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The following technical key issues are crucial for 3D-integration:

= Process reliability for TSV formation

» Die degradation due to TSV technology
= TSV electrical continuity and reliability

= Bump to pad electrical contact reliability
= Thermal management

= Testability of subsystems
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» Die degradation due to TSV technology
+ Stress fields (homogenious, inhomogenious)
« Contamination due to direct silicon access
» TSV electrical continuity and reliability
* Hot spot due to power conversion
 Electromigration within TSV ?
» Bump to pad electrical contact reliability

» chip warpage (stress due to device fabrication)
passivation layer BCB, polyimide or oxide / nitride have tensile stress

« assembly process
metal system melting temperature, solidification temperature SLID,

T: mean temperature
AT: temperature swing
grad T: local temperature distribution (hot spots)
Dr. Armin Klumpp, Fraunhofer 1ZM Munich 11th International Workshop on Stress-Induced Phenomena in

Nanomaterials, Devices and Si Processing — NDS Metallization - Dresden, Germany, April 12-14, 2010 ~ Fraun hofer
1Zm



_ia Metal Filling and Intermetallic Compound

Vatortal Jg::ﬁj: ] Poii_\’sast?:‘s [13:::}(] Yield ::ress y ;Jtl:;r:;:ﬁ
[GPa] [GPa] [GPa] [GPa]
Cu 90 0.35 16.5 0.18 6.6 022 2
Cu3Sn 100 0,3 18.0 0.48 5.8
AlISiCu 50 0.3 240 0.19 1.4 ~0.45 ?)
W 145 0.28 4.4 1.60 10.0
- - 2
Si 168 0.22 2.8 5.0-9.0 2) o.3fe;istic)
SiO2 75 0.28 0.55 - - -
Parylene 3) 2.758 0.40 35 - - -
BCB 3) 3 0.30 50 - - -

All material properties are given at room temperature

Ref.: 1ZM in e-CUBES, IST-026461

2) Source: A.M. Howatson, P.G. Lund and J.D. Todd, "Engineering Tables and Data" p41)

3) Gonzalez, M.; Labie, R.; Vandevelde, B.; Beyne, E.: Influence of Dielectric Materials and Via
Geometry on the Thermomechanical Behavior of Silicon Through Interconnects
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Through-Silicon-Via geometries transferred and etched into the RF-ASIC of the
automotive demonstrator without interfering the physical layout (only exclusion areas for
metal fill structures have been defined before mask-making).

% :

L Gl T

Micrographs of TSV structures (transferred Micrograph of TSV structures etched ( 7 um Inter-
into resist) adjusted with high accuracy (< Metal-Dielectrics (IMD) and about 50 ym Si-trench)
300 nm) to the structures of the RF-ASIC into Wafer with RF-ASICS

eCubes project, proposal number IST-026461
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logy for W-filling (deep trench etching)

Process steps:

- Removal of ~ 8 um polyimide passivation ===
layer (H,O-plasma strip) 7.11 um

- Removal of Si;N, -passivation layer by
RIE etch

- Deposition of O5/TEOS planarization by
SACVD

- TSV lithography, 2,7 um resist
- Etching of ~ 2,2 um oxides

- Etching of 6 dielectric layers of FSG /
Nitride, ~ 4 ym thickness

- Removal of silicides at silicon interface

- 47 ym Si deep trench etch (STS
Pegasus)

H : IFX 070901 Dem 1 #06 F— 20pm; —
- H,0 Strip
SEM of 54 pym deep TSV, 10x3 pm (nominal size) etched in customer
chip of IFX
No attack of uper AISiCu-metal (M7)
Positive taper
ref.. BMBF, Germany (KASS project, 01M3163A)
Dr. Armin Klumpp, Fraunhofer 1ZM Munich 11th International Workshop on Stress-Induced Phenomena in

=
Nanomaterials, Devices and Si Processing — NDS Metallization - Dresden, Germany, April 12-14, 2010 ~ Fraun hofer
1Zm



Example “Device on Device”

Ref.: BMBF, Germany (KASS project, 01M3163A)
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TSV-Formation
&
FE-Modelling
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Process Flow for TSV-Formation & Modelling

# Process d[um] [ T[°C] Variant/ Remarks
1 Add Thermal Oxide on Si-Wafer 0.5 1000 B: 400 °C
2-4 Add PE-CVD TEOS (Oxide) Layer 0.8 400 B: 280 °C
5-9 Bake of Resist, RIE (Reactive lon Etching) of ICV - 120, 50, B: 150 °C, for Ashing
Ashing 300
10-12 Add SA-CVD (Sub Atmosphere-CVD) TEOS layer inside ICV 0.3 400
13-15 Add MO-CVD (Metal-Organic-CVD) 1.0-1.5 430 D:
TiN Seedlayer (15nm) & W filling of ICV Use Cu instead of W
16-18 Etching + structuring of W - see 5-9 B: 150 °C, for Ashing
19-21 Sputtering of M2 (Ti/TiN) AISiCu (TiN)* 0.8 350 B: 160 °C
22-24 Add PE-CVD TEOS Layer on top of Wafer 0.8 400 B: 250 °C
25-27 Thinning at the bottom of Wafer 20 180 C: 50 ym
28-30 Add POX-Layer (Plasma Oxide), Expose ICVs 1.0 150
31-33 Add TiW —Layer (adhesion agent) + Add Cu Seedlayer 0.50 160
34-37 Structuring of Seed Layer - See 5-9 B: 150 °C, for Ashing
38-40 Add Cu-Layer 5.0 50
41-49 Three thermal cycles -40...125 °C

Steps are simulation steps
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la Metal Filling

hew !
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_odel for Device Reliability; Parameters

Process Temperatures vs Time without SLID Soldering Step

500 -
450
4004
350
3001
250
2001
150 -
100
50 1
04

T[°C]

-50

T, = 1000 °C

|
| | 1] Processing : Thermo Cycle Test

«—  —
]

Step

Temperature is driving force for thermo-mechanical stresses
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TSV: FE-Model for Device Reliability

SiO2,
TEOS

SiO2,
thermal

Si

SiO2,
POX

Cu
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_TSV: Process Simulation for Device Reliability

R —

- Process Flow simulation = correct initial conditions, stress state

-50

Stress
Max.

Al

0

20 30 4
Step

o

1
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_ TSV: Location of max. Stress and Strain at RT

Eqv. Stress Eqv Plastic Strain
[IMPa]
900

%

All values at RT and after all process steps before thermal cycling
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TSV: Critical Locations

Loc 2

Low T proc & Cu
promising

no periodic plasticity

Pl. Strain [%]
N W
T:,_‘—:l

Top:
AISiCu 0-
with SiO./W W,20um LowT 50umSi Cu
2
200"
© | .
o 150 High stress due to
a 1001 Cu filler (CTE!)
ICV Centre: b
W or Cu &5
with SiO, N
W,20um LowT 50umSi Cu
1507
g
s 100 Cu promising
Bottom: @
Cu 9 501
. whd
with W/CuSn n
0,
W,20pm LowT 50umSi Cu
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_ Stress in Silicon due to TSV-Array

Example: Silicon substrate with Cu-TSV

diameter,g, =10 ym Y
distance variation a, =2.5 .. 25 ym o
depth g, =50 um 40
400
Cell size £ 350
xs, = 5% d, ym § w0
Vg = 3* dV MM @ 250
200
annealing temperature 150 N
=200 oC 100>
-50

T[°C] a,

«  Stress increases exponentially with reduced
distance between TSVs

«  Deposition / annealing temperature adds linear

! component to stress values

Dr. Armin Klumpp, Fraunhofer 1ZM Munich 11th International Workshop on Stress-Induced Phenomena in =
Nanomaterials, Devices and Si Processing — NDS Metallization - Dresden, Germany, April 12-14, 2010 “ Fraun hOfer
1Zm

\



_TSV-SLID with Active Components

= Rectangular ICVs 10 x 2,5 pm, )
20 um deep, AR 8:1 i 10%2,5 pm ICVSuu.

= Distance between W-filled ICVs and _— ' |
Transistors: ek N

~ 4 um to Source/Drain Area K '.

~ 11 ym to Gate Area Sebens SACVD planarized ILD

1111

CMOS Top Wafer with ICVs after Trench Etching
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Assembly

Assembly
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and Mechanical Interconnection by
Solid Liquid Interdiffusion (SLID)

Thermal management of dissipated power -> no polymeric underfiller

through
silicon via
adlheS|on metal
ayer T Tmn T 8 |nterdiffusion
_ 9792904 1929999
9995591 9999951 Hioh  0055%%% 1eS%oel
L low ! Eﬁ;ﬁﬂi intermetallic
s menenns weennss melting ‘ compound
O metal = ’
contact under pressure formation of intermetallic
patterned )
. and heat; compound;
electroplating T T ST
melt low melt comp melt low
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» low melting material results in creeping of bumps when under stress

» Metallic joint with high melting points show less creeping, the higher the melting

point

» Advantage of SLID:

» formation of intermetallic compound with melting point higher than that of

original material

Discussion SLID- vs. Bump-Assembly

» Resoldification temperature can be selected freely

Metal | Meltingpoint Intermetallic | Meltingpoint Eutectic Alloy Meltingpoint
[°C] Compounds [°C] [°C]
Ni3Sn2 1264
Pb 327.5 Ni3Sn 1174 Au/ Sn (80/20) 278
Bi 271.3 AgIn2, Ag2in 765-780 Ag/Sn 225
Sn 231.9 Cu3Sn 676 Ag/ In (80/20) 206
In 156.6 Auln2 454 Ag/In/Sn (3/20/77) 190
Ga 29.8 CubSn5 415 Bi / Sn (58/42) 139
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SLID Metallurgy
- after thermal treatment of copper / tin double layer

Sn

on the way to CugSn;

Cu;Sn
e Copper
Aluminium
: o
sim. assembly temperature 280 °C
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SLID Detail (2)

Results with focused
ion beam analysis
(FIB) on chip-stack
formed by ICV-SLID

technology Vs
« W-illed
TSV

Handling Substrate

———Temporary Glue TO p'Ch | p
(17 pm)

Metallization
4 — —WorCuCVD

Top Chip |————————0,-TEOS oxide (isolation)
: Backside isolation
CuSn, electroplated
§ optically aligned § - Cu, elecroptated
e T = Pad

Bottom Device

il 1

Bottom Wafer Metallization

Detail of Cross section ICV-SLID

interconnect between bottom device-chip

and top-chip (Al-pad on the bottom chip)
Ref.: IZM in e-CUBES, IST-026461

Cross section of ICV-SLID inter-
connect between bottom device-
chip and top-chip (Al on the top
is used for rewiring)
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SLID Detail (3)

Results with focused ion beam
analysis (FIB) on chip-stack
formed by ICV-SLID

technology

Detail of Interface;

= Formation of Voids due to
Volume Loss ?

= Oxide Residues ?

= Influence on Electrical
Properties ?

= Influence on Reliability ?

assembly temperature 320 °C
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_anical Stress Issues for 3D-IC Stacks

Length variation due to temperature increase

‘ thinned Si device chip ’

IC multilevel
metallization (MLM):
Metal/ILD compound
(e.g. 56% dielectrics
and 44% metal)

thick Si device wafer

= “Freezing” of different dimensions takes place at the moment of interconnect
solidification.

= Depending on the technology, this temperature can be far above room
temperature or operating temperature of the devices:

- SLID: Isothermal solidification at temperature set point; variation between
melting point and up to 300 °C (Sn, mpt. 230 °C)

- u-bumps: Melting point of eutectic material composition e.g. 220 °C for AgSn

- Cu-Cu: Bonding temperature 200 (?) ... 400 °C

Materials of interest and their thermal expansion coefficient a [ppm / K]
Aluminium, 25; Copper, 17; Gold, 14; Silver, 20; Silicon, 2.6; SiO2, 0.75
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ly: Mechanical Stress Issues for 3D-IC Stacks (2)

silicon effective relative assembly temperature [°C]
. amount of
thickness o o
silicon
230 280 320
700 pm 2,69 0,990 0 0 0 | Delta of expansion length [um]
500 pum 2,72 0,986 0,03 0,04 0,05 | calculated for chip size of 5000 ym
50 ym 3,69 0,875 1,05 1,30 1,50
10 ym 6,22 0,583 3,71 4,60 5,30
500 pym 2,72 0,986 0,00001 0,00001 0,00001 | Strain: Delta L / Length [5000 um]
50 ym 3,69 0,875 0,00021 0,00026 0,00030
10 pm 6,22 0,583 0,00074 0,00092 0,00106
500 pym 2,72 0,986 1,15 1,43 1,65 | Stress S [ MPa];
50 3,69 0.875 35,40 43.83 50,57 Young's Modulus Silicon: 169 GPa
10 pm 6,22 0,583 125,45 155,32 179,21

= Even at comparatively low temperatures high mechanical stress can be built into a 3D-

|IC stack
for comparison: mobility of electrons at 500 MPa is increased by 15% (linear dependency

from O to 500 MPa); ref: Simulation of 110 nMOSFETSs with a Tensile Strained Cap Layer, F.M. Bufler; Institut fir
Integrierte Systeme, ETH Ziirich,

= Bonding at lower temperatures is favourable
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a) b) c)

Typical impact of high stress:
a) Delamination of dielectrics (redistribution layer)
b) Delamination of complete SLID-pad
c) Local cracking of silicon substrate
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Typical impact of high
stress:

R T
I..I .
| | {

b) Delamination of
complete SLID-pad

c) Local cracking of
silicon substrate

-]

d) Partially explosive
removal of top chip

silicon —
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Test Chip designed for Stress characterization of TSV-formation and
(SLID) Assembly

by TSV
stressed y [[U:UMD

o Type 3
silicon

Type 2

by assembly with
SLID, Au-studs, micro
bumps, Au-sponge

Daisy-Chain Types

 Type 1: Measurement of stress due to TSV-formation; measurement before and
after thinning

« Type 2: Stress induced by assembly

« Type 3: Combined stress fields

ref.: ENIAC JOINT UNDERTAKING, AGREEMENT NUMBER - 1200186,
JEMSIP_3D

\
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Statistical values SLID-bond

Number of Ref. , _
Pad width measured SLID- Resistance per L. Andricek, M. Beimforde, A. Macchiolo,
[um2] Pitch [um] Aplanarit SLID-pads Inefficienc connection [Q] H.-G. Moser, R. Nisius, R.H. Richter,
H H P y P y Max-Planck-Institut fuer Physik
30 x 30 60 0 8288 <3.6x104 0.73+0.47 )
Development of thin sensors and a novel
80 x 80 115 0 1120 <2.7x10-3 0.29+0.26 interconnection technology for the upgrade
of the ATLAS pixel system
80 x 80 100 0 1288 <2.3x103 0.25+0.12
4 Contribution to 7th International
27 x 60 50, 400 0 24160 (5£1)x10 1.5£1.7 "Hiroshima" Symposium on
30 x 30 60 100 nm 5400 (10£4)x10+4 0.58+0.46 Development and Applications of
Semiconductor Tracking Devices
30 x 30 60 1um 5400 (4£3)x104 0.58+0.40 )
International Conference Center

Hiroshima, Japan, Aug. 29-Sep.1,

Weibull - 95% CI 2009, to be published.
33
90 -
an
o4
o B9
Q st .
< %1 *micro balls
a4
3 = SLID bonds
5
Q
ug 10 4
Y
O g
—
S 2
E 24
S
ol
1 1'D 1:'":, 10000 Ref.: BMBF, Germany (KASS project, 01M3163A)
number of drop events
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Temperature Cycling
JEDEC Standard:

Zahlen

e -55to0+150 °C
* soak time: 5 min

Type 3 14

‘ | Mediurn Chip 124

Batiom Chip |

Anzahl
[+-3
1

Anzahl

15 20

25

30

B Chain 3, nach 0 Zyklen | 15 ]

35

Widerstand [Ohm]

I Chain 3, nach 300 Zyklen | 15 ]

35
Widerstand [Ohm]

2-Layer Stack: Temperature Cycling

16 4 | I Chain 3, nach 1100 Zyklen |

Anzahl
-3

40 45 50 55 60 65 15 20 25 30 35

Anzahl

40 45 50 b5 80 65 15 20 25 30 35

Widerstand [Ohm]

16 - I Chain 3, nach 1500 Zyklen |

45 50 55 60 65

Widerstand [Chm]

[ I Chain 3, nach 700 Zyklen | 16

35

Widerstand [Ohm]

Anzahl

40 45 50 55 80 65 15 20 25 30 35

| Chain 3, nach 2000 Zyklen |

Widerstand [Ohm]

(Source: Fraunhofer IZM-M)
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Actual topic

Electrical measurement of stress
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Piezo-junction effect:

utilises difference in
energy structure
between bottom of
conduction band and
top of valence band

ge(%)

G Chan

Piezo-junction effect

or @ B Transverse |7
® |ongitudinal
5 . -
N
oH p-MOSFET |& -
_5 | o : . -
-150 -100 -50 0 90 100 150

Stress(MPa)

3 E Tomokage Laboratory
Fukuoka University
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ca. 200 um

ca. 80 um
n-well
ca.2 um
y
110

A

0-90° PMOS Pair

110]

+45° NMOS Pair

ref.. CMOS_stress_sensor_circuits_using_piezoresistive_FETS_jaeger_alabama_1995

Glp
Gln

G2p
G2n

Piezo-junction effect (2)

DM SLDib D2a

S2 D2
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Piezo-junction effect (3)

Piezo-junction structure placed into TSV
array of test chip

« TSV diameter ranges from sub-micron to
max. 50 x 50 ym

PMOS

« Test chip wafer delivered to partners W/L=80/2
after piezo-junction processing for ‘
investigation of their TSV-process
module

Gate NMOS defined
by source/drain
disténce of SN

Gate PMOS ‘

defined by —p
source/drain

distance of SP

Contact 4

Openings CO

NMOS o

W/L=80/2

ref.: ENIAC JOINT
UNDERTAKING, AGREEMENT
NUMBER - 120016, JEMSIP_3D

|
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= Stress everywhere !

= |t cannot be avoided but needs to be minimized

= 3D integration can be broken down to well defined work packages, e.g.:
« TSV-formation
«  Stack assembly

= Stress by TSV-formation
= s determined by processing temperatures for desired layer quality

= [nfluence on transistor performance is only expected at very close
vicinity of TSV and active silicon features (diameter of TSV)

= Stress reduction at stack assembly is possible by selecting low temperature
process sequences

+ low temperature process sequences for metal soldering e.g. SLID with
Indium

« metallic nano needle pads
° or??

Reliability is the last measure for successful stress management
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