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The next generations of ASICs for
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in 28nm CMOS technology
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~ 1% year of commercial production

data from:
https://iwww.tsmc.com/english/dedicatedFoundry/technology/logic/l_3nm
https://irds.ieee.org/editions/2022/morenoore
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ASICs in 28nm technology
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TID effects in 28nm technology
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What is the sensitivity t8ingle Event EffedfSEEdf 28nmCMOS technology?
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EXP28.SEE/ANA

D. Ceresd3.Borghelb, G. Bergamin, F. Piernas Diaz, B.2 I Q K. \R@uRinas

SINGLE EVENT EFFECT (SEE) ANALOG IP BLOCKS

NONDESTRUCTIVE

EVENTS <; _

(SBU, MBU, SET)

DESTRUCTIVE EVENTS
(SEL)

chips receiveanid 2022
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.SEE/ANAESTSs
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A Heavyions test at HIF (LouvaimNeuve BE

https://uclouvain.be/en/researcinstitutes/irmp/crc/heavyion-facility-hif.html

DAUGHTER
BOARD

U 2 days of test end of November 2022

https://www.triumf.ca/pitnif/proton-irradiation

A Proton test at TRIUMF (Vancouver, CA) =

U 1 (long) day beginning of December 2022 MOTHER BOARD
U tested only EXP2BEE

Test system developed by
Ristot S2 I Oang 2 JA O
Francisco Piernas Diaz

RADNEXT

(This project has received funding from the European Union's Horizon 2020 research and inpmgi@onmeunder grant agreement No 101008126.)
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EXP28.SEE/ANAESTS

A Heavyions test at HIF (LouvalimNeuve BE)
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EXP28.SEE/AMAI TEST

2 days of test in November 2022

lon DUT energy Range LET
[MeV] [um Si] [MeV/(mg/cm?)]

3.25 | 13C# 131 269.3 1.3
3.14 | 22Ne’™* 238 202.0 3.3
3.37 | 2TAI8* 250 131.2 5.7
3.27 | 3BAril+ 353 114.0 9.9
3.31 | S3Crié+ 505 105.5 16.1
3.22 | S8Nijl8* 582 100.5 20.4
3.35 | 84Krz+ 769 94.2 32.4
3.32 | 10RpL 957 87.3 46.1
3.54 | 124Xe35t 995 73.1 62.5

https://ucl

ouvain.be/en/researcinstitutes/irmp/crc/parametersand-availableparticles.html

RADNEXT

(This project has received funding from the European Union's Horizon 2020 research and inpm@tionmeunder grant agreement No 101008126.)
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EXP28:SEE
[btested forall ionsat® = 0 and 45
'Hfluence~5x10 ni/lcm? for each ion/angle

EXP28:ANA
[Hhseveral combination of ion/angle/voltage
(more details later)

HI

LE L = LET/coS()
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EXP28.SEE/ANAESTS

A Proton test at TRIUMF (Vancouver, CA) :

https://www.triumf.ca/pifnif/proton-irradiation : OI7"/ .....................
; y EXP .................
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RADNEXT

(This project has received funding from the European Union's Horizon 2020 research and inpm@tionmeunder grant agreement No 101008126.)
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- EPP 2023: Single Event Effects characterization of a commercial 28 nm CMOS technology
Sl PROTON TES
EXP28:SF-5. ¢ PR

1 (long) day beginning of December 2022

test n. 1 2 3 4 5 6 7 A 2 chips (A, B)

chip A A A A B B B N

MG 480 480 480 480 480 480 | 480 A 2 energieq480, 350 MeV)
fluence 174 182 184 184 183 184 184

cmZx 10°
flux
cnr2x 108/s

520 130 1300 1300 1300 1300 1300

test . 8 9 10 11 12 13 14 15 16 17 18

B B B B B B A A A A A
YOSV 350 350 350 350 350 350 350 350 350 350 350
fluence 90 183 183 184 184 90 184 184 64 385 385

cmrzx 10°
flux

2 256 256 640 640 640 128 640 640 128 640 640
cnr2x 10°/s

()
=3
O

RADNEXT

(This project has received funding from the European Union's Horizon 2020 research and inpm@tionmeunder grant agreement No 101008126.)
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EXP28.SEE/ANA

D. Ceresas.Borghelb, G. Bergamin, F. Piernas Diat, B.2 | Q K.\RBuRiras

first comprehensive overview of the SEE sensitivity of 28nm CMOS technology
V  minimum distance between-flip-flop to avoid MBU

cross section of DFF for HI and protons
cross section of foundry SRAMs for HI and protons

V
V
V  MBU evaluation in scrambled SRAMs

V  evaluation of a method to predict SEESs rate in the accelerator environment usingdmedaia
V  cross section and pulse length for SET with HI and protons

V. multi-SET

V  sensitivity to Singl&ventLatchUP
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EXP28.SEE/ANA

D. Ceresas.Borghelb, G. Bergamin, F. Piernas Diat, B.2 | Q K.\RBuRiras

first comprehensive overview of the SEE sensitivity of 28nm CMOS technology

V  minimum distance between-flip-flop to avoid MBU

V  evaluation of a method to predict SEESs rate in the accelerator environment usingdmedaia

pulse length for SET with HI and protons

V  sensitivity to Singl&ventLatchUP
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EXP28.SEE/ANA

D. Ceresas.Borghelb, G. Bergamin, F. Piernas Diat, B.2 | Q K.\RBuRiras

A minimum distance between-flip-flop to avoid MBU

A evaluation of a method tpredict SEES rate in the accelerator
environment using heaxign data

A pulse length of SEdr HI and protons

A sensitivity toSingleEventLatchUP
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EXP28.SEE/ANA

D. Ceresas.Borghelb, G. Bergamin, F. Piernas Diat, B.2 | Q K.\RBuRiras

A minimum distance between-flip-flop to avoid MBU
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Singlebit-upset (SBU) Multi-bit-upset (MBU)
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TRIPLICATION

;o

ERROR!:

physical distance among triplicated
cells reduces the risk of MBU!

2023/10/05 giulio.borghello@cern.ch | CERNEFEME- EP R&D WP5.1 18



TWEPP 2023: Single Event Effects characterization of a commercial 28 nm CMOS technology

S } jid
ik R4, 450 |mmm~ XSHOGER DL DL Tv Hais A7 Lragisid on 3 il [eww{ 7% Wl 59,174, 3 1
3 t
o SENGEE corrolistiGaR D DL w3th A reragioes N 10671 A se205: N e % a5z Naod | o
i i y

195581 ol conpolrsGRRLBLY DL !

87 BTG B MR S
1
((\ i
oL SNISLER core 35502 > SarBA1GE: SEINERERE B B 1]
- - 5 m:

K<l e fore 33378

TRIPLICATION

o IARIHBTH EIRERALLY ’ﬂ“ﬂ{

15>mtypically used

In 65nmtechnology AEEE

5196 Tucell coptrol SULER core 33371
.:r 4 AW i
h 1 h : ’ w4l | | 9o and K
i 1
\:7;195 m?tlxm’ 7 404 . praréigin mﬁﬁ\iug;ssm \,m.mF'_s_ Ao Aeod 0 g1, 1562 i Avd_ 06, ,;'! @
i

Stefan Biereigelnvestigations on MulBit Upsets in 65nm CM@8tps://indico.cern.ch/event/959656

¥

What is the minimum distance between
DFF to avoid MBU #8nmtechnology?
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EXP28.SEE

SINGLE EVENT EFFECT (SEE)

3 test structures:

A 7 matrices of Blip-flops | o
single and multtbit-upsets

(SBU, MBU)

A 4 foundry SRAMs

singleeventtransient
(SET)

IEEEEERREEEEEEEEREL

A 16 chains of inverters + vernier detec]er

EDDDDDDDDDEDDDDDDDDDD
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EXP28.SEE

SINGLE EVENT EFFECT (SEE)

3 test structures:

A 7 matrices of Blip-flops | o
single and multtbit-upsets

(SBU, MBU)
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|

7 matrices of 4096 DFF

\ +—{>-{ DFF | DFF | DFF | DFF DFF | DFF | DFF | DFF DFF | DFF | DFF
—{>—{ DFF | DFF | DFF | DFF DFF DFF | DFF
—{>{ DFF | DFF DFF DFF | DFF | DFF | DFF
> DFF | DFF DFF DFF DFF!DFF DFF
oI T T 1
SCANNER SCANNER SCANNER
Address Sampler » Address Sampler » Address Sampler
Hitflagl Addressl ResetT l l T l l T
Read Arbiter
it ddressl
Frame Builder
LWl Clock Generator st »  Parity Calculation
Serializer
gap needed for routing 640 MHz 640 Mops
System Clock Hit Data

Stefan Biereigelnvestigations on MuHBit Upsets in 65nm CM@8tps://indico.cern.ch/event/959656

0 DP1 (D FlipFlop with Sync Cledr)
DD 145, D1 (D FlipFlop with Sync Clear + buffer in th&€Opath)
2 D4 (D FlipFlop with D4 driving strength)

D D1 (LowVtflavor)

D D1 (HighVtflavor)
5 D PIULVT (UltraLowVtflavor)
6 DDl (~5.5>m spacindetween DFF)
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EXP28:SEFDFFc MBUC HI

100 DFF matrices (f ~ 5 x 10%ions/cm?)

rhatrix O ndatrix 4 0 =0°

| O
gol| A matrix 1 ¢ matrix 5 T

matrix 2 < matrix 6 ¢ no MBU immatrix 6!

=) | matrix 3 5 -
s O0F——— TS TSI TR g ..... T -
— . : : : : : s
2 | | 1 . | B
= ? T
m 40 .— ............... . ............... ? ................. g..................; ........ A ..... ; ................. ;...-.
N : : : : ©

LET =5.7
MeV/(mg/cn®)
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EXP28:SEFDFFc MBUC HI

100 DFF matrices (f ~ 5 x 10%ions/cm?)

[0 matrix 0 matrix 4 6 = 45°
goll A matrix 1 ¢ matrix5| T -
- matrix 2. < matrix 6| : 8 RN

matrix 3

00 _ .......... ......... ........... 0 ............ ......... ............ ........

% PMBU [a.u.]

ER e e

20 b BB

e o e Frm ey
-0..-...]:0--..2-0--.-30---.-40.---5-0-..--60-.---7.0.--.80 -------

LETeq [MeV /(mg/cm?)]
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EXP28.SEDFF MBUC protons

o f—214Mp/cm E = 350, 480 MeV; Chlp 1,2

: : : : : total
.............. .............. .......... (92) hits

........ 0wy []B | noMBU imatrix 6!

2 3

matrix
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~\

EXP28.SEEDFF MATRIX 6

J
2.38>m
O.9>mI DFF |+ DFF |4
. 0.56>m
:
| /
1 (Q /7
Q— Ve
/E\ : (OQ e
% | (J/\'//
< : /7
To) : /,’
| 7/
: 2
I /’/
v
T 5.32>m T
DFF b iy - DFF . dimensions as drawn
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EXP28:SEDFF

~6>m spacindpetween DFFs drastically reduces probability of MBU!

A key information for triplication strategy!

A ~2.5 times less thathe 15>m typically used i65nm technology

0.56>m
Can we reduce it further? L 238>m 4
09>mI DFF |4l DFF |4
DFF |4| DFF |a
DFF |4| DFF |&
matrix 0:5— DFF | ; oFF |}

*3.22>m for matrix 1

dimensions as drawn
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EXP28.SEEDFFK, MBU 238 _oss

e —— . B

0-91 DFF

*3.22>m for matrix 1

o>

DFF

o> H|T>H

DFF

DFF DFF

o>

T
A
P
T
A
P
T
A
P

dimensions as drawn
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DFF

o> H|T>H

DFF

max MBU length = 2

2023/10/05

100 %

469469

0%

0/469

0%

0/469
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2.38 0.56

e —— . B

os]

DFF

o>

0%

0/469

*3.22>m for matrix 1

0%

0/469

dimensions as drawn

29
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EXP28.SEDFF MBUC protons 238 056

0-91 DFF

*3.22>m for matrix 1

o>

DFF

96.5 %

DFF 55/57

o> H|T>H

max MBU length = 2

0%

0/57
T :.0 “‘
DFF |4 DFF : T :
. A :
max MBU length = 2 P .
- T .
. A .
-‘ P -
" T
. A .
. P :
0/57 dimensions as drawn

2023/10/05 giulio.borghello@cern.ch | CERNEFEME- EP R&D WP5.1 30



TWEPP 2023: Single Event Effects characterization of a commercial 28 nm CMOS technology

EXP28:SEFDFF

~6>m spacindpetween DFFs drastically reduces probability of MBU!

A key information for triplication strategy!

A ~2.5 times less thathe 15>m typically used i65nm technology

Can we reduce It further?

~

maybe yes',
probably not by muclj

anyway, not with these data:
very small statistics, not fine enough matrix

dimensions as drawn
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EXP28.SEE/ANA

D. Ceresas.Borghelb, G. Bergamin, F. Piernas Diat, B.2 | Q K.\RBuRiras

A evaluation of a method tpredict SEEs rate in the accelerator
environment using heaxign data

heavyions test:
© large statisti¢gmany errors in a short amount of time)
© easier to triggesingleeventlatch-up (SEL)

® not representativeof the radiation environment in particle detectors
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EXP28:SEDFF; * ¢ protons

ty

[
a, .

]
4,
v

»
a
v Y.
n
LS L

“Me
20 [ | I l I !. !, , .'.-,.....gfder O ....... .

L]

[ measures 14:18|" "'m.fUO'e/ '
15 b — ] R o f =1.20 X 10" p/cm? |

10 T RN SRR SRR S

crosssection” pcny¥] =
(#errors/#DFF in matrix)/fluence

ODFF [CHl2 X 10_15]

A
estimation 0 1 2 3 4 5 6
from HI DFF matrix number [a.u.]
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EXP28.SEE

SINGLE EVENT EFFECT (SEE)

3 test structures:

single and multtbit-upsets
(SBU, MBU)

A 4 foundry SRAMs
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. RAM
| |

A 64096x32b singkport

A 142048x32b singkport UHD

6 duatport UHD

A 44096x32b duaport
A 64096x32b duaport UHD

Total active area: 0.76 nm
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-
LJ

EXP28:SEESRAM, * ¢ protons

f=1.20 Tp/cm2; E = 350MeV; chip: 1 :'.Sa
I . me

’ — 7336 ] el Org ..
x HI estimation (7336) T der yp ...

| ; - . 0
R f
..................!.......................................?..................................... .....................................! .................. - ... .
: : : Tan, * o,

L : : H 4 a, o,
: : Y / e
: : Ta, *
: : J e, °
H Yan, (9 U
H .. ° *

- 4, I}
]

an
.....
an

—
DO

—
S

ODFF [Cm2 X 10_15/#C6118]
(@) 0.0)
BEEE =
ARt

W
x

9 . i i
Single SingleUHD Dual DualUHD
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EXP28.SEE/ANA

D. Ceresas.Borghelb, G. Bergamin, F. Piernas Diat, B.2 | Q K.\RBuRiras

A pulse length of SEdr HI and protons
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EXP28.SEE

SINGLE EVENT EFFECT (SEE)

3 test structures:

singleeventtransient
(SET)

A 16 chains of inverters + vernier detec}er
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P28: El
| |

VERNIER DELAY LINE TEST STRUCTURE
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Ch5  Ch7

.. . . Chl Ch3  ChS: Ch7' Chl  Ch3
Fully digital implementation

Ch4  Ch6  Ch8

Fast readout through differential lines

Sensitive area ~400 x 80 um2 with minimum size inverte

Groupd—Chl 2
=

Groupd — Ch8

M. Glorieux et al., "Detailed SET Measurement and Characterization of a 65 nm Bulk Technology," in IEEE TransactoSsi@enédjslel. 64, no. 1, pp-88, Jan. 2014oi: 10.1109/TNS.2016.2637935.
P. Huang et Al, "Healgn-Induced Charge Sharing Measurement With a Novel Uniform Vertical Inverter Oha@ SEMT Test Structure," in IEEE Transactions on Nuclear Science, vol. 62, no. 63pg83386. 2015
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EXP28.SEE/ANA

D. Ceresas.Borghelb, G. Bergamin, F. Piernas Diat, B.2 | Q K.\RBuRiras

A sensitivity toSingleEventLatchUP
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EXP28:ANA

ANALOG IP BLOCKS

SingleEvent LatciUP (SEL)

DESTRUCTIVE EVENTS
(SEL)
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SEL test structure

Letchup sensitivity depends on doping levels (which cannot be changed)stamice between wells

80-120 pm

40 structures with different combinations of s X%s Xwns

X~xwes

PS 4

Xss

NS

. ’
NXpPwns i
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EXP28.:ANAHI

m angle [l | LET [MeVI(mg/c)] | fluence [10ni/cm?]

20.4 23.3 VDD (0.9 V)
Ni 45 28.85 16.2 VDD
Kr 45 45.82 11.4 VDD
Xe O 62.5 51.6 VDD
Rh 45 65.2 11.4 VDD
Xe 45 8839 . 6.2 NDP..........
Xe 45  i8839 i 45.0 {1.15*VDD
Xe 75 i 24148 1.72 {1.15*VDD !

high LET, high voltage
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Letchup sensitivity depends on doping levels (which cannot be changed)stanace between wells

) 80-120 pm . 40 structures with different combinations qf s Xss Xwns
NW &
X~xwes I

No SEL

In any of the structures
for any for the tests!!!

PS

\~ 4

NS

NXpPwns
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CONCLUSIONS

D. CeresdaG.Borghelb, G. Bergamin, F. Piernas Diaz, R.2 | Q K. RIBuKinad

first comprehensive overview of the SEE sensitivity of 28nm CMOS technology
V 5>mdistance to avoid MBU in DFF
V validation of modetio estimate of proton cross section from HI tests
V SET pulse lengtar heavyions and protons
V no SEfor any structure/LET

cross section of DFF and 4 foundry SRAMs for HI and protons
MBU probability of DFF and 4 foundry SRAMSs for HI and protons
MBU evaluation of scrambled SRAM

cross section for SET with HI and protons

multi SET

+ + + + +
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EXP2&EHIPS SUITE

D. Ceresa3.Borghelb, F. Piernas Diaz,tRS 2 I Q &.yBergamia, K. Kloukinas

TOTAL IONIZING DOSE (TID) SINGLE EVENT EFFECT (SEE) ANALOG IP BLOCKS

2 mm

Goal:

chips receivednid 2022

A experience the design flow

A characterize the 28nm CMOS technology
o performance and radiation response
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1 (long) day beginning of December 2022I
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in the beam |

chip /Ocat,'On

(This project has received funding from the European Union's Horizon 2020 research and inpm@tionmeunder grant agreement No 101008126.)
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Ex28 SEUBINGLE EVENT UPSET ON SEQUENTIAL ELEMENTS

: thanks Davide Cere

sa for the slides! =

ikl T AL I T,

Test structure derived from a muhit upsets test structure in 65nm (Stefan Biereigehs://indico.cern.ch/event/95965%

A 7 matrices of 4096 DFF continuously clocked, D tied to Q.

A 9 tracks, different flavors.

DFF | DFF | DFF | DFF

DFF | DFF | DFF | DFF

DFF | DFF | DFF | DFF

YYYY

=}

DFF | DFF | DFF | DFF
| S
SCANNER

v

DFF | DFF | DFF | DFF

DFF | DFF | DFF | DFF

DFF | DFF | DFF | DFF

DFF | DFF | DFF | DFF
1 1 1

SCANNER

v

Address Sampler

F S
Hit Flag Address Reset
Y

DFF | DFF | DFF

DFF

DFF | DFF | DFF

DFF

DFF | DFF | DFF

DFF

DFF | DFF | DFF

SCANNER

DFF

11

Address Sampler

»

v

» Address Samp

ler

v

»

A4

Read Arbiter

40 MHz

Clock Generator

40 + 640 MHz

Matrix + Hit Address
A

L

640 MHz
System Clock

Frame Builder

Parity Calculation

Serializer

i

640 Mbps
Hit Data

RadHard data processing and readout.

A 1 input line for clock (640MHz).

A 1 output line for data (1®its packet at 640MHz).
A SEU detected readoutc FF reset.

A In case of MSEU, an arbiter ensures priority.


https://indico.cern.ch/event/959655

EXP28:SEEDFF cross section ()

matrix 5; Rh@45°: 65.2 [MeV /(mg/cm?)]

03 - : - 'I3

12 crosssection’ pedcny] =
(#errors/#DFF in matrix)/fluence

|
64x64=4096

y-coordinate

0 8 16 24 32 40 48 56 63
x-coordinate
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EXP28:SEEDFF; * ¢ HI

total number of errors
; ------ 5.--&;---.--&3...% -------------- 'ﬁ-l' ------------ .O"“"."""--""";_;5"5 /
o~  <f N O ™ =3
10 8igRn o 3 aCH . 0
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0 0° ]

|

|
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. 4 crosssection” pecn?] =
1079 § ............ % .................................................................... ] (#errors/#DFF in matrix)/fluence

|
|
|
|
|
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f ~ 5 x 10%ions/cm? |

|
' |
| |
I | I
: : : : : O matrix 0 matrix 4|
: : : : A matrix 1 ¢ matrix 5
10_10 SR froeeeees pooee ! matrix 2 4 matrix 6 -
o et 3
7 N A T | N N L,

oprr = #errors/(f x #DFF) [cm?]

0 10 20 30 40 50 60
LET.s [MeV/(mg/cm?)]
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EXP28.SEESRAM, * ¢ HI

much larger statistics than DFF DualSRAM has a slightly
higher crossection
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EXP28:SEESRAM; cross sectiorHI

SRAM VS LET (ﬂuence ~ 5 x 10°ions/cm?)

osram = #errors/(f x #CELLS) [cm?]

10_7 C 1.E-07 -
' ' : 0] Z N 65nmtechno|ogy|
]| o Al
28 | g | K AT g e
TR e <l T Ralo ERT Bk
;Y3 e P HloN| f
Qi [ 4 K| 3
10-9 ﬁﬁ ..... RURAN RARNN FENRRRAERCRRNANE > Rh % 1600 -
8 1 SingleUHD {[ ¥ e
' E | | - Dual T | —m—SRAM @1.2, static
D alUHD
1010 B b i 1.E-10
0 10 20 30 40 50 60 0 5 10 15 20 25 30
LETg [MeV/(mg/cm?)] LET [MeVcm2/meg]

Bonacini, S., et al. "Characterization of a commercial 65 nm CMOS technology
for SLHC applications." Journal of Instrumentation 7.01 (2012): P01015.

comparable or slightly better than 65nm
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/8 HITS 37.5% : probability
that a particle triggers an MBU ()
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heavyions protons
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form HI to representative
environment
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