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ATLAS ITk specifications:

Radiation tolerance up to 2*10%n,,/cm?;

Operation voltage V;, < 250 V;
Power dissipation < 10 mW/cm?;

Hit efficiency > 97%.

Column Diameter
~5 p.m \'

Gap

~20 um —

Handle wafer
Thickness
~ 500 um

p* column

p- high Qcm sensor wafer

|\ Metal tO'be deposited after thinning
.\ Handle wafer to be thinned

—)

100 um

passivation

oxide

p-spray

1. Introduction

A 50x50-1E B 25x100-1E
® ® o
Bump

pad Smaller inter-electrode distance

translates into:

< :
» lower event pile up;

 stronger radiation hardness.

Geometrical parameters of small-pitch

Active thickness

100 - 150 um 3D detectors:
e  active thickness 150 um;

* nominal radius ~2.5 um,;

Residual Handle
Wafer Thickness

50 - 100 um  effective gap ~20 um.



1. Introduction

Beam Test Results:

« At 10 n,/cm?a hit efficiency of 96% reached below 100V
with perpendicular beam incidence;

- Larger voltages (~150 V) required at 1.8x10%° n ,/cm?,

Problem:

«  Breakdown voltage not large enough compared with the
required voltage for the worst cases;

*  Power dissipation.

LT Model Used Temp
Objective: Perugia Surface | .-
» Locate the origin of the breakdown; Damage Model

Perugia Bulk 25 oC

*  Improve the breakdown voltage Damage Model | ~

. . CERN Bulk
from geometry point of view. -38 °C
Damage Model Simulation domain

_ _ 25 X100-1E
TCAD Simulation




Leakage Current (pA)

2. Simulation of Existing Detectors

Meausred |-V Curves of 50x50-1E Diode

0.35
0.30 -
z
0.25 - g
g
Structure 50X50-1E )
0-207 Column radius 2.5 um 5 —
- 10-2 - —— Expl, Pre-irradiation, Vey=119V
Effective gap 20 um —-- Expl, Dose=50Mrad(y-ray), Vgs=120V
0.15 Temp _25 OC { —— Exp2, Pre-irradiation, Vgg=126V
MOde| USEd Perugia Surface 10~4 I —-- Exp2, Dose=50Mrad(y-ray), Vea=12MN
0.10 4 Damage Model 0 20 40 60 80 100 120
Voltage (V)
—— Pre-irradiation, Vgg=125V
0.05 + — Dose=10Mrad, Vag=126V Simulation in agreement
—— Dose=20Mrad, V=126V J with experiment before and
D.GD I I I I I I I
5 50 e o 20 100 120 after surface damage.
Voltage (V)

I-V simulation based on Perugia Surface Model

Al 'V
k(I,V) :E .7 y kbd 2 4‘




Deviation from experiment probably due to
column depths uncertainty of the fabrication.

2. Simulation of Existing Detectors

\

Breakdown shifts from the surface %

0.35 to the Tip after surface damage
Structure 25X 100-1E
0.30 Columl_'l radius 2.5 um
Effective gap 20 um
 025- Temp . —?SSCf
< erugia Surface
a Model Used g
= Damage Model /J
@ 0.20
& | J
& 0.15 -
2
i
~ 0.10 -
—— Pre-irradiation, Vgg=132V
0.051 —— Dose=10Mrad, Vgg=148V
—— Dose=20Mrad, Vgg=148V
0.00 —4 , , : , , , . Before surface damage: Max After surface damage: Max
0 20 40 EDv " 5?“ 100 120 140 impact ionization on the surface impact ionization on the tip
oltage

I-V simulation based on Perugia Surface Model

Simulation in agreement with experiment
(breakdown voltage ~130V).



Simulation based on the CERN Bulk
Damage Model used Temp=-38 °C, the

2. SimU|ati0n Of EXiSting Detectors leakage current was then scaled to -25 °C
using the SRH model.

Fluence=1E16, Normalized

Always breaks down at the Tip
regardless of the bulk damage
model used or the structure.

Fluence=1E16, Normalized

2.00 7 ; 2.00
—-- Expl, Vgg=140V . : —-- Expl, Vgg=17W
_ / _
175 Exp2, Vgg=108V F 175 4 —.= Exp2, Vgg=172V
Exp3, Vgg=102V / —-- ExXp3, Vgg > 200V
1.50 - = Exp4, Vpg=118V _ 1 / 150 - —-- Exp4, Vgy=192V
—— Sim-Perugia, Vgy=142V _.f f._,r ! f —— Sim-Perugia, Vgy=165V
125 Sim-CERN, Vgg=27 N ;.f / f / 125 Sim-CERN, Vgg=399V s’
- o / = s
= ® . [ . .
= L 00 / ;‘f ;‘f / = L 00 Structure 25X 100-1E A
.00 1 L0 A 7
o ff;' ; // o Temp -25 °C 2
S S s =1 R y
Y 0751 /,//~/,'/ A Y 0751 gl e
_/‘.'C;‘/ e _ R J B
0.50 - S -f'f—J 0.50 - e T =
—_—= = —
095 Structure 50 X 50-1E . e
' Temp -25 °C 7 o
G.GD T T T T T T T T G.GD : T T T T T T T T
0 25 50 75 100 125 150 175 200 225 0 25 50 75 100 125 150 175 200 225
Voltage (V) Voltage (V)
Comparison between simulation & experiments
Calculated Damage Rate at V=100V, T=20°C
o o o
n Fluence . )
Irradiation (Nefcm?) Structure | Experiment | Perugia Model | CERN Model
e (10A/cm) | (10°YA/cm) (10" Alcm)
50x50-1E | 6.92+1.14 5.54 4.87
Neutron | 1.0x10%°
25x100-1E | 4.25+0.91 6.69 4.22 §)




Always breaks down at the Tip

regardless of the bulk damage

model used or the structure.

3.0

Fluence=1.5E16, Normalized

2. Simulation of Existing Detectors

Fluence=1.5E16, Normalized

T 7
—-= Expl, Vgg=110V / / 14— Expl, Veg=172V Structure 25X 100-1E
—-- ExXp2, Vgg=122V / _,.r'/ —-- Exp2, Vpg=194V Temp -25°C
2.59 —-- Exp3, Vgg=130V _,r' 1 15| = Exp3. Ve > 200V
—-- Exp4, Veg=120V ?{'f;-" , —-- Exp4, Vgg > 200V
— = / v —-= Exp5, Vgg=192V
204 Exp5, Vag=118V , v, 104 Xp5, VB
_ Exp6, Veg=108V A r _ Exp6, Vgy = 200V
":l: - * . ":l:
< —— Sim-Perugia, Vgg=124V A f,_fff.f / E g " EXP7.Ves> 200V 1
2 15 SIM-CERN. Veg=249V 7 _f}'f,z' y 5 —— Sim-Perugia, Vgg=213V e f;’

5 7y 5 Sim-CERN, Vgg=389V 2 77
v Vs © PR P e
1.0 - (A > 7 .27

&7 s .~ P
e /,+/- - .,,.-r'-""-...-"’.-"".#
J-”'i."'::""’ __.;-:‘?-._.'._—__‘f-""‘
0.5 - *T Structure 50X 50-1E
= Temp -25 °C
0.0 T T T T T T T T T T T T T
0 25 50 75 100 125 150 175 200 225 100 125 150 175 200
Voltage (V) WVoltage (V)
Comparison between simulation & experiments
Calculated Damage Rate at V,=100V, T=20°C
(l* (l* (l*
S Fluence d )
Irradiation (Neg/cm?) Structure | Experiment | Perugia Model | CERN Model
5 (10 Alcm) (10 Alcm) (10’ Alcm)
50x50-1E 7.79+ 2.53 10.74 7.65
Neutron | 1.5x10%
25x100-1E | 3.87+0.43 9.25 6.13

225



2. Simulation of Existing Detectors

CERN Model:

leakage current well predicted at low reverse
bias when the fluence is low;

leakage current starts to deviate from measured
results at high fluence;

over-estimates the breakdown voltage for all
simulated scenarios, including different layouts

and fluences.



Breakdown Voltage (V)

3. Influence of Geometrical Parameters

Pre-irradiation

145 4

140 +

135 4

130 +

125 4

120 +

115 4

—
i
50X 50-1E

—— R=4.0 Temp 20 °C
6 18 20 22 24 26 28 30

Gap (pm)

Conclusion:

Breakdown voltage increases with the Radius
and the Gap;

Always breaks down at the Tip, contribution
from the surface gets more and more
important;

The Radius & the Gap effect saturates.

Dose=10&20Mrad

140 +

130 4

Breakdown Voltage (V)

160
150 4

120 A —— R=3.0 /"§tructure 50 X 50-1E
R=3.5 Model | Perugia Surface
* —— R=4.0 Used Damage Model
llﬁ lIEi EID 2|2 2|4 2|6 EIB 3ID
Gap (pm)
Conclusion:

Always breaks down at the Tip;

Same breakdown voltage for both Doses due
to long distance of the Tip from the surface;
Breakdown voltage increases with the Radius
& the Gap.




Breakdown Voltage (V)

3. Influence of Geometrical Parameters

Pre-irradiation

180
— -
170
160 i -
Designed
Value
150 /‘2 — -
—i— R=2.0 Structure | 25X 100-1E
40| ¥ T R=25 Temp 20 °C
—i— R=3.0
R=3.5 - -
—i— R=4.0
130 4 +—
16 18 20 22 24 26 28 30
Gap (pm)
Conclusion:

1): Breakdown voltage increases with the Radius;

2): The Radius & the Gap effect saturates.

Breakdown Voltage (V)

Dose=10&20Mrad

200

190 +

180 -

170 4

160 -

150 +

N / Structure 25X 100-1E
Perugia Surface
130 1 Model Used Damage Model

T
16 18 20 22 24 26 28 30
Gap (pm)

Conclusion:

1): Breakdowns at the Tip after surface damage, thus same
breakdown voltage for both Doses;

2): Breakdown voltage increases with the Radius & the Gap.
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Current (nA)
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3. Influence of Geometrical Parameters

Structure 25X 100-1E
TID 20Mrad

Perugia

|| Model Used | Surface&Bulk

Damage Model

L~ Difference in the breakdown
e | voltage with/without Oxide
i is negligible;
The trend applies for the
CERN Model as well.

R=20, Gap=20, Fluence=1e1l6, WithoutOxide, Vgg=155V
R=20, Gap=20, Fluence=1el6, WithOxide, Vgy=158V

R=20, Gap=20, Fluence=2e16, WithoutOxide, Vgg=165V Safe to use Only the bulk
R=20, Gap=20, Fluence=2e16, WithOxide, Vg;=167V for breakdown prediCtiOn

R=25, Gap=20, Fluence=1el6, WithoutOxide, Vgg=165V

R=25, Gap=20, Fluence=1e16, WithOxide, Vsg=169V after radiation damage to
R=25, Gap=20, Fluence=2e16, WithoutOxide, Vgg=176V . .
R=25, Gap=20, Fluence=2e16, WithOxide, Vay=179V boost the simulation.
0 25 50 75 100 125 150 175 200
Voltage (V)

Breakdown simulation With/Without Oxide
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Only the 3. Influence of Geometrical Parameters
Bulk
Fluence=1E1l6 Fluence=2El6
180 4| Structure 50 X50-1E Structure 50 X50-1E
Model Perugia Bulk Model Perugia Bulk
Used | Damage Model 19079 Used | Damage Model
170 -
> > 180 -
@ @
& 160 - k)
% % 170 -
= =
S 150 - S
- -
o o
= — 5 1607 —
— —i— R=2.5
140 - _ Breakdown voltage _
Designed — 150 increased 12V by . 2;::2
Value Y increasing the radius _,— p_s.0
130 1 for 1um
16 18 20 22 24 26 28 30 16 18 20 22 24 26 28 30
Gap (um) Gap (um)
Conclusion:

1): Higher Fluence leads to higher breakdown voltage;
2): Breakdown voltage increases with the Radius & the Gap;
3): The Radius & the Gap effect saturates.
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Only the

Bulk

Breakdown Voltage (V)

3. Influence of Geometrical Parameters

Fluence=1E16

Fluence=2E16

220

Structure

25X 100-1E

210

Model
Used

Perugia Bulk
Damage Model

200 -

190 +

180 -

170 4

160

150 4

140 ~

Designed
Value

22 24
Gap (um)

230 -
Structure | 25X 100-1E
2204 Model Perugia Bulk
Used Damage Model |
210 -
=
U 200 -
n
©
= i
~ 190
=
o
£ 180 -
o
—h— E —h—
—h 170 4 —4— R=2.5
—— voltage —— R=3.0
160 - ed 20V by R=3.5
—— ncreasing the radius —+— R=4.0
150 - for 1,um
26 28 30 16 18 20 22 24 26 28 30
Gap (um)
Conclusion:

1): Higher Fluence leads to higher breakdown voltage;
2): Breakdown voltage increases with the Radius & the Gap;

3): The Radius & the Gap effect saturates. 13



4. Summary

The Tip limits the breakdown voltage, especially after radiation damage;

25 X100-1E has higher breakdown voltage due to larger inter-electrode distance;
Perugia Bulk Damage Model can predict the breakdown quite accurately, CERN
Bulk Damage Model is better at predicting the leakage current;

It is possible to increase the breakdown voltage of both designs by increasing the

Radius/Gap, but the Radius & the Gap effect saturates.

14



Thank you for your time!




Leakage Current (pA)
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Pre-irradiation

Backup — Pre-irradiation

Structure 50X 50-1E
Column radius| 2.5 um
Effective gap 20 um
Temp 20 °C
—— Expl, Vgg=123V "E_
T —— Exp2, Vgy=130V :é'
—— Sim, Vgg=132V o
) &
ub}
L=}
i 2
9

T
60 80
Voltage (V)

T T
120 140

0.30

Pre-irradiation

0.25 +

0.20 4

0.15 +

0.10 +

0.05 4

Structure 25X 100-1E
Column radius 2.5 um
Effective gap 20 um
Temp 20 °C

0.00 -

—— Expl, Vgg=125V
—— Exp2, Vgy=128V
—— Sim, Vgg=139V

=gl ]

60 80
Voltage (V)

T T
100 120

T
140

T
160



Leakage Current (nA)

0.25

Back — Surface Damage

Different TID

0.20 4

0.15

0.10

0.05 +

Structure 50 X 50-1E

Column radius

Effective gap

0.00

—i— Expl, Dose=50Mrad({y-ray), Veg=124V
—i— Exp2, Dose=50Mrad(y-ray), Veg=121V
—i— Exp3, Dose=50Mrad(y-ray), Veg=117
Sim-Perugia, Dose=10Mrad, Vgg=126YV
Sim-Perugia, Dose=20Mrad, Vgg=126V

T T
0 20 40 60 80 100 120
Voltage (V)




Backup - 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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RD53A assemblies with different 3D sensor geometries

Back — Efficiency of irradiated modules at beam test

* At 10*° ny/cm#a hit efficiency of 96% at normal beam incidence reached below 100 V

» Larger voltages (~150 V) required at 1.8x10% n,,/cm?

Hit efficiency [%]

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

10055 g g ; | I
- L5
80:— ........................................................................................................................................................... _:
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1| .. — [ e W91-02,  25x100-1E, 130 wm, &=0
- . —=— W30-D11.3,25x100-1E, 150 um, ®=5 -
SO fo - . ——+— W91-23,  50x50-1E, 130 um, d=10"
» f . [®] =10" n.q cm? .
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0 20 40 60 80 100 120 140
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Efficiency [%]

100

80 -
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40 A

20 A

G. Bardelli et al., IWORID 2022

Stepper-1 -
—$=—= Stepper-2 -
—$— Stepper-2 -
—$=— Stepper-2 -
—$— Stepper-2 -

--------- 97% Hit e ciency

25x100-1E

(15x10%ngq/cm?) - THR=1500e
(14x10%neq/cm?) - THR=1400e
(14x10%neq/cm?) - THR=1500e - Turn = 10 deg
(18x10%ng/cm?) - THR=1700e
(18x10%°ngq/cm?) - THR=1600e - Turn = 12 deg

60

80

100 120 140 160
Bias Voltage [V]




