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The Transistor Revolution (1)

The First Transistor The UMC 0.25um Transistor The worldwide leadship
1947 Bell labs. 1999, UMC 2007 Intel

45 nm
(~200 atoms)

. i Gate Oxide
“ﬁ

i¥ ‘Channel Length A
Source of & Drain

FIG. 1. The first transistor. Brattain and FIG. 2. The UMC post generation 0.25um

Bardeen's pnp point-contact germanium standard transistor ( UMC )
transistor operated as a speech amplifier with

a power gain of 18 on December 23, 1947.
(Bell Labs, Lucent)

FIG. 3. The worldwide smallest transistor
Gate length 0.045 um. (INTEL, CPU)

Keep Structure but Replacing Material!
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The Transistor Revolution
TECHNOLOGY GENERATION

45nm 32nm 22nm 14nm

2007 2009 2011 2013

MANUFACTURING DEVELOPMENT

10nm

2015

RESEARCH

7nm

2017
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QW IlI-V Device

Not to scale

Alternative Structure and Material!
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Beyond

2020

Carbon Nanotube
~1nm diameter
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Graphene
1 atom thick

Source: INTEL 4




Planar MOSFET

Bulk-Si MOSFET:

Desired characteristics
» High ON current (/) Source
 Low OFF current

Substrate
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Moore’s Law

Double the Density
Reduce Line Width by 0.7x

130Nnm=290nm=2>60nm=>45nm=>30nm->?

2 or 3 years between generations

~10 £ 2 Years
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Background in Semiconductor Study
(1990 2016)

1988 ~ 1990: Master of EE degree in NCKU (1.2um TiSi,
Salicidation), also join tsmc TD in Fab. I.

. 1992 ~ 1996: @, \ft@ |gru (0.5 um Selective
CVD Tungstenj=disoydgin RID t llaboration with tsmc

Fab 4
« 1996 ~ 2000: join ATD i%(: ( develop 0.25um, 0.18um,
0.13um MOSFET, and 90Fm SOl MOSFET)

« 2000 ~ join st National university
of Kaohsiung a%{ ted z@!panment Dean of
Engineering. (Wit c/UMC in 90nm,
65nm, 45nm, and 28nm MOSFET)

« 2014 ~ General director of NDL ( focus on 7-5nm device

development) ,
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58 years
Device Scaling
Impact!

58 years on, Norwich City
Hall finally gets a new
computer

Nano 2016, W-K Yeh MEMEFUL.COM


http://9gag.com/gag/aBrpQEQ/computer-58-years-ago-and-today

Moore’s Law to the end?

25 —

20

16 =

10 —

Physical gate length (nanometers)

Keeping double density =2
reduce Line & Width x 0.7

0

2013 2016 2017 2019 2021 2023 2024 2025 2027 2028 2030
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Tablet Smart Phone

Quad Band GSM/ WCDMA transceiver, Application Processor,
GSMI;.:P_RI?I I:/EM, ~2.758% *, 130 nm CMOS ~14.5 % *, 45 nm CMOS

Cellular RF ICs

GPS, ~2.55 %,
90 nm CMOS

LAN/Bluetooth,
~5.5% *, 65 nm CMOS

\ Board photo frem http://www.ubmtechinsights.com/

*: estimation, may change sccording to situation

WCDMA PAs, Baseband Processor, ~771.55 °,
~1.25% per module*, llI-V 65 nm CMOS (on the other side of the board)
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| Phone Image Signal Processor
AG-A7
Samsung 28nm planar CMOSFET
\J
A8
tsmc 20nm planar CMOSFET
\J
A9
tsmc 16nm FINFET CMOSFET
Samung 14nm FINFET CMOSFET
\J
Al10
Nano 2016, Wk yeh tSMc 10nm FINFET CMOSFET



| Phone 6s

A9 Image Signal Processor
tsmc 16nm FInFET, Samung 14nm FINFET

O/ IO'Q}(".” S6S0 Y

IMSuUng

‘ A 9 OLLOSGEE 86OV
> TSMC
- A9
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http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCI7MuOfwvMgCFYwelAodgSUAuA&url=http%3A%2F%2Fwww.newmobilelife.com%2F2015%2F10%2F12%2Fwhy-samsung-14nm-apple-a9-lose-against-tsmc-16nm%2F&psig=AFQjCNF2DPLk18L3oeEDWnDBxxE8_SY3aQ&ust=1444737508767267

| Phone 7

A10 Image Signal Processor
tsmc 16nm FInFET
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https://www.google.com.tw/imgres?imgurl=http%3A%2F%2Fwww.iphoneinformer.com%2Fwp-content%2Fuploads%2F2015%2F09%2FiPhone-7-6-2.jpg&imgrefurl=http%3A%2F%2Fwww.iphoneinformer.com%2F29831-jp-morgan-predicts-iphone-7s-a10-chip-will-be-handled-by-tsmc%2F&docid=rNYnIihvqpQIDM&tbnid=Gpn63-xjiemEzM%3A&w=664&h=335&bih=675&biw=1422&ved=0ahUKEwjXovCgybjOAhXKnZQKHe80Cn8QMwheKDgwOA&iact=mrc&uact=8
https://www.google.com.tw/imgres?imgurl=http%3A%2F%2Fi-cdn.phonearena.com%2Fimages%2Farticle%2F83165-image%2FApples-A10-chip-for-the-iPhone-7-pops-on-Geekbench-as-fast-as-the-A9X.jpg&imgrefurl=http%3A%2F%2Fwww.phonearena.com%2Fnews%2FApples-A10-chip-for-the-iPhone-7-pops-on-Geekbench-as-fast-as-the-A9X_id83165&docid=mHgPSirZflvCsM&tbnid=ewHOY_DXYEwk-M%3A&w=250&h=250&bih=675&biw=1422&ved=0ahUKEwjXovCgybjOAhXKnZQKHe80Cn8QMwgsKBAwEA&iact=mrc&uact=8

Planar Bulk SI MOSFET reach to limit

E 10’ | Gate
<
13 qT Insulator
E 107
5 Sourccﬂ \ Drain
= 10 >
s . Cq .-
Q10" e -

03 06 09 Leakage path

Gate Voltage, V

SS ~ 60mV(1+Cy4/C,,)

Reducing EOT to increase C,_, is not enough to keep gate control !
Drain become dominate control in channel barrier!

. Big subthreshold swing!
But!! » 1t is difficult to scaling following Moore’s Law!

14
Nano 2016, W-K Yeh Source: Chenming Hu, July 2011




10

1 L
- Tri-Gate Reduced Threshold
0-1 Voltage Why
Channel 0.01 I .
Current — F Tri-Gate FINFET?
(normalized)
0.001
0.0001 Planar FET
1E-05 ' '

0.0 0.2 0.4 0.6 0.8 1.0
<— Reduced Operating

Gate Voltage (V) Voltage

The steeper sub-threshold slope can also be used to target a
lower threshold voltage, allowing the transistors to operate at
lower voltage to reduce power and/or improve switching speed

Nano 2016, W-K Yeh Source: INTEL 2012



tsmc vs. INTELand Samsung

INTEL
14 nm FINFET

22 nm 1%t Generation 14 nm 274 Generation
Tri-gate Transistor Tri-gate Transistor

Samsung 14 nm FINFET  TSMC 16 nm FlnFET

. lgmﬂll conuc:ogo‘:nnpmn
1 "'m mfl*"

Gate dlﬂoctrlc
& FINFET tmmtor

work function

Nano 2016, W-K Yeh Source:; INTEL 2014, tsmc 2014, Samsung 2015



IBM 7nm FINFET

LA

Jiang & Tierney
15077NRI0O06
46CJI0245MMEG

DO nth

Bulk 7nm transistors, with a 30nm pitch (the distance between the front edge of one
Nano 2016r90sisteed the front edge of the next transistor). IBM Research



Normalized FPower

VATV vV Uy

tsmc vs. INTEL

INTEL 22nm FInFET

2.0

1.8

1.6

Transistor 1.4

Gate Delay 1.9
. (normalized) )
tsmc 16nm FInFET -
1.2 0.8
1.0 } 0.6
> 35%
0.8 }
28HK/MG > 559
0.6 |
04 |
16FinFET
0.2 |
0.0 - : '
0 0.4 0.8 1.2 1.6

_,, Normalized Speed

32 nm
Planar

" Tri-Gate -

1 | | 1

05 06 07 08 098 1.0 1.1
Operating Voltage (V)

Intel Shows 14nm Broadwell

Consuming 30% Less Power

Than 22nm Haswell !

18
Source: INTEL 2011, tsmc 2013


//hardware.slashdot.org/story/13/09/14/0442247/intel-shows-14nm-broadwell-consuming-30-less-power-than-22nm-haswell

Nano Device Trend

16-10nm /-5 nm

22/20 nm New Structure ??

V-NWFET Circuit Layout & Design

Si shel|

Channel Material - Si
Vs. Ge Vs. llI-V

| Electrostatics

“l. Quantum simulations

___High-k
Si substrate

Directed InAs NW on
si(l11)

Strain Technology High-K Metal Gate
3D FET

4 N
32 nm

65 Nnm
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From FINFET (n=2~3) to nanrwire (n=4)

L>06A1
& j eff
A= |——0Ws L.~15W,
\nSOx o
fin — =G

« Only for channel length 3-4 times larger than the fin
thickness , scaling rules are correctly fulfiled and SS
parameter has a reasonably low value (60-80).

« Short channel effects can be avoided by reducing the fin
thickness (Wg;) or by reducing the gate oxide thickness (t,).

« natural length parameter lambda is improved by increasing
the number n of gates or by increasing the gate oxide

dielectric constant. 20
Nano 2016, W-K Yeh



Alternative Device Structure
Planar =2 FINFET -2 Gate-all-around FETs

22 nm . beyond 10 nm
multi-gate ¥ stacked nanowires
segmented channel
3'D ol

250nm

h=

C. Dupré et al. (CEA-LETI)
IEDM 2008

Stacked gate-all-around
(GAA) FETs achieve the
highest layout efficiency.

¥ .J‘ " v
P. Packan et al. (Intel),

IEDM 2009 :
B. Ho (UCB), ISDRS 2011

one gate 2> 2,3 Gates > =>4 Gates

Nano 2016, W-K Yeh




Alternative Material
Si 2 Ge 2 1llI-V 2 2D / Graphene

Hole Electron

mobility mobility

(em2/Vs) (em2/Vs)
Si 430 1600
Ge 3900 3900
Gahs 400 9200
InAs 500 40000

(high mobility channel)

Nano 2016, W-K Yeh

h-Boron Transition Metal
Nitride Dichalcogonide

b 5at%Ni 25min

(ultra thin body channel)

[Ref. 1] K. S. Novoselov, et al, Electric Field Effect in Atomically Thin Carbon Films, Science, 306, 666 (2004)
[Ref. 2] A. C. Ferrari, et al, Raman Spectrum of Graphene and Graphene Layers, Phy. Rev. Lett., 97, 187401 (2006)



Moore vs. More than Moore
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More Moore vs. More than Moore

Heterogeneous integration technology New Integration
More Application New Application
Sensors

(&)
§ §130nm S Small scale circuit
[e) —
£ = > 90nm
8 9 o
+— - E
s @ & 65nm :
= g) = Logic Device [N <A
Q D e | Mg w2009 9 020%zZ00 e rpe
5 m o 45nm Fin Width =15 nm
s = 0O e FINFET(3D)

3 ; i v o |k

% = (/) . 32nm B A Nanoww:e/GAA :
- o LRSS . 1§ IE%

S 22nm e P 0 PES

O Memory Device ' ., R

14nm - . —gE—— ¥ Ge(Sn) -V, 2D, Graphene
/)\ EASnm* """

New Structure, New Materlal




More Moore vs. More than Moore

Digital
Processing & - More Moore
Storage

Interact - More than Moore

Power &
Power mgt

Nano 2016. W-K Yeh Source: 2015 International Technology Roadmap for Semiconductor



http://www.lynceans.org/tag/more-than-moore/
http://www.lynceans.org/all-posts/2015-international-technology-roadmap-for-semiconductors-itrs-shows-how-hard-it-will-be-to-continue-challenging-moores-law/

More Than Moore

Harvesting energy
puman activity or the envirop
o™ conversion "en W,
‘ : {0 Q‘Ccmca' pow == - -
o " openation e €S
& \CT equlpmm,,mL

7 N Photovoltaic ot Thermoelectric

(! :::j % 9_,ll : \ generator
\ J
\ /
sleep \ ( Presstlic Vibration LN Radio wave

7

calorie ﬂ " Heart beat \,. . @
- ‘/’ : 1 Microgenerator " 1‘ i
GPS [ J @ 7 " ’

e 7 AII’ pressure
Data collector Ll - o Blood pressure@\ i é
heat \' ('I Slip detector &
r ‘\
Need CI\/IOS Technology Compatible!

Nano 2016, W-K Yeh Source : Fujitsu Organic Energy Device Harnesses Power from In-Door Light & Heat
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Internet of Things, IoT

Goods logistics

prevention system

ooao
ooo
—_— amo
B
@ \ -

e
AR

—
Temperature regulation E] ﬁu B

Smart Home

transport system

medical care

MIC predict 2016 lot Market will be USD 620B -
end product will ~190M.

loT requirement ‘




loT Business Model

*Sensors/MEMS

 Advanced package

*Wireless network chip

*High speed AP and MCU
*Lower power management chip

Nano 2016, W-K Yeh



MEMS Device Integration Platform

Si Substrate J“ “ ‘
ILD 3t # 2 Contact i % Contact 4 & F— 5SS AT MK e S ¥ 1 FoE IMDA1 3. % #2 CMP 2 “ ‘ ““”“ ' ‘ i '. '
(ILD deposition and (Contact etching) (Metal 1 deposition and (Metal 1 etching) (IMD1 deposition and CMP) --—--q-.- :
Lithography ) Lithography) 3
Repeatzndto 4th Layel’s . | "'Illqn.ﬂlnnuu-
uEEEEEE CEEm GRS [ SRR il = = fceaas] e S e r
LB | oo B ey fecsnned
— — [ ] = === == Metal
= == |:> [rm—p—— |:> [ Oxide
Si substrate
Release space
AR BBk Z MEMS ok thip RIS R Ef 2224 MO g . T T WD 76m
(4-Metal layers structure) (SiO; etching) (Structure Release) ) v X2 02 ST
e AN RN
- ’uuuuuuuu_:ul .
SEEEEEEEEEEEESS -
[j‘) E> SEEEESEEEEEESS Lu{_J
!  EEEEEENESEEEEESES -
i LA R ) L_A_:LJUUUL_)LJLJ!_)LJ:_)I
SOl wafe Hard mask ICP Si 4% SEEEESNEEEENEESEEEER ——
Hardwm::kﬁulii.li (l:-rd"::skﬂ:hlng) (icPsi ..:'m...) A u_t,uuuu_h_n.'uul.n_n_u |
(Hard mask deposition and ‘L,L_;(_}UQ SENEEEEEEEEN
i EEEEEESEEE

w=Hard mask (SiO,) ;
Oxide —
Si SEEEEEEEENEEEEEEN

)

'LJL_M_,ULJLJK_JL_'LJUULJLJ‘ 'L.I‘.Jl

Release space

Si0; #ak il
(SiO, wet etching)

10um WD 120mm

Silicon Compatible Process

Nano 2016, W-K Yeh



Advantage Package

Nano 2016, W-K Yeh



System in Package (SIP) :
wafer-to-wafer -~ chip-to-wafer

(A) Flip-Chip
o 4L ¥.(CPB)
« 47/433% (Solder ball)

(B) TSV
« 74 %] # (Deep Si etching)
o AR IREER 1S G R

Y , y | Tsv
« &1 (CMP) s

INERRRE
AR AR RR @ Solder

= Cu pillar

(C) interposer

« £ iv & & (RDL ; Redistribution Layer)
o L. (Bump)
* 4 & $ (bonding) 3D IC

Nano 2016, W-K Yeh



Monolithic 3D*IC

| 1. 15nm SiI  substrate
ITop Device .&Alzm 3D+IC teChnOIOgy.o

2. Planar to 3D high-k /
Metal Gate FET.,

3. ILD Oxide thickness
~300nm.

7t ; A|203
Bottom Device

4. Low thermal budget
process.

32



Summary

For More Moore,
« Scaling technology is getting tough especially

for Lithography process!
« New material and new structure Is necessary

to keep Moore’s law on-going!

For More than Moore,

 New thinking for specific application using
mature VLSI technology can be more flexible
to create new market.

« Technology need compatible with Si-base IC

technology and low cost.

Nano 2016, W-K Yeh



NARLabs

National Applied Research Laboratories

National Nano Device Laboratories

Wen-Kuan Yeh
Director General

Commitment « Passion * Innovation www.narlabs.org.tw



National Nano Device NARLabs
L ab O rat O r i eS (N D L) Commitment - Passion * Innovation

1988 Founded as “National Sub-micron Device Laboratories” Staff : 158 members
2002 Renamed as “National Nano Device Laboratories”
2003 Affiliated to National Applied Research Laboratories

57 (36%)

Ot,hers

3 Adjunct |
researchers J

Annual Budget in 2016
~ USD 20M

15%)




Division of NDL labor based nNARLabs
O n S peCiaI i Za,tio n Commitment + Passion * Innovation

Hsin-Chu base ? Tainan base

Equipment
component



NDL’s Core Facilities NAR

Commitment - Passion * Innovation

DNar)o ~“~Advanced
evice n.--° |t “* Devi
N AT B evice
CMOS devices )
C Emerging devices
Laser anneal
ALD —— Sputter
VTEEEE Core Facilities of Nano HDPCVD
UHVCVD Fabrication ICPCVD
RPCVD 6” IC line VHF-PECVD
: 8” CMOS line .
. 17025
HF E-beam Lith. Igm/o °
h | FIB K
Techno lon implanter .
0qy @ HDPCVD @ Metrology
2
Measurement Al Verification +** HR-TEM
220GHz . ISO9001: 2008 = SIMS
RFE/MW/mmW teaa,, =4 XRD
leasurement Y ‘ vl Chlhds : XPS
- platform SGS f{(}:s




N D L L ab S NDL%V“I‘J()B%C-WHI\!H@I

CI aSS 10-100 CI ean ROO m Commitment -+ Passion * Innovation




NARLabs

Commitment - Passion * Innovation

Value Proposition

Universities

Research
Institutes

Support university
and industry to enter
technology and
advanced materials
for emerging device .

- IC Fabs

Set up system to
provide use-friendly
and effective service for
University and industry.

Equipment
Manufacturer

39




Chip/Die level Nano-Material based yjar
Device Platform - Multi-Lithography,,...e . e - motor

5., 8 L

o - Vout(v) A P
o
o J
&
=
2 -
-
.
< | ]
< <
o o
o o
n 1
[¥] =
< <
.
d (Afum)
8838388335333 3
&

0D etch cross-section and top view

» NDL's chip/die process is compatible with 65nm standard CMOS fabrication process.

» Optical and e-beam mix-matching could provide accuracy in multi-layer/mask-fabrication
for CMOS or CMOS-compatible devices. 40




Alternative Material/Structure D'é'i‘/‘l'%:e

Commitment - Passion * Innovation

Ge GAA PFETs Ge GAA NFETs Regrown Ge FinFET Vertical Ge TFETs

Gate oxide #if ity
Field oxidef

-V

7

source [
Onide Oxicle

I1I-V substrate
FinFET




Alternative Material/Structure DEVICE -

Commitment - Passion * Innovation

FINFET based 2D FET SiGe based GAA FET




10 nm Lg U-shape MoS, FET with
Poly-Si Source/Drain Serving Seed

4 3 2 4 0 1 2
V_(Volt)

I, (pA/pm)
2

4 3 2 1 0
V, (Volt)

*A U-shape MoS, pMOSFET with 10nm channel length

*Poly-Si S/D serves as the nucleation seed for CVD MoS,
Nano 2016, W-K Yeh



NDL Published at IEDM NARLbs
for More Moore (2014-15)

1. Si-based channel: Sub-5nm shell doping junctionless FETs /IEDM 2104 ~ 2015

2. Ge-based channel: Diamond-shaped Ge nanowire by Dry Etch Technology
[IEDM 2015 (highlighted paper)

3. 2D material channel: MoS, FinFETs /IEDM 2014 ~ 2015

« Sub-60mV-Swing Negative
capacitance/l[EDM 2015 |
VU



Integration of Ge FIN and IlI-V
FIN on the same Si substrates

InGaAs fin'Ge fih = 10] “sma,_TINALO jn-Ge “c 8- TINIALO JGaAs
A\ £ 9] %, 2 Dispersion:5%
S8 =
£ 7. &7
~ . Abddias, .:;
D 5 Q 64 = 1KHz
o S 1f
c 44 s— 5K c
§ om0l 8
2 = 2-cemm f{-v—muz '© 5- |
Point In Ga As g 1] ,f_‘_mxuz g. { cnaae ::m...
a 27.6 19.0 534 £ o] TN R gL e
O 2 14 0 1 2 3 2 10 1 2
bil|28:2)28.8 '95:0 Gate voltage (V) Gate voltage (V)
InGaAs Fin structure co-integrated with  CV characteristics of n-Ge MOS and p-GaAs MOS

Ge finon Si with the same Al203 ALD process.
Ptprotecton |||V Fins |

STI €& gT) STI B f

GaAs -
| l I I TiN/Al,O; MG/HK

Ge Fin
2 Ge
The interdigitated GaAs/Ge fins formed by etching and Fully integrated GaAs and Ge fins
selective epi. The surface was flatted by mechanical polish. with common HK/MG stack around
the 3D fin surface

Nano 2016, W-K Yeh



Steep Slope Transistors NAR

- NC FinFET

Commitment - Passion * Innovation

Sub-60mV-Swing Negative-Capacitance FinFET without Hysteresis

(b)

Fig. 1: (a) Schematic structure of NC-FinFET (b) The
capacitance network of Crg, Cyos determines the voltage
gain.

Fig. 4: TEM of (a) planar HfZrOx test capacitor and (b) NC-FinFET
with TiN internal gate, HfZrO FE film and TiN gate.

10°
10°
107F .
10°F ~
10°}
10™°}

——Internal gate
= Top gate

(uA)

5
14
3
2

[=

1, (Amp)

A5 40 205 00 08
V_ (Volt)

Fig. 12: 13-V of P-type NC-FnFET and of the
intema FInFET after 600C anneal (shift fo
match lgz).

120

l Vp=0.1V

=Y
o
o

SS = 87 mV/dec

i¥

S8 = 55 mV/dec —e—Gate
—e=Internal gate

r

Do

SS (mVidec)
=]
o

[}
o

) 05 0.0 0.5

V_ (Volt)

Fig. 13: Comparison between subihreshold
swing, SS, of P-type NC-FIinFET and intemal

FinFET. 46




New Memory: NARLabs
. SUb'lonm aﬂd 3D StaCk RRAM Commitment - Passion - Innovation

Nano injection Lithography (NIL) Atomic Scaled RRAM(sidewall electrode technology)

l l Deposited Gas Injection

w

Substrate

10 nm metal line cross section

Top
Electrode

Resistive Fil

Bottom

Electrode_

3D Stack Vertica
Top electrode RRAM film

Sub-10 nm RRAM Cell Array

 TiINITi(500m)

ot iy AHETRERES

“TiN (200m),

= T TiN200m),




NAR/[abs

Commitment - Passion * Innovation

NDL Published at VLSI

Wien bridge oscillator si trench etching HDPCVD OX dep.

I H10, 6nm

Memory Cell

TIN Snm
810,10 nm

‘e
.,..
.
’

.
-
.t
)

Fin pattering (NIL)

Fig. 1. The chipset of
pnc-Si W-TFT sensor
with CMOS circuit.

/]

Treaay

.
.
.

Fig. 2. The schematic

prototype diagram of pc-Si oS ‘Gox + TiN gate dep. Gite etk
W-TFT sensor. & OXrecess & Gate pattering (NIL) oo (L ]
* e b Nitirde Top Pad
L CMP
a — (surface coupling induced Oxide TE formation
@ e o oxide TEionmation
ue-Si W-TFT * Step Nitride formation
4 HIOx, TIOx deposition
b d,  Metsras (CVD, PVD, 4-6 nm)
Nitirde P

cMm
BE formation
Oxide Oxide (ALD TiN, 1-5 nm)
n Step Oxide formation

Fresh N; de
(s Nanowire y VEGF injection to react
l PES with Avastin for 3 minutes
solution l PES
solution

Bottom

» 8
Electrode W
B asintive Film 2

Si-substrate

Poly SPAnH coating to graft
Avastin as receiver Un-reacted VEGF wash
(Ref. current t) and

Sub-fM DNA Sensitivity A 10 nm Si-based Bulk FinFETs  Utilizing Sub-5 nm MosS, U-shape MOSFET with 10
nm Channel Length and Poly-Si

by Self-Aligned Maskless 6T SRAM with Multiple Fin Sidewall Electrode Source/Drain Serving as Seed
Thin-Film Transistor Heights Technology for 25% Technology for Atomic- ¢ Fy|| Wafer CVD MoS,
based SoC Bioelectronics  Better Static Noise Margin Scale Resistive Memory  Availability

2012 2013 2014 2015 2016 4

—‘



New Integration:

Monolithic 3D*IC Technology

NAR!L

Commitment + Passion ¢ Innovation

Multilayered 3D* IC

Packaged 3D IC

TSV I

connections SOIUtion
i Wafer-2

Wafer-1
Low cost, high-speed, high-density IC.

IEDM2013, s29p6.

Record-high  121/62 pA/pm  on-
currents 3D stacked epi-like Si FETs
with and without metal back gate

10" F<—=omon ors vosrEs W ove (Vg=vb+0.7)
—8—Top UTB MOSFETS with CMP(Vg=Vb+0.7)
2 [ —8— MOSFETs wio CMP (Vg=Vb+1)

—p— Bottom UTB MOSFETs with CMP (Vg=Vb+0.7)
—&— Top UTB MOSFETSs with CMP(Vg=Vb+0. 7)
—@— MOSFETs w/o CMP(Vg=Vb+1) 3

| (b) VB=0.44/step

vd (Volt)

Vb (Volt)

2012 IEEE IEDM S33P6

3D Ferroelectric-like NVM/CMOS Hybrid Chip by sub-400 °C Sequential
Layered Integration
Yu-Chung Lien', J)a Min Shieh'?’, Wen-Hsien Huausl Wei-Shang Hsieh'. Cheng-Hui Tu’, Chieh Wansz

Chang-Hong Shen', Tung-Huan Chou’, Min-C hena Chen', Jung Y. Huaug Ci-Ling Pan’, Yin-Chieh Lai’,
Chenming Hu', and Fu-Liang Yang'

T
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<
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1

Epi-like Si
200 1 gE-like metal-oxide (Eu*-APS) NVM
3D NVM/CMOS Chips Sequential 3D Hybrid Chips

IEDM2013, s9p3.

Monolithic 3D Chip Integrated with 500ns
NVM, 3ps Logic Circuits and SRAM

TSV-based 3D Chip

Multi-layered monolithic 3D Chip

| Memory
EEEEE Tower
HE (Future)

—

Through Silicon Via(TSV)

selected as
publicity materials
for the conference

Normal Via(Higher bandwidth)

N,
Heterogeneous Layer /o
(Layer 2) i
AR
Pure Logic Layer ) Tq”"”
(Layer 1) Othe, ,‘__Dm9
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Commitment - Passion * Innovation

Low Power IC
(Stackable UTB CMOS)

Multi-functional IoT Chips

Embedded Memory

(SRAM, ReRAM)

Future 3DIC
}.x.-‘io‘;‘:

Sensors
(CO Gas Sensor)

Memory_ 'v
w Jv‘,

W ww
Logic circuit

: v Power Management
(Ggﬂ?fgmiuwlr::éatﬁ?tc) .\ (Thin Film Energy Harvester)
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Low Cost 3D* Device

NAR[abs

Commitment - Passion * Innovation
~ + I
2013~2015 IEDM 3D* device
WOur work 2015
[ @Our work 2014 NMOS
1E-5 e W Our work 2013 PMOS
et F & CEA-leti VLSI 2015 c-Si
R B8 - APLee Trans. On Elec. Dev 2010 W398
LT Epi-like Si pseudo-substrate - —  Sung-Jin Choi on VLSI 2010 = nm
—_ NARLabs Low cost 3D* device *
E 1E-7 | W/L=20/30mn
E W/L=50/52nm
5 : y AT \
2 1E-8 | / /
A : 3
E E i.\ike St
-0 1E9L ¥V Vepit
i i W/L=38/34
TiN 10 '_Po y Sl nm
LT Epi-like Si pseudo-substrate = %v/Lz 50/140nm *
F 20/1um (VG-VT=1.6V)
1E-11 1 i 1 " 1 1 1 1
0 100 200 300 400 500 600

2013 IEDM 3D* UTB

lon(1A/um)



NDL 3D* IC Milestone NAR
PUbIlShed at IEDM Commitment + Passion + Innovation

Standard

TSV-based 3D Chip Multi- lﬂmonohthqu Chip Regular VDD operation Ambient Light
Thin film solar cell 4,,%‘_ Poweroperation / Enerng arvester
A iy, Lo
. i ' I \ { :Zw : lPovlverO i
:j nlla‘yyeer:) Back contact Through Silicon Via(TSV) Normal Via(Higher bandwidth) %‘W = ﬁdM N f _S T
4 Si0, N W i o w Data store to NVM me
Hmrﬁ::;: e o Aroos Z% })Power Off-Data Store to NVM
Flexible Substrate Puve“l:vg:: ;,iver (o';:""bw:;_ Power Up-Data Load to SRAM
Novel 140°C Hybrid Thin Monolithic 3D Chip Ge/Si mo.nollthlc 3I?-IC v.wth TS.V-free Monolithic 3D-IC
Film Solar Cell/Transistor  integrated NVM, logic circuit  Stacked SiGeC ambient light  with Heterogeneous
Technology (2010-IEDM) and SMAM (2013-1EDM) ha.rvesFer (2014-1IEDM) Integratlc?n fo.r loTs (2015-
(High-light paper) IEDM) (High-light paper)

UTB MOSFETs
with and wlo
metal back gate

Standard
bulk Si
MOSFETs

Monolithic 3D* nanoelectronics

3D Ferroelectric-like Recorded-high on currents V,, adjustable stacked _
NVM/CMOS hybrid 3D stacked epi-like Si FETs Si/Ge-FETs (2014-lIEDM)  for loTs Using Local and
. (2013-1EDM) Selective FIRLA Technology
chip (2012-IEDM) (2015-IEDM)
2010-2012 2013 2014 2015
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Self-power application

Integrate Solar cell, Memory and Logic circuit!

~ﬁw&m§5ﬂ§_

Battery-less Photovoltaic RF Tag
3D-positioning demonstration ‘
under Indoor Environment (600lux) el

_Solar, in-house light Self power loT




Power Gas Sensor Platform NAR

metal oxide film

Sensing material: CO & CO, (self-assembly)

Insulating layer

Sensing 4 (Si oxide or nitride)
electrodes «
e / Heater resistor
— ; Thermometer
l ,-’7 resistor

Membrane
I + Membrane

4 layer (Si oxide
@ or nitride)

Gas Sensor

Silicon
substrate (

CO sensor in Smart phone
(self-assembly)

Package Alcohol sensor
1.08E-5-
1 D6E-5-
1 04E-5-
1.02E-5-
> 1E-5-
Q8E-6-
9 6E-6-
9 4E-6-
9.2E-6-
9E-6 -
88E-6-]
134186 135208
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Rapid screening detection seng@MRiabs
- Pathogens ot - S - 81

BBL Enterotube "Il 40s

Traditional ~ Bacteria detection in hospital

S — ...—._.——.——-—--—-....‘

Blood culture

bacterial concentration Plate culture Biochemical Detection
(>10°CFU / ml) (Enterotube II)
24-48 hr 24 hr 16-24 hr

NDL

e
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4 -3 "~. §n-
.0 2 B
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g T—_— Rapid Idenuﬂcat;o thogens in blodd cells y TV
= o
- g P owrvegiveisa
200 :
t does 1 Mo W o~ A e
:;’L‘-./‘.l' Q - -

Blood culture Prepared buffer % w0 iN0 1o 300

Raman shift(cm™)
bacterial concentration  TAgNPs
(>105CFU / ml)
4 hr 1 min 3 min ~15 sec

N wmrven

m

Electrokiiall trapping Raman Spectroscopy




Rapid screening detection sensgar
- Cancer K - A - B

* Rapid: ~2 hr isolation time

* High purity Electric field
applied

* High recovery: > 80%

Youtube2GIF.com

AR LR SR

. v As featured in:
Rapid assessm f new medicine for :
cancer ch herapy effect

o o 1. B B EF E At i

Youtube2GIF.com

LabonaChip (@

C-

See-Fang Cheng, Wu-Chou Su
etal, Lab Chip, 2015, 15, 2950,

o
(’ F CHEMISTRY www.rsc.org/loc

(LA R

(@) Lung adenocarcinoma cells and blood cells separated from the resulting
image in the micro- flow channel, (b) A single- cell lung cancer is to catch up

Rapid assessmell@®f new medicine for . . e .
cancer chiliiRherapy effect with the micro- structure of the positioning result, and (c)published on a

o e BB - RS T S 1 ik Chip as a Back Cover -




NAR/[abs

R - BE - BLET

Metrology Analysis Service

Audited by
Nano MetrOIOgy «”Talwan Accreditation Foundation
Laboratory (TAF)
QualitylVianagement dechnicalfiVianagement
System System

Step Height Line width
L|ne width  Surface Image Line width
Observation

Depth Profile Surface Phase
for Boron Qualitative Identification

International Laboratory Accreditation Cooperation (ILAC)
Mutual Recognition Arrangement

Our technical capabilities have reached international
standards and commensurable techniques with other 60
accredited laboratories in 73 countries over the world.




High-Frequency Measurement NAR
Cap ab I I Ity Commitment - Passion  Innovation

Comprehensive measurement services for high-speed/high-
frequency devices and circuits up to 220 GHz

« RF/MW/mmW Circuit Measurement up to 220 GHz

« S-parameter Measurement up to 500 GHz

* Noise Parameter Measurement up to 90 GHz

» Load-Pull Measurement up to 94GHz

» High Voltage/High power Device and Circuit Measurement

g
- K2 . R - = = B _
220 GHz S-parameters 60-90 GHz Noise/Load- High Power Device Measurement
Measurement System Pull Measurement System System, up to 3000 V, RT to 200 °C
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Cooperation with Research T¥dm

New Structure New Material
National Chiao Tung University (I-RiCE) National Taiwan University
National Taiwan University (Major Alliances between Academia
National Tsing Hua University and Industry)
National Sun Yat-sen University National Chiao Tuw,lniversity (I-RiCE)
University of California, Berkeley National Tsing Hua"University
Tohoku University National Cheng Kung University
TSMC (tsmc-NCKU R&D Center)
UMC National Central University
‘ | ormal University
New Appllcatlon ‘ ' .};'.‘{jniversity of Science

National Tsing Hua Unlversbty

(Minor Alliances : Acadgn\@? ﬁ’l tl/)
National Cheng Kung U ty f ¢
National Sun Yat-sen University

Leland Stanford Junior University

MXIC

AUO .
Motech

ifornia, Berkeley

Liteon 2 o NN i T
Foxconn




NAR

R - BE - BLET

Possible Cooperation Topic

Nano-Devices
* Ge/SiIGe and -V FINFETs & Nanowire/ GAA FETSs.

« 2D FET (MoS,, WSe,, Graphene, Silicene), Spintronic.
Process Technologies

» Low temperature activation (MW, laser)/ contact/ Junctionless
* high-k material /Metal Gate

« Monolithic 3D CMOS/ heterostructure Integration.

* RRAM, MEMS, solar cells, photonic, bio-chips (Si substrate).

« Ambient charger (light, heat, vibration, microwave).
Equipment and materials

« Joint development.

 Test and evaluation.
International training program 60

L e



Why Partner With Talwan

 Fully eligible to participate in Horizon 2020
* Bring funding from Taiwan

» Contributes unique expertise into the
projects

 Access to markets and networks in Asia-
Pacific

Nano 2016, W-K Yeh



Number of Projects

Taiwan’s H2020 Partner Countries
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Find Partners in Taiwan

NCP Taiwan website: https://www.ncp.tw/en/
Find Partners in Taiwan by H2020 Research Area:
https://www.ncp.tw/en/faq/

keyword

ational i - =4 X = .
; .; SERY 1\ oy Site Map
P ontact L A %
oint. TW

National Contact Point
for EU Framework Programmes
for Research and Technical Development - Horizon 2020

HEHRFRBEEXBHRER

Welcome to NCP Taiwan Find Partners in Taiwan by Research Area
poncoR e Index{ Environment & Climate Action (16) ¥
Taiwan Funding Programs Agriculture & Forestry (4)

Aquatic Resources (2)
Partnering With Taiwan Dr. | Bio-based Industries (7)

Biotechnology (12)
Find Partners in Taiwan Energy (17)

Dr.

2 z il Environment & Climate Action (16)
Project List

Food & Healthy Diet  (3)

ICT Research & Innovation (15)
Key Enabling Technologies (7)
Dr.| Raw Materials (2)
Research Infrastructures (2)

Security (3)
Visitors: 22,397 Dr. Social Sciences & Humanities (6)
Society (1)
Dr. Space (1)
Transport (1)

followme: f 8-

Nano 2016, W-K Yeh


https://www.ncp.tw/en/
https://www.ncp.tw/en/faq/

NAR labs

Commitment + Pas

Thanks for your attention !
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