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MOTIVATION: RELIABILITY REQUIREMENTS

- We're interested in extremely long lifetime components (decades)

*  Low Volume, High Consequence manufacturing:
- Limited development lots.

« Require high confidence in a process with very few development lots.

Space
Consumer , (Pluto
Electronics AUTRIEIYE i

Mission)

Product Lifetime Requirements




IMAPS 20th Device Packaging Conference | March 18-21, 2024 | Fountain Hills, Arizona

MOTIVATION: SINGLE POINTS OF FAILURE & DCS

«  Mechanisms of Failure:

- Fatigue
. Stress L
«  Voids
*  Whiskering
*  Electromigration Stress-induced Voids

. Fallure Analysis (FA) Methods :
Scanning Optical Probe (TIVA, LIGA)
« EM Analysis (PSA, MFI)
« Thermomechanical Probes (FDTR, LDV)
« Destructive Testing (HAST, Cross-sectioning)

Oxidization = Failure

Solder Intermetallic Compound (IMC)

Failure

Underbump Metal ~:\~A

Crack Propagation
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MOTIVATION: RANDOM FAILURES. N

AN

* Not fully random: » Hybrid Bonding: Particle contamination \
» Incremental stress is focused on prevents bonding
corners (fatigue) - 10,000:1 failure size: Tum particle = 1cm void.

- Random Failures: * Arecent example:

« Processing Defects: particles, PR 24 mm .
variation, etc. (@ < i (b)

A ———

(a) i. Etch to define Cu area

AI metal stack
Silicon wafer 24 mm
ii. Barrier + seed metal deposition

iii. Electroplate Cu
Die 1
Inter die gap
Die 2

vﬁ

1/6 Daisy Chains Failed : Y =.99994%

CSAM reveals one particle (~ 50nm) resulting
in 0.20mm? void: ~ 70 failed interconnects.

0.998%

iv. Cu + barrier CMP

* J.P.Mudrick, et al (2019), used with permission.

0681




IMAPS 20th Device Packaging Conference | March 18-21, 2024 | Fountain Hills, Arizona

USAGE OF DAISY CHAINS (DC) IN UNCERTAIN YIELD

Ullan (2006) Approximation: Y = %log<1 — %) +1
Fewer, Longer Chains: More, Shorter Chains:
 Effective for high-yield - More effective for low-yield
processes processes
e Limited use while Yield is « Decreased Statistical
Low Relevance

* Increased Testing

Limitations on both Requirements.

« Information is Lost due to open circuit.,

« Can only take one data point per experiment - requires many tests to get
statistically relevant results from multiple process conditions.
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A
N

PARALLELIZATION — N

0000 N
_‘_e_“_ W =3 Neglecting wire resistance \
—1
= leooe| (i
ZlRl,W
w

Ry, Necel=0
Rl,wz{o f

it

0, SPoF

Physical
« Failures are often single Fai>|/ures
points of failure (SPoF) in DCs.

« Can monitor from a single

output resistance | caleulaiag e e
«  Measurement simplicit i :

enables,continuou@ / vields Resistance

monitoring:

« Lose ability to identify precise
position of failures. 1 < M

Estimated

_ _ # bad chains
Y Llog 1 =

0683




IMAPS 20th Device Packaging Conference | March 18-21, 2024 | Fountain Hills, Arizona

PARALLELIZATION: OPEN CIRCUIT INFORMATION LOSS
=4

< »

_‘m ‘_ A recent example:

24 mm

_I_@I

- DC Failures produce open circuits.

« Unable to collect further info « Open Circuit=1 < X < 6600 failures.
from chain — loss of precision.

YCLCt = 92%
~7

24 mm

M = -

- Resolving scope of failures requires
incorporating other tools such as
CSAM, indicating N ~ 70.

Yact — 83%

* J.P.Mudrick, et al (2019), used with permission.
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PARALLELIZATION: SHORTING CONNECTIONS TO MITIGATE LOSS N

[=4 .
= « By Solving the foIIowcling for all N¢ ; N\
iwf, R, N
A Q — .
awid —
w =3 /=
R=1"-Ry  Subject to the following constraints:
v e N;; € ZF (SPoF are total failures)
« Y Npj =1 (#sets = length)
' o) ij Nei <wxl (#failed bumps < #bumps)
- By Shorting DCs together between e
elements into columns of chains j, we e IfR < Ry, (finite resist = no open circuit)

mitigate information loss.
5 then N¢ j=y, = 0

 (Greater Precision
YCLCt — 92%
7

Yact — 83%
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PARALLELIZATION: PRECISION COMPARISON Simulation of | = 120.w = 8"

Parallelized Daisy Chains

1.0 ————r————1—r—r———————

—— Daisy Chain Length: 120 1 \
—— Daisy Chain Length: 60 /‘/
.. ire . . 08 —— Daisy Chain Length: 30 [ H
* Precision and utility domain both improve - __ Daisy Chain Length: 10 |
as the system is increasingly parallelized © | — DaisyChainLength 4 |
. . , D sl — Daisy Chain Length: 2 |
 |InthelimitA — 1, Precision — Exact Yield % |
from a single measurement. 9
0 04}
- With two caveats: -
« If a column of parallelized bumps have all a
failed, the system still fails — minimum
yield for a given configuration.
« There are degenerate solutions, weakening —~ 99
precision. S e
S
.g 0.1%
B 41%-"
CIL) o b
- 100% >
S 1.0 0.2 04 0.6 08 10

Actual Yield
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CAVEAT 1: FAILURE DEPTH
A=2

P [
<

358
b1t

i

* This Parallelization (1/1)
drastically lowers the minimum
ield before which the DC is no
onger able to probe the system
due to failures.

- The larger w is, the lower this
minimum yleld limit.

*  Minimum yield limit well-
described by Weibull Distribution

Compaﬂson of Minimum Y|e|d Limit of FPDCS vs SPCS

"'5:* [ WA= 1(Fu|lyParaIIeI|zed) - o i i ] \~
: BOF - BA=6.
S5 ann . SN
) I 0 A= 120 (Serial) :
& 30/ | |
o UL |
L r i
© [ :
o 10+ '
. e
OFJ , — = , \
0.0 0.2 04 0.6

Yleld Fractlon

| Weibula: | Weibull g: | Weibull p: | Mean

A=120 58.16 0.373 0.608 Y=009/8
A=60 3749 0.434 0.627 Y =0.966
A=6 3.883 0.137 0.714 Y =0.837

A=1 2.613 0.212 0.293 Y =0.481
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CAVEAT 2: RESOLVING DEGENERACY N
R=2Ry, - Nf ={2,3,4,5,6,7,8} - By adding additional constraints based on  *
transitions between states s - s + 1, we \

eliminate the majority of degenerate solutions
SPoF don't fix themselves: Ny cannot decrease

ZNf’j(S) < ZNf'j(S + 1)
j j
« Every Failure increases Resistance

D R j() < ) Ryy(s+1)
j J

« Self-Consistency:
« If a bump fails in set N ;, it must now be a
member of some set Ngy : k > j.

£33
4

_I_@I _I_@I

By symmetry, reduce R;,, — R; resistance of a column

of bumps with N = j failed chains of 1 elements. — (Aij(S,S + 1)) < 2 ANf i (5,5 +1) V
R. = ARg k>j
J T w—j « If a bump failure elevated a set into set N¢ ;, it
_ _ must have been a member of some set Ng, :
«  We introduce degenerate solutions to k < j previously.
wid

Q= 2 Ny iR —(aNg (5,5 + 1)) < Z ANf i (s,s + 1)V j
j:O k<j
0688
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CAVEAT 2: OVERCOMING DEGENERACY

Number of Degenerate Solutions

1000

100}
50|

500

Quantity of Degenerate Solutions Before and After Reduction

017
1.01%911

0 20 40 60 80 100
Number of Failed Bumps T

~Y =09
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\

By adding additional constraints based on  *
transitions between states s - s + 1, we \
eliminate the majority of degenerate solutions

SPoF don't fix themselves: N¢ cannot decrease
ZNf’j(S) < sz,j(S + 1)
j j
Every Failure increases Resistance

D R j() < ) Ryy(s+1)
j J

Self-Consistency:
« If a bump fails in set N ;, it must now be a
member of some set N¢y, : k > j.

— (ANf’j(S,S + 1)) < 2 ANfj(s,s +1) Vj
k>j
« If a bump failure elevated a set into set N¢ ;, it

must have been a member of some set Ny, :
k < j previously.

— (ANf,j(s,s + 1)) < Z AN¢y(s,s + 1)V
k<j

12
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FULL PARALLELIZATION: 4 - 1

L4 dhdl &
© 90 @
LA A A A&

g) © © 0-0 0-0 ©-0 0-0 V-0 V-0

« 2D Daisy ‘Fields’ (2DDFs) = Can make direct
estimates of yield.

 Full Parallelization = Similar quality analysis in
any configuration - fit onto any apparatus.

Ry
lxw

« Sensitivity Requirement: AR <

0690
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PARALLELIZATION: IMPROVED YIELD ANALYSIS N

vvvvvvvvvvvvvvvvvvv

- 2DDFs provide better accuracy —r— J N\
and precision for any circuit L I =31 ooop -
footprint. ©

- Yield Estimate is valid for all yield = r,
processes o
 ldeal for processes with low and C o

unknown yields. = \6
Ll g

0 0.2 0.4 0.6 0.8 1.0

Actual Yield %

0691
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Simulated Resistance (R/Ry)
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CONTINUOUS MONITORING

120 °

100?
80?
GDE»
405-

20[

Continuous Yield Analysis = Can monitor when failures happen.
Can identify source of failures and thus determine process limits
All in a single experiment, no more guess and check repeatedly (
Current iteration of program is not suited for real-time application
- Workaround: “pre-bake” a confidence interval for “Resistance — Yield”
to get yield estimates in “real time” as a lookup table function.
20 30 400 500 600 o 0 20 20 60 80 100 120

Temperature (°C) Resistance (R/Rp)

0692

Simulated Yield (%)

e = e bt =
o = o™ =5 =
: . . T T

T

10000

Per-link resistance (Q)

1000

100 +

104

1

—{—9nm

‘ —A— 18 nm 3
—&—-32nm
~9-47nm

250 300 350 400

Post-bond anneal temperature (°C)

* ].P.Mudrick, et al (2019), used with permission.

400 500 600
Temperature (°C)

700
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CONTINUOUS MONITORING: IDENTIFYING MODES OF FAILURE N

AN

 ldentify modes of failure from features in failure contribution density \
- Use to determine process limits, reliability budgets, or opportunities for optimization.
« Can also be used with HAST for component lifetime quantification.

N

Simulated Failures from 120x8 PSDC

Insights
Process Physical
Development Failures

-
o

Calculated Change in

Yields Resistance

el
i

Simulated Yield (%)

AlIsusg uoiNgLIUOD) aJn|ie

Estimated
# bad bumps

Temperature (°C)

0693
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PHYSICAL CALIBRATION: Ry, Rtrqce h
AN

Ry, Rirace May Not be known, so \
calibration is needed to find Ng Redundant measurements

builds up information

N

Rmeas

R ciri[

Connected Like:

A B C D ygEgFiGyHy |

0694
m .
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COMPARING METRICS FOR CALIBRATION N

Measured

Resistance Fitting data sets in agreement:
7 (k)

R, = 111.7 mQ/um\s
R, = 52.9 Q/bump \

R = 79.8 m)/um
Ry = 46.3 (0/bump

Ry =43+ 1mQ/pm
Ry=661+70Q

++

6

y=0.0798x + 694.65

YT 01117x+42328 .
5 I ¢ R, = 76.7 mQ/pm
................ Ry, = 06.4 Q0/bump
4 o ....................... Ry = 43.6 mﬂ/um
3 . e Ry = 76.7 1/bump
PR . ................ y=0.0436x +537.18
B U ey Ry = 44.5 mQ/um
2 P y,:?;??ff.xj.z.Z-%za-" Ry, = 61.0 Q/bump
.‘.‘:".“..u\.,-..- .: ~.." ....... y = 0.0445x + 106.82
1 .’.:yoo418 ........... + R, = 41.8 mQ/um
B Ry = 0041
Q e==° Trace Length (mm)
0 10 20 30 40 50 60
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COMPARING CALIBRATED RESULTS Defect Present near the boundary of "\
20 subsections “F" and “G” N\
oS
- - h
o 15 |
-
S
g L [ T R e S @------rmmmmo oo
)
o
@ B b
O
'L:) T.Q.. ®--9...9 ® -
8 O @ & [ ]
A B C D E F G H 1
2
N [ I
.....0..... ! s =t
0 Despite low yield, we are able to detect
and estimate magnitude of failures

19
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DETERMINING YIELDS

_ _ Simulated R*/R, -- Yield Relation
Compare R* /R, to simulation results

1.6 D , - LOIFR =682 T T
1 .5 | 0,
Lo - - A=732%115%
e L [ 1
.... m t | o
1.4 I E\: NCE =775% 110
o T 2 TN
13 p— Qg - o
1.2 L
: Rk
1.1 ! I I [ .

80% | 70%

— 5%
B = 80.1%153%

Calibrated Resistanc

A

0% 20% 40% 60% 80% 100%
0697 Corresponding Yield
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IN CONCLUSION:

Compared to DCs, 2D Daisy ‘Fields’ are:

* Faster Additionally,

* (single measurement) » Easy to implement
Continuous Data » Enables new in situ yield
More Precise analysis capability

* (>x10 improvement) — e
M 20 © -0 0-0 0-0 0-0 ©-0 o-0
 More Accurate /0 670 6:0 00 6,0 60 60 0

« Use earlier in development
« Over a wider range of processes

Lower measurement Complexity

£
Y

0698
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