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Application Specific Integrated Circuits (ASICs)

Integrated circuits (CHIPS) are used
in High Energy Physics experiments...
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Integrated circuits (CHIPS) are used
in High Energy Physics experiments...

... but also in phones, PCs, domestic appliances,
cars. Actually, everywhere!




Inside the package

Integrated circuits (CHIPS) are
manufactured on a silicon wafer, each
containing a multitude of identical chips

G’cer wafer dicing,

individual chips are
most often assembled
in a plastic package
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Transistors to make a CHIP

A CHIP is made up of transistors connected to form a circuit
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Drawing to manufacture
6 transistors
(in the red squares)

Thousands of transistors interconnected by metal lines




Transistors’ drain-source current is controlled by the voltage applied to the gate
and is proportional to the physical size (W/L, where W is the width and L the length)
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Transistors’ drain-source current is controlled by the voltage applied to the gate
and is proportional to the physical size (W/L, where W is the width and L the length)

Si02 View from source to drain
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P-channel transistors (PMOS) are the same
but they have reverse polarity (n and p doped regions are inverted)

CMOS technologies use both
NMOS and PMOS transistors




Connecting transistors to form a circuit: analog design

Schematic: plan of the connection scheme
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Connecting transistors to form a circuit: high-level digital design

Layout: plan for the manufacturing (masks)
Code: functional description of the circuit Automatically generated
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Printing 1012 tiny transistors in a CHIP

All features (transistors, connection lines, ...) are manufactured by “printing” features
on the silicon wafer, then exposing the printed zones to specific processing steps.

Images are first produced on “PhotoMasks”, then printed — on a much smaller size —
on the wafer using very complex lithographic steps

"PhotoMask” used
in IC manufacturing
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Light source LA

-r #=  Lensin
illumination e -

system 7o - <
Photomask ﬂrﬂ ' // \

Projection lens ‘J ; &

Move (/1

’ Stage Area which can be
Move exposed at once




Silicon Wafer Manufacturing
A giant to make a tiny dot

Transmission-Electron

B ~ Microscope view
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Throughput ~ 2500 wafers/day,
each with 7-70 Trillion MOS transistors
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Aerial view of a manufacturing site (“FAB”)
where silicon wafers are produced
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Silicon Wafer Manufacturing

Look inside a giant “FAB” f
dP® g \

Wafers travel
through processing
equipment

in sealed vessels

Very few human operators are needed



The semiconductor industry has strived to scale the size of the CMOS transistors
to smaller dimensions
Each generation is characterised by the minimum printable shape (called technology “Node”)
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The electronics in the LHC experiments is immersed in a radiation field generated
by the p-p collisions at their center.

Collisions at the center: the radiation field is more intense in the inner detector layers and
decreases with the distance.



Main particles responsible for radiation effects in semiconductor materials

proton neutron pion electron muon

photon

Energetic protons interact with atoms in the o
material they traverse. Energy loss in Silicon

They can loose energy per unit path length via £ =TT
ionising or non-ionising processes. > o s <
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neutral atom charged atom
or molecule or molecule

pr———

electron-hole pair

interaction with

an electron \‘,‘:}

lonising Energy Loss:
electron-hole pair creation

charged particle
or photon

Non-lonising Energy Loss (NIEL): .

atoms are displaced from their regular .. . -~ -~ ~ ~ . |

position in the lattice, giving originto ' o o
interstitials and vacancies. \ '\/ v U il
The disturbance in the crystal lattice B B /\ O O 0 | ) @ -
periodicity has associated discrete M O<TOO O 0O
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band-gap. These influence generation- v v VvV V IV W
recombination processes in the i (@) )

material.
after C.Virmontois, “Displacement Damage in optoelectronic devices

for space applications”, Short Course at the 2017 RADECs, Geneva



Neutrons, protons and pions can also interact with the nuclei of the material

(if their energy is sufficient to overcome the repulsive electrostatic barrier of the nuclei).

Typically this will produce a shower of secondary particles and one nuclear recoil (Si, Mg, Li, He, ...)
with much higher dE/dx and small range.

Energy loss in SiIicon . Energy loss in Silicon
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When a recoil with high dE/dx crosses a biased p-n junction, a large amount of
charge can be collected rapidly at the electrodes.

These recoils have short range, so they must come from an interaction in
proximity of the junction (order of 1-10um for the recoils with high dE/dx)

particle track

Z

Drain

2
a \
9 -
I. J
1 A1 1111 1 1 1 Illl:

N\
N

depleted region

10° 10° 1 10 10
Ion Energy (MeV)

Diffusion &
/N

Fig. 2. Ranges of a few ion types in silicon (p = 2.33 g/cm?).

after Huhtinen and Faccio, “Computational method
to estimate Single Event Upset rates in an accelerator
environment”, NIM A 450 (2000)



Summary
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Total lonising Dose (TID) effects are traceable to the ionising energy loss in the material,
generally SiO;

The unit for deposited dose is the Rad
(in the international system it is the Gy, where 1 Gy = 100 rad)

100Mrad

1rad 10rad 100rad 1krad 10krad 100 1Grad

satellites

deep space pfobes

Homo Sapiens Sapiens
(Mammals), 0.4-1krad

Thermococcus gammatolerans
(Archaea), 3Mrad

—
TR
. %

Braconidae (Insect), 180krad

Deinococcus Radiodurans
(Bacteria), 1.5Mrad

L L TR T

can be killed in 20minutes in our X-ray facility
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TID-induced transistor degradation is due to charge trapped in the SiO2 or
at its interface with the channel

poly o) (s[=0 silicon

@ace traps require the migration of hydrogen
to the interface (“interface states”).

The trapped charge depends on the energy at the
interface (NMOS => NEGATIVE, PMOS => POSITIVE)

@s generated by ionisation can be trapped in the
oxide (“oxide trapped charge”).

The trapped charge is always POSITIVE.

(4) RADIATION-INDUCED .
INTERFACE TRAPS Rad Trapped Hole Si
WITHIN Si BANDGAP /O
Si =
11.1 eV
Si0, Interface Traps
O el 3)DEEP HOLE
( )TRAPPINGO Gate
NEAR Si/Si
W% INTERFACE Border Traps
GATE /
" (2)HOPPING TRANSPORT
Ao CEHoLEs TuRoe!
L
(1) ELECTRON/HOLE PAIRS -
GENERATED BY IONIZING I BULK
RADIATION

after T.R.Oldham and F.B.McLean, “Total lonizing Dose Effects in MOS Oxides
and Devices”, IEEE TNS 50, n.3, 2003

after D.M.Fleetwood, “Effects of hydrogen transport and reactions on microelectronics
radiation response and reliability “, Microelectronics Reliability 42 (2002) 523-541



@ects in the gate oxide, in the form of oxide trapped charge and
interface traps, influence the characteristics of the transistor

“Negligible”

- Threshold voltage in advanced CMOS

—
- Transconductance (mobility)
- Noise
o]

Defects in the field oxide (separation between transistors)
might give origin to leakage currents

NMOS

///ﬁf////fé/




Defects in the field oxide might give origin to leakage currents
in NMOS transistors only

pre-metal oxide

polysilicon gate

PMOS NMOS
NO leakag leakage
A s
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Positive charge trapped in the STI oxide can also open leakage current paths

between n+ diffusions at different potential.
Again, this might be mitigated (or suppressed) by negative charge in interface traps.

- Before irradiation: perfect isolation

- After TID accumulation: leakage paths between adjacent transistors and wells

poly poly poly




Radiation-induced defects can “anneal”
This is particularly relevant for oxide trapped charge (that induces leakage in NMQOS)
The evolution in time depends on the energy of the trap and on the temperature
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Leakage current: the net result during a test or in the application depends
on temperature and dose rate !

Gmperature effects

- Hole trapping maximised at low T
- Interface-trap buildup accelerated at

HDR = 9Mrad/hour

ILeak n LDR = 90krad/hour

higher temperatures (annealing however
above 80-125°C)

= = ELRRE T IR R T R R R
ik - 5 | —e=NMOS LDR -30C | ]
- TrE, ~ |~*=NMOS LDR 25C |]
iz @,  |-B-NMOSHDR25C |
SR *q |-B-NMOS HDR -30C|-

ﬁose Rate effects

- Hole trapping dominates at high rates and
short times

- Interface-trap charge more significant at low

rates and long times

1Mrad 10Mrad 100Mrad




TID (Total lonising Dose) in CMOS: Summary of Main Concepts

irad Dy 100r s Lo 10k
' L 2 3

e TID levels in HL-LHC experiments are VERY large!

sauelites

decp gpaoe prokes

TID effects are due to ionisation in SiO»

and in advanced CMOS to ionisation in parasitic
oxides (STI) rather than in the gate oxide

TSMC 0.18 pm Vg=18V
NMOS 72 rad/s
Minimum Geometry

;gOK - - Accumulation of radiation-induced charge in the STI oxide

A 100K
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The evolution of the leakage depends on dose rate
and temperature (and is technology specific)




Summary
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or molecule

. electron-hole pair

if trapped, this charge

ionisation
(e-h pairs)

@
(-] u
O

Cumulative effects

> Total lonising

» cah accumulate in
regions of the ICs

non-ionising
energy loss (NIEL)

/

o

nuclear interaction
(recoils with large dE/dx)

N interstitials and vacancies
accumulation

rapid and intense charge
collection in p-n junctions

Dose (TID)

Displacement
Damage (DD)

Single Event
Effects (SEE)



Devices that are affected by displacement damage in CMOS technologies:
- photodiodes in Active Pixel Sensors

- diodes or BJTs used for voltage reference generator circuits

- LDMOS (Lateral Diffusion) or Vertical MOS for high-voltage applications

Recent additional observations (whose generality has to be confirmed):
- leakage current between n-wells in the substrate
- non-applicability of the NIEL scaling for DD



Summary

charged atom
or molecule

Cumulative effects

. electron-hole pair . .
if trapped, this charge

ionisation > can accumulate in » Total lonising
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Single Event Effects are due to the instantaneous and local deposition

of ionising energy from a single particle

BUT the dE/dx should be sufficiently large for the
deposition of charge exceeding a “threshold”.
Typically for CMOS the threshold is above the dE/dx
of protons

l-/ \\
(' _Energy loss in Silicon
O T TS

.[ FROTON 1

.. Energy loss in Silicon

......

/

particle track

depleted region

Diffusion '..' Drift (funneling)
7/ V4
3
:c /

If the deposited charge is sufficient,
in CMOS:

Single Event Upset (SEU)
Single Event Transient (SET)
Single Event Latch-up (SEL)



Single Event Upset (SEU): corruption of one bit in a register or memory cell
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Single Event Transient (SET): current/voltage pulse that can propagate in the circuit
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Single Event Latch-up (SEL): turn-on of a parasitic thyristor structure
Latch-up might lead to permanent device damage

o]

i
i
i
2
¥
¥
Z
i
A
&
 :
X
i

After M.O’Bryan et al., “Current Single Event
Effects and Radiation Damage Results for
Candidate Spacecraft Electronics”, NSREC

Radiation Effects Data Workshop 2002

Single Event Latchup (SEL) of a high voltage driver
for MEMS (vaporized bond wires)

37



Summary

charged atom
or molecule

p—— Cumulative effects
| electron-hole pair

. Total lonising Can be addressed by technology

ionisation :
(e-h pairs) Dose (TID) or by design
D.@00K
00 S
O = ° ° o
non_i”oﬁising , Displacement _ .Generally not significant
Damage (DD) in CMOS

energy loss (NIEL)

¢
N
Single Event Always need design
/ ;\" Effects (SEE) countermeasures
@

nuclear interaction
(recoils with large dE/dx)



Always need design
countermeasures

K Upset, Transient
(SEU, SET)
e Add redundancy
- TMR (Triplication)

- Encoding
e For SET, add filtering

Combinatorial
- Logic

Combinatorial : Ny Majority
: Logic )1 Voter

Combinatorial
Logic

Latch -up (SEL)

e Technology dependent

e Reduce distance between
substrate contacts

e Insert guard-rings
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Fundamentals of radiation effects

Radiation effects in CMOS technologies

The first generation of LHC experiments: 0.25um CMOS
130nm CMOS for the upgrades

Higher radiation levels for HL-LHC: new effects

Case Studies

40



Radiation-hard ASICs for the development of LHC electronics

(ca. 1990-2000)

- Dedicated Rad-Hard processes quickly ruled out (only DMILL used in LHC experiments)
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IN PHYSICS
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Nuclear Instruments and Methods in Physics Research A 399 (1997) 129-139 ==

Radiation hardened transistor characteristics for applications

at LHC and beyond 0\0%S
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Abstract

The high-radiation environment at the LHC will requir. . use of radiation-hardened microelectronics for the read out
of inner detectors. Ty
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Performance of Honeywell RICMOS-IV SOI Transistors
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oi _«oduced in a developmental run
27 Mrad (Si)). In terms of surface
S pixel detector during its useful life at

We present results of an exposure of Honeywell RICMOS-1V ~
to 2 x 10** 63.3 MeV protons at the UCD cyclotron rad \\0
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Study of device parameters for analog IC design in a 1.2um



Studying radiation tolerance with the tools of the 90s

Irradiation:
= TID @ CEA Saclay, Pagure
=~ Neutrons @ CERN PS-ACOL (neutrons from antiproton production target, 3e14 over 2 months)

Measurements:

= Chips packaged in DIL

= Individual transistors manually connected sequentially

= Data saved on floppy disks

= Curves plotted with pencil plotter and interpolated manually to extract the parameters

| B32BB030 8388430,
» »




Radiation-hard ASICs for the development of LHC electronics
(ca. 1990-2000)

- With gate oxides getting thinner than 5-6nm, they became naturally “radiation tolerant”
to very high doses

Oxide trapped charge Interface states
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Radiation-hard ASICs for the development of LHC electronics
(ca. 1990-2000)

- With gate oxides getting thinner than 5-6nm, they became naturally “radiation tolerant”
to very high doses

- parasitic oxides (mainly STI) are the main limit to the radiation tolerance

- with the systematic adoption of Hardness-By-Design (HBD) techniques, it is possible to
avoid STl-related damage

Thin gate oxide + HBD techniques = Radiation tolerance

v

ﬂnclosed Layout Transistors (ELT) Guard-rings

Leakage path
\ G .

&

/



ELT transistors in 0.25um technology:
no relevant TID effects up to 10Mrad

0.25 pm technology - W/L.=30/0.4 - ELT
1.E-01

1.E03
1.E05

H
< 1.E.07

o=
1.E09

1.E-11

1.E13
0.60 0.22 0.16 0.54 0.92 1.30 1.68 2.06 2.44 2.82

Ve [V]
|d=f(Vg) pre- and post- 13Mrad




Radiation-hard ASICs for the development of LHC electronics
(ca. 1990-2000)

Enclosed Layout Transistors (ELT) + Guard-rings

Most of the ASICs used today in LHC experiments
are designed using these techniques in a 250nm
CMOS process

....................

2]

N IS

i

-
L

This required the development of a dedicated “library”
of cells with ELT transistors

kp_ cadence

cadence




The CERN “Foundry Service”

N of chips per MPW

N of wafers producad

900

aco

700

60

500

40

300

200

o

Production summary

oN cips

mN hsitutes

T T T
o o N

-
N of Institutes per MPW

N W

BN of projects in producion

@N o waters produced

Y1989 Y2000 Y2001

Y 2002

r

|
B
B |
B ]
W | .
| B | o[E

¥2003 Y204 Y 2005 Y2006 Y2007 Y 2008

= 3 ®
N of projects in production

T
FY

Number of MPW runs 16

Total number of ASICs iIn MPWS3s (evolutions of the same ASIC on | 244
different MPW runs are re counted)

Number of Institutes participating in MPWs 20
Number of dedicated Mask Sets (full Engineering runs; many are | 24

shared between different ASICs)

Number of wafers produced 3100
Total expenditure for all the above 13.3MChF




Radiation hard Hardness By Design (HBD)

.

|

|

processes : in commercial-grade processes

.

|

|

|

|

Production for LHC:
0.25um CMQOS

ca. 1998-2000 time

.

|

TID un to 10Mraa

TID

Main transistor Leakage in parasitics
Vth, gm, ees

Leakage in parasitics
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Introduction to ASICs and CMOS technologies
Fundamentals of radiation effects

Radiation effects in CMOS technologies

The first generation of LHC experiments: 0.25um CMOS
130nm CMOS for the upgrades

Higher radiation levels for HL-LHC: new effects

Case Studies
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Is this extrapolation correct?

TID damage

Gate tox

~Vy! 107 RAD IS (VOLT/RADASI)

1
10 e
Lo (P

Gate tox

Technology node

>
250nm 180nm 130nm 90nm 65nm

TID tolerance

>
250nm 180nm 130nm 90nm 65nm
Technology node



My HOBBY: EXTRAPOLATING

AS YOU CAN SEE, BY LATE
NEXT MONTH YOU'LL RAVE

) BETTER GET A
BULK RATE ON

OVER FOUR DOZEN HUSBANDS,

WEDDING CAKE.
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2003-2005: study of 130nm node in view of application in LHC upgrades

Samples from 3 different vendors were irradiated and measured

The gate oxide in the three 130nm technologies studied appeared to be compatible with
applications in environments with multi-100Mrad TID levels

1.E-05 — 0.16/0.12
—&— 0.3210.12
Tech. A - -a- -0.48/0.12
------- 0.8/0.12
—e - 20.12
- - —a— 10/1
ANy -m-- 10110
ELT

1.E-06

However, the leakage paths
are technology dependent

. . 1.E-09 A
(here shown for source-drain leakage currents in NMQOS) T{/
1.E-10 ¢
1.E-11 F—— —— —— -+ —— 1
pre-rad 1.E+06 1.E+07 1.E+08 annealing
TID (rad)
1.E-05 1.E-05
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The selection of the manufacturer (Tech. A) was based on a number of criteria:

long-term availability, cost, radiation tolerance, support offering, ...
A large effort was dedicated to the characterisation of the selected technology

+— 0.16/0.12
—8—0.32/0.12

Tech. A

10—t =B PN e 0.8/0.12

—e - 2/0.12
Jan —e— 101

The leakage current is the sum of different mechanisms involving:
* the creation/trapping of charge (by radiation)

* jts passivation/de-trapping (by thermal excitation)

These phenomena are Dose Rate and Temperature dependent!

pre-rad 1.E+06 1.E+07 1.E+08
TID (rad)

annealing

.= irradiation

irradiation

thermal energy ~ thermal energy
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Is there still the need

for ELTs and guard rings?

No digital library with ELTs and
guardrings was developed.
The standard cells library from
a commercial supplier was

considered usable

Designers have to evaluate if the leakage could
threaten the circuit/system functionality in the
application

Flexibility & optimisation
of performance

BUT
It requires system-specific
risk assessment
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RINCE (Radiation Induced Narrow Channel Effect): another radiation effect

discovered in 130nm technology
This effect has then been observed in all studied technologies in the 350-28nm range
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The degradation of the main transistor is W-dependent!
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Conceptual representation of the RINCE
This effects is also traceable to charge trapping in a “parasitic” oxide (STI)

K Wide channel transistor

Pre-rad -

/ Narrow channel transistor

Pre-rad




Radiation hard Hardness By Design (HBD)

:

|

|
processes : in commercial-grade processes

:

|

|

| 1

0 :

: :

: : Upgrades: 130nm

0 : CMOS

[ | 1
—l—f—_>

ca. 1998-2000 ca. 2006 time

: :

: :

: :

, ' TID: 100Mrad

TID

Leakage in parasitics

RINCE

Main transistor Leakage in parasitics

Vth, gm, eee
Leakage in parasitics
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Concerns about long-term availability of the 130nm from “Supplier A” drove the selection
of a backup supplier, that gradually has become the main supplier since.

The leakage current evolution in NMOS transistors strongly varies between
hardware fabricated in different manufacturing sites (Fabs).

@ 2016/01Y
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« Require production in Manufacturing sites 1 and 2 (is it possible?)
- Verify the radiation response of every production run!



The radiation response of test transistors included in every manufacturing run highlights
a relevant lot-to-lot variability at high TID, for PMOS transistors.
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« Take design margins to account for this variability in degradation
- Verify the radiation response of every production run!



For some HL-LHC detectors, the adoption of the 65nm technology was required.
The study of TID effects in transistors revealed the presence of new mechanisms
at very high TID levels.
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Radiation Induced Short Channel Effect (RISCE)



The complex mechanisms behind the RISCE is understood
Origin: radiation effects in the spacer oxide (another “parasitic” structure)

Defects in the space oxide:
change in effective doping in
the LDD extensions =
increase in series resistance

spacer oxide

+ Fixed charge Si nitride /

NN Interface traps

Hydrogen migration from
spacers introduces defects
in the thin gate oxide

LDD extension

spacer oxigle

+ Fixed charge Si nitride j

@ Hydrogen \

AN Interface traps

after F.Faccio et al., “Influence of LDD spacers p+ o+
and H+ transport on the total-ionizing-dose
response of 65 nm MOSFETs irradiated to ,

LDD extension

ultra-high doses”, IEEE TNS Vol.65, N.1,
Jan.2018




Radiation hard
processes

Hardness By Design (HBD)
in commercial-grade processes

Production for LHC:
0.25um CMOS Upgrades: 130nm CMOS

ca. 1998-2000 ca. 2006 ca. 2014 time
TID un to 10Mraa TID: 100Mrad TID: 400Mrad

TID

Leakage in parasitics

RINCE
RISCE

Leakage in parasitics

RINCE

Main transistor Leakage in parasitics
Vth, gm, eee

Leakage in parasitics
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Summary

Integrated Circuits are everywhere and their manufacturing requires massive investments




Summary

The physics performance of LHC experiments largely relies on ASICs

DC-DC converters

LP-GBT and VTRx+
Dara transmission thraugh the aptical link




Summary

The reliable functionality of ASICs is threatened by radiation: TID, (displacement damage), SEE
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Summary

ASICs can be made tolerant to radiation using dedicated design techniques: Hardness By Design
(transistor shape like ELT, guard-rings, substrate contacts, transistor size, triplication, encoding, ...)

-

Combinatorial | |
: Logic
Combinatorial | | § Majority
: Logic )1 Voter
Combinatorial
) Logic




Summary

The thin gate oxide of scaled down CMOS technologies is less sensitive to TID effects.

<
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Summary

Parasitic oxides (STI, spacer) dominate the TID response and they particularly affect narrow
and short transistors (RINCE, RISCE). This determines a potentially large variability in the
radiation response (Fab-to-Fab, lot-to-lot)

nMOS 0.15 x 0.13

-~

p substrate

spacer oxide

TID [rad(SiO,)] j
+ Fixed charge Si nitride

° Hydrogen \

NN Interface traps

p+

LDD extension




Summary

Integrated Circuits are everywhere and their manufacturing requires massive investments

The physics performance of LHC experiments largely relies on ASICs

The reliable functionality of ASICs is threatened by radiation: TID, (displacement damage), SEE

ASICs can be made tolerant to radiation using dedicated design techniques: Hardness By Design
(transistor shape like ELT, guard-rings, substrate contacts, transistor size, triplication, encoding, ...)

The thin gate oxide of scaled down CMOS technologies is less sensitive to TID effects.

Parasitic oxides (STI, spacer) dominate the TID response and they particularly affect narrow
and short transistors (RINCE, RISCE). This determines a potentially large variability in the
radiation response (Fab-to-Fab, lot-to-lot)

The radiation levels for HL-LHC electronics are MUCH LARGER than anywhere else.
Reliable functionality in this environment is VERY CHALLENGING.
Using scaled-down CMOS technologies for ASICs helps, but does not make the job easy.



Outline

Introduction to ASICs and CMOS technologies
Fundamentals of radiation effects

Radiation effects in CMOS technologies

A brief history of radiation-tolerant ASIC development for LHC
The first generation of LHC experiments: 0.25um CMOS

130nm CMOS for the upgrades

Higher radiation levels for HL-LHC: new effects
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Case study 1

The increase in power consumption in 130nm ASICs



FE-14 is the readout ASIC for the ATLAS pixel insertable b-layer (IBL) added to the
experiment in 2014 and operational since 2015.

Early in its operational life, it showed an increase in the current consumption

requiring a power off...
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Images from: A.La Rosa, “Irradiation induced effects in the FE-14 front-end chip of the ATLAS IBL detector”, IEEE NSS 2016



The increase of the power consumption is due to radiation-induced leakage
current in the FE-14 ASIC, strongly dependent on temperature and dose rate

ﬁe—rad current = 380mA
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The alternation of irradiation and annealing produces consecutive “bumps” of
smaller peak amplitude, suggesting that an attenuation of the problem occurs
when sufficiently large TID has accumulated
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On the basis of our understanding of the mechanisms leading to the leakage
current, the following scenario is plausible for discontinuous irradiation tests

leak
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77



leak

Buljeauuy

A
. leak /\/\
>

—_—
uoljeipe.|

/8



Solution in ATLAS pixels

¢ rise the temperature of the detector (as much as compatible with safe operation)
¢ patiently wait until the TID brings the chips after the “TID bump”

but in general, we can think the accumulation of sufficient TID to be a possible
strategy to avoid the appearance of a large “bump” in the current consumption

Warning: temperature and dose rate play a key role, and the strategy can only work

I F interface states do not significantly anneal at the operational temperature



Example where the pre-irradiation strategy is used: the ABCstar readout ASIC for the

ATLAS HL-LHC inner tracker (strip detector).

L T e AN
Z 0.1 7'.5/;’,’"7‘“ :
— = C : “b ” =
£ 0.00F- urrent consumption "pump
b C .
S F -. at 2.5 krad/hr and -10°C
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:'g 0.07 — = =
D — - -
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0.05 : - -
S —= 0o -
— . - W= | - = = = VTCQ24H_065
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Images from: L.Poley et al.,"The ABC130 barrel module prototyping programme for the ATLAS strip tracker”, 2020 JINST 15 P09004



Case study 2

The lonely perpetrator in the DCDC FEAST2 case

How an individual transistor threatened the operation of the CMS pixel detector
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Investigation = the act or process of examining a crime, problem,

statement, etc. carefully, especially to discover the truth




The crime scene
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FEAST2 in the CMS pixel detector

Vin 12V Vout 2.5-3.3V
FEAST2 module

Cooling at -20°C

Bpix DC-DC: radius 240mm, z range 2067- 2430mm from i/p.
Fpix DC-DC: radius 140mm, z range 1315-1530mm from i/p
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Witnesses




Failure of FEAST DCDCs in the CMS pixel detector

S 88 8 B K 8 58 ¢ 5”883"’8.‘28“83§§
005§ £¢ 3 ¢ £¢€5 528 835 S8 88 88 388 5
. Slope is proportional to
o0 — BpIX Layer 1 luminosity (SEU on TBM)
500 :— Number of inactive
— ROCs is reset at
400 — | power cycl Power cycle
— 1t DCDC lost
300 — Automatic OCT 5th
— power cycles p
200  during fills ‘ /
1:_ B Accumulate
100 - ) permanently lost ROCs,
W due to broken DCDC
0 ! L ! | Tk T converters
0 10000 0000 30000 40000 50000
Lumi section------ >
Manual power cycles in inter fills
Increase in luminosity, change in beam structure
No correlation with: DCDCs fail during disable/enable cycles

- output voltage
- output current
- position in the detector

- anything other than the beam
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Plan around November 2017

Nothing can be done.

Rest of 2017 Physics Run Accept loss of modules

v

YETS 17-18

v

2018 Physics Run

Solve the problem

LS2 for the long term

Request longer Year-End Stop

Open the detector

Extract all DCDC modules

Replace (all?) modules (fuse changed)

Find a patch ensuring
data taking

“At this pace, game over
for CMS around May 2018”
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The autopsy




YETS 17-18: Merry Christmas!
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FEAST2 modules in the CMS experiment were peffectly working In the system but foune
found to present 2 distinct types of damage /

/ . _IITested working BROKEN HIGH CURRENT
Pixel Names g::\]/t;e't;?; Tested Broken Tes:_eiaid r\:v gﬂ(rl:egn:mh with normal
“ ” . . 9 current % with respect tof| % with respect to
- “Broken” samples failed to provide any total total working
TOTAL "BROKEN" |"HIGH CURRENT" "GOOD"
output voltage BPIX (+2. Near) | B8Pl 208 4 48 156 1.9 235
. BPIX-Bml 208 10 48 150 4.8 24.2
- “High-current” samples were perfectly . EZZ NF)> SFIXERG " = — - — =5
functional, but were found to have an BPIX (2 Far) | B XBMO 208 1 70 127 5.3 3.5
. EPIX (+Z, Near) FPIX-Bpl 96 7 41 48 7.3 46.1
excessive current below UVLO = (—Z,Near) FPIX-Bml % 7 34 55 73 382
EPIX (+Z, Far) FPIX-BpO 96 9 23 64 94 26.4
FPIX (-Z,,Far) FPIX-BmO 96 6 22 68 6.3 244
BPIX - not connected to modules 32 2 8 22 6.3 267
“Good” “Broken” “High current”
4 UVLOm2: DCDC enabled A . UVLOm: DCDC enabled
|in (mA) E In (m ) Iin (mA) o
—I 4.5 to >20 mA
3 1 ? 3 71 3 41
1 /|7 F T 11
—— —t— e
. . | >
42 46 Vn(V) 4.2 46 Vin(V) 42 46 Vi (V)
UVLOmma: Regulators on UVLOrn:: Regulators on
Perfectly working in the Failed in the experiment Perfectly working in the
experiment experiment

90



Failure Analysis (FA) with emission microscopy and Optical Beam Induced Resistance Change
(OBIRCH) at MASER (NL)

-

fhocr T RHAVINS (EMEAPARRGUINTIR 430 » 2

During OBIRCH a laser beam
selectively illuminates the metal
lines, altering their resistance. The
consequent input current change is

measured, allowing the mapping oL
Emission images are based
of current paths. In broken FEAST2 , , , -
carriers (therefore only conducting NMQOS transistors are well visible).
samples, current flows to the . Y , )
. Broken” or “High-current” FEAST2 samples showed different current paths.
clamp transistors.
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Observations match the hypothesis that one of the two on-chip clamp transistors is damaged

Vin <12V

vdd_D(3.3V)

High Voltage
PMOS Pass

transistor

Amplifier Gate PMOS |
Level shifte

| Gnd_control

Voltage C33_driver
divider external

UVLO_reE|t Not_VddD_EIt
Gnd_PCB
= Clamp transistors -
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The motive
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Why the clamp transistor(s) is(are) damaged?

Flawed ASICs?

Radiation in ASIC?

Radiation in package?

Electrical stress?

Flawed PCBs?

EM noise?

Environmental conditions?

Combination of any of the above??

94



Environmental conditions?

Test in a 3T magnetic field revealed no problem

FEASTMP and CMS modules inside the M1 facility in the H2
beam line in Prévessin (Building 887)
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Flawed PCBs?

Faulty capacitor, or intermittent contacts of the capacitor in the PCB generated a stress that
produced somewhat similar damage

File Verical Timebase Trigger Display Cursors Measure Math Analysis Ulilities Help

| ;
| . .
M | ~7.3V
|
| , ﬁ‘ , ,
+ + ; + + + + +

3D X-ray imaging of the module to inspect the quality of the

|
|
|
soldering of the capacitor to the PCB ] / |
|
c| |
|
Cap removed N !
Measure P1:mean(C1) P2:max(C2) P3:max(C4) Pd:max{C3) P&:freq(C4) PB:freq(C3)
value 3616V 37T my 45 my 220 mv 4591 MH"Z 3854 MI—LZ

status v v v v

c1 imebase -1.46 ps [Trigger
2.0 500 nsidiv] Stop 498V
E6 125kS 25GSis]Edge  Positive

1 XK1= 694.0ns AX= -633.2ns

T X2= B0.8ns 1ia%= -1.5793 MHz

1/15/2018 9:43:51 AM

LeCro
Waveform of the V33Dr node when the capacitance
has intermittent contacts to the PCB
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Electrical stress?
Long-term ageing tests on 124 converters did not reveal problems with FEAST2 ASICs

- 0’

view of an

§ open drawer

=
—

3 drawers with
8x4 modules

Iy
VAP BN . the parasitic inductance
| 3 )™ along the current path
AL induces over-voltages
| ] Vinint during the commutations
("l'n ‘ | —
Vr)ut
I Phase
I,
Vss,i.nt
“Crate96” system with PP BN W
32x3 modules | ) s
GND
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EM noise? Environmental conditions?

Injection of EM noise by capacitive coupling to the input/output and signal lines. The converter

appears to be very resilient
Led by F. Szoncso and D. Valuch

Anatvsls  Utifities Help

_._
-
1
3 S S
»
<]

Capacitive high-frequency coupler used on the
input bus line

= 154ns &=
X2= 94ns U&= -167 MHz

4152018 416 44 PM

AC-observation of the effect of a 3kV (!) pulse with 50ns duration
on Vin and VV33Dr. The peak is several V above the DC (V33Dr
reaches 8V)!
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EM noise? Environmental conditions?

High-frequency, large power RF noise injection could produce damage with different signature
Led by F. Szoncso and D. Valuch

k. |

High frequency (GHz) and high power transient pulses are injected via an antenna in a special
chamber in CERN Prévessin. At very large power, the ASIC can be damaged but the signature
is different than in samples failing in CMS. Coupling is through the long enable line.
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EM noise? Environmental conditions?

Stress tests with an ESD gun (1.2kV pulses) could produce somewhat similar damage - but the
energy injected needs to be really large

An ESD gun is used to inject a discharge to the different pins of the FEAST2 package.
To produce any damage, a visible spark has to be produced.
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Radiation in ASIC?

SEE Heavy lon irradiation on samples pre-exposed to X-rays, Protons and Neutrons
did not show any sign of damage

4 modules prepared on a motherboard are placed inside the irradiation chamber where
they will be exposed to a Heavy lon beam. The FEAST2 chips were previously irradiated with

X-rays, 230MeV protons or neutrons from a reactor.
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Radiation in ASIC? Environmental conditions?

Exposure of 32 FEAST2 in the CMS Castor Table was meant to reproduce some of the
environmental conditions (proximity to the beam line, EM environment, radiation environment)

32 sample DCDC modules, both FEASTMP and CMS
modules, are exposed and constantly monitored in
the CMS Castor Table during the 2018 run.
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Radiation in ASIC? Environmental conditions? EM noise?

Two irradiation runs at the CERN IRRAD facility were instrumental
in understanding the origin of the damage
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Exposure of 32 FEAST2 at -25°C at the CERN IRRAD facility
The facility run in a purposely modified configuration to expose the converters in a mixed field:
MANY THANKS to the IRRAD TEAM!

32 samples, both FEASTMP and CMS modules, are
exposed and constantly monitored in a cold box
(-250C) in the CERN IRRAD facility (May 2018).

Cold box

CU target
(1cm)

AR 32 modules inside the cold box
PS Proton
beam
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A specific bias and control sequence was used during the exposure

Check I-V to find High-Current condition

l

. A I-V sweep | Monitoring Dis/En Monitoring +  Disable
VIn(V) ' ' ' ' :
12 ) .......... : 0 0
1 hour, Vout monitored : 1 hour, Vout monitored
: every 10min : every 10min
5_2 IR i. e I
24 ..... iI
1T PR b eeeeensnnnseannaseennsssennnssansnnsans
Enable 4 . P
Logic 1 R R ERREE E 0 ]
LogicOo |..... P I

The full sequence lasts about 2 hours, with 97% of the time in “monitoring”
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The results powerfully revealed some important correlation:

- Between the damage and the integrated flux
> The first damage occurs after 9 days, then several samples per day
» Only samples closer to the beam are damaged
» Samples are damaged also after the end of the exposure L _
- Between the occurrence of the damage and the disable-enable sequence Hap =l :
» Also true for the “High-Current”

-------------------------------------------------------------------------------------------
*

3.08¢13 MMM |7 NNSMENG | MR £ S ] 5 11013

0%
Red = High-Current damage occurred during exposure

Blue = High-Current damage occurred after exposure

]
Black = failure 06



X-ray irradiation using the same enable/disable cycle as in IRRAD, and monitoring the current
under UVLO thresholds, it was eventually possible to produce the same damage!

Now we had a tool to study the mechanism in detail!

X-ray machine of the EP-ESE group
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The crime reconstruction
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The problem is localised in the linear regulator (V33Dr) that provides the required current
to the drivers of the power transistors (HS and LS)

* nLDMOS

Leakage (sat)
1.E-03

1.E-04 areee
RS

1.E-05

__ 1.E06 * O

< k0 -
> 1.E07
& 1E08
b

8 1.E09

m A1
[m] & C1

o A3
* [} A A2

1.E-10
1.E-11

1.E-12 : : ; ;
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

vdd_D(3.3V)

Vin <12V

High Voltage
PMOS Pass
transistor

nd cantrol

core ELT nMOS

VddD

| OK

Not_UVLO_

egs

/

1:507 C“;

Voltage
divider

2

’7\

UVLO_re2| t Not_Vdd D_EIE

wp transistors

C33_driver
2xia2rna

Srd_PCB
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In the presence of a large TID-induced leakage in the nLDMOS, consequences appear
ONLY when FEAST2 is disabled (no load for the V33Dr regulator)

vdd_D(3.3V)

leakgage = 1uAl

Vin <12V

High Voltage
PMOS Pass

transistor U

Gate PMOS =~ 500uA

P

“disabled”

VddD_OK
logic 1

Not_UVLO_regs
logic 1

NE

qo«mm puacs in VIIDiver and Yhootstzap Ve 12V - upfEASTY 15

7 e
a
1/'
Z g
=~ T
3 4
V T
5’ 5 /7
5 -
- /
4
’ \
VI20river, 2 G2 Mrad
Vhoolstrzp, 2 62 Miad
2
c S 1c ‘S )
Tima(ys)

1:5070“;¢

hid \
V33Driver

Voltageé

divider

=~ SuA

C33 _driver
axtarna

Not_VddD _2”:

Srd_PCB

. 2 &

Current integration on
the 220nF capacitor:
V33Dr increases !!
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We observed a “voltage peak” on the V33Dr node when FEAST2 is disabled during X-ray exposures.
The voltage peak increases with TID

Example waveforms at the V33Dr node
Peaks of up to o ' '

8.5V observed 7 R
during X-ray
exposure

mw U -
M o M sy st it

V33Driver(V)
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The voltage at the V33Dr node goes well beyond the nominal maximum of 3.3V+10%.
This voltage stress might end up damaging a device. We have observed 2 damage mechanisms,
and Failure Analysis with emission microscopy and OBIRCH have confirmed the current paths.

If a device along this path is damaged => increase in regulator current =>
FEAST2 continues to operate

Vin <12V

Vin <12V E

High Voltage

transis tor N vddD K
vdd_D(3.3V) UVLO_regs ot_VvddD_O
Gate_PMOS

Gate_PMOS

» Peak voltage up to > 8V (\I bootstrap A
_ ws [ - |

T - o le|_o_re2|t Not_VddD_glt ::220nF Driver LS 220n£: Driver H
__l_ = - \ phase J

Gf a clamp transistor is damaged => linear regulator stuck => FEAST2 failure ) i1




A graphical representation of the narrative

A
Luminosity
>
TID :
TBM power cycle =
disable of FEAST2
: >
nLDMOS 5
Leakage
current |
| >

October Time (in 2017)

TBM requires a power cycle

=> FEAST?2 is disabled while the leakage is large
=> peak voltage at V33Dr

=> damage
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The perpetrator

.

© Gelly Images
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2 easy to implement patches were used to rapidly fix the problem.

Then a permanent solution was implemented in a new version of the

circuit.

FEAST2.3

Present default version for all modules

115



Thoughts inspired by this FEAST2 crisis

116



This is a very complex system

- Assembly of different sub-systems
- Unique “prototype”

- Tested in the real environment only

-
- ~
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We are not NASA in the 1970s...

O

HANKS

“Houston, on a un robleee
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Some reasons to be grateful for our luck

The designers of the failing component were still around, and at CERN
The problem happened to a detector that is amongst the easier to open
Once understood, patches and fixes were easy to implement

The problem appeared in 2017 and not in HL-LHC trackers
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Personally I'm always ready to learn,
although I do not always like being taught

W. Churchill
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