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d PRC — An Overview

1 Heterogeneous Integration

4 Glass Interposer Technology

4 Glass Interposers for Space Applications

d Summary
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Georgia Tech

Packaging Research Center (PRC)
Graduated NSF Engineering Research Center
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AESEARCH

26 Faculty (ECE, MSE, ChE, ME)

11 Staff (Research & Admin)
40+ G Students (+ UG)
33 Collaborators (Industry/Govt. Labs)
Advanced Packaging & 3 V|S|t|ng Englneers on Campus
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Future of Computing
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John Shalf, “The Future of Computing Beyond Moore’s Law”, Jan 2020
Q Path Forward https://doi.org/10.1098/rsta.2019.0061

= More efficient architectures & advanced packaging (next 10 years)
= New materials & devices (20+ years)
= New models for computation (Future ex: quantum computing)
Georgia Institute of Technology June 16, 2020
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Future of Computing (cont.)

past - homogeneous { - CPU+GPU present - heterogeneous ! future - post-CMOS extreme
? 5 yresent - CPU+GPU ; ¥ : ) e e
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architecture, device and memory
heterogeneity
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towards extreme heterogeneity

John Shalf, “The Future of Computing Beyond Moore’s
Law”, Jan 2020

O Architectural innovations
= Use of Accelerators (chiplets in-between a CPU & ASIC with IP Reuse)

O Extreme Heterogeneity
= Smaller Dies from different advanced process nodes to reduce die cost

O Data movement
= Low Energy/Bit (EPB) with high Bandwidth density

Georgia Institute of Technology June 16, 2020
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Artificial Intelligence
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2024,2029 and 2034 neuromorphic sensing & computing device sales forecasts
By market segment

Heat wall

Moore’s law
Memory wall —x

2034 Automotive
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e ((\O\\\l 10B r
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Compute
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Inference A

Learning Agery

Weights

Environment

Accumulated Rewards

Data Movement: Long Distances Data Movement: Short Distances

O Challenge: Digital & Wireless Integration on a Single Module Courtesy: T. Krishna, GT

6 Georgia Institute of Technology June 16, 2020
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Heterogeneous Integration
O Multitude of chips from different process nodes, wafer sizes,

foundries & domains
Integrated Substrate: >10,000 mm?

Georgia Tech

AESEARCH
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Power Delivery & Mgmt 4 Compute
Parallel (Cu o Electronics
= Parallel I/O
: . . = High BW Density
q&; Serial (Photonics 5 = <3mm length
S EE: S =0 o Photonics
2 g3 3. ) = Serial I/0
9= g8 = & = High BW
gs ; = >200mm length
' O Wireless
o Massive MIMO
Optical = High Data Rate
Power Delivery & Mgmt Waveguide = >20m
[
Fiber

HETEROGENEOUS INTEGRATION ENABLES CONTINUATION OF MOORE'S LAW

Georgia Institute of Technology

June 16, 2020
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Substrate Size driven by Artificial Intelligence

Heterogeneous Integration
on TSV Interposer (L/S <1um)
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40000

Driven by
Digital/Wireless
Convergence

Heterogeneous Integration for Al

Fanout RDL Chip First (L/S >5um)
TSV Less Interposer Bridge (L/S >2um)
Fanout RDL Chip Last (L/S >2um)
Organic Substrate (L/S >10um)

Pin Count
3000 4000 5000 6000

Acknowledgement: John Lau, IEEE EPS
tutorial, Malaysia (partial)

0 1000 2000

0 500 1000 1500 2000 2500 3000 5000 10000

Substrate Size (mm?
8 Georgia Institute of Technology June 16, 2020
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Technology for Digital/Wireless Convergence

61-Layer LTCC/Cu-MCM Glass Interposer
(IBM,1992) 100mm
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Dense Connectivity
between ICs

Rao. R. Tummala, McGraw Hill, 2019.

Multi-chip Module (MCM)

Slngle CPU 0.1mm 7.2mm Ollmm <‘_2_2.0pmt

I ! com

Glass Interposer

Silicon Interposer

= 100mm size on a S S = 100mm size on a panel
wafer too Packaging Panel Packaging cost effective

expensive

Georgia Institute of Technology June 16, 2020



NASA Electronic Parts and Packaging (NEPP) Program - Electronics Technology Workshop 2020

High Density Connectivity between Chips
Chip First
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High-density RDL characterization
2-5 pym microstrip lines, 3 different dK

CPU/GPU chiplet CPU/GPU chiplet * 2-5 pm L/S coupled MS lines
e 0.25-5mm long lines

Board

I I Chip-PKG Microvia characterization
e 3-10 ymvia, 7-20 uym pad

o o » Impact of pad size, via diameter, via

I I pitch

L/S/Via = 1/1/1 um

Semi-Additive Process Microvia
e 1 o &% G Assembly bump characterization
I 35 um pitch, 20 um dia Cu-SnAg bumps
- - » 3

3 &

|___15pm | Courtesy: Siddharth Ravichandran, PRC

0.7um/5um pitch Fuhan Liu, PRC

lum/lum 2um/2um 3um/3um

10 Georgia Institute of Technology June 16, 2020
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Assembly....Closing the Gap
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A Interconnection length (um) A —
1 | ! 1 1 T )
100 75 : 40 13 10 Thermocompression
3 Bondin
10000 - Thermocompression Bonding -I - 10° =
Mass Reflow — — =
— SLID Bonding - =
T ' [ <
o — - 5x105 >
; 7500 = i Cu p-bump+ IMC .E
@] 1 Chip-to-Substrate (C2S) \ J ()
= 1 Y T
: 3000 Reflow with Cu pillar Thermocompression SD-ICS @
2] 1 Conventional Reflow — Bordie t
c ==
w _ Cu pillar = 104 a
u Solﬂerhum?) '
B
9._ . Cu pillar+ Solder | Cu p-bump + Solder
s Flip-chip bonding technologies
1000 = : 7 T i 7 I T 2 BEOL pitch
110 80 40 30 20 10 .
1/O pitch (um)

U Sn-based lead-free solders are reaching their limits in pitch scalability, power handling capability
and creep resistance — direct Cu-Cu bonding as next interconnection node

U Non-coplanarities are a key bottleneck for development of a universal assembly solution

Georgia Institute of Technology June 16, 2020
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Nanoporous-Cu Film Sintering
Assembly Pitch < 20pm

Nanoporous (NP) Cu:
P (HE) Low-cost synthesis by selective etching

s Ve
/ nanoscale metal sponges
: Electrolyte
« Electroplating
* Furnace or arc
melting / \a
Electrochemlcal dissolution ::: ::

A-B aIon Nanoporous
\ / structure in
remnant A
Electrolyte —

Free corrosion

Die-attach films, inserts or Cu pillar with NP-Cu caps
preforms (semi-additive processing)

Power device Semiconductor
Bulk Cu

h -
LR e— ;u':a';"

High compliance pre-sintering

.50~ Substrate
SAC solder alloys:50-60GPa \ Leadframe or DBC
501
ol T K\‘ - =~“°j
[ Assembly parame ters: 30MPa, 300C, 30min, forming gas
o 40+ ‘ ol .
& 1
o *
K L&
= - ee .
20+ ITiL197 1
;,,,,,,,,,,,!Jggjm',‘,t,,L,‘ ,,,,,
[
10} | T
Target ligament
size .
% 1% 20 30 40 5 8 7 8 9 Sintered Cu
& Nanocopper ligament size, nm

Courtesy: Vanessa Smet, PRC
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Comparison of Glass & Silicon Interposer
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10 Gbps
- " ‘ ]
05l 0377——7———7 o —
Glass § | <> <
02—, _ Z:%gg “i% :
“71\'vi\‘\’;w‘lw'\w* 021‘ IS RSO IR N WU N9 (N '“?1 T
Eye Width =97 %UI Eye Width = 93.5 %UI Eye Width = 85.5 %UI Eye Width =73.5 %UI
Eye Height=0.91V Eye Height=0.78 V Eye Height=0.59 V Eye Height=0.38 V
:ZJ .24 ]
0.8— :-',‘- ‘:-','2 \! —/_ ? % ;::
Silicon ¢ - &//’_\ V/ Q <>\§ B Q <>\¢ O -
8 o] A A / / § o =
Eye Width = 95.5 %UI Eye Width =77.5%Ul Eye Width = 55.5 %UI Eye Width = 24.5 %UI
Eye Height=0.89 V Eye Height = 0.55V Eye Height=0.25V Eye Height=0.07 V

Simulation settings:

= Statistical simulation at BER = 1E-12

= Rise/Fall Time = 10 %UI
= TX Impedance =50 ()

= RX termination at u-bumps

Channel length =6 mm

Bump Pitch/Diameter = 55/20 um
Line Width/Spacing/Thickness = 2 um

Georgia Institute of Technology

June 16, 2020
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Energy Per Bit & Bandwidth Density
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3DIC w/ TSV Monolithic 3D 3D GPE
[Zhang, et al. ‘18] [Zhang, et al. ‘18] (35 um Pitch)
oot gstopam | 2625 [ 4ee
ESD capacitor 50fF 50fF 0.5 pF
E,i (no ESD) 76.2 fJ/bit 3.7 fJ/bit 11.2 fJ/bit
E,; (with ESD) 176.2 fJ/bit 135.1 fJ/bit 1.01 pJ/bit

GPE: Glass Panel Embedded

4 E,; only includes interconnect. The ESD capacitances based on model

assumptions add 1 pJ/bit

d E,; increases with decreasing pitch due to increased mutual capacitance

between I0s

Georgia Institute of Technology

June 16, 2020
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Computing — Photonics Interconnects

4 Fine Pitch Cu Interconnects too Iossy” ety o 50 et
 Photonics in the Module

O Emerging Technology " Graing
= Coupling
Others
= Waveguide
= Modulator
| Photodiode S o
Our (PRC) Focus

Metric SERDESPI IBM Terabus!®! Proposed work(estimated)
Type of bus Electrical (Cu on FR4) | Optical (Silicone) Optical (BCB)
Energy consumption |23.2 pJ/bit 4.65 pJ/bit < 1.2 pJ/bit
BER 10 10-12 1012
distance 1cm 36 cm 5cm
Data rate/lane 40 Gb/s 160 Gb/s 896 Gb/s

Georgia Institute of Technology June 16, 2020
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Georgia Tech

High Data Rate Wireless
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4 4 R
6G 37.6 Gpbs BW=30GHz | Glass Interposer
17.5 Gpbs BW=14GHz
10000l Module
10 Gpbs BW=8GHz SIS
~~
a 1000}
¥ _J
=
N
3 100}
)
s & v & <
[ 10 } -
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(] " L —Q —

>

100 90 __ -80 ___-70 __ -60
Receiver Sensitivity (dBm)

4 Higher data rate requires larger bandwidth (1Gbps Vs 10Gbps)

4 5G and sub-THz (6G)

d Antenna in Package is essential

Georgia Institute of Technology June 16, 2020
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Low Loss Interconnects

Coplanar Waveguide (CPW) & Microstrip

0.2dB/mm@100GHz and 0.25dB/mm@140GHz
Comparable to LCP[2-3], Astra[4], Rogers [5] and

Teflon[4]

Microstrip: 0.076dB/mm (26-30GHz)

CPW Lines

Frequency
Extender

(c)

—_ m— (Glass CPW
= -0.05 £ -0.05 e LCPMS
= £ 20 GHz
= 0.1 g -0.1 D
o
§—0.15 ® 3_0_15- ]
S ° 2 ¢
c 02 [=—Glass CPW = 02 o *
= o= | ® LCPCBCPW S 005! |
o 02571 4 Astra MS ° 5 °
£ 03 * Teflon MS ° E 03 ° |
Rogers MS ?
-0.35 ' : : -0.35 ' ' : : :
40 60 80 100 110 120 130 140 150 160 170
Frequency (GHz) Courtesy: Mutee ur Rehman, PRC Frequency (GHz)

Georgia Institute of Technology

June 16, 2020
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Antenna in Package (AIP) - 5G

Module architecture

Courtesy: Atom O. Watanabe, PRC

Antenna
) pym
20 pm:’
~
S s od
20 M
BPF LNA ‘

Integrated
Hairpin Diplexer n257 and n260 &
Coupled-line Coupler

Courtesy: Muhammad Ali, PRC

Module stack-up

210 ym

-«

<« -

71 pm

H + .
acounling canac
/ Decoupling capacitor

Magnitude (dB)

Magnitude (dB)

40

o sty Viad T LR
14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Frequency (GHz)

Diplexer - Interdigital n258 and n260

60 == s, 1 i1 PN
14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Frequency (GHz)

Embedded IC ngIass

Magnitude (dB)

Magnitude (dB)

oooo
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S11 <-9dB: 18.87 — 40 GHz

Gain > 6.2 dBi: 24.25 — 40 GHz

5G bands: 24.25 - 40 GHz

Good performance within the entire
5G bands

Diplexer - Hairpin n258 and n260

' '
.
W e
)
i
; S
) S
/ S
/ . Vo
i . ’ VAN

S BN

L . A - T4 )
14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

-10

-20

-30

40

-50

Frequency (GHz)

Diplexer — Edge-coupled n257, n258
and n260
Isul ;' ',
15241
i .

-60 . i
14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Frequency (GHz)

Georgia Institute of Technology
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Patches

‘._—-__.-—-_-_-_—-_-_._'_ |
9-pm (1/4 oz.) Copper 71-pm Taiyo Zaristo Polymer
T GND

2x2 sub-array
with Butler Matrix

15-pm Taiyo Zaristo 100-pm AGC EN-A1 Glass
~

71-pm Taiyo Zaristo Polymer
64 sub-arrays,

each driven by a PA

11.6dBi

u = = =Simulated
) Measured

-40
110 120 130 140 150 160 17

|75 5 Frequency (GHz)
U 2x2 patch antenna elements - top layer Q Element spacing: 1.1mm (M2 @140GHz)
O 2-D Butler matrix - bottom layer 0 20% Bandwidth (goal)
U Feed using vias O Total area: 3mm x 3mm

U Gain of each element: ~6dBi Kai-Oi Huano

Georgia Institute of Technology June 16, 2020
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Reliability & Integration

PALCKAGING
rIE EARCH

Chip- and Board-level Reliability of Large EENTER

Packages .

4
< 8000
> 1€/ Fay:
(@) atj N
S 6000 — g
Z — Ideal
~5000 ) =
2 — ETE
= 2000 N
g ife
893000 yel
F= fat\e
© \le\
W& 2000

1000

0 L
0 2 4 6 8 10 12

CTE of Glass Substrate (ppm/°C)

Distribution of accumulated plastic strain in the second last
solder ball for high CTE (9 ppm/K) glass substrate

U Direct interposer assembly on to Printed Wiring Board
U Tuned CTE for Glass Interposer maximizes Chip & Board reliability
O Eliminates ONE level of packaging

Georgia Institute of Technology June 16, 2020
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Usage vs. Accelerated Testing
Various Applications

PACKAGINCG
RESEARLCH
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AEROSPACE

AUTOMOTIVE MILITARY

3D Systems
Packaging
Research Center

MEDICAL

COMPUTERS
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Field Conditions—Aircraft Z
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Case #|No. of Occurrences| Tinitia=T min» "Cl Tmaxs CCl Tave, “ClAT, °C
1 30 -55.0 85 15.0 140.0
. 2 60 -42.5 85 21.3 127.5
Operating Temperatures:[—= 150 325 85 | 263 | 1175
4 155 -22.5 85 31.3 107.5
5 180 -12.5 85 36.3 97.50
6 950 -2.5 85 41.3 87.50
7 1700 7.5 85 46.3 77.50
8 1800 17.5 85 51.3 67.50
9 950 27.5 85 56.3 57.50
10 20 37.5 85 61.3 47.50
11 20 49.0 85 67.0 36.00
Case #|No. of Occurrences| Tinitiai=T min» “Cl Tmax: C | Tave, SC|lAT, °C
1 10 -55.0 -50.00 | -52.25 | 5.00
2 20 -42.5 -31.0 | -36.75 | 11.50
3 20 -32.5 -19.0 -25.75 ] 13.50
4 20 -22.5 -7.00 -14.75 | 15.50
Dlurnal Temperatures: 5 70 -12.5 5.00 -3.75 | 17.50
6 520 -2.5 15.5 6.50 18.00
7 950 7.5 25.5 16.50 | 18.00
8 1050 17.5 38.0 27.75 | 20.50
9 500 27.5 57.0 42.25 | 29.50
10 20 37.5 71.0 54.25 | 33.50
11 20 49.0 71.0 60.00 | 22.00

Georgia Institute of Technology June 16, 2020
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Technical Challenges

« Aggravated solder strains

« Large CTE mismatch
« Large package sizes
 Pitch reduction

« Aggravated warpage

Balanced fatigue & drop
performance

Additional constraints

— SMT-compatibility

— Reworkability

— System-level reliability

Georgia Institute of Technology

Standoft
Height

Drop Test Reliability
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Pitch

A2 (2 L2 (282 () ()(J2L()

L (DNP)

*

Distance from Neutral Point —~Neutral Point

“Soft solders”
Lower modulus
Lower yield stress
Low Ag content (SAC105)
Lower precipitate density

“Hard solders”
Higher modulus

) = Higheryield stress
) = High Ag content (SAC305)

Higher precipitate density

TCT Reliability

June 16, 2020
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Prof. S. Sitaraman
Glass Interposer

Glass 300 um
== -

Warpage Measurements

——

R - Measure warpage using
shadow moiré

« Collect data over
temperature range based on
assembly and operating
temperatures

TN TN, 1w
/\ /\ - Use experimental data to
n m validate model, then use

model for analysis and
prediction

termpcr e wy i€

Example expenmintal date collected weh shadow mokre

Glass Interposer Reliability for Space
Collaboration with JPL

ANEYS

Academic

150
100
50

50 0 500 10000 00 20000

Temperature (C)

-100
Time (s)

Dicing

Finite element model, introduce defect on free edge of
glass. Use J-integral to predict glass cracking
Out-of-plane

1
et Outet Sare |um]
Thinner build up and smaller defect sizes
reduce available energy release rate.

* Model to fully simulate dicing (contact support at bottom, partiallyl
cut from next coupon) showed < 2% difference in energy releasd
rate at defect crack tip

» Crtical energy release rate of glass is substantially lower in the
presence of water (2 J/m?) than in air (8 J/m?)

« Thicker build-ups have more stress, which causes failure at smalle
defect sizes. So thinner build-ups should be a solution

TCT Reliability

Cracking in reliability testing is a

three stage process 5

1. Dicing leaves defects on free 38
surface

2. From initial defects created by
dicing, glass-polymer interface »
may delaminate

3. Delamination region acts as
pre-crack, and crack kinks into
the glass

Another model is created that
starts with crack at interface and
investigates kinking to the glass

10
* —

’

.

7

' -
& | =0um I3 100, 40w Oy

G o 40 )

-
; = 0um 25100, 20um Cu
L} 10 00

tertacial Getamination (]
Similar lo the dicing simuation,
thinner bukd up reduces the avalable
energy release rate

Yoo

SEM inspection showing that cracks
initiate by diong defects, initially grow
through delamination, and then Kink

into the glass

Georgia Institute of Technology

June 16, 2
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Thank You
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www.prc.gatech.edu
madhavan@ece.gatech.edu

Georgia Institute of Technology June 16, 2020
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