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> 50 years of Moore’s Law

Stacking Is The New Scaling

alrlm @:"m:m

lE'IEI'I'IIZIIIFS mﬂg

o DiSEN s, " \\“3% |

i umber-

nr.zg?flﬁl!g]llllfg E;Eaﬁtsiw% Irﬂllnllll —,r

i 5 together, |
‘_m lraumfurnﬁ lsn“' ﬁ'ﬂ"v_g;' = ﬁ,ﬂlrlc:il:rr sn;f:-
; area 4

e t-ulntnrs R =
‘wmm;ﬁrutra“SISInrsl ﬂumm-u" '?;'ur“!!"w er 4 "-' . ;
=Js - scalingdesion= e 185 %Eﬁ%fé.!i

N ee"*
oS conpeic” o]
'a““";ﬁ “emheennu!’
e tnuhnng gy
_IHEIIIII IIHS

IIIII

Lithography Enables Scaling / CMP Enables Stacking
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Building Stacked Devices by Hybrid Direct Bonding
Challenges

Direct Bonding = Roughness & Clean SiO, & Cu Non-Patterned Wafers
Hybrid Direct Bonding - Patterned Wafers Topography: Local/Global
Conclusion
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Stacking Heterogenous Devices i
Application to 3D Stacked Back Side Imagers

| 3D stacked BSI Imager |
Top die

Pixels

.

Bottom die

Analog & Readout
Sensor Logic
And more !I!

J. Chossat 3D Summt Grenoble 2016

I Wafer to Wafer Stacking by Hybrid Direct Bonding Technology

—> Top Die Contains only Pixels
—> Passive Substrate replaced by Advanced Digital CMOS wafer

Manufacturing Flexibility =

Different Technolog Design Rules) for different components
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Stacking Heterogenous Devices L8

3D Stacked BSI by Hybrid Direct Bonding

J. Chossat 3D Summit Grenoble 2016
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P3TH From Direct Bonding

Dielectric

- Top wafer Mechanical Strength

| m me m - n
e Veta

- Bottom wafer Electrical connection
Cu: microelectronic

Cu - most promising 3D integration candidate

Main metal used for CMOS interconnects
Cost of ownership

Copper/oxide surface direct bonding advantages.

Very high interconnect density possible.
Low-temperature process
Compatibility FEOL/BEOL requirements for a sequential approach

SPCC 2017 | Viorel Balan 6



Chemical Mechanical Planarization
Challenges for Recreating The Bulk from 2 MiXtSSulie
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I Bond 2 Surfaces with

" Cu
= Barrier
® Dielectric

-> Manage Topography

Planar Roughness

Device Planar Atomic Planar

Intimate Surface Contact Needed = Plananzation: @all'Spatial A
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Chemical Mechanical Planarization L8
Challenges for Recreating The Bulk from 2 Surf
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PSI@ Direct Bonding SIO, Y/,
=== B Roughness Impact

_ B0 i
F. Rieutord, ECS 2006 _ H. Moriceau, MicroelectronigReliability | —+— R.T.
Atomic bonding b 2012 | = 500°C
Van der Waals force = _._—I-I—L
Covalent bonds E o 111
L . B Metallic bonds B
= |
e
o
5 200 I
i
5 ; § 9
| Complete sealing i
. a 1 I ] L] 1
Annealing o — 0.2 0.3 0.4 bs 06 0.7

Surface microroughness (nm)
Surface high frequency micro-roughness > key role in the bonding phenomenon,

Low frequency roughness can be accommodated by deformation of each substrate (elastic energy price)

m’)g BlankerBonaing: RMS<0:5nm
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P31l Direct Bonding
Cu-Cu

L2a tech

Roughness Post-

Post CMP Cu RMS 20x20pm

RMS=33nm®/" RMS=0.3n

As deposited m Post CMP = "+H24"

Hydrophilicity

Cu Layer Contact Angle Cu Contact Angle Evolution
100
2 80
4
: = 60
=
< 40
I
£ 20
- P O 0
. 0 5 10, 5 20 25
m As deposited = Post CMP Time (P11)

P. Gueguen ECS 2008
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Direct Bonding
Cleaning Influence

Bonded Bonded
Si0, Blanket Bonding (SAM) Copper Blanket Bonding (SAM) UnBonded

/\
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P31l Direct Bonding
=== M Cu-Cu Interface Evolution=f(T°C

(Cu-Cu Interface=f(°C) by TEM 0)

4
i

= Bonding of oxide-oxide

\\

\

» Thin copper oxide interfacial layer at the
bonding interface

o 200°C, this copper oxide becomes 08
thermodynamically unstable = grain
growth-> sealing: XRR < 08

» Bonding interface turns into a grain
boundary with a high bonding energy

0.7 Moriceau H et al 2010 (Workshop on Low
Temperature Bonding for 3D Integration)].

100 110 120 130

\ Z () )
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P31l Chemical Mechanical Planarization L
Challenges for Recreating The Bulk from 2 SUK@aE

eatech

53

Planar

_ D
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Hybrid Direct Bonding
Local Topography Impact Modelisation

I Dishing critical: topography doubled - negative impact electrical contact

Pattern Wafer 2 0.9
0.8

) 0.7
0.6 C. Sart ESTC 2016
0.5
04
0.3
0.2
0.1

Pattern Wafer 1

GAP / DISHING

I Cohesive tractions effective below
threshold value

Dishing (nm
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Hybrid Direct Bonding
Local Topography Impact Modelisation |

200 °C 400 °C

I Dishing critical: topography doubled - Water Approach
negative impact electrical contact

Y. Beilliard et al. International Journal of Solids and Structures, 2016

RT°C bonding

AnnealingeEEC=s

I Small dishing of Cu pads overcome '
during post bond annealing even @ low g ERETER?
T°C: 200°C Rrec/l

Cu/Cu Interface Remains Closed after Coolihg Down to Room Temperature

| Agreement w/ Experimental Results
. 5PcC 2017 | Viorel Balan |15




Hybrid Direct Bonding

m Thermal budget post bonding

——1nm -82nm —-4+5nmm =%=10nm -—+*-15nm -e~20nm

=
" Dishing N
fﬂﬂh .t =
=05pm| = .
=

CONTACT AREA (%)

=T 2 b )

10

0 Dishing 20nm

0 50 100 150 200 250 300 350 400
TEMPERATURE (°C)

Forecast on % pad closure depending on anneal

In case of initial

dishing in Cu pads temperature
» Definition of the gap » Clues for process ad_aptaticn _With dishi_ng,_
after thermal budget » Further models with introduction of grain size and crystal
orientation.
S. Lhostis European 3D Summit 2017 C. Sart ESTC 2016

Predictive Model for the Process of Hybrid Bonding Layer
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Hybrid Direct Bonding
Patterned Watfers DOE

I >250 process conditions used = pads, slurries, %abrasif %/oxydant, V,P, flow, time...

5 i fwr’"l“ i Barrier
r,\:h_:h - & NJ/ Dielectric
= i Cu Dishing Cu

|
|
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Pression
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Hybrid Direct Bonding

Process Optimization

Pad Shape
| =#=Si02 Direct Bonding

-~ Cu/SiO2 Pattern Direct Bonding
-8~ Cu Direct Bonding

4 6

Square HBM pad

——Octagon HBM pad

7

o
5 -
4 -
7 -
|
1 -
0

S. Lhostis ECTC2016 L. Di Cioccio J. Electrochem. Soc,158, 2011

Very Low Dishing, Uniform vs Cu Pad Shapes & Sizes

High Bonding Toughness Obtained
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P31l Chemical Mechanical Planarization L
Challenges for Recreating The Bulk from 2 Suriae

Ceatech
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PRTH Stacking Heterogenous Devices

—— [ Dimension & Densit
SAM Image=> Low Bonding Quality @

Test M35 Die Height Distribution
Sy | Unionded
-ti_._-_ - G S

Die Level

Post-CMP ngh Topography @ Post-CMP Low Topography &

—
> EXx CHENL
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P31l Chemical Mechanical Planarization L8
=== N Challenges for Recreating The Bulk from 2 SUKfaCES

Diameter Planar
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318 Hybrid Direct Bonding Y/
Patterned Wafers DOE

CEa ech

i i . Post-
Pqttern to pattern - 3 Wafers/|nvest|gated VPiElow  Time S1OZCU  oub  PWINPW  PWIPW
point: 2 bonded, 1 characterized Selec

Topo
—>Pattern (PW) to non-patterned (NPW'
bonding —>validation PW to PW

Pattern Wafer (PW)

Pattern Wafer (PW)

Non-Patterned Wafer (NPW)

T a1

kfblz
Pattern Wafer (PW) /

" <
' e
-
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Bonded
= _UnBonded

e we. (n 4 A
e e e s e e A Al m i ]
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PRTH Stacking Heterogenous Devices
Excellent Bonding: Bulk Reconstruction

CEa Lech

L

Bonding
Interface

=

Alignment perf<200nm +/-3c
EEEEN
i ,—.I-E!33--3IE-'--:'—33~E----,
~ g ;!;._,W;L_:j:,'::_"‘_
BS[ SenSOI’ g il - i_':i:"r_.:ilijamga
| i EEEEEEDENI
E o L1 R R RN
: jEEEEEEE
a1 _I;EFJ_!T!‘EL'.:H”
| E
Cumulative representation Wafer map
Sligthly larger resistance at

L. Benaissa ECTC2015 - S. Lhostis ECTC2016

Copper Grain Reconstruction: Excellent Electrical Results, 100% Yield
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Stacking Heterogenous Devices

Increase Device Cleverness

I 3D Stacking Heterogenous

" N Form Factor
= N Power consumption
= 2 Cleverness
I The key technology is the interconnection of the

tmmmmAar AanA lAanviAr mAar t Af HAA AlrAnt

2% P-02mm - —— e — e — e
=158 mm

3D DieStore: Design Rules Standardization for Interconnect Level

SPCC 2017 | Viorel Balan
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Conclusion

3 Take-Home Messages

@ &
el I

______

Ao OdYY oo = va WIIEchiies
e 1~_.';.-er;.r.:l:numl : I | _: = ! c ﬁ!f

Stacking Devices to Increase Cleverness needs g;g;‘nieﬁ"
Excellent Flatness: CMP is Driver to Relief, 3D World

CMP

Moore’s Law: Paradigm Change from
" Scaling/Stacking = 3D Integration
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