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Moare 'S Law

intel co-founder Gordon Moore Predics,..

in 1965: on a piece of silicon woyy doubl ¢,
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Node-to-Node Transistor scaling requires:
* 50% area reduction

» 25% performance increase @ scaled Vg
« 20% power reduction
* Repeats every 2-3 years
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‘Moore’s law & transistor scaling

Lithography Enabled Scaling
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Rayleigh equation defines litho roadmap

Wavelength A |

: A
resolution=k,.—

NA

/

k, factor |

Exposure wavelength (A) o

436nm : g-line

365nm : i-line

248nm : Deep-UV (KrF)
193nm : Deep-UV (ArF)
157nm : Vacuum UV (F2)
13.5nm: Extreme UV (EUV)

Lord Rayleigh

NA 1

Low k, lithography (k1 2 0.25)

Resolution enhancement techniques,
process control.

Projection lens NA

Dry lithography : < 0.93
Immersion lithography : < 1.35
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What is EUV lithography ?

T and no pellicle can be used to keep ¢

imec

The EUV radiation (13.5nm) is strongly absorbed by all known
materials and gases. As a consequence:

Absorber

« The optics must be reflective and
-y fully contained in vacuum

 The reticle must be reflective too,

the possible defects out of focus.

 All mirrors (including the reticle) use an alternating
stack of Mo/Si layers with a theoretical maximum
reflectivity (under normal incidence) of only 74%.
Keeping the mirror count to a minimum is a priority.

« Lots of EUV intensity is lost (high power is needed).

CRITICAL ISSUES: source power, masks and resists

© IMEC 201 | 7



EUYV performance

30nm IL

o T

amafem? {11 gm)

Sie sl I~ Jcm?
LER =4.2Am"

Good process window for 28nm L/S

Good photo speed and good resist profiles
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EUV extendability

Self-aligne

d double patterning

15 nm L/S

LI P D
SIS D A O e e e

MR LT N V a
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Moore’s law & transistor scaling

imec

10

Gate Oxide Thickness (nm)

1

1990
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Lithography Enabled Scaling

Materials Enabled Scaling

1995 2000 2005
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Research challenges

HK /MG

. . Multi-Gate
Technology complexity increases MG

=» Many options still to be researched TSV
=» Combination of new materials & architectures EUV scanner
' . : g FBRAM
-> System/ngun—Ievel |mpI|cat|ons Super-HK
4 - VFET
I1I-V channel

Mask-less

Air-gap
ArF scanners RRAM

SiON M 3D-NAND
Spike RTA TANOS
KrF scanners | | Channel strain SAM

LOCOS I-line Steppers CMP USJ co-l/I HgEE_T
MOSFET lon implant LDD Ext/HALO | limmersion litho B oherd
SiN Passivation| | Plasma Etch Silicide Cu metal GL: HK / MG .

SystemCircuitTechno
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Device power

From switch to dimmer

Gate
leakage

—~ e * Si02, RTO/ISSG
e MEOAE * ISSG/RTO + RPN
§ 1.E+03 --\\ ® ISSG + DPN
> LEH02 | ”.‘:.:’
n 1.E+01 ; :\‘3 \\b
_ _ S LE+00 | S
Gate oxide leakage or tunneling current $ 1e01 ] . e
_ _ _ ® LE02f NN
= As oxide thins down leakage increases 2 1E03 |
exponentially LE04 b s

0.5 1 15 2 25 3
EOT (nm)

Need new materials and/or new architectures !
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Device power

How to tackle the problem?

Solution = new materials

e.g. high-K dielectric

1000

=
(@)
o

Atomic Layers
H
o

L1980

1985

1990

1995 2000 2005 2010 2020
Year

Direct tunneling

Oxi
%

—0+ poly |

des < 3nm

Vox

v

'H...__________-
———

sub

imec
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O AlO-cap (p-EWF)
~GF < O uncapped high-k dielectric
O La-cap (n-EWF)

Gate Last High-k/Metal Gate
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Device power

From switch to dimmer

Vo

| Gate dielectric
S—

Sub-V;
leakage

Subthreshold leakage

= Short channel forms no effective barrier

= Threshold voltage not scaling as fast
as Vpp

Evs

Source |

Thermionic

emission '\

QM

tunneling

tunneling

-\

Need new materials and/or new architectures !

3| [suueyd
wns

Y
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imec © IMEC 201 |

16



Fully depleted devices

Solution = New Architecture

e.g., Fully Depleted Devices
for better short-channel control

200 T
i nMOS
150
__100 -
LT e S 50 GATE
50 nm é 0 &
= FPMOS
D 50 P
a - ——Wfin =17 nm
-100 T - Wfin =14 nm
- ~&— Wfin =10 nm
-150 ¢ —— Wfin =6 nm
’ - ~—Wfin <5nm
A 200 bt e .
SiGe(45%) 20 40 60 80 100
 BSiGe(25%)%W Ly(nm)
Quantum Well
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Gellll-V, VEET, TEET

Device scaling roadmap VT T
A G\e\ = ?,;’;}E% < |
, Performance nanowires. ] ST

(power X dEIay) Tunnel FE

Bit Line

i -~
‘ o

‘ IﬁmFETg

ate-last

MU|ti-gate

ate-first

High-k, Metal Gate

Strain,

e 90-65-45 WIS (F,C co-implant, ...)

time
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Device performance

Strain engineering and high-mobility channels

Hole Electron
mobility mobility
(cm?/Vs) (cm?/Vs)
Si 430 1600 eB:SiGe
Ge 3900 3900
GaAs 400 9200
InAs 500 40000 —
Ve
= ‘a’
g S L L L FZLLLELELEE L ..,.ﬁ--n_E
300 - . s : i Lo
0 W=10um 3 b ' % o e’ =
2501 : V= -20mV / -1V} = 1072 -REFIFQW _f A T
. S - SiGe 45% ﬁ S &’ g’ P
g 200 3 £er S e b L
E I B IFQW SiGe 45% + eSiGe > : JRe s
S 150 I ® 19 4 ,|f g 5,4 lon =1 MA/um
0 100k .!' . 'g i ol ,.,’, .
o N {-" a 2" IFQW SiGe 45%
S0t 9 g & e Amg g " + epi S/D booster 25% : -
i ﬂ 9o 10 -6 ‘ L L I C C ‘ CO
: (’ 200 400 600 800 1000
10 100 1000
LG_physical [nm] lon @ VG=-1V (uA/um)
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Device performance

Strain engineering and high-mobility channels

Hole
mobility
(cm?/Vs)

Electron
mobility
(cm?/Vs)

430
3900

1600
3900

@VG=0V (uA/um)
[EY
o

loff drain

[EEY
o
N

10 68 5
200 400 600 800 1000

>
‘m’

L ssssspssssssssssssd B

f . I,' ‘;\o {\\Q :-./: E

2 LREF IFQW _f T
FQ: oo $ & P2 E ]
SiGe 45% ﬁ S\ @k P

- < )" P

N 7 . ]
4L ,‘- l,‘i lon =IMA/um
- et T

L P . ]
{-" a 2" IFQW SiGe 45%
g = +epiS/Dbooster 25% i |

eB:SiGe

L

lon @ VG=-1V (uA/um)
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Selective (in STI trenches) HI/V QW MOSFET

Key Characteristics
“ART” (Aspect-Ratio-Trapping) with InP-on-Si buffer
MOCVD 8” Epi (AIXTRON), with raised (n+)-InGaAs S/D

ART 600 | [y =1y
(Aspect Ratio Trapping)
D
— lo, = 565 HA/Um
Al E 400 T ’
El $
< I 4
=1
: = $
c S ¢
STI [_inaias S — 200 - S
InP 2 ¥ 4
/ L, =0.13 pm
. 0 Be 0o w0 ‘ ‘
Si -3 0 3
Defects trapped at trench edges VgS (V)

1st functional transistor characteristics !

Work on-going for further improvement in buffer defectivity and doping (insulation)

imec ©IMEC 201 | 23



High mobility channel materials
Co-integration with standard Si CMOS

High Performance CMOS

IF-QW p IF-QW n .
with hlgh K gate with hlcggh -k gate SI CMOS

|ae =as

Strained (Si)Ge or llII/V QW  Strained InGaAs QW

1. Selective growth of (Si)Ge and/or 1ll/V in STI trenches
2. High-x gate stack for low EOT

3. Self-aligned doped raised S/D for contacts

4. Further strain engineering for mobility boost

imec ©IMEC 2011 24



p QW FET

High hole mobility for I1I-Sb p-channel
InSb followed by GaSb has the largest hole
mobility compared to Ge, InGaAs and GaAs

Optimized structural stack quality

The AISb interfacial layer plays a key role
in the growth of high quality QW stack

GaAs

)
2

]

Hole Mobility (cm®
=9
=

Y. Zhang et al., J. Appl. Phys. (2010)
r yiy r

InP(001) substrate

imec © IMEC 201 |

100F -
T=300K, (001)7110]
50 11 12 13
10 10 10 10
n_(cm™)
Eq
InAs(Be) J I 0.36
AlSD L
GaShb I I 0.73
Buffer
Band alignment of
SI-InP(OOl) GaShb — AlSb — InAs
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What’s next ?

r
4
S Poly |
L ' >
n <
Q Si-subst.
cU B | mask
o ;
( :

Si-substrate

Electrostatic
control
_AL

Multi-gate

Transport
enhanced
AL

/v & Ge
EIES

Spin Torque

Year 2003 2005 2007 2009
(in production) (2007) (2009) (20112) (2013)
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(2015) (2017) (2019)
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Exploratory devices: TunnelFETs

Ge-source InAs-sourceé  HTFET schematic view
N-TFET  (Ing6Gag 4AS) ' i

p-TFET DRALLIR

S G D

B L{M :silicon

L. : germanium

I : indium-arsenide
Heterojunction TFET boosts the ON current by

o LA =0 o increasing the source tunneling efficiency by using
low bandgap material in the source

Tunnel-FET basic idea: use the band-to-band tunneling in p-i-n device as an

energy filter to overcome the 60mV/decade subthreshold slope limitation
ON/OFF switching determined by band-to-band tunneling at source side

imec ©IMEC 201 | 27



Exploratory devices: TunnelFETs

. . . SiGe source
[ ] Vertical  Planar or Finfet ‘Hybrid’
- Si
P77 Gelll-v
/A source
1~
-
= 5
i 10-5 [ (Source)
1= p*Si
£
3
[&]
Q10 = measurement
10 —sim: indirect
$ —sim: scaled direct
E K e sim: indirect with B
© dir
a
15
10 2 4 6
% Drain voltage [V] 4
n* Si (Drain)
Emax = 108 Vicm  E ..~ 3 108 V/cm

» Extensive modeling effort to calibrate tunneling efficiency (using P-i-N diodes)
» Enable exploration of new device concepts

» Integration of demonstrators (vertical & horizontal) in progress

imec ©IMEC 201 | o8



The pinch-off nanowire MOSFET

A junctionless device

= Negative gate voltage will push the majority carriers
(electrons) to the middle of the wire. For sufficient
negative gate voltage the channel is pinched off.

= No source and drain needed

junctionless nPOFET
no strain, [001] channel no strain, [001] channel
R=5nm,L =16 nm R=5nm,L =16 nm
Vps = 1 mV Vps = 1mV
Vas =0V Vs =1V

junction nMOSFET

electron density [cm'3]

Bulk (volume) transport vs interface transport

Difference in charge density leads to difference in transport type

imec © IMEC 201 |

NMOSFET ON
Va>>Vr>0
Electron density profile

1e+03
1e+02

1e+01 |

_1e+00 |

<C

= 1e-01 |

()]

— 1e-02 |
1e-03 | :
1e-04 | &
1e-05 L

-1

pinch-off MOSFET ON
Vo=0>Vp
Electron density profile

L =16 nnm

no strain', [001] che{nnel, R=5n
nPOFET

-
......
at
-
-*

nnnn

DIBL (nPOFET) ~ DIBL (n(MOSFET) = 177 mV/V
SS (nPOFET) ~ SS (h(MOSFET) =~ 60 mV/dec
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Integration of CVD graphene

graphene

T
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in collaboration with Panasonic
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Integration of CNTs in interconnects

CNT growth After
Dgner=1.5-1022cm?; dcp7=8 Nm encapsulation
g o . and CMP

Structure Catalyst Dep.

P ofoTefe

Particle free area

CNT bundle
CNT Growth Encapsulation _ S

ey ] Rsssssss

] K Chiodarelli N. et al., J. Electrochem Soc, 157 (10) (2010)
CMP Metallization

Demonstration of CNT interconnects in VIAs and contacts
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DRAM scaling challenges

- Literature
10
S 8-
—
o 6 -
o
= =
. a 2+ HfTIO TiO2  §¢TiO,
.+ Trrrrrrr— T T T
1 10 100 1000
U O U U Dielectric Constant

Source: Qimonda

DRAM Capacitor scaling: EOT and physical thickness scaling at target
leakage current

New high-k dielectrics with k > 100 and noble metal electrodes with

large WF required to enable DRAM scaling below 20 nm node

imec ©IMEC 201 | 33



FLASH scaling challenges

I

Channel

Source: Micron

Floating Gate scaling: cell interference and coupling ratio (CR) reduction are
the major issues when scaling and planarizing the floating gate (FG) Flash
memory cell

High-k dielectrics for Inter Poly Dielectric to increase CR & FG stack

engineering required to enable Flash scaling below 20 nm

imec ©IMEC 201 | 35



Memory program: some achievements

1@ 1V DRAM Top electrode RRAM
ek TiN/STO/TiN Uncharged =
— 1.E-04 - “. @ freecurrent n.
t f
E, 1.E-05 - D M AA T D M
ﬂu 1E-06 - 2011 Bottom electrode NS )
- - | anm HISi0
1.E-07 )
62% Sr-rich STO TECHHOLOGY TOp electrode 0.9rm$ Si0,
1.E-08 v “o50r 1 nmTiO, SYMPOSIUM Charged = EOT=~14mm
LE.09 RuOx RuOx/STO/TiN blocked
. \ ¢ ' . \ \ current L:Iﬂ_13;1m,w:0_15 um
03 04 05 06 07 08 09 1.0 flow
EOT [nm] Best in class EOT/Jg with Bottom electrode Applying 1DDB know hOV_V to
IMEC'’s engineered stack R —— RRAM filament formation
5 i | 3D- FLASH
0.001 FB RAM C ‘ ‘ ‘ ‘ ‘ ]

1 B3
D M

-5 . Sense Margin S s : >
10 _ (4~5 orders) 3 - 2r % 2 B
— =2.5V | prograni b 7 £ 1 u
- Window E 2 1]
5 10° To.v) 1 -~ § "F i
< Foo2 b —e—200C | ] 5
s, o7 @ 1 10, 100, 1000, 10% ] e
- 3 F umber of cycles 3] s
-0 Trigger Point L Naes GBLE gl @O-O-80O-CBO T @-O®- | .E
wLl &5 wi2 ] v
10® 1 ] ] >
1 E 2 | | vl il =
1 0 i 2 3 4 5 6
10° I Trigger Voltage ] 10 10 10 10 10 10 10
VAA _
1072 | ¥, | i Time (s)
25 -2 -1.5 -1 . .
Ve M) Vps=1.5v demonstrated with 10k cycles and retention on
double wordline cell architecture 22nm Si diameter demonstrated
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Moore’s law & transistor scaling

1965 309002;]2303 16141

Lithography Enabled Scaling
) !i Materials Enabled Scaling

3D Enabled Scaling
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3D stacked interconnect

© IMEC 201 |
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Impact TSV proximity on transistor

imec

o
Keep-Out-Zone

determined to
minimize TSV
Impact on CMOS
device using
TCAD model in
combination with

experimental data |

Delta lon, %

74"_'—_

A P @Si
® N @Si

=N @model

Transverse Direction iI

—r—
o—

AR 8:1 TSV

0 5 10 15 20

Distance From TSV Along Y, um

25

L

TSV
S ——
=P @model

© IMEC 201 |

S5 2 Columns

~ 4% lon variation near TSV,
causes DAC disfunctions

Delta lon vs ref [%]

Single TSV at 1.7um

nMOS

~ 0.6% lon variation near
TSV, limited impact on DAC

Delta lon vs ref [%]
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3D Design path finding tool

10: Hlib: whibiteney)
Area estimate ik, lef Gate-level

Pﬂsmﬁ;ﬁiﬂ:ggﬂﬂ?tﬁr (for memaones, hierarchical

vield estirmation analog blocks) netlist)

T
'\'\_\_‘_-___-_._._,_F'

2D tech:
Predictive
Jib - lef

""-n_.____—____,_-"'

T
e —

3D tech:
Predictive
Jib - lef

""-_.___-—._._,_o-"'

Thermal aodel

v H

T O e R |

Physic;al report Tlmin? report :

Synthesis\system-level design

(@ |3 US| CostModel
tﬂ‘ﬁ: | L REEEE

E——1 Design

b o 1 =L Authoring
I/F:

. ' = FFEEEETT

imec © IMEC 2011

Path-finding

Fast prototyping tool
trades accuracy for
rapid turn-around

Based on early compact
models and design rules

Output spatially aware
estimate of performance
and power

Output data for cost and
thermal evaluation

Output specs for design
authoring tools

41



Optical interconnects roadmap

Intra- Intra- Intra- Inter-
ghip Package Board Board LAN WAN
integrated waveguides m
OPTICAL
| Pbps BACKBONE

Transition driven by:

* Signal integrity
| Tbps * Power O
* Form factor
* Cost

| Gbps

' Mbos COPPER
PS T INTERCONNECT
| mm | m
imec © IMEC 201 |
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Optical interconnects roadmap

Intra- Intra- Intra- Inter-
ghip Package Board Board LAN WAN
integrated waveguides

Sub-22nm Chip cooling

| Pbps CMOS DRAM stack
NAND
NOR i
f //-
Many-core ———®
Logic chip

" Optical I/0
| Tbps

Smart Silicon interposer

| Gbps

» Chips Stacking
» Optical Connectivity

Moo COPPER . N
P> T INTERCONNECT N S
N\
—_—tt++—+—+——+—+——
| mm | m | km |Mm
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Si photonics

DRIVERS HEATERS TIA’s SERDES

-

LASERS MCDULATORS PLC, MUX DETECTORS
(Optional)

EEEN
OPTICALI/O

E-O-E transceiver : Key Features

= Single platform integrating all optical functionalities

= CMOS-like fabrication processes

= Small photonics component footprint

= 3D connectivity to CMOS wafers for improved O-E performance

imec ©IMEC 2011 46



Si photonics
Passive components library

AN

AN
uEgs
v
TN

o
AWG Mux/Demux

e

5 = — —
g
&

1548.6 1548.9 1549.2 15495
Wavelength [nm]

o

. . D i
Polarization rotator E®

PCE (dB)
Bbhubdibhbbdbdd

-16
-0.15dB/crossi rﬁ‘
7 T T T T
0 5 10 15 20
number of crossings

. . T . T T T :
1500 1510 1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)

25

All devices are fabricated on the same platform

imecC UN@W © IMEC 2011 47
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More Moore vs More than Moore

CMOS

CMOS Scaling

“E!&I’:ETI |

R

Y

0'%.0 02 04 06 08 1.0 12

Processor

CMORE

Multi-functional SOC/SIP

imec © IMEC 201 |
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MEMS technology options
For tight integration with driver IC

SIP: 3D vias SRR

SIP: Stacked die SIP: F2F SoC: monolithic
MEMS
CMOS
Interconnect ~ 50 um ~10um ~10um ~1lum
pitch
Interconnect few pF >100fF <100fF few fF
parasitics

Monolithic approach:

* Most compact solution
* Best solution when needing high density interconnect and low parasitics

* Requires compatible die sizes
3D stacking

* Wirebond, flip chip, TSV depending on interconnect density and parasitics
 Offers more choices in MEMS technologies and die size combinations

imec © IMEC 201 |
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IMEC MEMS last technology

Different above CMOS
MEMS approaches

RS ——————

Al Poly-SiGe
: Bolometer: §

Post CMOS yes yes " CMOS integrated  POIY-SiGe
integration Se yrosop
Fracture strength 0.2 > 2
[GPa]
Mechanical Q low > 10.000 -

SiGe integrated
Re"abi"ty creep: hinge No creep micro-mirrors

memory effect

—

Poly-SiGe:

 better mechanical properties than Al: higher strength and Q factor
* better reliability properties than Al: less creep and fatigue

imec ©IMEC 201 | 52



|| Mega pixel micro mirror chip

* 11M pixel MEMS + CMOS integration
8x8 um pitch on SiGe platform (Al coating)
6 kHz update rate

Analog tilt angle control
Extreme mirror flatness <10 nm
No mirror fatigue & creep

Displacemgnt (um)
() [ S

s

0.0 el

. .
0.1 HEbag=mt

£ No fatigue !

0.2 -

ool QUM A 3.10'2cycles

Std dev 9.2kHz

2 25 3

I‘al\/l3 -t s
M2

H—M’i i nnm‘; [

0 0.5 1

.

imec ©IMEC 201 | 53



Sensors everywhere

The 2010 Trend Watch Sensor Survey Results
HOT SENSOR TECHNOLOGIES

Wireless sensor networks 60%

Ultra-low-power sensors 46%

Plug-and-play sensors

MEMs sensors
Energy harvesting sensor networks

Pulse-width-modulated output sensors JEERF.CA

Sensor fusion

Other o
- 3% March 1, 2010

Don'’t go
here, you'll
get
emphysema

McKinsey: “Get Ready For Sensor-Driven Business Models” (March 3, 2010)

Underlying the Internet of Things are technologies such as RFID, sensors and smart-phones

imec © IMEC 201 | | | 7 55


http://hothardware.com/newsimages/Item8320/mercedes-attention-assist-alert-hh.jpg

Vision for sensor development

Mission statement:

Development of ultra-low power micro/nanosensors for (bio-) chemical detection
including the required read-out and driver circuits implemented in standard
cleanroom environment *

Main targets

Non
Electrical

= Increased sensitivity and/or selectivity world
= Ultra-low-power (< 20mW)

-> energy autonomous
= Miniaturized integrated sensors
= Cost-effective fabrication

imec ©IMEC 201 | 56



Body area networks examples
Personal healthcare & lifestyle solutions

Watch-type Headsets
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e-Nose

Advanced sensing in complex environments

Human olfactory system

Cerebral Cortex

Olfactory

Epilitheum Olfactory

Tract

i
Olfactory
Receptors

Beam

polymer

Adsorption ==y Extra mass >
Swelling ====—p  Stress Frequency

e-nose: array of non-specific, cross-reactive sensors
combined with an information processing system

Target Agent Sensor Array

—_—
——
oopgoeoe -
R
—
—

Agent Identification

Data
Processing

1
‘s Vapors 2 m Kk 1+05n0']
.._> Il—> >~ SA o
S
5
()
©
E;
Lower 3
£
<
Frequency
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e-Nose: low power is the key

@ silicon Nitride @@ Platinum [l
«# Platinum @ Piczo
¢ @9 @ Polymer Coatings

AcCMTSpot Magn Dt WIIFF————— 2008
“ I50KER0, 200x ZSE105

e-Nose: from vision to reality: Die = 8.8 mm x 8.8 mm, 160 resonators
W =65 um
L =750
w =100 pm h = 500 Em

L =500 pm

h=8pum

Coating: PMMA
Detection: Optical Beam

Coating: PMMA
Transduction:
Piezoelectric actuation/detection

Power = 0.00017 mW
(170 nW)

10-°frequency shift / %EtOH 2.6 103 frequency shift / %EtOH

10.000 times more power efficient

260 times responsivity increase

imec ©IMEC 201 | 59



Enel"gy StOI"age Thin film Battery packs

: : Miniature Portable Mobile

!

Low P-densit <n~1 ~10-100 ~1kg-100k

Ragone plot g g g g

1000 : . <N0.1cm3 1-10Cm3 0.1'1m3
Fuel 0.2V- 1V o 9 10uAh-1mAh 10mAh-1Ah 10Ah-100Ah
cells 10 hours ‘;\eng\\q disposable & portable automotive
100 A Wo, get

3 ® autonomous electronics transportation
e systems ¥ —
. B = ’ G ) """'"":'-' ~

Tesla-Roadster (340km)

10

Batteries

1 4 Ultra cap.
Double-layer cap.

0 [l

2V- 3V

Energy Density (Wh/kg)

. 1 sec
0.1 A Super-Capacitors
j * Low retention time i.e.
§ no long term storage
L
oo ' 7 L b k L b o k
10 100 1000 10000 . i-ion battery pack: R i-ion attery pack.
RS Emerging 8cells 450kg (200kW)
Double-I = el lyti H = .
opniam e secns Power Density (Wikg) Technologies , 44 7wh  575u ek (o8 gon

6800 cells (18mmx65mm

/Storage for micro systems:
- All Solid-State devices (integrated systems)
- Microelectronic fabrication techniques
Size determines total capacity:

- High energy density even more important for small | |
\ form systems / pco g a0t D

0KV 30 14990x TLD 62 GP P100163 X038
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3D charge storage roadmap and
application drivers

Module development:

Application drivers:

3D-TF Ucap

3D-TF battery
half-cell (wet)

Solid
electrolytes

SS 3D-TFB

Integrated
batteries

= Decaps on interposer (3D)
= Solid-State Ultracapitors

= Prismatic Battery cells targeting high-P
with competitive E-density

= Battery cells targeting durability and
safety (extended temperature window)

imec © IMEC 201 |
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= Battery on foil (large area)
= small-form batteries, micro batteries
= Smart solar modules

= Microsystems
= Autonomous wireless sensors (WATS)
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