leakage current and capacitance

« Very low leakage current and high breakdown voltage
» Capacitance: ~ 20, 50, 85 fF per pixel, depending on geometry

I-V 3D Diodes C-V 3D Diodes
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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.
umo P Frontiers in Physics 8:625275

» Temporary metal removed after testing

Micrograph All strips in one sensor Total currents
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Hit efficiency and power dissipation

« High hit efficiency (also with normal beam incidence) at relatively low voltage
and power dissipation up to ~2 x 10'® n,,/cm?

92
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ITkPix 50 x 50 pm? Productions at FBK
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CSN Project

TimeSPHT

3D-trenched pixel sensors

» 3D sensors are also expected to be fast ...
« But layouts with columnar electrodes have non uniform
electric and weighting field distributions - go for trenches
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Timing measurements LE: Leading edge, NO ToT correction

. I . I _oo t . d LE: Leading edge, ToT correction
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«=« Timing measurements (single pixel @ a;=0° , irradiated)
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Current R&D: 3D-column sensors for timing
« The intrinsic timing resolution of 3D-trench sensors cannot be maintained in pixel
implementations, due to the power constraints in the ROC

« 3D-column sensor performance might yield a good trade-off between performance and
manufacturability

- We are exploring different 3D-column layouts for optimal timing:

- Pixel pitch: 55, 50 and 45 yum A. Loi et al., Sensors 25 (2025) 926
- 2E configurations expected to yield better intrinsic performance

45x45-1E 45 x45-2E

‘ Bump pad

metal

n* col.

45 pm
45 um
-]
(2]
=X

p* col. n* poly-cap p* col. n* poly-cap

p* poly-cap contact
e . e ¢ @ @
p* poly-cap

45 um 45 um
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Very small-pitch 3D sensors = 5 |6t
G.-F. Dalla Betta, M. Povoli, Front. Phys. (2022) 10:927690 ERURG KPSKien
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Feasibility proved at FBK on 3D diodes with standard process
Good electrical characteristics, also allow for charge multiplication
Additional challenge for pixels would come due to bump pad
Dedicated effort for technology optimization required

On going efforts within DRD3 project
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Planar Active Edge Sensors
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Hybrid Detectors for Neutrons

R M- ;y e —r Timepix compatible pixels sensors with microstructured
i backside for neutron converter = improved efficiency
/" Timepix assemblies produced for different hole
geometries and tested with FITPix system
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Ultrafast photodetectors
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Conclusions

» 3D sensors are very special devices ... proud to have contributed to their
development and application to experiments

 After >20 years of successful involvement, Trento (FBK + TIFPA) is the primary
reference for this sensor technology

 For a long time, the focus has been mainly on the 3D radiation hardness, now
the interest includes ultrafast timing performance

 Both will benefit from further downscaling of the pixel sizes

 Other side applications beyond HEP are slowly emerging
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