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Microsystems Engineering Sciences
Applications (MESA) Center Overview



Unique Facilities Differentiate Sandia’s
Micro/Nano R&D

MESA
MICROSYSTEMS CDC
DETECTION CENTER
Only source for custom
strategic rad-hard CINT
microelectronics AENIERFOR INTEGRATED
NANOTECHNOLOGIES
Largest government-owned
foundry IBL
FFRDC with the broadest and 'ON BEAM LABORATORY
deepest micro and nano
expertise [derived R&D- ACRR
product delivery work mix] ANNULAR CORE
RESEARCH REACTOR




What is MESA?

* Microsystems Engineering Sciences Applications (MESA) is a S$462M FFRDC-based
development and production facility for any microsystem component or technology
that cannot or should not be obtained commercially.

* MESA Develops and Delivers:
* Strategic radiation-hardened custom mtegrated circuits (ICs)
* Digital/Analog/Mixed-Signal/RF ICs
* Trusted Products and Designs

5-Level MEMS

[1I-V Compound Semiconductors

Optoelectronic/Photonic Devices

High-speed/RF Electronics

Heterogeneous Integration

Failure Analysis/Reliability Physics

* Advanced Packaging

 Specialized Sensors

MESA bridges science to systems, providing an environment where multidisciplinary

teams create microsystems-enabled solutions to our nation’s most challenging problems.




Microsystems and
Engineering Sciences Applications (MESA)

400,000 Sqg-ft Complex with >650 Employees
ﬂl’ rusted Digital, Analog,

Mixed Signal & RF
Integrated Circuits Design
& Fabrication

* Custom IC Design

Secure microcontrollers

Analog/Digital/RF

IBM Trusted Foundry

Tamper Resistant

* Micromachining

RAD Effects and Assurance

* Failure Analysis, Reliability
Physics

Test & Validation

k3-D Integration Features

Compound Semiconductor
Fabrication

Silicon Fabrication

(- Advanced Computation
| * Modeling & Simulation
| * COTS Qualification

* Advanced Packaging

* Custom Electronic Components
* System Design & Test

(|
Materials R rch
M

* Compound Semiconductor

Epitaxial Growth

Photonics, Optoelectronics
MEMS, VCSELs

Specialized Sensors
Materials Science
Nanotechnology, Chem/Bio

Mixed-Technology
Integration & Processing

l1I-V Semiconductor
Devices
Neutron-Immune HBT
Rad-hard Optical Links

Solid-State RF Devices /




Sandia’s MESA (Microsystems and Engineering Sciences
Applications) Fabs

Silicon Fab

« Over 13,000 ft2 of Class 1 Clean Room
« Rad Hard CMOS Microelectronics

* MEMS

 Si Photonics, Optical Waveguides

* lon Traps

Micro-Fab

« 15,000 ft2 of Class 10/100 Clean Room
« Compound Semiconductors

 Vertical Cavity Lasers, Modulators

* RF Electronics & Photonics

* Post Silicon Wafer Processing

* 3D Integration

Micro Labs




Flip Chip Bonding
Solder Jetting, Cu Pillars, Au and In Bumps

* Highly flexible R&D level solder bump
deposition and rework

* D2D and D2W reflow attachment

* C4 flip chip

* Solder joint shaping

* Authermocompression bonding

* Indium bump bonding

* Cu pillars

Laser Solder Jetting

Multi-Chip Stacking

Solder Joint Shaping for Managing CTE
Mismatch

AoAT Y =Strain, Aa = delta CTE, AT = delta
T n temp, h = height of solder joint

SnAg Capped Cu Pillar

5



EPICS (Extreme Performance lon Trap-cavity System)
Heterogeneous Integration Approach

Collaboration between SNL/JPL/NIST/Duke Univ.

Combine SNSPD (superconducting nanowire single photo detector) with an optical cavity and microfabricated ion trap for enhanced ion
detection

Solder, epoxy, and indium bonds used to connect these 5 components with 4 different wirebond profiles for full connectivity

SEM of Final A bled Devi
Packaging CAD Rendition » or Final Assembied Device

EPICStap de

\ s

Q
=

In-In bump
bonding
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Plating Applications

Masking achieved through unique fixturing and controlled polymer deposition

MESA~uF ab 18k 1880m




 Mesoscale Fabrication
Filling, Forming, and Coating
ThRough Full Substrate Via Filling

Cu Pillar p-Bumps

o

;j|’Cu Pillar

----------------------------

Precision Electro-coating
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Moore’s Law: Marching Towards Onm!
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Moore’s Law: Not So Fast...

Litho tool cost increasing exponentially Cost per transistor is increasing
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Lithography Tool Cost ($1M)

1 ’4 Geoff Wild, Future Fab 2012 o
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Handel Jones, IBS 2012



One Way to Increase Bandwidth...

Mentor Graphics, 2009 Elmore, 2012

Atienza, Flash Informatique, 2010

M. Yoo, SEMICON Taiwan 2012
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3D Integration Landscape

I Package Substrate Package Substrate I

1 I
FEEXEEN , 80 99090 0 |

Conventional 2D

Motherboard

I_.Packagle Substr.ate. I I_.Packagle S
IR I (P P P P ] |
), 9 9090900 9 ), 0 090 0 |

Motherboard Motherboard

Package Substrate

L, @ © 099 ® ® ®

Motherboard

2.5D with Silicon Interposer 3DIC with Die Stacking Monolithic 3DIC
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Through Substrate Vias (TSVs) for MEMS Devices

Benefits of TSVs

* Increase I/O per area

* Improved thermal sinking

* Reduced electrical parasitics

* Simplified design and assembly

Cu TSVs vs Doped Si TSVs

Material Doped Si  Copper

Resistance single TSV 402 0.8 mf2
Thermal conductivity 150 I;‘V—K 400 ﬂ

MEMS TSVs Integration with SOI Substrates
TSV-Last?

TSV-First!

Fig 10. Final cr
SOI substrate.

thru-wafer

Fig. 4: The enlarged views of top TSV. (a). Enlarged top part

(b) ‘ Fig. 7. Optical Micro-photograph of the 60 gzm diameter copper electroplated
- e fer interc

Sandia’s TSV Requirements
* Via-Last TSVs
* Full Thickness Si Wafers
* Maintain radius of curvature
* Maintain large mass for
accelerometers
* Void free fill

nterconnect.

TSV. (b). Undercut under box layer.

1. G-K. Lau et. al “Process Integration and Challenges of Through Silicon Via (TSV) on Silicon-On-Insulator (SOI)
Substrate for 3D Heterogeneous Applications.” 17t Electron. Packaging Tech. Conf., (2015).

2. A. Efimovskaya, et. al “Double-Sided Process for ME
Journal of Microelectromechanical Systems, Vol. 27, N

MS SOI Sensors with Deep Vertical Thru-Wafer Interconnects.”
0. 2, April 2018



Hybrid W Via First, Cu Via Last Approach for SOI Substrates

Multi-layer routing (SUMMIT-V or BEOL CMOS)

W vias to connect Cu TSV
through BOX and top Si layer

Isolation trench to insulate
the vias from the device Si
layer

[ ]EcD seed
. Liner

|- Isolation

Notch from ion reflection is
| 0 difficult to insulate and fill
100 um with Cu

i from a conformal ALD Pt seed

Isolation
Trench

Fig 10. Final cross-section of TSV interconnect on
SOI substrate.

2. A. Efimovskaya, et. al “Double-Sided Process for MEMS SOI Sensors with Deep Vertical Thr
Journal of Microelectromechanical Systems, Vol. 27, No. 2, April 2018




Conduction and Isolation Across the Device Layer Si

[]ALD Pt L] wrsv _
I AL,0, Liner ] Alcu Cross section A-A’
I- Isolation Trench I- ECD Cu urr RD11220[1]¢;)2 CENTER Device Si Layout

B R, L S o )

H sio,

EHT = 3.00kV Mag= 6.02KX StageatT= 0.0°

Device Si

BOx

N ‘Undo
p@y 45) ,,, Handle Si
4‘ fx-

Send, 200nm’ M
EHT = 3.00kV Mag= 3830KX StageatT= 00° WD= 49mm Laboratories EHT = 3.00kV Mag= 3870 KX StageatT= 0.0° WD= 49mm Laboratories



TSV Insulating Liner

Substantial hardmask undercut

Insulating Liner Constraints W)
* Must be conformal f{ﬁ;ﬁf'

 Temperature can’t exceed 450C - fi e e e
* Sufficient breakdown voltage

Liner Options [ 0IEEARHT N  E AR e e
\ y ————— I TSV Etch Cross Section
Low Temp Oxide (LTD IIIIIIIIII Using the BOX as an etch stop
. 505 B results in notching

Low Temperature Oxide Cross Section

7o14p;

Bosch Oxide Mask 10.0pym /.
1.07pm /
(,

! Y _
‘ :
g
206pm |
| |
‘ ! i [

[ A i ‘

WX L 2 4
54800 3.0KV 10.2mm x4.00k SE(UJLA2) 51512015 10:26 10.0dm 4800 3.0kV 9.5mm x10.0k SE(U,LA2) 5/15/2015 09:39 ' 5.00um
\ 11 E 2A AT

$4800.3:0kV 9.5mm x10.0k SE(U,LA2) 5/15/2015 09:40  5.00um

* LTO does conform around the hardmask undercut
* Uniformity is not optimum: 4.25um deposition on top surface and 300nm deposition at the
bottom of the TSV



TSV Insulating Liner

Insulating Liner Constraints

* Must be conformal

* Temperature can’t exceed 450C
* Sufficient breakdown voltage

Liner Options

S I ited insul sio,,
Al,G rete}

500 | 1000 3000

54800 3.0kV 11 Thickness [A)

$4800 3.0kV 9.7mm x12.0k SE(U,LA2) 5/156/2015 15:27  4.00um s4800 3.0kV 9.9mm x20.0k SE(U,LA2) 5/15/2015 15:30 2.00um $4800 3.0kV 9.9mm x20.0k SE(U,LA2) 588120156 16:29  2.00um

e ALD Al, O, conforms around hardmask undercut and is extremely uniform between the top and bottom
of the TSV



Electroplating Fill Profiles

e Additive free ECD leads to subconformal fill

* Pulsed plating regime can establish a conformal fill profile
e Additives enable superconformal void-free filling

Initiation

Conformal

Subconformal

Z % %
After Filling /
7 7 //

Keyhole Void Seam Void Void-Free Filling

I D e | TS



Acid Sulfate Electrodeposition Additives

Common Additives Used In Printed Circuit Board Plating

Accelerator Suppressor Leveler HCI, KCI
bis-(sodium sulfopropyl)-disulfide Polyethylene Janus Green B Or
(SPS) Glycol (PEG) (JGB) NaCl
] S | o0 —
Qﬂ = x*-S,O Ma 0 _H - @cr N : :
Ngg’%éwg R N .l-b H’|Z \/\:|\no rN\@:I:rN:NO .C:!

. Accelerator — Surfactant molecule that adsorbs on the surface and, by
coverage increase with area loss, preferentially increases plating rate
in concave regions

. Leveler - Disables accelerator to reduce overburden thickness; grain
refiner

. Suppressor - Large chain polymer, typically PEG, (1k-20k mW) whose
gradient of concentration yields an associated gradient in deposition
rate (slower higher in via)

i



S-NDR Electrolyte for Void Free
Superfilling

NIST Bottom up filling in IBM 56 pm deep TSVs!-2
At a given suppressor concentration increasing applied potential pushes deposition down the TSV

Increasing potential

1. Journal of the Electrochemical Society, 159 (4) D208-D216 (2012)
2. Journal of the Electrochemical Society, 159 (10) D570-D576 (2012)

Superfilled Bottom Up Plating

* Void free filling

* Reasonable deposition times

* Complex balance b/t applied bias and
electrolyte composition

 Geometry dependent plating conditions

Increasing deposition time

Suppressor Breakdown in MSA Electrolyte
1.25 M CuS0O,, 0.25 M MSA, 1mM KCI

Current Density (mA/cm?)

-120

-100

®
o

&
1<)

IN
s}

-20

Void formation

Bottom up filling

Fully suppressed

N .

Poloxamine Tetronic 701
(umol/L)

0

i

5

50

-0.8

0.7

-0.6
Potential V(SSE)

5
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Theory: Bottom Up Fill

S-Shaped Negative Differential Resistance (S-NDR) Approach?®

1
ﬁ ﬁ
Seeded TSV Wetting Transfer to
Pretreatment electrolyte

Actual results from Fig 8. showing
copper superfilling?

=\ r

Overshoot
phenomenon
occurs above via

q

Suppressor
diffusion

Deposition
accelerates near
via opening

Cu deposition
from via bottom

T-T-T

Extreme
bottom-up
filling begins

10 Moffat, T. P., and D. Josell. "Extreme bottom-up superfilling of through-silicon-vias by damascene processing: suppressor disruption, positive
feedback and turing patterns." Journal of The Electrochemical Society 159.4 (2012): D208-D216.




Characteristics of an Electrolyte Capable of Achieving a Bottom-Up
1 Void Free Fill

Tetronic 701

* Suppressor organics lead to hysteresis in CV curve Fﬁ 0O

* Chemistries that exhibit this hysteresis cause ‘Turing H,N\/\N,F{ R=" OT1H
f CHs,
R X y

Patterns’ on planar electrodes

-0.020 T r T ' T v T T T T

r - : - Poloxemine Tetronic 701 Abrasions TSVS
-0.018 L , {umalrL)

-0.076 |
-0.014 |

-0.012

-0.070

v

-0.008

Current Density (A/cm®)

-0.006 -
-0.004 |

-0.002

0.000 . — —
-0.9 -0.8 0.7 -0.6 -0.5 -0.4

Potential V(SSE)

Presence of hysteresis and turing patterns is indicative of a chemistry capable of
achieving a bottom up filled void free TSV

10 Moffat, T. P., and D. Josell. Journal of The Electrochemical Society 159.4 (2012): D208-D216.
11 Josell, D., D. Wheeler, and T. P. Moffat. Journal of The Electrochemical Society 159.10 (2012): D570-D576.
12 Wheeler, D., T. P. Moffat, and D. Josell. Journal of The Electrochemical Society 160.12 (2013): D3260-D3265.



TSV Filling Experiments t

Experimental Apparatus

RDE Setup with
Machined
Samp

Rotating Working
Electrode Fixturing

le Holder

Hg/Hg,S0, reference electrode

Pt anode

Al sample holder with rotating disk electrode
(RDE) to control rpm

Sample RPM can be correlated to fluid flow
and solution replenishment within the TSVs

TSV Pre-wet

Rough pump vacuum chamber to evacuate all
air from the TSVs
TSV sample remains submersed in IPA until

TSV samples submersed in cooled IPA
transferred directly to the plating electrolyte



Adapting Plating Conditions for Mesoscale TSVs

Applied potential, electrolyte fluid flow, and suppressor concentration effect filling
Apply higher bias,
constant rotation rate (w)

. . . — . -

400 rpm, -0.6 V vs RE, 50 uM Suppressor, 1.25 M CuSO,, 0.25 M MSA

20
Vv
q

|
1

{
% !
3 \
[} Y
P ’y

Ly ! L

RV 9 Z\M.l\‘!m TG




| Phase 1: Potentiostatic TSV Filling

* Reference electrode use to finely tune applied potential
* Filling results are highly sensitive to applied voltage
 ~20mV window to obtain void free filling

-0.60 V(MSE) -0.66 V(MSE)

N

N\ -0.74 V(MSE)

08 -06

Ewe/V vs. Hg/Hg2S04




Determining a Range of Current Densities

to Investigate
-0.64 V(SSE), 400 rpm, 50 uM TET701

100 vias

Chronoamperometry on TSV samples with
Varying Area

180
160 — — .
140 ’ 600 vias
120 -
100 }- e
80 =

mA/cm?

60
40

20 +—

— 100 vias

— 600 vias

1000 vias

-------------

~

~~~~~~~~

* Resultant current does not scale consistently with increasing area

» Data used to establish a range of current densities to investigate



Galvanostatic TSV Filling

80 mA/cm? (TSV area)
0.55 mA/cm? (tot. conducting surface)

Chronopotentiometry at Various Current Densities

abs(V (SSE))

0.7
0.68

0.66 -

0.64
0.62

0.6
0.58
0.56
0.54

0.52 -

0.5

—80 mA/cm”2 —100 mA/cm”2

—160 mA/cm”2 =320 mA/cm”2
QEHMINNRATANMITONROANITNOND
OO0 000000 " =l =l =l =l AN AN ANANANANAONGO®N

Time (hr)

Potential varies to accommodate applied current
Electroactive vs total conducting surface

Voltage does not scale consistently with increased current
Galvanostatic plating dynamically adjusts for changes in

suppressor breakdown

RRATRNNI

Small voids observed

100 mA/cm? (TSV area)
1.38 mA/cm?2 (tot. conducting surface)

- [21597um__

160 mA/cm? (TSV area)
2.22 mA/cm2 (tot. conducting surface)

320 mA/cm? (TSV area)
4.44 mA/cm? (tot. conducting surface)




Scaling Current Controlled Deposition

Chronopotentiometry Varying Area _ 100 vias
162 mA/cm?, 400 rpm i\ TR
0.75
0.7
ET W
W 065
41
> 0.6 %
7%
L .55
© — 100vias — 400vias — 1000 vias
0.5
0 1,800 3,600 5,400 7,200 9,000
Time (s)

Void free galvanostatic filling in a variety of sample sizes
demonstrated

Ongoing work focused on scaling this from die level filling to
full wafer TSV filling




Full Wafer TSV Filling

Die Level Fluid Dynamics Control Production Tool Fluid Dynamics Control

Designed for Uniformity & Repeatability

RDE Setup with
Machined
Sample Holder

Rotating Working > Outle
Electrode Fixturing

TSV
Sample

5 Ipm total flow
30 rpm wafer rotation
Temperature 20C

Diffusion Layer e an o — G
& -1 /2 ource: Axisymmetric el -, +
Thickness (6f ) e ggﬂl‘gtmv ClassOne Proprietary and Confidential
* Sample rotated in stagnant solution * Full wafer rotation
* Change in RPM changes fluid replenishment in the TSVs * Fountain style solution replenishment

» Baffled showerhead for controlling uniformity



| Solution Replenishment Modeling

400 RPM CFD Model

6.0006-06
-8.000e-06
-1.000e-05

[m s?-1]

0 | 00003 (m)
7.5e-05 0.000225

e Ansys fluid dynamics modelling

* There is almost no flow about halfway
down the channel.

¢ Asymmetry noticed during filling
experiments

Solution replenishment across a 150 mm
is radially dependent on the position of
the vias




y Increased Current Density: Void free filling
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Ongoing and Future Work

Derive current controlled plating regime

Perform scaling experiments towards full wafer plating
Investigate different diameter TSVs

Post plating integration

e CMP development

* Cu Pumping

* Flip chip bonding

Chemistry lifetime experiments

* Suppressor precipitation onto Cu anode
 Suppressor depletion vs A-min



Mesoscale Fabrication
ing, and Coating

ough Full Substrate Via Filling

Cu Pillar p-Bumps

53400 15.0kV 8.6mm x1.30k SE 3/15/2019

=Hi = 000Ky WO = g2mm  SignalA=skS I

Full Wafer Gratings Plating

¥\ Sandia National Laboratories




33 1 More than Moore Advanced Integration Needed

Improvement in density of standard interconnects and
packaging technologies is much slower than IC Trends

The Interconnection Gap

Size scaling

g
e
)

~._ PCB scaling

chd PCB t !

Laser via

Bnceling Interconnect Gap

Time From ECE 407/507 University of Arizona
hitp:/www eca arizona. edumaiimanstinto/eced07

Need fine pitch bumping
* Increase I/0 per chip
» Reduce parasitics for RF applications
* Pseudo-lithic integration (e.g. CHIPS)
Particularly challenging for USGov applications
* Smaller part counts (Foundries and OSATs
un-interested)
Each new program initiates its own
integration development
« R&D and rapid prototyping
» Heterogeneous integration of boutique
technologies
Need an integration platform with flexible
post-fab processing steps for fine pitch
interconnects with MPW die



39 I Multi-Project Wafers: a “Solution” to Low Volume

MPW Wafers

» Costs of a run are distributed across
many different customers (10s-100s k$)

» Access to high performance technology
nodes

Must follow strict process flow and desi
ules making flip chip bonding challengi

Polyimide MPW Die

Nitride \ AICu Bond Pad

Oxide




Challenges with MPW Die: Foundry CMOS + Advanced 2.5D

Full Wafer Run

(1) Dedicated Run (2) Wafer-level
lithography
and UBM
@ foundry

THEE
FEEEED =
E@EEE©> >

% 5 B B B

(3)' Wafer-level (4) Dice 5) Flio-chi

ataon

@ foundry

Partial Wafer Run

“student labor” F —
/:Ba) Die-level (4a) Die-level
i litho and bump

EEEEE  w
Bl = e e B
B==d (e ]
EEEiEE!EEﬂEE
: el e e e
(1) MPW run (2) Dice W
Everyone
else

litho and UBM

________

(3b) Accurately

reconstitute
afer on carrier

-
————————————

(4b-c) “Wafer’-level litho and
UBM, then litho and bumping (5) Flip-chip

attach




421 | Proposed Solution: Lithography Free Batch Level Processing

Die level UBM

=
m ®
2 3 A ) B preparation
S EEEHE | (N
G>J e ‘ g | 8 R é
: Bboon '
e . .
2 (2) Dice (3) Coarse \, _/ (6)aFtIt£c(r:1hlp
8 placement b
on carrier (5) Form pbumps on

interposer wafers

- Massive cost savings through MPW runs

- Lithography “free”

- Batch process with no fine alignment

- Wafer-level interposer bumping at legacy fab

Benefits:




2 | Batched ENIG/ENEPIG Deposition on Singulated Die

3. A temporary epoxy mounting compound (EMC) used for
batch level under bump metallurgy (UBM) deposition

Polyimide Temporary Die Bonding
Nitride R AICu Bond Pad 7

1. As received MPW die with AICu bond pads

Oxide

Epoxy Mounting Compound (EMC)

Exposed Si disrupts ENIG/ENEPIG electroless
deposition and must be passivated &

4. Electroless UBM deposition.

2. Flip die upside down onto carrier wafer and ENEPIG = electroless Ni, electroless Pd, immersion Au.

deposit 1 yum CVD TEOS to passivate exposed Si

ENEPIG

AICu Pads Zn + Ni

|[E=mm e ere o) e |

Epoxy Mounting Compound (EMC)

AICu Bond Pad

- _’-

5. Solvent release die from EMC and die are ready for flip
chip bonding

* 10% thickness coverage on sidewall Palladium

* No temporary bonding media necessary : Nickel

* Potentially compatible with non-Si technologies Passivation Zincated AlCu
(e.g. AlGaN, GaN, GaAs) Aty




s 1 Zincation Process
Process

4. Batch electroless UBM deposition. ..
e i DL I Eeetenn O -l Zinc complexes exchange in solution with

AlCuPads Zim o+ N

Aluminum resulting in Zn deposition and Al
etching

Grow zinc crystallites for 30-60 seconds
Quickly dissolve zinc in HNO; and repeat

Enables adhesion of Ni (diffusion barrier) to AlCu
ENEPIG UBM

Rough Al Surface with thin oxide ' = o

Passivation

Etch Zinc smother oide results

Repeat Zincati’on - smoother film



4+ | Proposed Solution: Lithography Free Batch Level Processing

= =) (4) Batch litho-fi
% /’ s (éuei&eifﬁeasfﬂ I;)Ia(:inlge\
- (= A 3
[o) e Bl e
& [ B B
- B e
= e B B
§S) (1) MPW run (2) Dice (3) Coarse
8 placement

on carrier

- Massive cost savings through MPW runs
Benefits: - Lithography “free

- Batch process with no fine alignment
- Wafer-level interposer bumping @ legacy fab




45 I Micro-bumped Interposer Options

Microbump needs

« 55-10 pm targeted pitch
« Compatibility with single sided,
asymmetric bumping approach

Bonding Method C4 FC (Contolled | 2 F¢ TCILR (Local
Collapse Chip Reflow) FC TCFC
Connect) (Chip Connect) eflow)
Schematic Diagram
Major Bump Pitch Range at | _ 145\ 140um~60um | 80um~20um | <30um
Application

http://electroiq.com/insights-from-leading-edge/2014/09/iftle-208-ectc-part-3-thermal-compression-bonding-stats-toray-qualcomm/.

ECTC 2014

1. Cu Pillar Reflow Attachment

Foundry AICu

Zincated AICu
Nickel —
Gold —»

Plated SnAg

Palladium —»t

Cu Pillar

Passivation

AlCu

‘Cu UBM

Interposer

Foundry AICu {

i

Zincated AlCu [\

o

Nickel

Gold

Pt/Au UBM

’ Plated Au i

Interposer

2. Au Thermocompression Bonding 4 ', pj|lar Reflow Attachment

* Wide-spread industry adoption

» Bondline thickness determined by Cu Pillar

* SnAg T, = 220 C — temperature constraints
(challenging integration with TSV processes)

2. Au Thermocompression Bonding (TCB)

* Non-reactive noble metal (long term reliability)

» High ductility (potential cryo/space compatibility)

* Au to ENEPIG TCB needs evaluation

 Potentially compatible with TSV thinning and TSV
pad formation processes (high temp processes)



4 | Interposer Microbump Fabrication

1. Multi-layer interposer fabricated in legacy fab 3a. Au Electrodeposition 10 uym height 3b. Cu and SnAg plating, 40 um height

I .
Apad BB Al Pad

Si Interposer Si Interposer

INICEY: i Al Pad 4. PR strip and seed metal etch

Si Interposer

3. Bump lithography Si Interposer

IBE seed metal etch of Ti/Au/Ti Wet etch of Ti/CulTi

ECD Au bumps

ECD Cu Pillar

Interposer
S4800 3.0kV x450 SE(M)




47 I Cu Pillar Solder Reflow Bonding

Cu Pillar Reflow Attachment SnAg Capped Cu Pillar SnAg Reflow

/

Foundny SICy |

Zineated AICW

Nickel
Goldl

. SN R
P - =

ECD SnAg

Passivation . (tm uBm

!
!
!
. ECD Cu Pillar

$3400 15.0kV 11.8mm x1.50k SE 3/15/2019 ' ' 30.0um

$3400 15.0kV 8.6mm x1.30k SE 3/15/2019 40.0um

Interposer

Bonded Pair: ENIG Coated Die to SnAg Capped Cu Pillar '
Reflowed flip chip bond, 240C T ENIG UBM

SnAg solder - 7

SEFNRENSOEREESRRERRARESaRERNS

Cu Pillar

=
=
(7]
]
=
=)
>
X
o
o
L

Interposer

54800 10.0kV x1.80k SE(U) 30.0um




48 I AuThermocompression Bonding

Au to ENEPIG -> Good Bond

wnoo'y (IN)3S %0°ZLX AMO'0L 008FS Au to ENIG -> Poor Bond

wnoolL (W3S %00'¥X AX0'0L 008FS

Foundry AlCu
Zincated AlCu < H

Nickel

Palladi
Gold

$4800 10.0kV x2.50k SE(U) 20.0um

Interposer

Multiple Chiplet Bonding (T = 250 C, F = 4 mg/um?, t = 20 minutes)

~AlCu
. Passivation

ENEPIG UBM }

5.00um

_;"N"vf e

[ e P

$4800 10.0kV x15.0k SE(U) 3.00um




49 Sum mary Batch level UBM deposition of
singulated die

 Demonstrated proof of concept batch level UBM deposition
on singulated die

* Microbump bonding approaches evaluated for 55 pm pitch

flip chip bonding
* Au thermocompression bonding
* Cu pillar reflow solder attach

* Reliability tests in progress (IMC formation, cryo = |
compatibility, resistivity and mechanical aging studies) : ,

Cu Pillar Reflow Attachment

SSESNNENRN\'ENSENEREY .
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53 | Zincation Results ENIG Coated Pads

After Zincation
A d pad
| bond pads and Electroless Ni




s4 | Copper Bump Development —Tune Additives and Current Density

el L] ] |

$S4800 3.0kV x350 SE(M) 100um $4800 3.0kV x350 SE(M) 100um S4800 3.0kV x350 SE(M) 100um S4800 3.0kV x350 SE(M) 100um

24.80 um

54800 3.0kV x220 SE(M) S $4800 3.0KV x3.00k SE(M) 10.0um




Gold Bump Development

54800 3.0kV x4.50k SE(M)

Au BUMPS

S4800 3.0kV x400 SE(M) 100um "
S4800 3.0kV x4.00k SE(M)
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Gold Bump Development — Seed and UBM Removal

Pre seed removal

No IBE

Post seed removal

Yes IBE

S4800 3.0kV x2.50k SE(L) 20.0um S4800 3.0kV x3.00k SE(M)

10.0um




57 | Moore’s Law - Continued Scaling

Transistor density continues to increase Cost per transistor is increasing
10,000,000,000 LT
1 Sandy Bridge
| e %
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58 | 2.5D/3D Heterogeneously Integrated Microsystems

Path for Continued Scaling

2.5D “System in Package”

UUUUUUUUUUUUUUUUUU

[ 4

-
= I I
.

)
11 ||| ||| IT1

f_ Micro-bumps

« - Flip-chip bumps

2.5D Integration on Interposer ‘

= Use Sandia tech, COTS, MPW die, partner die,
etc. in low volumes

= Partially disentangle issues of performance,
radiation hardness, etc.

= Standardized digital/analog/power

= >\ - SiP Substrate . . .
o “\\- Package bumps = Pre-build passive components and active
(eetimes.com) Circuit board .
1 device blocks
Flexible Interconnect Fabric = Heterogeneous Integration ‘
— Multi layer high density routing f b . . .
. Leverage DARPA.CHIPS standard = High-value functions in custom technologies |
— Massively parallel 1/0 for future functions = Unlock performance of disparate technologies
(performance, rad-hard/trust functions) _
= liswilatency: low packaging parasitics " Internal and external tech: 111/Vs, MEMS,
photonics, etc.
Challenge: Microbumping for low-volume USG applications (DOE, DOD, etc.) |

Current options: High Labor Cost - or - High Fab Cost



59 | Micro-bumped Interposer Options

Cu Pillar Reflow Attachment

Foundry AICu

Zincated AICu

Nickel
Gold

Passivation

Cu Pillar
| 4

Interposer

* Wide-spread industry adoption

* Height determined by Cu pillar

* Pd not necessary

» Reactivity has potential reliability concerns

» Rigidity has potential mechanical reliability
concerns (cryo)

* SnAg T, = 220C -> temperature constraints
(challenging integration with TSV thinning)

Au Thermocompression Bonding

Foundry AICu
Zincated AICu

Nickel

Palladium

Pt/Au UBM
Gold / Plated Au

Interposer

Au is less reactive, more ductile than Cu

Potentially compatible with TSV thinning and TSV pad
formation processes

ECD Au vs stud bumping -> full wafer bumping

TCB usually has thick Au on both sides

Au to ENEPIG bonding needs to be evaluated

Small gap between bonded pair

TCB force may damage low-k dielectrics




0 I Challenges with Low Volume, High Value 2.5D Integration

Very Low Volume = 1 - 100 die Low Volume = 100 - 1000s of die Mid-high volume = > 1000s die

Utilize interns, students,
postdocs... (but they hate you)
Use interns/students/postdocs
Make a wafer-like substitute at Buy a dedicated run at an
Feasible for demonstrations OSAT SSS advanced foundry
and development

Spend lots of $SS and purchase
full wafers from a foundry




TSV Integration - Hybrid W via first, Cu via last Approach

A. E. Hollowell, et. al. “A Unique 3D Integration Approach for SOI Substrates — Mating CVD W Filled TSVs with ECD Cu Filled TSVs.”
ECS PRIME October 2016

Through mask Cu filling from a discontinuous evaporated seed

* Top Si vias to connect Cu TSV through BOX to RD119201A-02 CENTER
M1

* Isolation trench to electrically isolate the vias

from the device Si layer

ECD seed deposited only at the bottom of the

TSV

* A void free fill of the notch is impossible to
achieve

* Less than 10 mQ per TSV

Device Layer Silicon
(25um)

3 ym”

— EHT= 3.00kV Mag= 6.02KX StageatT= 00°

SEM after Parallel Delayering

S X00' X WWY'0L A10°0C 00¥ES




Bottom Up Filling from an ALD Pt Seed

Bottom Up Plating From Continuous Pt
Through Mask Plating Seed Metal

Vietal 4 (W3]

lstala |

Device Layer Silicon
(25um)

. Liner

|- Isolation
Il sio,
Superfilled Bottom Up Plating Full Wafer Production Scale Filling
* Adapted from research by Josell and Moffat 1. Production plating tools do not have
at NIST-Gaithersburg reference electrodes
* Void free filling 2. Establish voltage controlled super
* Reasonable deposition times filling
 Complex balance between applied bias and 3. Derive current controlled void free
electrolyte composition filling from potentiostatic filling
* Plating conditions for void free filling is results

dependent on TSV geometry



3-Additive Commercial Chemistry vs MSA
Electrolyte with Tetronic 701 Suppressor

* Commercial plating chemistry does not exhibit S-NDR characteristic
* Methane Sulfonic Acid (MSA) has a higher solubility limit
* MBSA + Tetronic 701 exhibits CV hysteresis and S-NDR mechanism

Commercial H,SO, Plating Chemistry MSA Electrolyte w/ Tetronic 701 Suppressor
Intervia 8502 with 5% Intervia Carrier and Additive Suppressor Breakdown in MSA Electrolyte
e e (1.25 M CuSO,, 0.25 M MSA, 1 mM NaCl)
— Intervia - 1 uM Supp.mpr Intervia - 5 uM Supp.mpr Intervia - 25 uM Supp.mpr  — Intervia - 50 uM Supp.mpr Intervia - 100 uM Supp.mpr
Intervia - No Supp.mpr #
'“"' 007" Suppressor Concentration
= 6 uM
e 0.06 4 — 12uM
= ——— 25uM
£ ——— 30uM
. g 0.05 50 uM
< , ——— 100 uM
- 2 0.04] —
. 477 n P
a c
£ -154 Q E
0O 0.03:
43 - 1
[ =
9]
5 0021
N O
o
) 0.011
' 0.05
08 s 04 o2 07 06 05
Ewe/V vs. Hg/Hg2S04 .
Potential vs. HMSO‘; (V)




Investigating the Effect of Suppressor
Organics on Galvanostatic Deposition

Plating Electrolyte CV Curve Chronopotentiometry on

Unpatterned Sample Coupons
Without Suppressor
-0.20
-0.25
035 —
< -0.40
< -0.45
¥-0.50 ;ﬁ
$0% | —05mA/cmr2 —1mAfemh2  —2 mA/cmA2
070
-0.75 —5 mA/cm~2 —10 mA/cm/2
080 o o o o o o o o o o o o [}
- o e § & § gnmf(s) § 8 § 8 8 §
Ewe/V vs. Hg/Hg2S04
. . .. - 50 UM Suppressor
Potentiostatic plating is very sensitive to i
. -0.25
appllEd VOltage 'g::g —0.5mA/cm”2  —1 mA/cm~2 —2 mA/cm”2
-0.60 V{SSE} -0.66 V(SSE) Ezg'zg —5 mA/cm”2 —10 mA/cm~n2
; [T , $.0.50
ﬁ i ll o w
189 o %
L @9 % P
s 0.75
= 0.80

* Larger voltage window w/o suppressor
* Suppressor pins voltage to > -0.55 V(SSE)



