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Overview of Markets and Applications driving Advanced Packaging — 1/1

Key Markets for Advanced Semiconductor Packaging

Market for advanced

semiconductor packaging

Accelerators

High-end CPU

High bandwidth
memory

Network switch
(Co-packaged optics)

5G/6G
communication

High-end Si
for compute

mmWave antenna
module

Automotive

Chip for AV
computing module

IDTechEx

Consumer

electronics

High-end CPUs

Application

processor modules

A CAGR of 25% is forecasted for the growth of
advanced semiconductor packaging in the HPC
sectors including accelerators and high-end CPUs.
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Automotive Radar - 1/2

- C
" 2BW

AR

External radar

«— SRR — ~50m—* o
'+ MRR - ~100m ———»

< LRR - ~250m

https://www.renesas.com/us/en/blogs/why-do-we-need-radar

antenna
beamwidth

echo pulse
from target

radar
antenna

VALEO RADAR FOR
LIFE PRESENCE
DETECTION

source: Valeo

transmitted
pulse

https://www.britannica.com/technology/radar

Internal radar (InCabine)

source: Forvia
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Automotive Radar - 2/2

External Radar: Global Market Share
Wafer Tier-2 Tier-1

manufacturing Radar chip Radar module
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5G/6G Communication - 1/3

B 5G Band and Use Cases

C =BW -log,(1+ SNR)

y 24GHz-40GHz
determines
Mid bands

5G coverage  3schzscH:
and speed

Mid bands
1GHz-2.6GHz

Surveillance and video Last mile fiber/copper
streaming/broadcast complement

‘ml
? [
\w’
Everywhere AR/VR Smart factories industry 4.0 Street macro applications
AIR 1281
High band - . .
https://www.ericsson.com/en/small-cells/outdoor-coverage 5G Technology and Capabilities for Business | Ericsson
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5G/6G Communication - 2/3

® 5G Cellular Infrastructure (Base Station) Ecosystem

NEC

$11
3%

2024 -2025 RAN Market Shares
Includes AAS, RRH & Small Cells
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5G/6G Communication — 3/3

B 5G/6G Spectrum

Peak capacity

Localized high capacity

Capacity enhancement

Basic capacity

Basic coverage

* To be discussed at WRC-23
** Potential range for

5G, refar:

5G, refarming to 6G

WRC-27 agenda
*** Under research
5G M 5GAdv m6G >:;(£glm

ming to 6G

100GHz

5G, 5G Adyv, 6G

5G, 5G Adv, 6G

14 @
) T
30m <10m
Dense urban Hot spot Local area Short range

https://www.nokia.com/6g/spectrum-for-6G-explained/
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HPC & Al for Data Centers — 1/2

m Key Drivers

Generative Al is emerging across multiple sectors, relying on data center heavy-compute

Chat  @emorr Genrini (1) T Copilot % Claude W (& I 1

Adobe '
image @DALLE (1) TN iy rirefly X mg.,.
. @ openal Go |e .
Video  Gora e 9€ (B runway {}synthesia Colossyan i

aWs =, replit © tabnine

e

Coding [&) chacet &3 GitHub Copilot

CodeWhisperer

B® Microsoft

: D L Google
Translation € Deepl B Translator

Translate

%)) SMARTLING

Music  /A\\ Mubert " Loudly @boomy

Generative Al tools for lawyers, architects, doctors, and more.

\

Data-intensive applications

X
Securl

Generative Al

4 Social Netwoking

& Collaboration

Offload Al workload

» Alinference
« Al training

Tools based on generative Al
will boost content production.

Generative Al lowers the barrier

7

ity

i
Deep Learning &
Machine Learning

Server workloads Offload data
management workload
» Infrastructure management
* Networking
Trends: + Storage
* More cores * More extensions * Security

+ New memory interfaces + Bigger silicop area

to entry in many fields that i
previously required  highly
specialized skills.

) |

[Al cluster
interconnection

} Trends:

Trends

« Lower precision level (fp16 -> fp8 -

« Biggersilicon a

* Front-end network

i * Multi-core CPU
4 Back-end networkscale-~

Sam Altman's bet in 20:

> fp4) i 3 * High-performance network interface
rea | up and scale-ou~ » Flexible and programmable acceleration
g engines
[ Advanced packaging and ’ ‘
‘ RACKadInG Non-x86 ISA

memory innovation

Arm cores, RISC V cores, MIPS

25D & 3D kaging, chiplets, HBM 4
packaging, chiple cores, z/architecture, power

stacking, processing in memory,
computational storage, etc.

Today's Al models are the right TeChn9|Ogy
ones; the bottleneck is computing. evolutions
How to convince investors to put up Q
billions for electricity and Al chips? ‘@ YOLE
Intelligence
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HPC & Al for Data Centers — 2/2

2023 - 2024 server GPU market share, by
revenue

GPUs

AMD Intel =
AMDZ" ., &336 intel

Nvidia @Z

Al ACICs

2023 - 2024 Al ASIC market share,
by revenue

=. MICrosoft Other TOQMeta @

mtelG Intel Ga udl |\'
aAWSs Aaws ‘

2 2023
S 13% $3SB

202 4 Google ¢~
‘ $98
e e
(D rsicon
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Materials and Fabrication Processes for

Advanced Packages

Brandenburgische ]
b-kU =% Z Fraunhofer

1ZM



Drivers for Advanced Packaging

Technology Node Packaging Revenue US !
PCB/Substrate
60 B
IC Chip — Peripheral Pad Pitch [ — Frontend
10000nm 50 B (100 > 20 um) - Waferfab
(10um) i
1000nm 408 Package as Interposer 2> Intel'é::gnect
(1 um, Bridging the Interconnect Gap
308 s ™
Value of
100nm ) Customer Board S
Packagng A
(800 = 500 pm)
208
10nm
108
1nm
1970 1980 1990 2000 2010 2020 2030

Dr. Sam Salama®© Hyperion Technologies; IPC APEX EXPO 2023
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http://electroiq.com/insights-from-leading-edge/wp-content/uploads/sites/4/2014/03/infineon-2.jpg

Advanced Packaging Options and Opportunities A

Adv. Pkg. have different targefs. > bume

Performance
Miniaturization

Functionalization

Si
L. Elemental L' G

e
-V -V
% >2§ MOM Compound Q‘ [RY]
Wafer-on-wafe CIS IV-

Structural SoC, M 10 A
Die-on-wafer§s':a¢king Physical _ i Semiconductor » Same v
Die-on-die Functional e )
Partitioning Process /V Different

Architecture Chiple Add-on Node

« Same
Size/ TGB
cu-cu :
Vertical f A t
hybrid bond~ X\ poT S e = ey spect % ggT
Tall inte}face\ die Bondinge—» Face-face
Short ' Size ESD Face-back
ingl ) i
i :>Bund!e> TSV i BEREE i, | Coing ShOxide BaclkBack
Vi Si-Lid o
Middle Seq Cu > a - . e = E = - - = = = ( - )r LIQUId Metal
Last Post Direct Water
?ost-bond Die-Pkg Assembly o
Silicon Kind 0 O Integration Chlp First
Glass ?‘ \' " Die-Pkg Bo dic Chip Last
Organic nterposer it
Lateral CoWoS inte acet Cu studs Face Up
SI-RDL 7Top/Bot .- >Package ¢ C4 Face Down
Fanout-RDL Layer Fanout ESD
Substrate Bridoe (ASI Power/PDN
HDI i S0 QR e
Emb Thin Film Mngt
Br:si Spacing Rules’/ Core BUdip <Anjimoto ABF AR RN
’ Iélazygit;::c:j;)t Coreless R.esm coated cuRCC sssssssssnnsn 3DHI Options and opportunities

Kenneth Larsen, Synopsys

There are a multitude of choices in multi-die packaging from the high-level layout to
substrates, materials, bonding methods, and cooling materials. Source: Synopsys
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Advanced Packaging Technologies

Heterogeneous Architecture Platform (Technology Building Blocks)

2D/2.1D/2.3D/2.5D 3D
l l 7 uBurrllps or
Inter?oser Hybrid Bonding
[ I |
Silicon Organic Glass Fan-out Embedded SoC Stacking Memory Stacking
Bridge

r

Si Interposer Organic Interposer Glass Core Interposer Fan-out, Source: FhG-IZM  Si-Bridge, Source: ASE
Source: TSMC Source: AMD Source: INTEL Samsung: HBM2 memory

Source: SystemPlus

Thermal balls ROL (for SI/P1 distribution &
passives Integration)

»

P Mold (for embedded components) ¥ J LA : A v : ) R .
/ Hybrid Bonding,

Source: INTEL

Chiplet Architecture Revolution

Different technology building blocks Tl = = Chiplets will be a key enabler
can be used for Chiplets '

‘ "= 8 for next 10-15 years

Multi-die MCM

Source: AMD, Overclock3D.net

for HPC, Al, Automotive, Industrial Automation, 5G/6G, Health Care, Energy, Aerospace, ...
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WLP using Redistribution Technology

Metal routing Iayﬁ

Singulatio
n by Dicing

2. Polymer Layeﬁ

Under Bum

Pyl Balling
metallization layer

« Using the full area of the die for a larger pitch
« No demand for high density

* Low requirements for RF signal transmission

700000006
500000008
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IZM Wafe Level Packaging Line (RDL)

Seed Layer =% Resist Process W Lithography w9 Plating & Strip / Etching
_— y —

_':""F:$ § :

Flow for one
RDL layer

| | ) = & - 1 "
3 . { = ’ :_~ | L t’\\' ‘ "4 ‘. -
E v ] i L/ A =N o : o, ]
. —t etk P ve i N ,-, : : " A
s A PR A < " - - i \
U Sputter Spin Coater Mask Aligner Wafer Plating Wet Etching

Cure m Descum

E
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Processing technologies for RDL

Subtractive Semi-Additiv Dual Damascene Process -
Process Process - SAP DD
. . Line & Via
Via Ablation [N Vie Ablatior roiior [l
Sputtern Sputtern Ti/Cu
. Sputtern
Cu plating Resist
P structuring
Cu
Resist Cu plating
structuring
Resist Resist stripping Copper
Cu etching Cu etch_ing & == Silicon
& Ti etch Tieteh :
Resist
Spin-on Spin-on Spin-on
Polymer — Polymer Polymer
>
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Why Fan-Out

Fan-In WLP: Issue with miniaturization in Front-End (CMQOS)

“Fan In”

l l l l All RDL traces are

PCB: 0.5 mm pitch routed in towards the
center of the die

1 1 1 1

PCB: 0.5 mm pitch

Fan-Out WLP
PCB: 0.5 mm pitch

“Fan Out”

RDL traces are routed
both in and outwards

Packaging of high pin-count
ICs: Interposers (i.e. FC-BGAS)

Interposer beyond the limits of the
die
(organic/Si/ Gla
PCB: 0.5 mm pitch Source: ASE 2017

Seite 20 % Fraunhofer
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FOWLP/FOPLP Process Flow Options

Mold first

face-down

Apply thermal release tape on carrier

Face-down die assembly on carrier

———

Wafer/panel overmolding

Carrier release

I-I-I-I-I

RDL (e.g. thin film,PCB based, .
balling, singulation

-»Q%

S S

ene rat on S e

N S s

g @ +:+++++++++++++++++ +++++++++++++++++++
B

S, S
R +++++++++++++++++++

~€WLB" +~RCP"
(infineon

a 7 G JCET
U statschippic [l ROWEGISE

ne;:es

face-up

Apply temporary bond layer on carrier

1

Face-up die assembly on carrier

Wafer/panel overmolding

Mold back grinding and RDL

RDL
generation

Carrier release and singulation

R
R
hE
LR
S
R
LR
R

ASE GROUP

RDL first

Apply release layer on carrier

RDL (e.g. thin film, PCB based, ...)

T RDL
Ees o generatio

Die assembly on carrier

T

Wafer/panel overmolding

Carrier release, balling, singulation

Unimicron

fx B 8| F
w SAMSUNG
ELECTRO-MECHANICS
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FOWLP/FOPLP Process Flow Options

Mold first RDL first

face-down face-up
+ shortest interconnects + no chip preparation + known good die + known good die
+ simple heterogeneous + shortest interconnects + plated via + known good die on known good RDL
IntegLation _ + simple heterogeneous + RDL before carrier release +no die shift
+ known good die integration + plated via
+ stiffening PCB frame + known good die
+via comes with PCB frame + various via technologies

+ fine line RDL first

- chip preparation

) d.“p fa.m-m RDLBISRaEL on - chips/components with same - ¢chip preparation

- die shift - unknown good RDL on height required - Fine line RDL last

- unkno_wn good RDL on known known good die - unknown good RDL on - chip interconnect (soldering) &
good die - die shift known good die underfill

\ amine il ainn’s

\
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FOWLP GaN & GaAs Integration

Successful integration of one GaN S .
and one GaAs die in a FOWLP PGaAS —
package & ®
Direct attach of heat sink on GaN package concept
backside and integration in package

Cu metallization on package
backside by direct metallization on
epoxy molding compound and heat
sink

5G HPA (High Power Amplifier) and
LNA (Low Noise Amplifier)
integration in one package

Al

\
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Multi-layered RDLs
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Drivers for High Density / Multi Layer Routing (Focus on FanOut)

RF Application

3 N 00 0) - ® (4
m vy | AL N
") & Py
=3 iy — 3
@ & 9 'J]I‘???"n'n'. i“i“' : K 2
a .::. e
70. 0 JI [l0K*0 o
g O N

-

Medium/ low 1/O routing

L/S defined by signal integrity

Multi die integraton

Multi layers for shielding
layer

Application Processor

RBL3 layers

o

System Plus Consulting
* High I/0 routing

« High demands on L/S (layer
reduction)

« Multi layer for managing of
routing efforts
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RDL in Advanced Packages Today

inFO+ PoP CoWoS-L
A-Series M-Series

] I
RDL lnterposer

+LSI \ il ii i i i '_J

FOFIIIO=

System Plus Consulting System Plus Consulting System Plus Consulting
= Application: Smartphone = Application: Pads, Laptop = Application: Smart Watch
= 3-layer redistribution = 3+2+2 organic substrate = 4-layer redistribution
= Single side build-up = Double side processing = Single side build-up

Organic Interposer is one of the key words in advanced
packaging (conferences like IEEE-ECTC 2022)

Source: System plus consulting
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RDL-First for hybrid-Substrat Generation

M Using carrier technology from FO RDL-First for high density RDL routing

Hbump——+

[ cwe | cwe [cwe] chemen | cup IR

o = -
Build-up Package Substrate

- -
- — S 5

. m“u | | ‘— |
Holtorevsle ) Fig. 1. (a) 2-D IC integration. (b) 2.5-D IC integration. (c) 2.3-D IC
integration. (d) 2.3-D+ IC integration. .
Fig. 3. Schematic of heterogeneous integration of chips on a hybrid substrate. SRR B + e Unimicron 2023
Unimicron 2022
. —
e Z Fraunhofer
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Packing Integration - SIP

® Advanced Packages - SiP ->challenges for RF integration

Systom-in-
Photodetoctor/ Rash memery Gallium package Solder
transimpedance RAM Microprocessor Waveguide arsenide (SIP)
amplifier AL p— lasor diode

e s S R X L e e - X

OPTICAL e
B TSR R
O ————

'L
=

Composite substrate

Figure 4: 3D heterogeneous integration

Heterogeneous Integration Roadmap
2019

\
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R&D Topics for Advanced RDL

_’mﬂ_ Capturepad |
Tall pillar plating Met2 — ine e | |

\ / routing \ /

A

Multi-layer processing

A
A\ 4

-

Met1

Embedded die

IZM multi-RDL stacking
(35mmx35mm) with 9
layers of 8 um L/S -
organic interposer

Thick RDL layer - Warpage
management

T i

Fine line routing

i

14 000 x

Cu-ion migration stabiliy
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Fillers could Improve the Signal Integrity

-VVarious materials could

be added in the Table 1. Dielectric properties and densities of fillers
. . . Fillars Dk Df densitics
interdielectric layer Zoolic A 33 0.0237 5
1 Zeolite B 38 0.0261 1.8
pOIymer matrix for Boron nitride 47 0.0012 23 c itsubishi G
: : ource: Mitsubishi Gas
Tak A 5.1 0.0047 2.7
decreasing of dielectrc Tk A 1] oo 21 Chemicals. ECTC 2018
constant and dielectric Fired take A 58 0.0026 29
loss Magnesium oxide 5.9 0.0036 27
Fired tak B 6.1 0.0026 3.0
Alluminum oxide 7.5 0.0010 4.0
Fused silica 34 0.0017 2.2
Filler A 2.9 0.0010 1.8
0.0025
O e e 2
0.0020 ol Transmission loss | = | Conductor loss b Dielectric loss
- = | (Copper foil) (Insulation layers)
~ 0.0015 6.-‘ . y
a P F
3 o000 | o xVFx R oc27.3xzxx/l)kxl)f
£ ’ I s S L Al R : Conductor resistance )
% 0.0005 o s O Conventional FR4 F : Frequency
i A'/ ANovel BT Dk : Diclectric constant
0.0000 U‘A Df : Dissipation factor
500 1000 1500 2000 2500 C :Thespeed of light )
Times [hr] Figure 1. The relationship of Transmission loss

Figure 17. Df change at 125 deg C
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Issue with WLP: Chip Shrinkage

For SMD-Assembly 0.5/0.4 mm ball pitch is required
(vield and speed of assembly)

Sroad
BCM4 2 )
YErI0r 3 AMS ASTS
Jgyre NFC ign -
=
Sy NA = o
and FA J
{FC controler
FaL PNS48
22584
" Appie APU APL 0778
+4 Gb Epida
LFODR2 DRAM
of ) 4o~ Sondisk 64 Gb fich
R ... NXP interiace device
STicroslec roncs
""" $132 MCU
—reebseaeas 'D! F%‘;"\
AD| | i wirewss Chorger
: i S Maximoudio omp
ACxim oudio codes -
b JACIGTL UNKNOWT chipworks
- —
chipworks
(Yole 2015)
—/

~ Fraunhofer
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http://electroiq.com/chipworks_real_chips_blog/wp-content/uploads/sites/7/2015/08/03_0.jpg
http://electroiq.com/chipworks_real_chips_blog/wp-content/uploads/sites/7/2015/08/04_0.jpg

Advanced Packaging - 3D

FCoB/ WLP fan in

Stacks: could become <1 and
external I/O no may be reduced

PoP/SiP

3D allows further density increase

| it |

Seite 33
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Advanced Packaging - Intel’s First 7nm GPU Xe HPC

Intel's Xe HPC 2-tile (PVC) GPU uses a blend of Intel 7nm, Intel 10nm
ESF, and TSMC 7nm process technology brought together by Foveros

« 2 base tiles

* 16 compute tiles

« 8 Rambo cache tiles

« 11 EMIB links made by Intel
« 2 Xe Link I/O tiles

8 HBM memory stacks 47 Magical Tiles

Chiplets

Silicon
interposer

Xe Link
| 10 Tile
TSMC 7nnm |}

Alchemy of ' ' S 2 s LR EMIB

Technologies

Decrease of latences based on <= @/, .
interposer and micro bump Advanced
Interconnect! ~ .

https://wccftech.com/intel-7nm-xe-hpc-gpu-diagram-ponte-vecchio/
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MCMs with Interposers

TSMC's Silicon Interposer Solution

2023
4x, 12 HBM

z: | 2019

2X, 6 HBM

2016

2011 1.5X, 4 HBM

1.0X
e —)

* Applications include FPGA, GPU, Al accelerators
* Increasing size of interposer to support logic + multiple HBMs

— Package body sizes of 65 mm x 65 mm, 75 mm x 75 mm, increasing to 100mm x 100mm body size

— Silicon interposer provides highest density, but it is expensive! TechSea’rch
techsearchinc.com © 2022 TechSearch International, Inc. INTERNATIONAL
_—
Seite 35 —
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Next trend ? - Multiple FO-Stacking

« Minimized signal influence by the interconnect of
the stacks (small solder contact)

Figure 1. Multi-layer stacking sketches for heterogeneous integration of
devices. Two representatives, arranged from left to right, are (a) 3D IC chip
stacking through TSV and (b) 3D fan-out stacking. Note that the vertical
interconnects for fan-out package in (b) are not particularly shown in the

sketch.

Source: TSMC, ECTC 2018
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Interposer and Embedding Substrates

MATERIAL SELECTION

= Process ecosystem: via generation (etching, o .I; A J__:.
laser), passivation (CVD, polymer), electro- _g = ® ®
plating, temporary carrier bonding, wafer o 3 B I 1
thinning, wafer bonding s 3 T At gt

= Applied material compliments / enables % § ® @
functionality or robustness for specific Iﬁ.u  mmEm
applications (co-design) ;- ‘;

Silicon/ SiC
Glass

\
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Application adapted TGV metallization processes

Complete via filling Hermetic filling Conformal coating

P
40pm 50pm 200pm
Aspect ratio / via size / substrate thickness
Cost / density

\
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Chiplet - Bridges

Intel® Embedded
Multi-Die
Interconnect Bridge
(EMIB)

£ Post EMIB Laminate Wiring

EMIB Die

Figure 1: Schematic and cross-section of IBM's DBHi Si Bridge technology. (Courtesy of IBM)

Source: IBM

Die placement and bridge bonding
Source: IMEC 2024

yBump

Source: TSMC 2022 Embedded Die __ __ EmbeddedDie (W/T)

Copper Post -
4 Bump
Capucitor —
Substrate ~aeder ool

FO-EB FO-EB-T

Fig.11: Advantage of FO-EB-T  Source: 5PIL2024

Source: ASE 2024

Source: SPIL2020

\
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Package Types

2020 - 2026 Total advanced packaging market
— Revenues in US$ million

2 iii,n

(Source: Advanced Packaging Quarterly Market Monitor, Q1 2021, Yole Développement)

FCBGA (UF Only)

2019 2020 2021 2022 2023 2024 2025 2026
FO mWLCSP mFCBGA (Bumping) ®mFCBGA (Assy & Sub)  FCCSP (Bumping) = FCCSP (Assy & Sub) 3D Stacked
\YOLE
y oéveloppement — — — — ————————————————————— ©2021 | www.yole.fr - www.i-micronews.com
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Requirements on Advanced Packages, Packaging

Architectures and RF Design Considerations
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Advanced Packages for RF Applications — Wireless

Communication and Radar Applications
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Requirements of Radar and Communication Systems on Packages — 1/3

® Signal-to-Noise Ratio (SNR) is the fundamental metric of radar that tells us the ability
of a radar to reliably detect an object at a given distance away.

M SNRis directly proportional to the output power of the power amplifier (P,), square of
antenna gain (G) and inversely proportional to the total system losses (L)

B Packaging architecture, interconnects and materials have direct impact on P, G and L
and thus on SNR

Antenna

=
Receiver ——
°_ w0 H Fire <@t ——" SNR = Pgta?za
e (4m)3R*kT,B, L

Transmitter

O—=—fp—"

\
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Requirements of Radar and Communication Systems on Packages — 2/3

® Impact of Packaging on P,

P, reduces with increased heat => Packaging architecture
must ensure that heat generated by PA is properly conducted Antenna

o
out of package, so as not to reduce P, and SNR . T
Receiver Mixer
Parasitic inductance of packaging interconnects used to v —— ~]a B
assembly amplifier reduces P,
Antenna
=
® Impact of Packaging on G Transmitter
— A B
G depends on antenna efficiency, which inturn depends on O =z
packaging materials and interconnects used to develop
antenna

G(‘B: ‘P) = D(ﬂ» ‘P) *1€diel. * €cond.|* €mat.

® Impact of Packagingon L

Packaging architecture, materials and interconnects
especially between 4 and B have severe impact on L

\
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Requirements of Radar and Communication Systems on Packages — 3/3

® Equivalent Isotropic Radiated Power (EIRP) of wireless communication systems tells us the
.Sstrength” of the signal leaving the transmitter. It is key to determine the system performance

M EIRP increases with the output power of the power amplifier (P;) and antenna gain (G), but
reduces with the losses between amplifier and antenna (L)

B Packaging architecture, interconnects and materials have direct impact on P, G and L
and thus on EIRP

Antenna

T s T

A

Mixer i Antenna EIRP —_ Pt + Gant_ - LAB

Qe B
. T T

PA A

TX (Comm.)

\
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Ex.1: Fan-out Wafer Level Packages for RF: Embedding in Mold and Glass - 1/1
100\ ‘ v N

. Antenna

/ \ l
\

! | o— 118 _

i

I

1

' 124 104
! R -~

S

T ] 119
128 130 120

! ! S P GZAZ o

i | j 116 t

pT»l 122 SNR — =53 .

(4m)3R*kT,B, L Georgia Tech (USA)
| nfl neon (G erma ny) S. Erdogan et al., "Characterization of Chip-to-Package Interconnects for Glass Panel
DE102010001407A1

Embedding (GPE) for Sub-THz Wireless Communications," 2021 IEEE 71st Electronic
Components and Technology Conference (ECTC), 2021, pp. 2328-2333,

Passivation/
/_\ Solder Mask/

EIRP = Pt + Gant. — LAB Surface\Fi‘nish

Antenna
. . Mold
SiGe Chip Compound Mold {‘ Antenna Region
A R/ Polyimide
(organic) RDL elements
Interposer with
Mold Embedded
Components
Solderball
(b) An eWLB package with an antenna Interconnects to
. . Solder Mask Systemboard
Fig. 1: Antenna in eWLB package concept

M. Al Henawy and M. Schneider, "Integrated antennas in eWLB packages for 77 GHz and 79 GHz Fraunhofer IZM (Germany)
automotive radar sensors," 2011 41st European Microwave Conference, Manchester, UK, 2011, pp. 1312-1315 (US Patent: US10978778B2; EU Patent: EP3 346 493B1; German Patent: DE 10 2017 200 122 B4)
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Ex.2: Organic Packages for RF: Multilayered Orangic and PCB Embedding - 1/1

---------- ! lid substrate

Frame

Base substrate

4 SiGe RFICs
and BGA balls

Cross shots
e

IBM (USA) - Flip-chip based ML Organic

Xiaoxiong Gu et al., “Development, implementation, and characterization of a 64-
element dual-polarized phased-array Antenna module for 28-GHz high-speed data
communications”, IEEE Transactions on MTT, vol. 67, no. 7, pp. 2975-2984, July 2019.

=N

B

7

AHIIILIIEILS, (AT LTI, Vi /“
5 N N 5 | '2{‘1 : prepreg

chip chip

adnesive = ] 7 adhesive

P,G%\%g e \u oo juudg U

3p4 12
(4m)>R*kT;B, L Fraunhofer'iZM's (Germany) (US Patent: US11394109B2)

2 W T

printed circuit
board material Y

SNR =

EIRP = Py + Ggyt. — Lpg

Cross-section of manufactured package at Fraunhofer IZM

Brandenburgische

btu Technische Universitat % Fraunhofer
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Impact of Packaging Materials on Antenna Gain, EIRP and SNR - 1/3

B Example: Impact on 5G mmWave antennas

Ly X Wy, [um

RO4350B 1800 X 520 0.00
1900 X 520
1850 X 520 -10.00 -
1800 X 520 — ]
m -
1700 X 520 S, -
«-20.00
- -
I ©
RO4350B 3.66 0.004 -30.00 -
3 0.0017 ] . .
-37.50 T T T T I T T T | | T T 1 T I T T T T | T T T T I Ll T T |
3.35 0.002 25.00 26.00 27.00 28.00 29.00 30.00 31.00
Freq [GHz]
3.65 0.0035
4.3 0.015
I toup = 350 um y
. Ivan Ndip, Thi Huyen Le, Oliver Schwanitz, Klaus-Dieter Lang*, “A Comparative analysis of 5G mmWave antenna Brandenburgische B2
peens arrays on different substrate technologies”, in Proceedings of 2018 International Microwave and Radar Conference, btu Ezct?gfsc*‘gei?t':s;sg;t % Fraunhofer

© Fraunhofer M poznan, Poland, May 14-17, 2018, pp. 222-225 N



Impact of Packaging Materials on Antenna Gain, EIRP and SNR - 2/3

B Example: Impact on 5G mmWave antennas _nn
ses oo
1.00 m 3 0.0017
s Astra MT77 —_— '
0.90 g 3.35 0.002
3 e
= 3.65 0.0035
0.80 -
2 RO43508B B . -
=
20.70 E Megtron 6 | Substrat | Peak Gain [dB]
EO'GO _ RO4350B 12.17
S Astra MT77 12.64
0.50 __ FR402 Megtron 6 12.45
0.40 S S S S S S S A S e S Mold 12.23
25. 00 26.00 27.00 28.00 29.00 30.00 31.00
Freq [GHZ] FR4 10.7
P,G*\’c
G(ﬁ, ‘P) = D(19, ‘P) * @diel. * €cond. * €mat. SNR = (47T)3R4kTSBnL EIRP = Pt + Gant. - LAB
van Ndip, Thi Huyen Le, Oliver Schwanitz, Klaus-Dieter Lang*, “A Comparative analysis of 5G mmWave antenna Brandenburgische —-—
;Hayls\lonpdg’fer::{rlt},sub;ratgtechnf)logies”t, inli’roce]e)di:tgslgf 2g01 8 21tcemalt)ion:11 Microv};ave ansa? RadaYCOnfeance, btu Ect?gicr'gean?gs?g;t % Fraun hOfer

Poznan, Poland, May 14-17, 2018, pp. 222-225 1ZM



Impact of Packaging Materials on Antenna Gain, EIRP and SNR - 3/3

B Example: Impact on 5G mmWave antennas
Rogers RO5880 (&, = 2.2;tané = 0.0009)
10.00
: 4
0.00
-10.00 —
=-20.00 ]
a 30.00
m-30.00 4
83000 16
-40.00 -
-50.00 1
-60-00 ] T T ] T T T L | LI T T 1T I L T
25.00 26.00 27.00 28.00 29.00 30.00 31.00
Freq [GHz]
# of Elements m Beam Width 64
4 12.6 dBi 42° 180
16 17.8 dBi 24° Substrate | Substrate
64 23 4 dBi 12° Elements length width
256 29 4 dBi 6° 4 15.04 mm 15.02 mm
16 27.1mm 27.2 mm
64 50.5mm 48.3 mm
P,G*\’c 256
SNR = EIRP =P+ G —L 256 94.7 mm 92.9 mm
3D4 t ant. AB
(47)3R*kT,B, L
. Ivan Ndip, Thi Huyen Le, Oliver Schwanitz, Klaus-Dieter Lang®, “A Comparative analysis of 5G mmWave antenna Brandenburgische B2
peeno arrays on different substrate technologies”, in Proceedings of 2018 International Microwave and Radar Conference, b t U Ezct:'gfscr'geg‘?t';s;s;;t % Fraunhofer
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Characterization of Packaging Materials for RF & High-Speed Applications - 1/4

B Measurement Methods for RF Characterization of Packaging Materials @ IZM

1kHz 1MHz 1GHz 10GHz 20GHz 50GHz 0.1 THz 0.2 THz
1 1 1 1 1 1 1 1
1 1 | | | | | 1 1 | |
, ¥y 3D Full wave simulation
Resonant e , ‘ I ¥
. - . 5 Extraction Measure-
Fixtures : 5 of the ment of
- geometrical the surface
dimensionsvia  roughness [ YoMt L
| Extraction of ¢, and
Resonant / -
Non-resonant
Planar test
structures
Non-resonant
Fixtures
[ | 1 1 1 l 1 |

RF Material Characterization Approach @ IZM

1kHz 1MHz 1GHz 10GHz 20GHz 50GHz 0.1THz 0.2 THz

Adapted from ,Measuring Dielectric Properties using Agilent’s Materials Measurement Solutions”, Agilent Application Note 5991-2171
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Characterization of Packaging Materials for RF & High-Speed Applications - 2/4

> 3D Full wave simulation
B Method 1: Planar Resonators g U ngs
Extraction
-5.00 of the Measurement Layout
geometrical of the surface —
~7.50 dimensions roughness @
: Extraction
] Fabrication of g, and
E‘ -10.00 tans terms
= <L
@ -12.50
o Test Structure
-1 .15.00" \ |
c
2 0
‘s -17.50 C .
@ Simulation s RF - Measurement
= -20.00
-22.50 Measurement s Extraction Approach
-25.00 T T T T T
130.00 135.00 140.00 145.00 150.00 155.00 160.00

Freq [GHZz]

Extracted material properties of
Isola’s Astra MT77 @ 140 GHz

» Dielectric constant, €.= 3.06

» Dissipation factor, tand = 0.008

Resonator Manufactured at I1ZM

VDI |VDE | IT * Bundesministerium

Brandenburgische
i ) b-tU reamische Unversiat - ZZ Fraunhofer
6GKom

Cottbus - Senftenberg
1ZM
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Characterization of Packaging Materials for RF & High-Speed Applications - 3/4

B Method 2: Substrate Integrated Waveguide (SIW)

)
=
© © © @ 00 00000000 O0GO0 O @
5
c
2
© ©O ©® 000O0O0O0CO0COGOS®O®OOO 5 ]
© 0O © 0 00 00000O0O0 O O @ £-25.00 Simulation
-30.00
Measurement m—
; -35.00 , ' ' ,
Substrate Integrated Waveguide Manufactured at IZM 110.00 130.00 150.00 170.00
Freq [GHz]
Extracted material properties of Q::L R-Profil
Isola’s Astra MT77 @ 140 GHz WERKE oAkl A VA st Al Ra 0.30 pm
0.0 Pty el y Ao Rz 1.63 pm
o VVV VUUVV V\f“\/" Uvrv U\! Rmax 1.82 pm
» Dielectric constant, .= 3.05 (] Rt 2.02 um
o 0 Rq 0.38 pm
» Dissipation factor, tan = 0.0078 ‘ Taster TKU300 Lt=1.50 mm Vt=0.15 mm/s 149

Roughness Profile & Applied Rq-Value

Bundesministeri Brandenburgische
VDI|VDE(IT 4 | fundesministerium N b-tu rechnische Unversiit - =2 Fraunhofer
und Forschung 6 G Kom Cottbus - Senftenberg

1ZM

\



Characterization of Packaging Materials for RF & High-Speed Applications — 4/4

® Method 3: Fabry Pérot Resonator (Non-metallized Substrate)

Astra MT77 (68um)

Relative Permittivity Dielectric Loss

3.1 0.0070
0.0065 -
3.0 - >
L o = T ®IT
,p\\ I 0.0060 - 3 @
204 | e I-\ T ¢ T8
B ¢ % 0.0055 1| [l o= 1]
L + |4 B o " N I I R *= { ¢ L
2.8 - i 1 - 6 0.0050 - oo
H [ - &F
: 0.0045 - E a
2.7+
' - — - 0.0040 - . - T
80 100 120 140 80 100 120 140
Freauency [GHZ] Freaquency [GHZz]
Frequency (GHz) | 70 80 ([ 90 (100 | 110 | 120 | 130 | 140
DK 294 (292290289 | 287 | 285 | 2.84 | 2.82
- -3
Fabry Pérot Resonator DF (10-3) 48 | 49 | 51|52 | 54 | 55 | 57 | 58
Bundesministerium Brandenburgische |

fiir Bildung
und Forschung

VDI|VDE|IT *l

6Gllon
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Advanced Packages for High-Performance

Computing (HPC) and Al Applications
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2.5D Packages for HPC & Al - 1/4

i o https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-
DATACENTER RACK every-reliable-application-website-and-busines/122185703744923044/
C [PATCH PANEL
> SWITCH
0=
g

= covrennge ©
e e

[y
g e
praevy

Data Center 3, seeo

»
s matize

Data Center Rack

https://www.ibm.com/think/topics/ai-data-center

https://developer.nvidia.com/blog/accelerating-data-center-ai-
Accelerator card with-the-nvidia-converged-accelerator-developer-kit/

\

b.tu reemisene onversiat 25 Eraunhofer

Cottbus - Senftenberg
1ZM


https://www.ibm.com/think/topics/ai-data-center
https://www.ibm.com/think/topics/ai-data-center
https://www.ibm.com/think/topics/ai-data-center
https://www.ibm.com/think/topics/ai-data-center
https://www.ibm.com/think/topics/ai-data-center
https://www.ibm.com/think/topics/ai-data-center
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://developer.nvidia.com/blog/accelerating-data-center-ai-with-the-nvidia-converged-accelerator-developer-kit/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/
https://www.facebook.com/netwithisrar/posts/data-center-rack-explained-behind-every-reliable-application-website-and-busines/122185703744923044/

2.5D Packages for HPC & Al - 2/4

Accelerator card

NVIDIA A100

WSYSTEMPlus

- HMB2 Stack
8 stacked memory dies (8GB) + 1 Logic die GPU
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GPU + HBM on Si Interposer

Package with Ampere A100 GPU and 40GB HBM2 memory on a silicon interposer.

HBM2 Stack
8 stacked memory

dies (8GB)
+
1 Logic die

Filler Die
GP100HBM2

Laminate substrate
(12 layers PCB)

HBM2 Stack|

Silicon Interposer
covered by molding
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Silicon Interposer

Package Cross-Section — Optical View
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® Signal & Power Integrity Design of Chiplets for Accelerator Cards at IZM

High Bandwidth Memory (HBM)

o
i0
sect ;
ross il Package with Ampere A100 GPU and 40GB HBM2 memory on a silicon interposer.
Cross Section Simulation of Interposer Channel
PCB ¢} ate HBM2 Stack
R/L/C Matrix e
1 Logic die
Filler Die
‘GP100HBM2
1.00 5 1.00 Laminate substrate covared by moting
= E 5 (12 layers pcs)
7 Interposer Channel 7
2050 2050
= C
80.25 H H 80.25
£ With more than 3000 wires £
0 30 100 150 200 250 300 350 '

T T T T T T
0 50 100 150 200 250 300 350
Time [ps]

Eye-Diagram at Transmitter Eye-Diagram at Receiver

_ Brandenburgische __——
Seite 58 btu Technische Universitat % Frau n hofer
© Fraunhofer 1ZM

Cottbus - Senftenberg
1ZM



(0,C) Coupling Factors K, to Neighbours

1E4+0
1E-1

2.5D Packages for HPC & Al - 4/4 (0 D)

® Design & Test of Chiplets at 1ZM

B Signal Line Polyimid B Silicon
Bl Ground Line Silicondioxide
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Universal Chiplet Interconnect Express (UCle): open industry standard interconnect for
developing an open chiplet ecosystem, where chiplets from any supplier can be packaged

anywhere in an interoperable manner.

Open Chiplet: Platform on a Package

High-Speed Standardized
Chip-to-Chip Interface (LCle)

Customer IP and 20
Customized Chiplets Laur

-
Sy *"
P : Se:(of Corez
‘(Eﬂwet ogene/g

Memory

Advanced 2D/
25D/3D
Packaging

(Standard Package)

Standard Package: 2D - cost effective, longer distance

anywhere and assembled

UCIe 1.0: Supports Standard and Advanced Packages
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Package Substrate

(Advanced Package Choice Examples)
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Key Metrics: Expanding Industry Leading KPIs to UCIe-3D

Characteristics / KPIs UCle-S (2D) UCle-A (2.5D) UCle 3D Comments for UCle 3D
Characteristics

Data Rate (GT/s) 4,8,12,16, 24,32 Upto4 =SoC Logic frequency — power efficiency is critical
Width (each cluster) 16 64 80 Options or reduced width to 70, 60...
Bump Pitch (um) 100-130 25-55 < 10 (optimized) Must scale so that UCle-3D fits within the bump area, must support
> 10— 25 (functional) | hybrid bonding

Channel Reach (mm) <25 <2 3D vertical FtF bonding initially;

FtB, BtB, multi-stack possible
Target for Key Metrics
BW Shoreline 28 -224 165—-1317 N/A (vertical)
(GB/s/mm)
BW Density (GB/s/mm?) 22125 188 — 1350 4,000 — 300,000 4TB/s/mm? @ 9um, ~12TB/s/mm? @ 5um,

~35T/s/mm? @ 3um, ~300T/s/mm? @ 1 pm
Power Efficiency Target 0.5 0.25 <0.05 at 9um -> Conservatively estimated at 9um pitch
(pJ/b) 0.0lat 1 pum <0.02 for 3um pitch
Low-Power Entry/Exit 0.5nS < 16G, 0.5-1nS > 24G onS No preamble or post-amble
Reliability (FIT) 0 < FIT (Failure in Time) << 1 0<FIT<<1 BER < 1E-27
ESD 30V CDM 5V CDM - <3V 5V CDM at introduction, no ESD for W2W hybrid bonding possible

. . . . . & . n
UCle-3D will deliver compelling power-efficient performance Tmp U Cle
W

Universal Chiplet

Interconnect Express
Property of Universal Chiplet Interconnect Express™ (UCIe ™) 2024
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Summary

Advanced packages, substrates and interposers will continue to play a key
role in the functionality, cost and reliability of emerging and future
components, modules and systems for RF, wireless, high-speed digital

communication, sensing and computing applications
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Questions & Feedback
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