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Summary muRata " N

. Voltage scaling slow down.
Fine grained voltage regulation is necessary
to decrease power consumption, heat concentration.

. To lower packgage inductance,
Thin, flat, multi-terminal capacitor should be closer to MPU.

. To lower wire & interconnect resistance,
bump-less interconnect is promising.

. We have an idea. N
In-PKG Si-cap example In-PKG MLCC example
- Size : 1.15x1.15 mm?2 - Size : 1.0x1.0 mm?
- Capacitance : - Capacitance :
- T: «T:
+ Bump ¢/ pitch : + Bump ¢/ pitch :
- ESL: - ESL:
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Voltage scaling slow down, 3D era comes muRata §_

TNHOVATOR iN ELECTRONICS

Wdd /W

IRDS2018 Table MM-11 Power and Performance Scaling of SoC
YEAR OF PRODUCTION 2018 2020 2022 2025 2028 2031 2034
G54M36 G48M30 G45M24 G42M21 G40M16 G40M16T2 | GAOMI16T4
Logic industry "Node Range" Labeling (nm) b o3 "5* 3" 24" "4.5" *1.0 eq" "0.7 ﬂ"
IDM-Foundry node labeli 1017 i7-15 i5-13 i3-12.1 i2.1-11.5 i1.5e-11.0e_| i1.0e-10.7e
. . . . finFET LGAA LGAA-3ID LGAA-3D
Logic device structure options FinFET finFET LGAA LGAA VGAA VGAA VGAA
Mainstream device for logic finFET finfFET | fnFET |  LGAA LGAA | LGAA3D | LGAA3D
Vdd (V) 0.75 0.70 0.70 0.65 0.65 0.60 0.60
[CarTe TergerT iy 70 L) T T Iz 1z 1z
Number of stacked tiers 1 1 1 1 1 2 4
Number of stacked devices 1 1 1 3 3 4 4
Digital block area scaling - node-to-node = 0.60 0.75 0.82 0.79 0.57 050 |
Cell height limitation - HD device MO Mo Mo Mo Mo Mo
SoC area scalling (stacked) - node-to-node - 0.70 0.79 0.84 0.83 0.60 0.60
CPU frequency (GHz) 2.90 343 327 3.64 4.02 3.46 3.30
scaling - node-to-node = 0.08 0.04 0.11 0.10 014 0.05
CPU frequency at constant power density (GHz) 2.90 1.92 1,69 214 1.93 1.25 0.72
i L i o e 044 Grd- £-30- 242 Ortt
r Power density - relative 1.00 1,64 154 1.70 2.08 2.78 4.55

M After 2028 there is no room for 2D geometry scaling.
Transition to 3D integration are projected. (IRDS2018)

— 2
Prs = Ngate *®qy * Croaa * Vaa”™ * Freq

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

Power density problem is getting worse,
but Vdd scaling doesn’t contribute much for power saving.
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Core Volt.

To overcome power delivery problems

Bl More stablity to Lower Vdd
A

TDP

AVout/Vdd =10% Fop Vg
2.SV 4-

— AVout/Vdd <3%

+50mV + 3000

X m

1.2V ———
1.0V
>

350nm  250nm  180nm  90nm 65nm 28nm

In-PKG Cap
stabilize voltage

= MLCC 3D

. Si.Cap stru%*ture
Murata A
TSMC, IBM

Samsu ng etc. Trench with tripod pillars

Trench with holes

No Trench

mulRata

INNOYATOR IN ELECTRONICS

'.-v,.\
e

M Higher freq. of DC-DC

Now Future

Wasting power

LSI Power

time time
Operating power In-PKG LC filter
Cancel Sw noise
* On-Die Pwr Inductor * In-PKG Pwr Inductor
Il = 1] AT Power MOSETs

Intel | TSMC - _ (!VR)

IBM STATED '

Ferric

Tyndall

etc. 30 InFO Inductor
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Integrated VR & In-PKG Inductor

TSMC: VLSI2020

Intel: ECTC2020

(a)

Figure | (a) Backside of the 10" peneratom Tnwel® Core™
microprocessor package. (b) Zoomed in view of the backside of the
package with the MIA modules. (¢) Top side of an individual MLA
maodule. (d) Backside of an individual MTA module with the pads

Tigure 11 (a) Cross sectional image of a substrate with MIA
{mdicated m ved box) atached. (b) Detnled cross section of the MIA
maodule

INNOVATOR IN ELECTRONICS

Samsung: Patent oW Citle_--126k)

HEM CHIP |
4GHz HPC Inductor 18 120 122 116 | HBM CHIP }125

[in ] HEM CHP J
| . - —
i \ 7777777 2\ [eurreonp 128
126—= 5 | Mgl | o 190
) _i: B r i B ] ééé g“" =114
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{138] HEBa EAT /J zt'/.- 71113
j DL . S ot ol
=1.0V=SoCZVin  PVR Vin /"‘R '/\\// 7, z Y [ 06
| (&R ry \, OF
190 e TS U\ \ el A
MBVR Decoupling Caps MBVR Decoupling Caps 104 mﬁ 1 12 113

i United States

«2 Patent Application Publication s Pub. No.: US 2018/0190635 A1
CHOM et al (4% Pubs. Uate: Jul, 5, 2018

PVR Inductors

Kaist: EDAPS2019

Off=<hip VRM bt chipy

conceptual cross section of
integrated magnetic inductor

On-chip IVR

RDL2
o, Polyimide 2

VR on
Active Interposer

Carrier wafer:~ 700um

The proposed IVR on active interposer can achieve the Highest Density

Fig. 9. Comparison of footprints of off-chip, on-interposer. and on-chip

Fig. 1. Concept of FOWLP with embedded maguetic core. voltage regulators.
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TSMC
IEDM2019

TSy ICAP SoC  SiInterposer

R ()
Fig. | The schematic diazram of iCap dey vy of DTC in the 100
et thick Siinterposer. The silicon mterposer containg TSV and metal
routing layers o accommodate the high routing capaeity demand,

ECTC2020

Benefits of In-PKG Capacitor

VLSI2020

MBVR Decoupling Capg

IPD Silicon Chip

S50C1 Vin = 1.0V

(180nm Trench Capacitors)

PDN impedance (Q)

Figure 1. A conceprual stmetire of HPC system on new CoWoS plarform.

S0€2 Vin= 1.

MEBVR Decuupling(qas

Zoom in IPD
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[

INNOVATOR IN ELECTRONICS

Samsun “
<
3-plate MiM DTC ISC
{Metal-insulator-metal) {Deep trench cap.) (Integrated stack cap.)
Structure
Cap. density X 1.0 X75 X7.5
ESR X 1.0 X15 X 1.5
Cap. Height X1.0 X15 X1.0
Reliability Relatively Good Poor Relatively Good
—=wfo MIM —w/ 2-plate MIM —w/ 3-plate MIM —w/ ISC ——Without MIM —=32P MIM ——3P MIM ~——15C = = -Currént Scenario
x1.0
3
5
s z
o w =
i o H
o £ £
£ s 3
=
Q
o

Figure 5. Characteristics of PDN impedance depending on
on-die PI solutions (power density of 0.5W/mm? in a SoC).

Frequency [A.U.]

Copyright © Murata Manufacturing Co., Ltd. All rights reserved.
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=
Interconnect is the Key for higher performance/cost muRata @

INNOVATOR IN ELECTRONICS

LE+O5
F
B The interconnect RC delay escalate with 2D scaling. (Qualcomm) >
Interconnect RC
__LEw03 /
B Viemory, Interconnect, Power, Software are the more important - —1oRa
T - 5 o
for Next Gen System design than transistor. (ARM) 2 IEBEGURC dominant l‘
LE+00 .—.—.‘.\._-.
. . . . T istordel - - o
B The interconnect scaling go faster than Tr.(Gate pitch) scaling? ey | R -
NSO NG5 nNas N28 MN20 N16 N10 N7
A Fig. 17. BEOL performance/area’cost scaling is the foremost issue
for 10nm/7nm nodes.
o g FMA+SIMD 1060
ol P |
c = I
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= 5 | Y] I
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qg c 1 I E E — o8
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a5 [ I g i N =
v T I Memory/ I Compute EZ e BN gty
g — L Compute i Bound B R
L] e\ ‘—a
S 3| & Bound I X
= = - | 1 10 3 .
© = L 0 -
T = Memory I a2 2014 016 2018 2020 20202 3024 2006
& BOU”C{ i ==}==IRDE2018 Gatepitch  ==0=- intel Gate pitch - =[i== TSML 'Gate piich
1 ) =={1==Samsung Gate pitch  —s— Stacked Die uBump —a— Die-Substrate FC Bump
Arithmetic Intensity (flops/byte) —e— BGA Bl

Computation to Communication ratio
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Samsung’s PKG technology

VLSI 2020 Chip Stacking Scaling

+ 8-stack = 12-stack (Dimensional Scaling) = 16-stack (New technology)

I, I I
s—
I i} I
N
i} 1T I
] P
It T I
ANy I
L e —p
S —
1T IT [T
X
IT T, T
0 I I
o p—r - p—
i} i} I
—
i L” I z
- = Scaling-| = - - Scaling-Ii U o
UBump uBump-less
D2W bending

Dve thickness

[Snurre anandTech, "17-Layer 30 TSV GRAM"]  [Snurce: anandTech, “DEI Ultia Interconnect™]

2020 Symposia on VLS| Technology and Circuits

Paper|D (SC2.8)

Hotchips 32 (2020)

@ CoW Process

@ Package Image

SRAM Chip -
e o ML . o TR
S EART il AR
W55 & BS TC Bonding Molding Substrate

@ Chip on wafer (CoW) Bonding

@ Based on Mass Manufacturing Infra with >1.33 CpK

@ Passed JEDEC Package Reliability Standard

@ Package Flexibility; Multi-memory Stacking (= 2H)
Memory Side by Side Bonding
Face to Face Boppding

INNOVATOR iN ELECTRONICS

X-Cube
3D TSV SRAM-Logic Die Stacking Technology

-

@ Al devices require higher memory bandwidth and low latency with small form factor.

F;:f:z? Al Training
3000 286 Genl: Flip Chip + Wire Bonding Gen2: 3D TSV
i pe (HEM)
1000| Discrete - »
JNGE (51%] vu
Mabile
Alinferance | ’ .
2901 pop i Higher B/W -> Increaze |/O Density S
R Need 3D SRAM solution
if Low |atency -> Embedded SRAM 4

S0 200 300 400 2400 B/W
(GB/sec)
@ To fulfill the memory requirements, Samsung Foundry proposed a three-dimension
(3D) static random access memory (SRAM) stacking solution (SAINT-S, Samsung

Advanced INterconnection Technology with SRAM).

Copyright © Murata Manufacturing Co., Ltd. All rights reserved.
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TSMC’s PKG technology

VLSI2020 Dong.Yu et al. gﬁc

SoIC Realizes SoC-like Heterogeneous Integration
with on-chip (SoC) performance

~ l.ogrcs B

iners Cores Amps

B Power Sourcn B¢ ., etc

S arstechnica.com nx |

~ Memories

DRAM SRAMs

IHBMs

Source:

sermimd.com
Sc tfce: smamsun.com

- and everything else, ...

-
. .. IPDs &
Photonics <o i g o
Saurce:
| tasertocusworid,com &% i‘_‘l‘l‘l'l‘l " o a’ |

Frontend, Backend Integration Can Co-exist
Frontend 3D Backend 3D

CoWoS
§i Interposer-based
Better performance, lower power, smaller form factor,
more functionality

K.C.H. Hsieh et al.

2020 Symposia on VLS| Technology and Circuits

the Cu "nails” (through silicon vias)

TSMC Tech Symposium 2019

Thermo-compression bonding {‘bumpless”) for TSMC SolC 30 stacking

S front-side to back-side
TCE attach topology
Is shawn

front-side of the top die is attached

to B camrier, and thinned to expose front-side to front-side

is also an option

¥.H. Huy, gtal, "Cu-Cu Hybrid

. Bonding for 3D IC Stacking”,

2012 |EEE International Interconnect
Technoiegy Conference

Beatiom die

https://semiwiki.com/semiconductor/tsmc/8150-tsmc-
technology-symposium-review-part-ii/

VLS |2020 T.H.Tsai et al.
12-‘-’%30": Bond

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

ECTC2020 M.F.Chen et al.

>
muRata'

INNOVATOR IN ELECTRONICS

Table II.  Comparison of bandwidth densily and power
consumplion between conventional 12-Hi DRAM and LT-
SolC 12-Hi DREAM

Package Type

(Contraller + 12*DRAM)

Typical 3D

L1-S0lC 3D

Baond Techmque LT SolC-bond
Structure | Zeform factor 0.64X | 050X |036X
(die thickness) (50um) {45um) | (35um) | {25um)
Bandwidih density
sl Lin i W.} X LISX | 1.27X | L.28X
Perfi Power
posalsliiy I1X 0.92X | 0.86X | 081X
Typical 3DIC SolC
ji-bump formation I_wwsgc‘;wrj s0C Bond formation
S0C-1 S0C-1
SoiC il
| socz |
Undefill
+ +
S0C-1 s0C-1 ROL
FCb optional
C4 ump soc2 || , SoC-2 {op! )
FC assembly on substrate FC or WLSI

14 November 2020
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What happen to PDN in 3DIC?

J.Kim(imec), A.Levin(Intel), G.Charles, PD.Franzon (NCSU), EPEPS2011.
“Analysis and approach of TSV-based Hierarchical Power Distribution
Network for estimating 1%t Droop and resonant noise in 3DIC.”

Interconnect inductance isolate tiers
and interact with local Cdie.

1o00—1

Impedance {211) (L)

........ Sirgie Tier Chip-PDN
Multi-Tiar {3 Sincked ) Clvp-FON
2

:l o 20
Frequency (GHz)

Fig. 5: The presence of multi-stack TSV structures produces
undesirable upper impedance peaks at relatively low frequency
ranges.

The distance to the highest chip induce the
worst SSN. Decoupling capacitor is effective,
but result in excessive area and cost overhead.

MOTHERBOARD PACKAGE CHIP
: :mu-. = .-Ln:n- 2 —Il-R:g == L;Q— — :rg;ﬂ:m: —Ld:‘-rn;-s— - : AVae(t)
J—rm £ :: AMA— i .: A : i L
;l ] ] I "\lf'
veuppty Crmb — Cog | CdieTER1-3 == | 1
1)! - g 1y ]
U U g S p— JL ________ 4
2L >R
pkg .
Vaie(®) = Vag + | Imax c exp (— 2L1 ) - sin(wt+1)
die pkg
1.28 T T T
i Big Capcitance Needed! |
1.24+ : 3
Vvdd x3% N
=36mV [

v Y 2200 nF/mm?
+i C, =200nF —>46.8mV -
.12 if

‘,' 15[-Droop ~93.7mV drop

H
!
1
i

Ns ] ] 1 | 1
On 20n 40n 60n a0n

Time (s)

100n
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Thin capacitor candidates
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Silicon capacitor technology

Deep trench and tripod pillar makes large
surface area of dielectric layer

Very high capacitance density compared
to classical solutions

Wide range of breakdown voltage are
achieved for different applications

Very effective to reduce the components
and to miniaturize the application

High Reliability and Stability

INNOVATOR IN LLECTRDNICS

3D
structure

Trench with Tripod Pillar

Trench

No Trench il '

Class 1 dielectric COG
10x 10 nF 0603 400 um thick

~

Murata SiCap
1x 100 nF 0402 100 um thick

3D Silicon capacitor (HTSC)
4 99,5

100

Initial status DC bias effect Temperature effect Ageing effect
Value: 100 nF @55V=-01% @ 200°C = 1% @ 1000h =-0.001%
Voltage rating: 0 V
Temp.: 25°C

Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 14 November 2020
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=
Fine bump pitch helps IC performance  muRata §#

INNGVATOR iN LLECTRONICS

« Si-Cap intrinsic ESL is lower using fine bump pitch

— | sopH

. —(

— 000
U0

000000
000000
000000
000000
O0000O0
O0000O0

() theoretical two terminal equivalent

 Assembly ESL is reduced

Multi-term generate smaller current loop = lower ESL
Particularly with multi-terminals (shorter distance between pads)

Active IC

Typical Assembly Schema_Cross section view

Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 14 November 2020 16



P
Effect of structure for parasitics muRata g

Outer Structure Inner Structure

Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 14 November 2020 17



Performance

s
Si-Caps Roadmap for mobile and HPC  muRata #_

INNOVATOR iN ELECTRONICS

Future

Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 14 November 2020 18



=
Capacitor for medium/high voltage muRata @

INNOVATOR IN ELECTRONICS

Si GaN SiC

GaN Seven-Level

Flying Capaciter
GaN Full-Bridge
Inverters:

o= = [Eff. = 100— (0.0 % PD)/‘\
; Jnﬂneon@

EN T

PD (W)

FIG 4 The plot of the inverter FOM shows the UIUC design as an outlier, and tradi-
tional designs contain design tradeoffs that are restricted to a particular trend line.

Available Under Development

Medium Voltage High Voltage

Transaction on
Power electronics,
vol32. No.11, 2017

R.Podgruski et al.

Fig. 10, Annotated photographs of the active energy bufter board.
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Why bumpless? muRata l

INNOVATOR iN ELECTRDNICS

c4 l:ﬁ u-bump |:> Bump-less " ” ” ” " 40
(Flip-Chip) (3DIC) (SolC) '_ lllilllll - & 95
__EeEesae - 9 —o-BBCube
~120/mm? ~ 800/mm? 12,000 N ~ 30
1,200,000/mm? ' E o o -e-HEM
E 25
[
& % 20
§ HGE ) /
10 A z
Lowest four die is activated
5
0 10 30 40
Number of Stackmg levels
Fig. 1 Cross section of HBM Eye pattern Power
(8 DRAM dies+Base die) — —
b HBM
B ubump 8 stacks ) 2142 pw
» SolC-bond 2 drops (incl. pre-buf.)
9 stacks .
] 3 drops (4 signals)
Fig. 2a Cross section of BBcube = (800-Mbis) =
(9 DRAM dies+Base die)

BW Energy/bit

More stacks, BW, Thermal Conductivity, Signal Integrity, Lower parasitics.
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- - -

coat adhesive on a 300mm wafer

:

pressure oven

pressurizing and heating

convection oven

adhesive cure

Bumpless CoW process

mount nozzle

Si capacitor

p—
chip bonding
mold resin
wafer molding
lWafer Flip
Carrier wafer "‘“——'/
Carrier Wafer Bonding

Copyright © Murata Manufacturing Co., Ltd. All rights reserved.
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INNOVATOR iN ELECTRONICS

RDL Wafer
ﬁ\<

i 2

_—

Wafer Thinning

!

G

TSV/RDL forming

.

wafer dicing
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Bumpless CoW process achieved muRata !

INNOVATOR 1IN ELECTRONICS

Conventional

Advanced (1) Flat Cu surface achieved

Al IN Al

Capacitor
(embedded in interposer)

: Si capacitor
. (2) Voidless bonding process developed

_/ §§5pm

Si interposer Capacitor

PKG-SUB

Capacitor

Capamtor

/ Wafer

Thin Adhesive

Capacitor

Void \ Void Disappeared

) © 0§
PKG-SUB

process optimization
wire length : 5-30 mm wire length : 20-50 um

Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 14 November 2020 23



Heterogeneour Interposer can be obtained muRata §,

INNOVATOR IN ELECTRONICS

5 um thin bonding layer with no defects.

Si capacitor

Si capacitor after planarization T —— e ——

adhesive

glass wafer glass wafer

Y.Satake et al., SSDM 2020

functional interposer

adhesive
($=10 um, h=13 um) (2.5 um)

1080000008800 8808 0000000080000 0000000808 0005000000000 08000 000000051

PKG-SUB

Si base wafer

Y. S. Kim et al., ECTC2018

Capacitor, Inductor, iVR, Bridge, EO-device... anything.

Copyright © Murata Manufacturing Co., Ltd. All rights reserved. 14 November 2020 24
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Summary muRata " N

. Voltage scaling slow down.
Fine grained voltage regulation is necessary
to decrease power consumption, heat concentration.

. To lower packgage inductance,
Thin, flat, multi-terminal capacitor should be closer to MPU.

. To lower wire & interconnect resistance,
bump-less interconnect is promising.

. We have an idea. N
In-PKG Si-cap example In-PKG MLCC example
- Size : 1.15x1.15 mm?2 - Size : 1.0x1.0 mm?
- Capacitance : - Capacitance :
- T: «T:
+ Bump ¢/ pitch : + Bump ¢/ pitch :
- ESL: - ESL:
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