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Introduction: 3D Sensors

DA\ON" Active edge o

AI L ,
electrodes i support wafer \: ide
n-active edge
S. Parker et. al. NIMA 395 (1997) 328 C. Kenney et. al. IEEE TNS 48(6) (2001) 2405

Electrode distance (L) and DISADVANTAGES:
active substrate thickness (A) e Non uniform Spatia| response
are decoupled 2> L<<A by layout (electrodes and low field regions)

‘ » Higher capacitance with respect

to planar (~3-5x for ~ 200 um thickness)

High radiation hardness at
« Complicated technology (cost, yield)

relatively low voltage (power)
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Signal Efficiency

C. Da Via, G.-F. Dalla Betta, S. Parker,

“Radiation Sensors with 3D electrodes’, Signal Efficiency = Ratio of max. signal

CRC PRESS. 2019 after irradiation and before irradiation
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resist n+ polys\ilicon
detector wafer
oxide
— - | —
support wafer
1) wafer bonding 2) n+ hole definition & etching 3) n+hole doping & filling

p+ polysilicon ~ metal

resist

4) p+ hole definition & etching 5) p+ hole doping & filling 6) Metal deposition & definition
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Tech 2: Double-sided 3D sensors
FBK (Trento, Italy) CNM (Barcelona, Spain)
< +—Bump @+ Bump

p-spray

| oxide |l metal [l passivation __ oxide [ metal B passivation
I pSi ] p’Si B NS ~ p'Si M ppoly-Si M n"poly-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. Pellearini et. al. NIMA 699(2013). 27
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Key technology: DRIE by the Bosch process

CF,, Polymer
999 corwn §99 999 Q99
[ Miede | M:
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« Alternating etch cycles (SFg) and passivation cycles (C4F3)
« High aspect ratio (>20:1 or better for trenches) and good uniformity
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Main milestone: ATLAS IBL 3D pixels

* Double-sided 3D’s by CNM and FBK S. Grinstein, Sh. Tsiskaridze,
» First demonstration of small volume production A. Micelli, C. Gemme
« Excellent performance up to > 5x10'° ny, cm2 1o [TTTT
p-type Blas Electrodes n-type read-out Electrodes 9 3 .
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 Also used in ATLAS AFP
and CT-PPS

ATLAS IBL, JINST 7 (2012) P11010
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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 ym2, compatible with next ROC
generation (CMOS 65 nm) from CERN RD53
Collaboration

Challenges at HL-LHC Implications for small-pitch 3D’s
« Luminosity of 5x1034 cm=s! Modified technology/design for:
» Higher hit-rate capability « smaller pixels with reduced inter-
(up to 200 events per bunch-crossing) electrode spacing (~30 um)
« Radiation fluence up to ~2x1076 ngy,/cm?  narrower electrodes (~5 um)
for the innermost pixel layers « thinner active region (~150 um)

Intense R&D programs with 3 processing facilities since 2014
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«=  CNM small-pitch 3D pixels with double-sided process

Sio .
P 20um p-stop « CNM 3D pixel detector, 50x50 um? cells
: Ceum f D s » (Partial) readout with FEI4 ROC
€ oo p-type . vy
E o e st » Proton irradiation up to ~3x10 ng,/cm?
- « Beam tests at CERN SPS
20 pm
HV | J. Lange et al., JINST 13 (2018) P0O9009
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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New single-side approach to 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

/

» Thin sensors on handle wafer: SiSi DBW

* Ohmic column depth > active layer depth
(for backside bias)

n* junction « Junction columns depth < active layer depth

«~ column 150  (for high V)

p-Si MM« Reduction of hole diameters to ~5 um

sensor watfer « Holes (at least partially) filled with poly-Si

/_ » Post-processing: handle wafer thinning and

Metal p** Si metal deposition
(after thinning) handle wafer

passivation —

oxide —

p*tohmic | —

—
column
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Small-pitch 3D pixels layouts =3¢

G.-F. Dalla Betta et al., Frontiers in Physics 8:625275 ERURAHEN: e
a) 50 x 50 — 1E b) 25 x 100 - 1E

| @ ® ©

c) 25x 100 - 2E
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Fabrication details @ FBK
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Almost completely
filled with poly-Si
SEM HV: 30.0 kV WD: 19,17 mm | | VEGA3 TESCAN SEM HV: 30.0 kV WD: 19,08 mm | |

View fleld: 139 pm Det: SE 20 pm View fleld: 205 pm Det: SE 50 pm u—
SEM MAG: 1.99 kx Date(m/dly): 02/18/16 Performance in nanospace SEM MAG: 1.35 kx  Date(m/dly): 02/18/16 Performance in nanospace L] :(

FONDAZIONE
BRUNO KESSLER
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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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<C o )
= [ e 25x100 (2€) i o
i
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5 EE c
- i & 5,00E-11
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Reverse Voltage [V]

S. Terzo et al., Frontiers in Physics 9:624668
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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

» Sum of I-V’s provides total currents
« Temporary metal removed after testing

G.-F. Dalla Betta et al.,
Frontiers in Physics 8:625275

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

RD53A assemblies with different 3D sensor geometries
« At 1070 n/cm? a hit efficiency of 96% at normal beam incidence reached below 100 V
* Larger voltages (~150 V) required at 1.8x10% ng,/cm?

S. Terzo et al., Frontiers in Physics 9:624668
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""""" 97% Hit efficiency
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Power dissipation
« At the voltages of interest for a high hit efficiency, the power dissipation is still low

S. Terzo et al., Frontiers in Physics 9:624668
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e Pre-production phase for ATLAS ITk

« Layer O of ATLAS ITk will use 3D sensors:
; Barrel (25 x 100 um? - 1E)
H - CNM, 4-inch wafers (~500 sensors)
Endcap (50 x 50 um?2):

- FBK and SINTEF, 6-inch wafers

HEEE)

(800 sensors each)

FBK delivered pre-production in 2021

CMS also opted for using 3D sensors in the

=>{ innermost layer, and is finalizing the R&D

FONDAZIONE
BRUNO KESSLER
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First beam test results of ITkPixV1 modules
A. Lapertosa et al., IWORID 2022

» Sensors from FBK pre-production

« Bump bonded to ROC at IZM
« Assembled on Bonn single chip cards ; "o
at INFN Genova | column

Contact’

« Tested at CERN PS/SPS in spring 2022
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“’ Looking at post-LHC applications

« CNM 3D diode and strip detectors
-+ 50x50 um?2 cells

~+ Neutron irradiation up to 3x10'7 ng,/cm?
* IR laser TCT tests

M. Manna et al.,
NIMA 979(2020) 164458
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Very small-pitch 3D sensors

—D2 —D4

3.0 400
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z — 350
£20 _ S
5 f 3
3 f § 300
o 3
g1.0 - &
B O 250
|

0,0 200

0 20 40 60 80 100 0

Reverse Voltage [V]

« Feasibility proved on 3D diodes with standard process
« (Good electrical characteristics

« Beta source test at UNM (room temperature)
* Moderate gain is observed above 40 V, upto ~2.3at 70 Vv
« Requires dedicated effort for technology optimization

G.-F. Dalla Betta et al., IEEE NSS 2019 N30-02
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3D pixels for timing i
« 3D sensors are also expected to be fast ... | u |4
S. Parker et al., IEEE TNS 58 (2011) 404 bal
- Increasing interest in the past few years —
« CNM 50x50 pm? single cells DS-3D (230 and 285 L -Diehl. et al., Pisa Meetmg 2022
um thick) tested by several groups g2 F s7arb,unim
z 40.0F i --¢-- 5737-7, unirr. E
G. Kramberger et al., NIMA 934(2019) 26 Sasp b Esi b
C. Betancourt et al., MDPI Instruments 6 (2022) 2 35.0F [N 1 -
P. Fernandez Martinez et al. Pisa Meeting 2022 E 3251 % } i 3
« Beta source setups, LGADs as reference = 300¢ i i % % %
27.5F
» Best result ~25 ps timing resolution 250 % i
255526 60 80 100 120

Voltage [V]
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M 3D-trenched pixel sensors

« Layouts with columnar electrodes have non uniform

electric and weighting field distributions - go for trenches
L. Anderlini et al., JINST 17 (2020)
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contact
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G.-E Dalla Betta
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TIMESPOT: first batch

SEM HV. 100 vV WO: 11,60 mm

VEQE ]
View fleid: 102 pm Det: SE 20 pen -D(

SEM MAG: 272 kx  Date{midly): 1072919 FBX Micro-nano B4\

BRUNO KESSLER

G. Forcolin et al., NIMA 981 (2020) 164437

Current (nA)

cerc 2022 CINFN

Istituto Nazionale di Fisica Nucleare

Py

2 NWPOONDO©O

oo,‘
||

10 20 30 40 50
Voltage (V)

Capacitance (F)

X102
14 —Strip 1
E — Strip 2
12 Strip 3

PRI R
25 30
Voltage (V)

% 5 F0 15 20



Universita degli Studi

G.-E Dalla Betta 4 CEPC 2022 |NFN

Beam test @ PSI (10/2019)

Time resolution of 3D-trench silicon pixels with MIPs (test-beam & lab) at room temperature
(Intrinsic time resolution of 3D-trench silicon pixels for charged patrticle detection, 2020 JINST 15 P09029)
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Beam test @ CERN SPS (10/2021)

Single Pixel V. = -150V|- 2.5¢°neg/cm?
- bias Entries 5378
C [ %2 1 ndf 158.2/199
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Conclusions
« 3D pixel sensors have gone through an impressive progress in the past few

years, aimed at the ATLAS and CMS tracker upgrades at HL-LHC

» Small-pitch 3D pixel modules with RD53A ROC have demonstrated to be
radiation hard up to a fluence of ~2x10"6 ney/cm?

* High signal efficiency was proved to much larger fluences on test structures of
similar geometries

» 3D sensors also appealing for tracking + timing, ~25 ps timing resolution
demonstrated on single cell test structure

« 3D-Trenched Electrode pixel sensors are also being developed, showing
excellent timing performance (~10 ps ) on test structures, now to be tested on
the first pixel assemblies (32x32) with TIMESPOT1 ROC



