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Outline

» Four Guard-Ring (GR) designs have been implemented in UFSD4 production by FBK
» Guard-ring designs investigated in simulation

» Characterization of new PiN diodes and irradiated LGAD (neutrons; @=1.5-101>
neq/sz)
* PiN diodes: measurement of breakdown voltage
* Irradiated LGAD: measurement of GR current

» Characterization of Noise due to different GR design in irradiated LGAD (neutrons up
to @=1.5-10" n,,/cm?)



Guard-ring and edge layouts

Design: GR5_STD
(Multi floating Guard-Ring)
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» One p-stop between the last GR and the cut line
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Guard-ring and edge layouts

Design: GR3_0
(Zero floating Guard-Ring)
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» Edge width of 300 um
» One grounded Guard-ring
» No floating Guard-ring

» No p-stop between the GR and the cut line
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Floating GR

Cut line

Guard-ring and edge layouts

GR3_1

(One floating Guard-Ring)

Design

P e

7

7’

/

Pixel

-
4

|
I
I
I
I
I
I
I
I
I
I
I
I

p-stop

300pm
e

R ——_—_—_ ,, ,e rty INWR
ZZAa RN
R Q

RN

< N

alnnnnn

N Y 7
100NN et
A RN L

e Y N

B

/\u%%u\
\..\...P&
P ,,
.

S

%ﬂg‘?\ X

s

%

s
777
7
7
Z
7
§£EE
PA

St
%.%&%\
S
SEEE

7777

mEa

\ \ ! N\
s R
% s s \V.. \\.YQ\ o0 \V.. % s
e

X

S
e

B
SRR

o2a%y

i
T
S

7777

G A

AN
AN
T A

Al

.

R T Z A L ——_—_ R

AT

» One grounded Guard-ring

» Edge width of 300 um
» 1 floating Guard-ring

» No p-stop between the floating GR and the cut line
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Guard-ring and edge layouts

: GR3_2
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» Edge width of 300 um

» One grounded Guard-ring
» No floating Guard-ring
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» Double p-stop between the floating GR and the cut line
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Summary of guard-ring tested
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Simulations of different guard-ring designs in 45um-thick LGAD
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Evaluation method

The different guard-ring structures have been tested using the following measurements:
* Breakdown of new PIN structures
e Current and breakdown in irradiated structures

* Presence of spurious signals (macro-discharges) due to guard-ring structure instability
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Total Current [A]

Breakdown of PiN diodes with different GR designs

Breakdown measurement performed on PiN diodes unirradiated

PiN diodes investigated

GR5_STD GR3_0 GR3_1 GR3_2 Breakdown:

» Edge breakdowns between 600 V and 700 V

» Slight dependence on guard-ring design
PIN diode with different GR designs
» Designs with no floating GR are the most

1E-05 - Edge BD .~ robust
1.E-05 + )/ \
1.E-05 | ! \ . . . . .

' ! . ——GR3_0 » Design with multi-floating GR is the least

- - |

8.E-06 :| ! GR3_1 robust
6-E'06 I~ \ I
4.E-06 \ I GR3_2

EER T NI » The edge width does not affect the breakdown
2 E-06 | NEP GR5_STD
1.E-10 e e e | ———

0 -200 -400 -600 -800
Bias [V]
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Breakdown vs # of edge implants (guard-ring and p-stop)

Breakdown voltage Breakdown voltage
VS Vs
# of floating guard-ring # of p-stop beyond the innermost GR

720 GR3 0 720

700 & 700 ¢
> 680 S 680 |
§ 660 | g 660 |
;: 640 2640
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600 |

580 : : ' ‘ ' 580
0 1 2 3 4 5 0 1 2 3 4 5 6

# of floating GR # of p-stop beyond the innermost GR

g
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GR5_STD GR5_STD

Relationship between the breakdown voltage and the number of implants beyond
the innermost guard-ring



Guard-ring currents in irradiated LGAD at $=1.5-10" n.,/cm?
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Guard-ring designs investigated on
Guard-ring currents (-25°C) - LGAD 2x2 - Irr: 1.5E15n../cm, | 2x2 LGAD:
——GR5_STD_samplel  nylti guard-ring design GR3—0 _GR3_1
— — GR5_STD_sample2 .
6.1E-07 | - — —GR5_STD_sample3 Edge width = 500 um, — N
--------- GR5_STD_sample4 / \
T5AE07 | cryossampied ' |
3 f..i.iﬁﬁi:ﬁ:ﬁiﬁzizi Zero and One floating /
5 4.1E-07 GR3_1_samplel guard-ring L /
(8] e 5 q
o L emieampes  Edge width = 300 pm . In presence of bulk damage:
T T e GR3_1_sampled \ » Multi guard-ring design has a
S 5 1£-07 f steeper increase of the edge
= / current
1.1E-07 » Zero and one-floating guard-ring
designs are more robust than
1.0E-08 ' multi GR design
-200 -400 -600 -800
Bias [V] The effect of surface damage must
be investigated
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Characterization of Noise — Macro discharges

Macro Discharge (MD) phenomenon has been observed for the first time in multi guard-

ring irradiated LGAD (®>1-10"> n.,/cm?), working at high bias (Bias > 450V)

LGAD Irradiated 1.5-10'° n.,/cm?
biased at 600 V

LGAD Irradiated 1-10%° n.,/cm?
biased at 450 V

LGAD Irradiated 1-10"° n.,/cm?
biased at 520 V

(MDs) were observed by triggering the sensor noise in
absence of external source of signal (beta, laser etc...)

Measurements were done in climatic chamber at -25°C with a
readout chain based on SC-Board + a 20dB second stage
amplifier (Cividec BroadBand)

Macro discharge phenomenon, main characteristics:
* Bias dependent
* Irradiation level dependent
* Discharges of different amplitude and time duration




Characterization of Noise — Macro discharges

"“ TELEDYNE LECROY
Everywhereyoulook

Periodic Phenomenon
(Hypothesis of a charge and
discharge mechanism)
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Vertical scale: 600 mV/div
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Macro discharges in different guard-ring devices

Macro discharges investigated in irradiated LGAD with different guard-ring designs

Guard-ring design investigated:
» Multi floating guard-rings (GR5_STD)
» One floating guard-ring (GR3_1)

Bias table at witch macro-discharges appear

» Zero floating Guard-ring (GR3_0)

~ GR3_1  GR5_STD @ = 1-10% n.o/cm?

= N
=\

GR5_STD GR3_1 GR3 0
450-500 V / /
450-500 V 550-600 V /

71— @ = 1.5-10%° n.o/cm?
\

Macro-discharge is guard-ring design dependent:

» GR5_STD design: Macro-discharges appear in the safe working bias (Bias < 500V) of sensors

» GR3_1 design: Macro-discharges appear above fluence of 1.5-10*> n.,/cm?, beyond the safe working

bias (Bias>550V) of sensors.
» GR3_0 design: Macro-discharges do not appear
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Possible source of macro-discharge

Floating GR

Cut line

Pocket of area limited within two implants I
collect charge and increase their voltage,
until they discharge

Charge is trapped

Consistent with evidence: .
between two implants

- Faster charge-up in more irradiated
sensors
- Faster charge-up at higher bias
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Summary

» Four Guard-ring designs have been investigated in simulation and implemented in UFSD4 FBK-
production:
* Multi floating Guard-Ring
* One floating Guard-Ring
e Zero floating Guard-Ring
e Zero floating Guard-Ring + double p-stop

» From simulations and electrical characterizations pre and post neutrons irradiation, the
designs with zero and one floating guard-ring are more robust than multi guard-ring design

» Noise characterization in irradiated LGAD showed Macro-Discharges correlated with the GR

design:
* In multi-GR design Macro-Discharges appear in the safe working bias (Bias<500V) range
of sensors

* In One-GR designs the Macro-Discharges appear beyond the safe working bias range
(Bias>550V) of sensors
* In Zero-GR designs the Macro-Discharges are absent up to 700V

Marco Ferrero, UPO, RD50 21-24 June 2022
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Simulation parameters

45-pum-thick active substrates with 0.81-um-thick oxide

Edge contact at the same bias of the back

Horizontal cutlines at 100 nm beneath the silicon/oxide interface
Radiation damage models implementation (new Perugia, bulk damage)
Unirradiated profiles plotted at breakdown

Irradiated profiles plotted at 600 V



Simulations of Zero floating guard-ring + double p-stop in 45um-
thick LGAD

not irradiated at 411 V (breakdown)
irradiated at 600 V (1 Mrad, 1e15 n.,/cm?): / = 10 pA

Double p-stop

Innermost GR

Sensor edge




UFSD4 Reticle
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