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Stitching for ALICE Inner Tracking System (ITS3)
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Stitching for ALICE Inner Tracking System (ITS3)

266 mm
25.5 mm
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~ maximum design reticle size ITS3 outermost layer size (L2)

Stitched prototypes in Engineering Run 1 (ER1, 65nm):

¢ MOSS - MOnolithic Stitched Sensor (14 x 259 mm?)
« MOST - Timing (2.5 x 259 mm¥?)
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Wafer scale MAPS sensor

 Cannot pick single reticle-size
structures: High yield crucial

 MOSS: Yield characterisation

* Full ITS3 layer: Segmentation
In individual power domains to
switch off faulty areas
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MOSS prototype sensor

Half Unit 1 Control & readout Power supply v

Tor 31
II. i
IIBEN

Half Unit 1 $ 1
BOT

20 Half Units per MOSS, individually interfaced . *'

Highly granular design for detailed characterisation:

« 107 supply nets (64 power domains + substrate)
* 2192 bonding pads
« 390 digital I/0s, 480 Analog |/0s

Gregor Eberwein | TWEPP 2024 5



MAPS and metal interconnections

PMOS  NMOS /
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substrate p*

Particle track
*llustration not to scale
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MAPS and metal interconnections

Wire bond

Copper traces (with
/ dielectric in between)

substrate p*

Particle track
*llustration not to scale
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MAPS and metal interconnections

Wire bond
MOSS:

Top 2 copper layers Mg —
(M7/M8): Power grid M7 —

Copper traces (with
/ dielectric in between)

substrate p*

Particle track
*llustration not to scale
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MOSS power grid SENSSRANRRRRCARS
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MOSS power grid FRRRRRRRRRRESST
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MOSS power grid TR
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MOSS power grid FRRRRRRRRRRRREAT

B AVDD

TOP

BOT

MT7: horizontal
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MT7: horizontal

Gregor Eberwein | TWEPP 2024 13



MOSS power grid SRNARSRRRRRRA=SE

TOP

BOT

MT7: horizontal
M8: vertical
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MOSS power grid SERRNRRRRRRREERT

TOP

BOT

MT7: horizontal
M8: vertical
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MOSS power grid DURRENRNNRRERRRRSE

TOP

BOT

MT7: horizontal
M8: vertical
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MT7: horizontal
M8: vertical
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MOSS power gri
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MOSS power grid WRRRNRRRRNRREERT
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MT7: horizontal
M8: vertical
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Measurement sequence

[ Impedances ] 2l el 8 power nets -> ()= 28 net pair combinations

~ DVDD |—
IOVDD |—
DVSS —
BBVDD |
BBVSS |
PSUB |—

1 MOSS Half Unit
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Measurement sequence

— AVDD |— . . .
[ Impedances ] £l avel 8 power nets -> ()= 28 net pair combinations
\ = 2
HT'; DVDD |—
T IOVDD |—
K| Dvss— Impedance of each net combination
o BBVDD — .
= | Bavss| measured: ‘Short’ if <30 Ohm
PSUB — \
1.0 1.0 T
-- Rfit=1367x45Q ---- Rft=10x00Q
g 0.5 { Measured Data g 0.5. { Measured 'Data
%‘ 0.0 samroimsmmamram g st ot %' 0.0 :
5 -0.5- 3 -0.5- ":
! (Short
-1.0 —-1.0

-50 -25 0 25 50 “-50 -25 0 25 50
Voltage [mV] Voltage [mV]

-> Detect potential faults prior to powering
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Measurement sequence

Impedances

N

Power ramping

N

Sequentially ramp up power nets to nominal
voltage - observed (transient) high currents

Systematic measurement with thermal
camera for every half unit to localise faults

Gregor Eberwein | TWEPP 2024

22



Measurement sequence

Impedances
) N
Power ramping

N

Sequentially ramp up power nets to nominal
voltage - observed (transient) high currents —

Systematic measurement with thermal
camera for every half unit to localise faults

Thermal camera on linear stage

14 mm

100

P [=)] o]
c o o

AVDD, DVDD Currents [mA]
N
bt

AVDD [mV]

/
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Measurement sequence

Impedances
) N
Power ramping

N

Sequentially ramp up power nets to nominal
voltage - observed (transient) high currents —

Systematic measurement with thermal
camera for every half unit to localise faults

Thermal camera on linear stage

R\

14 mm

P
YT T T O TIHE CTT U ST O PSR TREREE TN BN OIAT N
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Measurement sequence

Impedances Sequentially ramp up power nets to nominal
~ voltage - observed (transient) high currents

Power ramping _ _
S Systematic measurement with thermal

camera for every half unit to localise faults

[ OK-l: Succeeding power on
B OK-II: Succeeding power on with transient currents
[ LIMIT: Persistent high current

81 MOSS
1620 half units
psub: OV
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Measurement sequence

[ Power ramping ]
N

Repetition of Impedance measurement to confirm
opening of shorts (change from low to high impedance)
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Measurement sequence

Impedances

N

Power ramping

N

Impedances

N

Register scan

Shift Register scan
DAC scan

Digital pulsing
Analog pulsing
Fake-hit rate scan
Threshold scan

Functional tests:

> 99% pass rate

Half Units passing the power ramps
(OK-1 and OK-II) are functionally tested

| | NTC-ADC board

MOSS carrier

65 cm

aa
B o
Y 14111141131 34153003

A
v

73 cm
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Shorts, and how to find them

Use data on impedances, powering, and hot spots i
to find the root cause of shorts
e vy
 Conservative spacing of metal lines, especially —— "
power grid O(10um) 0(10um)
» Recommendation: Use different metal layers —~— M8

for critical paths

M7 |
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Hypothesis formation on shorts

o \Wafer-wafer fluctuation

 Comparable number of shorts in TOP/BOT:
metal line spacing independent

250

Number of shorts [#]

[

|

I

[

[ TOP: 1676
1 BOT: 1632

broken

WMm il

0 R i —f —
12345678910 12 14 16 18 20 22 24

Wafer
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Hypothesis formation on shorts

o Wafer-wafer fluctuation

T
"5
 Comparable number of shorts in TOP/BOT: 5.
metal line spacing independent ©
12500 T
* Hotspots where only top two metals are 100009, et T M
routed (M7/M8) g 7500k . e o |
5000 | -
2500|. " .
0_

5000 10000 15000 20000 25000 O 10
um Counts [#]
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Hypothesis formation on shorts

o Wafer-wafer fluctuation

H#
0 51
« Comparable number of shorts in TOP/BOT: 5 |
metal line spacing independent ©
12500- T 0
* Hotspots where only top two metals are 100009 f o * t e e
routed (M7/M8) £ 75001 ‘ 3 | B
50001| -
25000 | 14
B —

5000 10000 15000 20000 25000 O 10
um Counts [#]
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Hypothesis formation on shorts

o Wafer-wafer fluctuation

*
« Comparable number of shorts in TOP/BOT: §2500
metal line spacing independent © —
12500 | T SR TR
 Hotspots where only top two metals are 100007 [ERIEIIEAR
routed (M7/M8) g 7500,

5000 | [HEREES
» M7/M8 crossing locations match hotspot

) 2500 | |USIIAY ";';,H
locations

0_

5000 10000 15000 20000 25000 O 10000
um Counts [#]
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Hypothesis formation on shorts

o Wafer-wafer fluctuation

H*
v 51
» Comparable number of shorts in TOP/BOT: 5 |
metal line spacing independent ©
12500 e e
 Hotspots where only top two metals are 10000 pidERAREEaEEEERaERENNINNRRERRARD ——
routed (M7/M8) £ 7500 fuzis 1 hsdeots ot cntsboas
5000 IHSSAAAAMAASMAAMAAMARAABALLLLSA AN 1!4'
« M7/M8 crossing locations match hotspot 2500 | HUUATIAMAALAARASALAASE g e
locations I

5000 10000 15000 20000 25000 O 10
um Counts [#]
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Hypothesis formation on shorts

o Wafer-wafer fluctuation

« Comparable number of shorts in TOP/BOT: i No shorted net-pairs
metal line spacing independent I' involving nets:
' BBVDD, BBVSS, |I0VDD

 Hotspots where only top two metals are
routed (M7/M8)

28 net pair
combinations

 M7/M8 crossing locations match hotspot i -
locations : '

* No shorts on 3 (of 8) power nets, where B
M7/M8 metals do not cross : '

0 200 400
Nr. of shorts [#]
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Hypothesis formation on shorts

o Wafer-wafer fluctuation

 Comparable number of shorts in TOP/BOT: Hypothesis:

»

metal line spacing independent Vertical shorts between M7-M8 metals,

« Hotspots where only top two metals are at crossing locations

routed (M7/M8)

4 M8 I /| M8 M8

 M7/M8 crossing locations match hotspot

i M7
locations M7 M7
\_ % J
* No shorts on 3 (of 8) power nets, where Vertical short Lateral short

M7/M8 metals do not cross
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Correlation of power nets and hot spot locations

 Correlate single hotspot with single shorted net-pair

 Correlate hotspot location extracted with thermal
camera with location in chip design
Resolution window: 50um (best) / 100um (average)

- ——
'

HE BN NEENIE

M8: vertical
MT7: horizontal

. Not affected nets
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Correlation of power nets and hot spot locations

 Correlate single hotspot with single shorted net-pair

 Correlate hotspot location extracted with thermal
camera with location in chip design
Resolution window: 50um (best) / 100um (average)

Lateral compatible fots( *
counts

Resolution
window [un¥]
50 x 50 89 % 16 % 156
100 x 100 94 % 31 % 156

M8: vertical
MT7: horizontal

"M8Ms

. Not affected nets
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FIB-SEM analysis

Microscopy

Cutting a

Target volume B e

Observation
surface

FIB-SEM: Focused lon Beam - Scanning Electron Microscopy
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FIB-SEM analysis

Microscopy

SEM

Cutting

Observation
surface

Target volume

1mm IProbe= 700pA WD=0.0mm Mag= 29X Anite Perez @CERN
I | EHT = 5.00kV Detector = USB TV1 2 Apr 2024
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M7-M8 short

EDS mapping area

.‘lg ny/<cQ

Si distribution EDS map

IProbe= 500pA WD=50mm Mag= 30.00KX Anite Perez

— EHT = 5.00kv  Detector = SESI 3 Apr 2024 @ CERN

T o7 W T e o e s

>

Cu distribution EDS map

Clear connection between
M7-M8 layer

Chemical analysis:
M7-M8 connection is copper

Compatible with M7-M8 layer
crossings hypothesis

EDS = Energy-dispersive X-ray spectroscopy

Gregor Eberwein | TWEPP 2024
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M7-M8 short (after burn through)

0 (1T um)

R Aom Do re” mnams omeb @ CERN _
EHT =10.00kV Detector = SESI 10 Jun 2024

v

 FIB-SEM analysis after burning through a short (additional MOSS)

* Cavity formation around the fault

« 0(10 nm) gap - long term stability not guaranteed (thermal/mechanical deformation):
-> Faults not seen when powering on without impedance or power ramping/thermal camera
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Confirmation and mitigation of M7-M8 shorts

« M7/M8 are processed differently than lower metal layers -> occurrence
of shorts only in M7/M8 is plausible

« Foundry confirms processing issue in M7/M8 with this lot

* For next chip (ER2, MOSAIX): M7/M8 will be replaced by a new (thicker)
metal stack. Foundry confirmed no issues with new stack, and provided
corresponding design rules
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Summary

shorts on all wafers P -

* Developed dedicated measurement setups and S5
failure analysis methods e e

-
-~
Se
- -~
-

* Root cause of shorts identified, confirmed by Foundry
> Affected layers (M7/M8) in metal stack will be changed . ‘

. < \ &
.\"y§v, & -

for lower resistivity in next submission (MOSAIX) =~ =& %
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Impedance distribution single short

Single short distribution less than 50 Ohms Single short distribution less than 50 Ohms
= [ TOP
60 - | [ BOT
30 - 0
> > I
c O i
(]3.] 40 - uj_; 20 N
o o
] ] I
I C ~ _
20 101 | !
0. oL hﬂﬂ[ HTE T ererm [ o

0 10 20 30 40 50 0 10 20 30 40 50
Resistance [Ohms] Resistance [Ohms]
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Burn through currents and voltages

407 ' Median: 50 0 | Median: 436
i 0. s
_30; Ny _ i
i i * 60 .
£ 5 L ; * Currents/voltages at
3 3 40 e
© I i burn through
107 5 201 | H
1 [ MLHH'hﬂﬂﬂfTﬂLﬂ 1 H | Hﬂ,ﬂ * Condition: >10mA drop
0 50 100 150 200 0 500 1000
Current [mA] Voltage [mV] ° Set of 349 jumps
1200 1200 -
we o s . an 14
wool . T 000 * OV psub data set
g gool .. ... g 800 0%
2 v —— 2 6 3
S 4001 S 400 O
> eom——— > 4
200 == 200 .
0 . . . 0
0 50 100 150 200 0 50 100 150 200

Current [mA] Current [mA] Gregor Eberwein | TWEPP 2024



Example of extended resolution window

(a) Reference Image (no power) (b) Max. difference image (powered) (a) Reference Image (no power) (b) Max. difference image (powered)

0 - 5 O T W SRR A T A 0 I O O &l 110.0
E LUl e —— |
TIRYERTRTT TT T R
1125
100
115.0
117.5
200
120.0
300 1225
125.0
400 127.5
130.0
200 300 400 500 200 300 400 350 355 360 365 370
(c) Marked spots in difference (b) Marked spots in denoised difference » (c) Marked spots in difference (b) Marked spots in denoised difference

Y 110.0 110.0
Z00Mm 1125 1125
100 100 115.0 115.0
117.5 117.5

200 200
120.0 120.0
122.5 122.5

300 300
125.0 125.0
400 400 127.5 127.5
130.0 130.0

350

&
H
]

|
[ |
- |

B
|
i |

Very faint hotspots/no unique hot pixel

A B
B

[
B

OO
HOm |

Here: Compatible in 150 um x 150 um window only

H
|

After re-checking, centre of gravity matches corresponding - -
power net crossing —————

Chip layout overlay
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Localisation - FIB

IProbe= 700pA WD=50mm Mag= 200X Anite Perez
EHT = 5.00kV Detector = SESI 2 Apr 2024 CE RN
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MOSS - short edge communication

# e e Ep—————— E 2 T PR N TR R TS '»““I R T ARy G S g g
‘ B A R 5 I
' e

'
Left -
endcap t Control & readout
" o ¥ sepply
Test Half Units in parallel from left endcap via stitched
backbone (top/bottom): - N
_ _ _ 64 Power Domains + Substrate
 Addressing 10 half units simultaneously 107 Supply Nets
_ _ . 2192 bonding pads
« Data transfer over 26 cm (with signal regeneration) 390 Digital |/0s, 480 Analog |/0s |

* Readout at left endcap at up to 40 Mbps / sensor
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