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Introduction - 3D Sensors

3D-trench electrode sensors for timing:
— Proof of concept
— Test results (TIMESPOT)

3D-trench electrode sensors — A new design:
— Standard (STD) vs Dashed (DSH)
— Electrical tests (AIDAInnova)

Other ongoing efforts
Conclusions



=

Introduction - 3D sensors INFN

Istituto Nazionale di Fisica Nucleare

Relatively low

_ ’ voltage (p(_Jwer)
ﬂDVANTAGES- \ after strong irr.
» Low depletion voltage (low power diss.)
 Short charge collection distance:
Oy ® » Fast response
- - Less trapping probability after irr.
; « Lateral drift =2 cell “shielding ” effect:
T - « Lower charge sharing
« Low sensitivity to magnetic field

« Active edges /

(DISADVANTAGES: \
« Non uniform spatial response
(electrodes and low field regions)

» Higher capacitance with respect
to planar (~3x for ~ 150 um thickness)
S. Parker et. al. NIMA 395 (1997) 328 \ Complicated technology (cost, yielcy

elecfrodes

h-active edge

Inter-electrode distance (L) and active
substrate thickness (A4) are decoupled -2
L<<A4 by layout
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Contact opening metal

<«— Bump contacts —
passivation

" oxide
. —

I

p~ Si High
Resistivity
substrate

|

ey

p* Si Low
_| oxide Bl metal B passivation Resistivity
’ . A A A substrate

_lpSi []p'Si B nSi support wafer (to be thinned) l

Schematic of 3D-DDTC for LHC Schematic of 3D small-pitch pixels for HL-LHC

b1) 50 x 50 — 1E b2) 25 x 100 - 1E

Though low field regions exist in
columnar electrode 3D sensors,
measurements show high hit
efficiencies (>97%) after fluence
of ~1016 n,e_cl/cm2 for both layouts.

100 pm

p*col.

t : pad.

Electric field@100 V
2 End-cap of LO Central barrel of LO
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Weighting potential

ElectrostaticPotential (V)
1.000e+00

8.333e-01
I6.667e-01
5.000e-01
3.333e-01

1.667e-01
0.000e+00

Under the TIME-SPace Operating Tracker Project, 3D-
Trenched sensors for tracking + timing have been
developed for the first time.
(INFN CSN5 Call Project, 2018-2021)

95 um

wnpg|

bump pad

metal
n-poly

ol
e g —
T S —
3 Ab!f:;l;':ﬂeld-w V*cm*-1)
ohmic juriction s
p-poly
contacts electrode electrode

p* trench
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Timing measurements

(single pixel @ a;,=0 " , not irrad.) Monte-Carlo simulation based on Allpix?:

& _F -
70F 1). Standard mobility models used;
g [ T |Fampltude comected 2). Scan over a quarter of the pixel with a
E 60~ —®— Spli :
2 60 Shle step-length of 0.25um (12100 events in total).
) ~ —— Reference
"
£ 50 | LE: Leading edge, NO ToT correction E L ) %0
- | LE: Leading edge, ToT correction I *
401 | Spline: Classic CFD - v
- | Reference: Differentiation + CFD - S
30 o
- The measured o at 100V is
20~ r in good agreement with the
- - s Allpix2 simulation results.
10F- '/Ee’ﬁ’—ql.S ps at 100V 5 :
=1 o oo by oo by oo b o by o by gy ‘—Z‘OII —1|OII“(|JII“1‘O “Zloll‘ 0

-120 -100 -80 —-60 40 20 0 Lum]
Vbias [V]

F. Borgato et al. Frontiers in Physics (2023) 1117575
4
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Timing measurements (single pixel @ a,,=0° , irradiated)

Single Pixel V. =150V - 2.5e°neg/cm? 7 30 ,
o i Entries 5378 ~% | Irradiated Pixel (25x10" 1MeV n_/cm %) Not Irradiated Pixel
- A/ ot 158.2/109 ° I = spline method —o— spline method
140 i Prob 0.9849 o B
- Kioem R % 25 — ® Reference method —M— Reference method
120~ . 8.51+0.00 8 I
- O,  0.009233 + 0.000332 o i
100— M, 0.007403 + 0.001176 £ i
i 20
6,/0, 1.982 + 0.094 u
80 T f, 0.6768 + 0.0452 i
L const 1.35+0.14 :
60 i 15—
[ S | 6.=10.3:0.5ps | [
40— Single pixel @ 150 V L
i ' Reference method i
A 10
20 [
ola it N :\ l L L
846 848 85 852 854 8 56 5 8t6 _2162 >8.[6n4é] T | RS R | I | S OO | | e . | ] 1 1 I 1 1 I | S | I L1 1 | | [ (S|
5™ ce 360 -140 120 -100 -80 -60 -40 -20 0

bias

A. Lampis et al. JINST 18 (2023) C01051
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STD design DSH design
(continuous ohmic trench)  (dashed ohmic trench)

» 3D-trench technology not yet mature
« Main aspects involved:
» Trench etching
 Trench filling
» Planarization
 Final passivation
 Further developments required to: Readout french
 reduce defect density
* increase device area
* increase the device density on wafer
while reducing the bow

55 pm 55 pm

Metal

n-Poly

Contacts

p-Poly.

wn ¢¢




Transient TCAD simulation shows:

1). STD & DSH have negligible
difference in the SE for impinging
position A, B, C, D, E, and F;

2). For impinging position G, H, I,
the difference between the two
designs decreases as the impinging
position moves away from the gap,
where the EF is less affected.

J. Yeetal., IWORID 2023

—— Gap0, Pre-irrad —+— GapO0, F=1E16
—+- GaplO, Pre-irrad —+ GaplO0, F=1E16
—e— Gap0, F=5E15
—+ Gapl0, F=5E15 -+ GaplO, F=1E16

Gap0, F=2E16

20 40 60 80 100120140160180200
Reverse Bias (V)

SE of Pos G
7

Charge Collection Efficiency (%)

100

<R

Istituto Nazionale di Fisica Nucleare

STD & DSH

80 1

60 -

40 -

20 A

Both layouts have high (same)
CCE before irradiation.

—+— Pre-irradiation

50 75 100 125 150 175 200
Reverse Bias (V)
Temporal Resolution

225

Both layouts have comparable
temporal resolution|

\:—":‘:%Ea

—— STD
—— DSH

50 75 100 125 150 175 200
Reverse Bias (V)

225



New batch including the STD and
DSH has funded by

Fabrication done at FBK

— ( AND DEVICES
-:

FONDAZIONE
BRUNO KESSLER

Largely increased device density on
wafer w.r.t TIMESPOT batches (11
shots);

Bow under control (~max 20 pm).

EVEN EVEM GRID: 23888 X 27320

18 shot exposure

ODD 0DD GRID: 18@B8 X 22320

29 shot exposure

8
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Layout of 64 x64 sensor (STD design)
Only the corner region is shown
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Test diodes  Technological

) ) STD & DSH) Test Structures
Fabrication based on ( )

_ To explore the full potential of the
Stepper Lithography A

reticle, the layout is arranged in a
way such that it can host sensors with
different sizes, including:

1) 6 STD & 6 DSH 64x64 sensors
(pixel size: 55um x55um);

2) 1STD & 1 DSH 128x128 sensors;

3) 3STD & 3 DSH 32x32 sensors.

ww 272~

Test diodes (55 um, 42 pm pitch,
STD & DSH)
o Groups of individual pixels
o Strips
o Diodes
Technological test structures.
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Well defined
junction trenches.

SEM HV: 30.0 kV WD: 12.90 mm | VEGA3 TESCAN

View field: 76.0 um Det: SE 20 pm
SEM MAG: 3.64 kx | Date(m/dly): 06/20/24 FBK Micro-nano Facility

SEM HV: 30.0 kV WD: 12.97 mm | |

View field: 122 ym Det: SE 20 pm
SEM MAG: 2.27 kx | Date(m/dly): 06/20/24

Dashed ohmic
trenches in the
new design.

Long continuous
ohmic trenches in
the standard design.

SEM HV: 30.0 kV WD: 12.36 mm VEGAS3 TESCAN
SEM HV: 30.0 kV WD: 13.52 mm VEGAS3 TESCAN SEM MAG: 3.30 kx Det: SE 20 pm
SEM MAG: 3.12 kx Det: SE 20 pm Date(m/dly): 06/21/24 Stage Tilt: -15.0° FBK Micro-nano Facility
Date(m/dly): 06/21/24 Stage Tilt: -15.0° FBK Micro-nano Facility 3D Aida T6
3D_Aida_T6 -

10
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3D-trench electrode sensors — A new design

Sensor size = 32x32 Sensor size = 64x64 Sensor size = 128x128
10754 10734 1075
1075, — Sensor 1 = Sensor 6 107%4 — Sensor 1 = |Sensor 6 10°° — Sensor|1 = |Sensor 6 On-Wafer eIeCtricaI teStS
= Sensor 2 = Sensor 7 = Sensor 2 = Sensor 7 = Sensor|2 == Sensor 7
S | R A= = =t T done at FBK to evaluate
< —— Sensor 5 —— Sensor 10 < = Sensor 5 = Sensor 10 z —— Sensor|5 = Sensor 10 - -
T | £ ol g o the quality of different
DIE S J Sensors;
107° 10795 107°°
—_—
107195 10‘10/, 10-10
Lo | | | | o | | | | ol | | | | Most of the sensors have
0 20 40 60 80 100 20 40 60 80 100 0 20 40 ) 60 80 100
Reverse Bias (V) Reverse Bias (V) Reverse Bias (V) Smal I Ieakage Cu rrent’
Sensor size = 32x32 Sensor size = 64x64 Sensor size = 128x128 except for some sensors
10°5] 1051 10-3] that  experience early
10°%; — Sensor 1 — |Sensor 6 107, — Sensor 1 — Sensor 6 107°4 —— Sensor 1 — [Sensor 6 breakdown;
= Sensor 2 = Sensor 7 = Sensor 2 = Sensor 7 = Sensor 2 m— | Sensor 7
D | B —) N U T e
S (R g 107 As the sensor size gets
o O O /—'—_ —e—
H | .. 1o ] = larger, more early
o] — ] breakdown sensors are
ﬁ’ﬁ observed.
107H 20 40 60 80 00 0770 20 40 60 80 0 1075 20 40 60 80 100
Reverse Bias (V) Reverse Bias (V) Reverse Bias (V)

11
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80 Sensor size = 32X3I2 550 Sensor size = 64x64 :

701 | Leakage current at i

BN DSH | =operation  voltage 200 Emm DSH |

601 : :

e STD :/ I(V,,) < 2.50A/cm? @ STD :

E 50 : % 150 :

[} 1 o 1

O | g i

5 40 ! o |

c ' £ 100 !

0 30 H ) !

wn 1 wn 1

20 H :

| —~ Leakage_ current | :

10- ! at compliance :

0 ’ P i
107 107 10° 10 10 10° 10* fo-2 101 10° 100 102  10®  10°

Leakage current at 30V (nA) Leakage current at 30V (nA)

Sensor size = 128x128

1001 « Small 3D trench-electrode sensors (32x32) have
mm DSH | comparable (high) yield for both designs;
s e « The yield decreases as the sensor size gets larger,
§ 601 but the DSH has better yield compared to the STD;
g 20 « The fabrication technology has to be further
| Improved for a better large-sensor yield;
> « Best wafers selected for bump bonding (TIMESPOT

T, & IGNITEROCs).

Leakage current at 30V (nA)
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* The intrinsic temporal resolution of 3D-trench
sensors cannot be maintained in  pixel
iImplementations, due to the power constraints in the
ROC

ParTrench

« 3D-column sensor performance might be good
enough for some applications, easing the
fabrication complexity

« We are also studying 3D-column designs with
different cell size (55 pum, 50 pum, and 45 um) and
electrode arrangements (1E, 2E, 3E)

* These designs will be implemented in a new batch

funded by INFN CSN1 (LHCb).
13
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Current induction on the readout
electrode on different pixel sizes has been
simulated, using Ramo Map approach:

ik — —qﬁ)-EQ

Compared to 1E structures, all the 2E
structures have higher induction current;

The 45x45-2E structure has the most
Intense induction current among the
proposed geometries.

Other ongoing efforts INFN

Istituto Nazionale di Fisica Nucleare

More info from
Angelo Loi during
the Poster Session

Thursday afternoon
15:18-15:21 1E@ 45 um 1E @ 50 um 1E @ 55 um

L

ParTrench @ 55 pm

30

2E @ 55 um

14
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 3D-trench electrode pixels are a promising candidate for future 4D tracking applications

« Excellent temporal resolution so far demonstrated on test structures with discrete, high-speed
electronics:

o ~10 ps for 3D-trenched electrodes, also confirmed after large radiation fluences

 3D-trench electrode sensors with dashed ohmic electrodes have higher fabrication yield
compared to the standard design, but the technology has to be optimized for large-area sensors.

 Functional characterization of samples from the AIDAInnova batch is in progress.

« Different 3D-column designs are also worth investigating (trade-off between intrinsic speed and
capacitance/noise).
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TIMESPOT sensors Y
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e i Measurements of IBL 3D sensors show
e _ | an improved time resolution with
g 30 Pixel size: 50x50um? : : : P :
5 . | H Increasing irradiation fluence, while
S Thickness=230um i .. i
2 28F ?  D..p=10um . maintaining almost the same bias
o voltage range.
Q 26 3 =
£
F5al | The time resolution improved to about
----- 80V IBL unirradiated 25 ps after the highest measured fluence
22 i 80V IBL irradiated Of 5 X 1016 nec/cmz
L

2
Fluence [neq/cm~] L. Diehl, et al. Nucl. Instrum. Methods A, (2024) 169517
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Entries

x? / ndf
m o
Norm
1
01

B,

o.Jo,

44445

366.4 / 357

0.3539
2151+£0.15
—-7.835 £ 0.000
0.01053 £ 0.00022
0.01005 + 0.00046
2.158 +0.037
0.5657 +£0.0199
2033 +£0.096

Oeff = 17.48 + 0.48 ps

/ N TOA evaluated with
the Spline method.

llll]llll]llll]lllllllll]lllllll

-795 -79 -785 -78 -7.75 -71.7 -71.66 -7.6

Time [ns]

Time distribution of a 3D trench pixel
irradiated at 1 X 101" 1MeV n,,/cm?at 250V.

Istituto Nazionale di Fisica Nucleare

The ToA distribution is comparable to
the previously published 17.8 £ 1.0 ps
for the non-irradiated sensor.

The Irradiated sensor achieved a 95%

efficiency at 20 degrees tilt, compared to
99% for the non-irradiated ones.

A. Lampis, et al. Nucl. Instrum. Methods A, (2024) 169984
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C. Buttar, ATLAS ITk collaboration. Nucl. Instrum. Methods A, (2024) 169978.
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ElectrostaticPotential (V)
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Abs(Weighting Field (cm*™-1))
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6.667e+02
5.000e+02
3.333e+02
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