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INNOVATOR IN ELECTRONICS .

|. Introduction / Thoughts sharing
ll. Silicon Capacitors: 5W (Where, Who, When, Why, What)

lll. 3D Nanoporous Silicon capacitors for Power applications (PDN, iVR)

Switched-Capacitor VR (SCVR) ‘
Max. Efficiency >94% . oy
~3x less on-chip heat el /g1 Current

V. Conclusion

Power
Inductor

Bulk Cap. AsIC

~50% reduction in
processor pin count

= = Compact_Low Output Current
Hybrid VRM (HVRM)  Low routing losses &
Max. Efficiency ~95%

complexity due to:
~2x reduction of inductor . Smaller current
area

- Shorter vertical
connections
@ 3D-PEIM

3D Power Electronics Integration and Manufacturing
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#«More computing power *  System integration

Opportunity for
semiconductor
packaging

Create business opportunity for both advanced
and traditional packaging platforms

Advanced packaging (WLPs, flip-chip, TSV)
business opportunity supported by AI/ML,
Mobile, AR/VR, 5G, smart automotive

Traditional packaging (wire-bond lead frame [®——
based) business opportunity created by loTs,
Industry 4.0, smart automotive

Mega trends like mobile, automotive, loTs,
industry 4.0, require variety of MEMS sensors
that create opportunity for both traditional &
advanced packaging

Require Back end and assembly innovations: panel level packaging, high
accuracy bonders, TCB, CtW/WtW bonding, photonics integration in
package. As for materials, there is a desire to develop new dielectric

y

materials, mold compounds, underfill, solder interconnects, and TIMs for
fulfilling the stringent performance and reliability requirements demanded by
next-generation hardware.

CONFIDENTIAL Source: Yole Développement

Megatrends create business for variety of 1Cs

Opportunity for from high end xPUs to low end discretes
#High speed + More sensors i )
System various devices & CPUs, GPUs, 50Cs,APUs, FPGAs
requirement +More bandwidth & More memory — & AS|CS, DSPs, MCUs
I — 1
#Low latency e Low cost & MEMS/Sensors
#Low power * Hardware-software & Power ICs/discretes
compatibility & Memories
#+More functionality
-

Optoelectronics

Opportunity for
fab/front end

Front end scaling slowdown but continues:
Moore’s Law keep going but at smaller
pace => high end fab business keep growing
(5nm & below)

More & more heterogeneous integration to
support functionality, faster time to market
and low cost : More than Moore’s =>
Resurgence of legacy fabs => Increasing
business

8" wafer fabs and related tools demand to
remain strong

Require new technology | innovations: Front end design /
manufacturing innovations: from von Neuman to neuromorphic
computing  architecture; new  processes: beyond FinFet,
nanowires FET, vertical NAND etc; require EUV and new
depositionfetching technologies; new interconnect materials,

dielectrics etc.
Status of the Advanced Packaging Industry 2021 | Report | www.yole fr | ©2021
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Il. Murata Integrated Passive Solutions_ Where ?
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Americas (23)
United States
Brazil

Canada @
Mexico

(No of companies)
Regional Head Offices
A. Production plants

@ R&D Centers

*Murata Manufacturing Co.,
Ltd. is not included in the
number of subsidiaries

Wafer foundry

EMEA (16) - 6" cleanroom/ 5000 m?
The Netherlands

Finland A®  Spain

France A®  Switzerland
Germany United Kingdom @
Hungary
Italy

- Part of Murata since October 2016 for the Automotive market.
- Murata Integrated Passives division

- Manufacturing & Innovation center

Japan (55) A@

Greater China
(37) Ae

Asia and
others (19)
Singapore
India
Malaysia
Philippines
Thailand
Vietnam

224l

- Certified ISO 9001 / 14001 / 18001 and IATF 16949

muRata

INNOVATOR IN ELECTRONICS

R&D center
- Integrated in Leti premise (Grenoble)
- 8”technologies

- Innovation for HD & HV portfolio

nmRa_ta

INNOVATOR IN ELECTRONICS

Nanotec 2008300
MEMS 200
Nanoscale

Characterization

@ 3D-PEIM

3D Power Electronics Integration and Manufacturing
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ll. Silicon Capacitors technology Who? When?
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Long Lifetime, Down Sizing

High Capacitance
GRM Series =

(2.5V~100V, ~220uF)

EDLC

DMF Series ...
(~1000mF, 4.2V) \/
Automotive Grade
GCM Series

(1509001, AEC-Q200, T516949)

Safety Recognized /=
DE Series

(13 countries Safety Approved, X2/Y1/Y2)

SNUBBER (SHIZU o
MIC-UV Series g

(~1,600V, ~4uF)

Polymer Electrolysis
ECAS Series

(2.5V~25V, ~470uF)

*

Low ESL
LLL/LLD Series

(~4.3uF, 9.2uF) ({ q

Consumer
LED lighting, TV, Air conditioner
Smartphone, Tablet, Wearable

Factory Automation, PLC,
Inverter

Industry

High Power
EVC Series

(~1,600V, ~4uF) i

DC-LINK (SHIZUKI)
MEC-DL/HV Series €
{~1,200V, ~1,600uF) : ‘

High Power Conversion

Metal Terminal
KRM Series ’.r’

(25V~1kV, ~100uF)

Embedded
GRU/LLU Series &

(110um~, Cu VIA Connection)

Healthcare

Imaging Therapy, Hearing Aid,
Clinic System

Wind / PV Power
Generation, Oil/Gas System

Energy

PA High Q a5
GQM Series

(250V~500V, 1GHz~10GHz)

Optical Transceivel gy

GMA/GMD Serie5/\

(Wire Bonding, Au Electrode)

High Reliability
Implant Class D
GCR/GCH Series
(15013485) -

Ultra Small Size
GRMO01/02 Series

(008004, 01005) ¢¢
Non Magnetic
MA Series «

(MRI application )
Multilayer

RDE Series ﬂ
(~220uF, ~2kV)

Ultra High Voltage .
DHS/DHK Series | * '

(DC10~50kV,AC10~25kV) '-.

High Voltage /&
DHR Series

(6kV~10kV)

Ultra High Voltage, Communication

Wrong choice of passives can impact and limit the final application

@ 3D-PEIM

3D Power Electronics Integration and Manufacturing

Copyright © Murata Manufacturing Co., Ltd. All rights reserved.
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High Density
Miniaturization

Low profile
Low ESL

Low ESR
High Reliability
Mechanical strength

High Stability

03 February 2023 5
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|. Silicon Capacitors technology Where? muRata @

RF
Module

o .
R T Optical
P Gonpens transceivers
A capacitor can be placed near a SW device and a LD
Si-IPD(Si-cz

-

LiDAR Module
140W, <1ns pulse

DC-DC Converter
100MHz

High voltage DC-DC
Converter SiC /GaN

DC-link
B lat
Capacitor aes pae
Heat Sink

. ‘%
Iilmm ]
\Medical/HeaIthcare UBB

DC-LINK Capacitor

.......

9 j wv DCGOOV,
}l)IJ C, b

3~5nF, 5~10Q

Neurostimulation
module

WBG power switching

@3D-PEIM

3D Power Electronics Integration and Manufacturing

Smart
Lens
Copyright © Murata Manufacturing Co., Ltd. All rights reserved.
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Il. What's Silicon Capacitors Technology ? muRata
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(2 parallelized capacitors in a MIMIM architecture to increase the capacitance value) ) o
High stability in temperature

Passivation

Middle electrode Top electrode layer (Si0,) Metallayers Up to 250°C environments
(in-situ doped (in-situ doped Bottom
Polysilicon1) Polysilicon2) J, electiods B
N 1 Polysilicon1 (PS1)

(N++area
Signal stability over frequency
Up to 110 GHz applications

Based on high-k
materials nanostacks

& barrier electrodes Stability regarding voltage

For 450 V applications

Stability over ageing
- . Minimum lifetime of 10 years
Silicon Capacitors

Extreme low thickness
Down to less than 50 pm

(I\

,f«
‘
A1\ 10\ © \® \ =N

Tilted SEM view

* Murata is committed to a vision of developing innovative integrated Silicon capacitors to match the
requirements and trends of SOC

@ 3D-PEIM
3D Power Electronics Integration and Manufacturing Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 7
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I. What's Silicon Capacitors Technology ? muRata @
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\)
C= EOErEN

C : Capacitance Breakdown
S : Area of the two electrodes VOliage

d : Separation between electrodes
&y: Electric constant

£,: Dielectric constant

N : Stack number 1200V

3D nanoporous structure

3D structure with tripods pillars

3D structure with holes

150V
2D structure with no trench 100V
23 nF/mm?*
oV i i | S R
100 nF/mm? : : Mo Trench :

Sunace Mountea capaciior

1300 nFimm?
o

Time

erane 1My f T ——— “High Cap. Nt
\/“"Tm:‘ . 250 anfmmz i direction E

High ohmic resistivity
Silicon

Intermal tripod structure ——/

Silicon Capacitors extending MLCC portfolio
@ 3D-PEIM

3D Power Electronics Integration and Manufacturing

Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 8



Die Side

Land Side
or
Embedded

@ 3D-PEIM
3D Power Electronics Integration and Manufacturing Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 9



Ill. PDN_di/dt Mitigation muRata @
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« Workloads exert excessive load transients and instability in the power supply
network - variation in CPU activity may cause droop with steep slopes

« The di/dt events of CPUs induces voltage transients that need to be margined
for, at the cost of power and performance

« Higher performance cores switch more current, inducing deeper droops. This
impact is amplified at lower operating voltages as required by scaling trends

- There is a need for an efficient PDN decoupling strategy

V() 2N 1)
vdd | !Idd 1! Ztarg ||
= NGl Need to take care of anti-
€ Antiresonance resonance and resonance to
Né  Resonance mitigate voltage noise

Frequency

@ 3D-PEIM

3D Power Electronics Integration and Manufacturing
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On-Chip Capacitance

Chip (Semiconductor) PCB

Pack C it
ackage Capacitor Package

Package
Board Capacitor Delayed Socket, BGA,  Wire bonding, internal wiring
response cable, ~ Board wiring, etc. board wiring,  for semiconductor, package
Bulk Capacitor aicy etc. wiring, etc.
Current
4{ r@o\ }—"—{ r‘m\ /W Semiconductor Fluctuatlon
—L | Power ~— - l
T Supply — 71—
r 77 78
Power Supply Module or On chi
Power Supply Connector Coaor Copatior Cosaety Capactance
* Power supply impedance must be made small over a wide
frequency range
« One capacitor cannot achieve the necessary impedance, oz ‘
multiple capacitors are positioned hierarchically to achieve
the target power supply impedance mpednee
Zr
« Due to space constraints, on-chip capacitance is not
enough to reduce impedance at high frequencies. Boktin. Inadancs v o |
oot r
@3D-PEIM °

3D Power Electronics Integration and Manufacturing

Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 11



»
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Thickness General Trends for Mobile & HPC
FOWLP / FOPLP
P - Fine L/S (— Fine BGA pitch)
o
Low profile » Scaling

* Higher functionality

* Increase in Power density

ey
‘
! — ﬂ General requirements for PDN
I
I

Fine BGA pitch * More stability & flat design
£sr Low profile capacitor is needed , | . . 7 design at high frequency
Microfabrication of process =—> Lower target impedance * Lower Z design at anti-resonance
Future Transistors Wm,,,# ] _ '
[} .
oy » - o Tarieu \Ant-resonance Needs for Capacitors
z ] g [
3 [ o S WB | )\ T -
H s E&%‘.— 8 Y™ / \ Low ESL * Extreme Low ESL
----- . \“'f— High capacitance
wwe ws wm ws Frequency [MHz] + Extreme Low profile (Die, Terminal)
o e——— ARM . ) )
10nm — 7 nm — 5nm... I ?"d T Multerminel « High capacitance
Low ESL capacitor is needed - Adjustable ESR
@ 3D-PEIM

30 Power Electrnics Integraion and Manufacturing Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 12
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Ill. PDN_Murata’s UESL® family solutions muRata @
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620um
e LSC Si-cap
200 ym 3D Structure
Embedded Si-cap
~ Ultra Low ESL Silicon capacitor with:

State of the art density of >1300 nF/mm?2 in Silicon
1 pF in ultra compact 0404 form factor

Ultra-low ESL (< 5 pH) and ESR (< 5 mQ)

(
(
(

(

* <50 um thickness

Mechanical robustness
3D Power Electronics Integration and Manufacturing Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 13
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IIl. PDN_Benefits muRata

Si-Caps help reducing ESL

« Landside packaging
— Si-Caps intrinsic ESL is lower than MLCC
— Assembly ESL (parasitic) is reduced
» Multi-terminals generate smaller current loop = lower ESL (shorter distance between pads)
» Low-profile enables integration closer to IC
« Embedded packaging
— Ability to reduce substrate X/Y size

~2-3 mm

SrEncintemosse m

Parasitic from

Decoupling cap assembly Cap intrinsic ESL Conclusion
o High ESL .
MLCC die-side high distance - Underfill High ESL Standard
. ) Low ESL Low ESL
Source:https://www.murata.com/en- SiCap embedded Multi-terminals Improvement
eu/products/capacitor/siliconcapacitors/ov close to IC Adjacent opposite loops

@ 3D-PEIM erview/medical
30 Power Electrnics Integraion and Manufacturing Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 14



IIl. PDN_ Multi-terminal and array structure
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Multi-terminal is
important to get low
ESL.

Array structure
offers high flexibility
for PDN design

Surface
Current
distribution @
1GHz

@ 3D-PEIM

Two-terminal

BO:

Two-terminal

|1
Capacitor +1 -
current path

current direction

M R -
| — e e
1
SNY D
&y gLy
By B Te
Jsurt (Am) ' L i 0
07468 H g '
R o
21701 i, - ol
296448 &5 - 886
710 = A yC) 3
zas: - 288 % 6 8 a8,
: @ u@év n:' g:i i
| @ % (=) QQ )
e 6% e el R e,
195024 _ ggﬁaﬁ G% w 9;;86
170169 %Qy gg'@“” G ©
N e e 9 g 8. "5 8
) it
119688, e 9. @
. e
G:Ti
dp ¥
Fosss

3D Power Electronics Integration and Manufacturing

Multi-terminal

rr—
T_'I:|_T

die

Tmmm oJ
12]

1 !T T
I_||_|
+ Loop decrease(' )

+ Counteract electromagnetic
wave(2)

—Low ESL in capacitor
Low inductance of wire

sasssa
ssseese
LXE RN N
sesede
sssses
sassede

Magnetic
field
distribution
@ 1GHz

Copyright © Murata Manufacturing Co., Ltd. All rights reserved.

rmEmm————— 1
|:> die I Vddl Vdd2 |
= I I

|

Array structure

Ll L

i
it

-

+ Loop decrease('")
- Counteract electromagnetic wave('2)

—Low ESL in capacitor

Low inductance in wire
- Capability to connect different power domains(®)

—Flexibility of AP design

03 February 2023 15
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100
——Wo_LsC ‘ )
- iy 0404 Multi-term Cap Array
_g. —5i Cap.(Array)
] o Zpeokc Improvement rate
8 (mo) (%)
2 Wo LSC 62.3
MLCC(LLL) £ :
- T 0,
Si Cap array 100 SiCap. %2 pcs. 17.0 T2.7%
1 ;‘f‘;'“ﬂ i Si Cap. *1pcs. 9.1 -85 4%
—Si Cap._Array_2pcs.
Sl 0.0001 0.001 001 01 1 10 'cé' —— Si Cap._Multi_1pcs. Si Cap. x2pcs. 5.1 -91.8%
o8 : 8 20 o Frequency [GHz] o i Cap._Multi_2pcs.
Sopopa” ¢ : *Wo LSC = Without Land Side Capacitor
9a® L #In the case, we connect Si Cap.(Array) to same power line
LN
Wo LSC 62.7 =3
£ = Zear is reduced by mounting LSC
MLCC(LLL) 412 Sy 242 mO peak Y 9 -
-Z24.2m
Si Cap.(Array) 17.0 J

0.0001 0.001 0.01 01 1 10
Frequency [GHz]

» Abrupt changes in processor activity induce

1.03
large current transients in the power delivery 101
network 2. 099
« There is a need to reduce losses - provide O e s
better and more granular regulation to the ol | e
processor cores . Vol
0.05 0.07 0.09 0.11 0.13 0.15

Time [us]

@ 3D-PEIM

3D Power Electronics Integration and Manufacturing
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IIl. PDN__Assembly evaluation
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@ 3D-PEIM

Good Joint Result !

ﬁ ASE GROUP

[“eeesnenad 1.15x1.15 mm Murata 2" SiCap
;gggg; 50/100 um
o2 = 81q'ty

"""""" E-Platform 2

Courtesy of ASE R&D Team

3D Power Electronics Integration and Manufacturing

E-TV2 SEM results

82.91 um

Copyright © Murata Manufacturing Co., Ltd. All rights reserved.
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Il. PDN_Advanced packaging muRata

Logic HBM

Power Integrity can be improved using specific cap:

« DC~1MHz Standard (High capacitance)
* 0.1 MHz  Multi-terminal (Low inductance)
« 25 MHz Package Cap (Thin and Embedded

cap)
* 100s MHz Si Multi-terminal 3D cap

2.nD

Die attach cap

45 depopulated BGA 20 depopulated BGA 27 depopulated BGA
(YN O N oo N NoN Nom N N N NN N N NONONON NN NI
@0@0@0@0@6@0@@ ©00e 00000 | 0000V O0DBDOOOODOO O
-] - o @1 0000 o Sl 00000 | O (- o @ @
o oo olooce [iiilocooo| ol ool e [llNe
- ] - ©)] 60006 b 2 090000 ]| 06 0 C ® @
6] ON -] ©0190000000000000]90660060066606060600606
o - WO o] OOO@O@UOOOQUO@ - NON - NON - NONORON - NORONONON - |
0000 @0@0@0@0@0 0000000000000 ] 0000000000000 0O

LLLx 3 pcs (0204) 0404 Si-cap x1pcs GRM x3 (0402)

@3D-PEIM
3D Power Electionics Integration and Manufacturing Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 18



Ill. IVR_Traditional Power Delivery

NNNNNNNNNNNNNNNNNNNNNN

UC San Diego

Prof. Hanh-Phuc Le and his team

) integrated Power Electronics and Energy-Efficient
<EC Systems Lab

®
Semiconductor
Researc| h
Corporation

Global Research Collaboration

Qualcomm

@ 3D-PEIM

3D Power Electronics Integration and Manufacturing

Bulky High Conversion Fully Integrated Voltage
Ratio & Output Current Regulator (FIVR)
Voltage Regulator Max. Efficiency ~90%
Module (VRM)

Processor

Max. Efficiency ~90%

Pé::kage
Cubstrate

— Low Current High count of chip
el High Current pins for LC filter
connections

 High routing losses & complexity due to the
lateral distribution of very high currents
 Overall System Efficiency ~80%

Copyright © Murata Manufacturing Co., Ltd. All rights reserved.

03 February 2023 19



l1l. IVR_ Approach based on Two-Stage Vertical PD and
Management with Heterogeneous 3D Implementation
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Vertical PD Architecture
Switched-Capacitor VR (SCVR)

Max. Efficiency >94% o 1/cc Cur !
~3x less on-chip heat el +igh Current
Processor

BN G0 G G0 &0 & (8 @B & &8 & >

Package

Substrate

) ) ) EALEs il (D ) )

~50% reduction in
processor pin count

Compact Low Output Current
Hybrid VRM (HVRM)

Max. Efficiency ~95%

~2x reduction of inductor
area

Low routing losses &
complexity due to:
- Smaller current

- Shorter vertical
connections

e ~2x reduction in package PDM pins
e 4x interconnect loss reduction;
+ ~1.5x increase in available data IO pins.

@3D-PEIM

3D Power Electronics Integration and Manufacturing

Conventional Configuration

Processor

Package Substrate

PCcB

SCVR “Active” Decoupling Concept
Proposed Configuration

Processor

B 5C & & & & &

Package Substrate

..... scvR] scvRl 5000C

‘ o T ia |
SCVR Die |

Iscvrl [scvri

4 1 SCVR

Package Substrate

Package Substrate

' SCVR mounted to
. substrate in similar
, manner as SMT
' decoupling capacitor

1

SCVR Die
Interposer

I Power P:

SCVR “active decoupling”

© Power bumps
© Signal bumps

®
Semiconductor
Research
Corporation

Global Research Collaboration

* Overall §ystem Efficiency ~90% Ultra-high capacitor density

* Lower pin count for power (~1uFimm?)

* Less heat dissipation Si trench capacitors co-

« Easily scalable packaged with SCVR chip
Confidential Unpublished materials!

Qu q ICO ,WV\ 1ntegrated Power Electronics and Energy-Efficient
Systems La

Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 20



IIl. iVR_ New Approach muRata

Vertical Power Delivery with
Heterogenous Inteqgration

« New circuit topology and control
« Switched capacitor for the last stage
* Integrated passive devices (IPDs)

Unpublished Materials e >1 uF/mm?
Will be published at » Silicon interposer for packaging

ISSCC Feb. 2023 « Target: 2 A/mm?
« 87% total efficiency, with 94% for HYRM
and ~93% for SCVR

Accepted to ISSCC 2023

UCSan Diego

Prof. Hanh-Phuc Le and his team

Confidential — Unpublished materials!

Semiconductor

Pesaarch integrated Power Electronics and Energy-Efficient
E Corporation Q U 0 ICONVV\ * Systems Lab

@sopPpEM 0 e

3D Power Electronics Integration and Manufacturing Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 21
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Macbook Pro 2020 M1 Chip CPU performance vs. power

€M1

Latest PC Upto
laptop chip

faster CPU
performance’

Matches peak PC
performance using

of the power'

now

DRAM memory
M1 Processor Die

Embedded Silicon capacitor

Bottom Package Embedded
Silicon Capacitor Silicon Capacitor

@ 3D-PEIM
3D Power Electronics Integration and Manfacturing Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 03 February 2023 22
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VI. Conclusion_ On package Si-cap for APU muRata @

ag ye e N ee |
9008980083080 campatRoDery
L o R R e L TP
. SocogBwn wee® b ¥

it Galaxy S22 | S22+

Cs00es ey
Pevessnss
TR 2
Ziemesseen
svse e

R VRETR N I

O Rt |
VE R RANEY L hee e

I O e R )

CRURE A
9,0, ¥y
sHeie s ® PG @

G RCAC NP N
s

P

v
-
&«
A
(Y
«
(S

)
0
-
s
P-4

o emg s eV ga =g

SYSTEm Plus

Source:

GS22 APU Bottom view

Silicon capacitors = enabling innovation and push the limits

@ 3D-PEIM
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Thanks a lot for your time and attention!

Contact:
Silicon Capacitors on Silicon Capacitors Catalog
www.murata.com
cutt.ly/sicapweb cutt.ly/sicapcatalog

@ 3D-PEIM
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