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|.INTRODUCTION

Direct Micro-Bump Probing

micro-bumps

Functional interconnects of 3D-stacked dies are
formed by large arrays of fine-pitch micro-bumps

Impossible to probe with conventional probe technology

* Cantilever probes: cannot handle arbitrary arrays

Cantilever
Probe

® Vertical probes :cannot handle the fine pitch

“ Options for pre-bond test

|. Skip pre-bond test: poor compound stack yield; higher cost

2. Dedicated pre-bond probe pads: extra design, area, test time,
post-bond load; and micro-bumps remain untested >

#)[3. Use advanced probe technology to probe micro-bumps |
(NI

Vertical
Probe
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|.INTRODUCTION

Related Prior Work

° SWTW’I I: Marinissen et al. (imec + Cascade Microtech)
Imec and Cascade started collaboration, defined probe targets

“ ITC’l I:Smith et al. (Cascade Microtech + imec)
First collaboration results, mainly on probe technology

° SWTW’13: Bohm et al. (Feinmetall + Team Nanotec + imec + FH + CM) ! |
Silicon crown tips, embedded in vertical probe card with TSVs -
Most Inspirational Presentation Award, but no product follow-up

[SWTW’13]

° ITC’14: Marinissen et al. (imec + Cascade Microtech +TU Delft)

* WIOI-IBank: good R; no impact on bond yield; cost-effective
* But... (i) only | Bank and (ii) only daisy-chains of 30 micro-bumps

[ITC'14]
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2.WIDE-I/O MICRO-BUMP ARRAYS

What Do We Want To Probe!?

25pm

15pm N

Micro-Bump Probe Targets
* imec’s PoR @40um pitch

" Today’s advanced industry practice |

25um

Wide-1/O Micro-Bump Arrays

* WIOI: 1,200 micro-bumps @50/40um pitch
* WIO2: 1,752 micro-bumps @40/40um pitch

560pm

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
-------------------------------------------------------------------------
-------------------------------------------------------------------------
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3.VORTEX-2 TEST SYSTEM

Vortex-2 Test System

SLNFAINY LSNI
TYNOIIYN 2

Vortex-2/2 | Vortex-2/1

* micro-bump probing * low-leakage
* parametric testing parametric testing
1

e

)

—
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3.VORTEX-2 TEST SYSTEM

Vortex-2: In-Line in imec’s Fab-2

6,2017 - PUBLIC 8
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3.VORTEX-2 TEST SYSTEM

Cascade Microtech CM300 Probe Station

Microscope Platclen Camera
eVue :

° Woafer Handling
* Full-automatic wafer loader (200/300mm)

* Manual loading of tape frames

* Thermal Control System: -60...+200 °C
R

ContactView ™
Camera

“ Four Cameras

HeVue—4 (3) Chuckt

(2) Platen § (4) ContactView ™ m

° Microscope Bridge Removed for Test Head

* Probe alignment with Platen and Chuck cameras only

* Chuck needs to move between ‘Align’ and ‘Probe’ positions

!‘J! © imec/2017 — Erik Jan Marinissen — June 6, 2017 — PUBLIC 9



3.VORTEX-2 TEST SYSTEM
National Instruments Semiconductor Test System

* PXI Rack: programmable Switch Matrix
* 4 input rows driven by DMM
* 9%136 = 1,224 output columns

“ Two - and four-point R measurements
“R.. = 1,000 Q @I00 meas/second

SMX1 SMX9
1 L

DMM f
DMM Force-Hi —a I L
DMM Force-Lo
DMM Sense-Hi + o
DMM Sense-Lo
Y ¢  J
SMX Columns 12 135 13 1089 1090 rererrensrinsrennennes 1223 1224
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3.VORTEX-2 TEST SYSTEM

Grounding the FET-Based Switch Matrix

Without Grounding With Grounding

w
EoT - 1
i

® Wide-l/O Switch Matrix is composed
of nine concatenated switch modules

" 9%(4x136)=4 rows X 1,224 cqumns
* NI's PXI-2535 FET-based SMX [S&=1&

(]
M

o

[+

\j
|

Lo}

+
B

Two-Point Resistance (Ohm)
[ [ ] [ [ w [FY) w
[+5]

Two-Point Resistance (Ohm)

[
r

hJ
o
]
=]

1 6 11 16 21 26 31 36 41 46 1 6 11 16 21 26 31 36 41 46

Measurement Sequence Number Measurement Sequence Number

NI knows issue (manual, website*),
but leaves fix to user [A s v mino

1 charge

Benefits

Low cost and unlimited I|fe-t|me

“ All 544 switches can be “on”
* We suggested programmable GND

as feature in new NI SMX modules
For now, we implemented aprog’able

Charge injection during power-up GND from probe card into SMX

Drawbacks

Significant leakage current =

* NI website “Why do | get Incorrect Measurements when using the PXI-2535 or PXI-2536?” © imec/2017 — Erik Jan Marinissen — June 6, 2017 — PUBLIC 1



http://digital.ni.com/public.nsf/allkb/46E234F2C703690A86257983004D471E

3.VORTEX-2 TEST SYSTEM [ = excluded
B = test system

Measurement Routines and Parasitics E:wafer
= probed

Probe Probe
I+ SMX Pogo Board Head MBump Wafer uBump Head

150 50 50

. Probe
|. Probe-Check R arasiic = 202 [+

* All probes shorted

2 I WO- Poi nt R ~ 40 S ! |+ SMX Pogo Board z::; tBump Wafer uBump l:;b; Board Pogo S
L] ., . ~
parasitic

* Micro-bump daisy-chain

> &
7 N

\
/

I+ Pogo Boara oot Bump D i pard 0£0 I_
3. Four-Point Roarasiic &  0€2 i
* Requires four probed micro-bumps Vi S gl gt o A V-
i ~ + =
4. Pseudo Four-Point Roarasicic = 102 | Aol
* Requires two channels per probe tip [0 V-
;‘:;\'v © imec/2017 — Erik Jan Marinissen — June 6, 2017 — PUBLIC 12
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4. PROBE TECHNOLOGY
Pyramid® Rocking Beam Interposer Probe Cores

© imec/2017 — Erik Jan Marinissen — June 6, 2017 - PUBLIC 14



4. PROBE TECHNOLOGY

Date HV Tilt 'acMode Spot

Lk 3 — -~ 0, 1142115 kV £ X ?|Lowvacuum| 4 |-20 pm-
- - == S
Pyramid Probe® RBI MSI-HD Brote Core with ~ =~ Probe Core space transformer layoUt RBI MEHS-Typ'e peobe tips; micro-scrub with
4x(3—8x_8)=4,216 core-1/Os g from core-1/Os to probe tips; R ;5™ 5 © Se force <1 gf/tip with tip heekof 6> | um?
- - : = : =~
ARl #I: i 38 .l. J. l ’. ¥ ; v’ i L . ' ¥ L 9. i L8 ' ’ £ ) L . LS Ll i 1 Rl R} i} L} X L v %3 . L P . f L § M AAAAAAAA .
; o (5]
r T i —. 5 ¥
n ; W ; % "
. @ > & o b
m m
S, S = South Core-1/Os: Columns |-38, Rows A-H = 38%8 core-I/Os @ d
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5. TEST SYSTEM SOFTWARE

Automatic Test Generation Inputs

° Test System Description look-up table

SWTY

Per line : probe number; core-1/O;
SHOZ2;

Example: 3;

Probe Core Description

Key parameters, incl.
probes layout and
recommended/max OT

S13 HOS;

Card Name IMEC-36
Core Type WI02-1ch

Banks 1
Rows 6
Columns 73
Pitch 40
Rec. OT 150
Max OT 150
Gap Row 0
Gap Caol 0

pogo block/pin; switch matrix/column

WH23
sDo2
SHO2
5D03
SHO3
SD04
SHO4
5D05

[s TR N R« (U ¥ R (S 5 R ]

o

(=]

PROBE COREIO  POGO PIN

S19_GO5
S13_M06
SI13_HO8
S13_M05
S13_H07
S13_M04
SI13_H06
S13_M03

SMX_COL
SMX7_COLI I3
SMX5_COL86
SMX5_COL14
SMX5_COL90
SMX5_COLI0
SMX5_COL94
SMX5_COL6
SMX5_COL98

SHO5 SI3_HO5  SMX5
! 5D06 513
SH
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#Opens

#Fails

Avg.

5.TEST SYSTEM SOFTWARE

Many Test Results: Data Abstraction & Visualization

* Individual and

m(EDF Plot Woafer Maps

i 0Jo]o
%0 | 0o ]o]o]o]o0
Its £ = - - - | [ AEN KN ENENRNENEN
aggregate resu ts =) 70 | | oo ofoJoJofo]o]0
§ 0[oJoJoJofoJo]o]o]o0
] B 60 T T T R oJofJofofoJoJofofo]o
Ruax fixed by  : . It I
g ENENE  EEEEEEEENNNENEN
meas.mnt range ¢ = IR EREREREARARAEREEREE
2 20 0Jo]oJo]o]oJo]o]olo]o 405]402] 405 | 405 405] 404 404 | 404] 03| 403 [ 404
0]o]oJoJo]ofo]o]o 405
] R d M 10 0]o]oJo]o]ofo]o]o
etermined AERCERRRRCRY
TH 0% 20%  40%  60%  80%  100% AR EAE

0
0
0
0
0
0

Probe Maps

M4 Fraction of Measurements
with CDF PlOt #Opens: R > Ryax #Fails: Rr; <R £ Ryax

Average: R,

Pogo-Pin Map
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6. EXPERIMENTAL RESULTS

imec Test Chip Designs with Micro-Bumps
BMB: Blanket Micro-Bump Vesuvius-2.5D

| g -
.
. ¥ -t
-3 !

* All micro-bumps shorted by blanket Cu = WIO|: 1,200 bumps s——
* Arrays: 50/50pm pitch, WIOI,WIO2 * 40 daisy-chains of 30 micro-bumps each

" Banks with 0/1/2 dummy rings PTCU/W: Processing Test Chips
" 9,421,272 functional micro-bumps/wafer = \n/j02 _|bank: 438 micro-bumps

WIO2 Arrays

-

@25um Cu(NiB)

° Embedded micro-bumps: zero height

Pl (TR Wt

" * Micro-bumps pairwise |EEEEaiE
connected through  [ECE=
e MI in diagonal fashion ;== |

@15pum Cu/Ni/Sn

© imec/2017 — Erik Jan Marinissen — June 6, 2017 — PUBLIC 20



6. EXPERIMENTAL RESULTS
Incoming Inspection on Blanket Wafer

Probe Core for WI102-1Bank

oT

Oum
“ Increase over-travel from 0 to OT,_,,

* Perform ‘Probe Check’ routine:
for all probes peP do {

}

two-point R measurement p vs. P\{p} ¢oym =

20um a

40um |

“ Determine

|00pn1-5h-53:: =

* Open probes, if any:R > Ryax
* FtL: First-to-Last OT; here 40um
* Recommended OT; here 100um
* Too low: poor contact
“ Too high: reduced lifetime
Y

{
o,

110um [

120pm i

aouen [
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6. EXPERIMENTAL RESULTS

Probe Tip Cleaning

Recommended cleaning set-up

555588
555588
58588

40
40
40
40
40
40

* Substrate : ITS Probe Lapping Film, | um grit particle size

(™1
0

* Recipe :60% of probing over-travel, |0 touch-downs

Interval :After 50 touch-downs

s|a|s|s]s|a]2]8]
[8|a]8]s|s]8]8 58]

555888

555588
555888

8|8|5|88\8

39
40

408 393 400 402 405 410 A1) 355 143

193 400 40 405 410

10 4 01 m&mm “
; Ansany il 421 WD 40T D6 401 4L1 400 307 304 e a3l 400 Ina LTI L)
T 376 3B3 384 MM 373 Wy JAY 353 402 Ba¥ 413 355 20 JSP 410 404 485 v 4Z8 388 413 A1) 4l4 403 4030438 407 420 mﬂ
37 317 374 383 W6 I I N9 362 43

mmmmm’mnnmm

a:.r 414
410 m.

w-:uav:mm:u:uwa-
382 385 393 378 384 359 BB

48 438 23 41 4l 40 B8 4 - 1
56 330 173 364 382 300 N ST4 I 32 IO Iwr WA SA( T2 3¥
38O 374 384 303 90 388 I 7B W2 1D I T4

@3 30 S
370 395 407

After Tip Cleanlng

M3 M3 40793 420 41s A 412 40 a0 4 i 104 | 418 ALl Alg HEE aln 41374
433 w0 s3% a0 a0 4LofE 04 418 u ! T AL A4 415 & 414 413 o
395 IS 410 e0n 4l & 405 393 404 412 E . 409 403 A8

395 411 A4 41 £ I 404 413 393 {424 4 433 418 403

400
333 353 160 386 d6) ; 7 A3 388 3e ; 8 47 31 das 387
344

369 350 360 3TA g 372 358 348 357 & 365 367 Fe4
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6. EXPERIMENTAL RESULTS
Contact Resistance Dependent on Bump Metallurgy

55
- Cu * Sample size: 20,900 - 37,620
—Ni Pass/Fail Threshold Ry
50 = . measurements per wafer
(0]
~Cu +20nm NiB ® Pass/Fail threshold Ry set at 50 Q2
45 -Cu +40nm NiB

Large variation: due to parasitic R

Two-Point Resistance (Ohm)

40 in test system and probe core
i * Small variation: micro-bump metallurgy
* DO05: Cu
30 * D09: Ni
. . :Co
25 . .
0% 20% 40% 60% 80%  100% D14: Cu +20nm NiB
Fraction of Measurements * DO09: Cu +40nm NiB

© imec/2017 — Erik Jan Marinissen — June 6, 2017 - PUBLIC 23



6. EXPERIMENTAL RESULTS

Probe-To-Pad Alignment (PTPA) Accuracy

“ PTPA Accuracy: determined by (1) probe station and (2) probe core

|.Probe Station Accuracy

.......

2.Probe Core Accuracy
* Translate errors such that BL= (0,0)

* These errors are chuck-pos independent

Wiy

Measure probe-mark errors in all four corners of micro-bump array

quals error of BL probe mark, as
BL tip is main probe training location

Error is chuck-position dependent

Errors other corners due to probe core

© imec/2017 — Erik Jan Marinissen — June 6, 2017 - PUBLIC 24



2 pm

6. EXPERIMENTAL RESULTS -

. (4 pm, o)

Probe Station’s PTPA Results =S

R EERHEEE
" C = HEE
annotUse Top-View Camera | = ) S
P ‘wii- B S ginaseuisEs A mEEENEEEES
* No microscope bridge |
‘ , \ =l | AR
Probe cores ‘non see-through’ \ EZREE Ee s

* Platen + Chuck C Onl = e

aten uc ameras n y Stage Test_ Pl_aten Cam Stage Test Platen Cam Stage Test Platen Cam

. ‘Allgn <> ‘Probe - chuck moves Before Service After Service Jan.2017  After Service May 2017

* Rely on Compensation Matrix

Compensation Matrix
recalibrated in Jan and May 2017

“ Thermal Control

required for accurate PTPA PTPA @T=22°C PTPA @T=32°C PTPA @T=22°C
(WIW Before Service After Service Jan.2017 After Service Jan. 2017

vy © imec/2017 — Erik Jan Marinissen — June 6, 2017 - PUBLIC 25




6. EXPERIMENTAL RESULTS

Probe Cores’ Grid Accuracy Results

" WI02 IBank

0.00  0.00
BR 5250.00
TL 0.00 520.00

0.00 0.00
BR 2880.00 0.00 2879.47
TR 2880.00 200.00 2879.61
TL 0.00 200.00

.33 200.71

0.00 5253.93
TR 5250.00 520.00 5255.65 516.86
.13 516.58

-0.53

.33

0.00
3.93
5.65
[.13

0.71

0.00
-0.99
-3.14
-3.42

{ I o

0.00 0.00 0.00
-0.12
-0.39 0.88

0.00%
-0.02%
-0.01%
-0.05%

. (um) S, (um)
o

0.00%
0.07%
0.11%

0.02 %

Legend
— = |deal
— = Actual
w | Top Top 100
| Left Right .
0.00% o -
+0.06% w e
+0.44% . Bottom Bottom ©
Left Right
+0.35% ’
Top Top st
sos || Left Right 505

0 00% .sm r‘n. 510 15 20 SPES 520 5% SIS0 8255 :awm
-0.19%

5 15
0.60% © Bottom Bthom ©
-V.0U /% Left Right
5 5
o, ]
-0‘66/0 5 ¢ [ 5 10 15 20 5235 SMD 5M5 5350 5255 ﬁﬂo
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6. EXPERIMENTAL RESULTS
Probe Marks on Various Micro-Bumps at 40um Pitch

EmbeddediCu,30um

_ £ Cu/Ni/Sn @15um | Cu/Ni/Sn @ |5pm
~ Cu/Ni/Sn @15um Probed, then: Reflowed=. | = Reflowed, then Probed-—*

© imec/2017 — Erik Jan Marinissen — June 6, 2017 - PUBLIC 27



6. EXPERIMENTAL RESULTS

Probe Mark Impact on Stack InterconnectYield

“ Probe Marks

On Cu, Co, Ni: very small

On Sn: can be reflowed away

oo ool o

Top die probed

Bottom die probed V \/ x x
100%  100%  100%  100%
3200 4240 4500 33.1Q

Interconnect yield

DC resistance Ry,

Vesuvius-2.5D D2W stack:

° Experimenton Vesuvius-2.5D with W10 |-4Banks

Probed per bank in all four combinations of

top/bottom die yes/no probed prior to stacking

=

W
Y

017

£

No impact on stack interconnect yield observed

[ Marinissen et al. — ITC’14]

o
=

OO0O0DDOUDODODODOUOINOONOOOO0O0O0O0IEREEEEDXE P> P>

BooNvouswnr|lBoowauswn |8

BooNows»wWN R

© W NV B WN R

=
15}
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7. TEST COST COMPARISON
Cost Modeling for Single-Site Testing

Cost Comparison
* Case:Vesuvius-2.5D

* Two active dies on top
of passive interposer

Three Scenarios

[]
2. Extra pre-bond pads W

|.No pre-bond test

3. Micro-bump probing

SWTV
vy

270-1-7

Parameter Inter- |.No Pre-Bond | 2. Extra Pads 3. Bump Probe
poser Dies [+2 Dies [+2 Dies [+2
Pre-bond test contacts / die n.a. n.a. only 120 1,200
300mm wafer cost $ 700 $ 3,000 ‘ $ 3,000 $ 3,000
Die area 200 mm? 65.61 mm? ‘ 66.61 mm? 65.61 mm?
Gross die / wafer 302 968 ‘ 953 968
Defect density 0.1 /em? 0.0-1.0 /cm? ‘ 0.0-1.0 /cm? 0.0-1.0 /cm?
Die yield 84.52% 100-65.76% ‘ 100-65.48% 100-65.76%
Pre-bond fault coverage n.a. 0% ‘ 99% 99%
Pre-bond test time / die n.a. Os ‘ 100s 10s
Pre-bond probe card cost / die n.a. 0 ‘ 0 $ 0.50
Pre-bond test cost/die n.a. $ 0.00 ‘ $ 5.00 $ 1.00
Stack interconnect yield 100% 99% ‘ 99% 98% ?
Final fault coverage 100% 99% ‘ 99% 99%
Final test time / die I's 10s ‘ 10s 10s

© imec/2017 — Erik Jan Marinissen — June 6, 2017 — PUBLIC
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7. TEST COST COMPARISON

3D-COSTAR Cost Modeling Results

I. No Pre-BondTest W

Only acceptable if
pre-bond die yield is high

2. Extra Pre-Bond Pads
|0X test time increase =
test significant cost-add

3. Micro-Bump Probing [
expensive advanced
probe card is minor
overall cost contributor

No difference in product

quality due to Final Test!
WTV

Relative Cost per Passing Stack

300%

250%

200%
183.8%

150%

116.6%
100%
97.3%

No Pre-Bond Test

50%

14.3%
0%

Die Yield 100%
0.0

e=g== 1. NoO Pre-Bond Test
==®== 1 Test Cost

=g ) Extra Probe Pads
== @== ) Test Cost

==g==3_Micro-Bump Probing
3. Test Cost

—
-
- =
— - —

s = e o= o =

254.5%

200.1%

Micro-Bump Probing

_v.—————.——h_—.——.——-.——.

94% 89%
0.1 0.2

85%
0.3

81%
0.4

78%
0.5

75%
0.6

72%
0.7

70%
0.8

68%
0.9

Defect Density Active Dies (defects/cm?)

© imec/2017 — Erik Jan Marinissen — June 6, 2017 — PUBLIC
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8. CONCLUSION
Summary

nnnnnnnnnnnn
T

® Unique system for large-array fine-pitch micro-bump probing
based on Cascade Microtech CM300

®* At imec routinely used for micro-bump arrays @40/50um pitch
® Temperature control and good calibration required

" PTPA ==£2.5um:appears sufficient even for 20pm-pitch micro-bumps &
" Cascade Microtech Pyramid® RBI probe cards/cores S '

* Advanced MEMS-based thin-film probe technology _

* Large arrays down to 40um pitch

* Contact resistance 0.1-2.0Q); parasitic resistance in space transformer ~5Q

* Low force = Limited probe mark = No impact on stacking yield observed

'2“! © imec/2017 — Erik Jan Marinissen — June 6, 2017 — PUBLIC 33



8. CONCLUSION

Challenges and Solutions for Micro-Bump Probing

Solutions

Challenges
a. Small Pitch and Diameter

* Pitch = 40pm - 20um

Advanced MEMS-type probe cards

Accurate, thermally-stable prober

b. Large Micro-Bump Arrays
* WIOI=1200;WI02=1752; HBM2=4258

Large #channels; hard-docking

Automated data visualization

c. Proper Electrical Contact

* Contact resistance R_. =5 Q

Parasitics, over-travel, tip cleaning

Dependent on bump metallurgy

d. Probe Marks on Micro-Bumps
* No negative impact on stack yield

Low-force probe cards
Reflow for soft Sn micro-bumps

e. Cost of Test
* Economically feasible

SWTY

Advanced probes are expensive

But alternatives are more expensive
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8. CONCLUSION
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