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Introduction

History of electronic devices
: To satisfy requirements
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Introduction

© 2023. TSMC. Ltd

SINCE 1946

| Device Architecture Outlook

e

WS,, MoS,, WSe,, etc.

SEMICONDUCTOR TECHNOLOGY LANDSCAPE

Pl o OO0 L= | LIMEC

Nanosheet Backside PDN  Fynctional backside

Super thin novel channel material tc Ru BEOL.BPR Semi-Dam. BEOL
7-5nm S ———— .
54 MOL Co - e
I
= Scaled 2D device fabrication s 4 Pnm 'nm S— ng
) 3% Gate Metal ‘@ 16-14nm 3nm Spintronics
—approaching Si state-of-the- Gate Oxide = FInFET Snm
art dimensions :"E" WNE Gt yan g0 :..'; i1 r wnn;“""‘ S Technol C
. ‘ H “opaaal " ystem Technology Co-
S — 14n . . .
Specialized gate oxide = v - o optimization (STCO)
growth for 2D surfaces 0 28nm
achieves near ideal
subthreshold slope (SS) 28nm
HKMG
Paper #7.5: Gate length scaling beyond Si: Mono-layer 2D Channel FETs Robust to Short Channel Effects H :,_1 dustian

20011 2013 2015 2017 2019 2021 2023 2025

Scale pitch Scale logic cells ~ Scte (sub-)system functions




Introduction

S R e ;~
E— T _ High qual. MoS, in wafer scale Mos, driving circuit
? 30” scale Graphene ' [Nature., Cornell] [/’\’at- Mater., Nanjing]

[Nat. Nanotech., SKKU]

2D heterostructure ~ : N
“’ [Nature, Manchester] - e
. el SC-hBN film I
D:AT . 4 anurce I
| MoS, on parylene C
. '
—] |
Si substrate = I
- Single crystal h-BN |
MosS, Transistor e [Science, SKKU] |
[Nat. Nanotech., EPFL] e [ S .
* ' Tt -
2Tufn (') = (‘) (y’( ’ I I gggg | MoS, on UTG
@ CHmOEEw) | I ¢ : , ;
' o I '
! 1 S !
I [ 5555 Fee I
Graphene I ! — Sy e — 1 9 .
exfoliation A, I » Large area MoS, synthesis Ultra-low k BN I
[Science, Manchester] : - [Adv. Mat., KRICT] [Nature, UNIST] 150 °C synthesis of MoS,
? 120 Gpa Graphene : Si/Gra. Barristor : [Nat. Nanotech., Yonsei]
I [Ssience., Columbia] I [Science., Samsung] I I
2004 2008 2009 2010 2011 2012 2013 2015 2017 2018 2020 2021 2023




Introduction

Applied research based on 2D mono-materials
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2D Heterojunction based Devices

: Opening the novel device system
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SINCE 1946

General method to synthesis TMDs

Intercalation assisted exfoliation Electrochemical synthesis Thermolysis
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Introduction (issues in the process)

[Raw material - Uniform] ii) Residue/contact problem

Synthesis temp. > 600 °C

iii) Atomic-level etch

SnS, on \WSe, |
ACS Nano, 11, 12001 (2017)

Adv. Mat,., 596, 519 (2023)
ACS AMI., 13, 1 (2021)

[ Supporting Mat. ]

[Product — Non uniform]

Transfer o5
i) Wrinkle/bubble '
, [ Pattern
[ Etching

[ Cleaning J

Nature, 596, 519 (2021)

Nat. Com., 13, 1484 (2022) Fab. process - Contamination = Nonuriform-performance
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Challenge I.

Improve uniformity of devices

A. Residue-free process (= Non-transfer)

-> Direct synthesis on target substrate 2022)
Challenge ll.
Minimize thermal budget !
A. Confined heat treatment (vertic. & Horiz.) E

Challenge lll.

Simple & Cost-effective method
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Nat. Mat. 24, 519 (2025123




Motivation

Solution: Laser-based photothermal treatment

General CVD method

T-Furnace
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Motivation

® |

A= S22 AR 3HE2N}
A=3 B== BHEN

Erasing of Graffiti: Use a laser with a high absorption rate only on the target paint.
: Allows for a selective removal process.
: Minimize the damage to the wall of the old talace.




Results and discussion

I. Partial photothermal reaction via Laser beam (A =1.06 um)

Precursor
Sio,
Si
1. Spin-coating
18tCycle : (NH4),MoS,
24 Cycle : (NH, ), WS, 3.Rinsing
R WS,
2. Selective thermolysis
1stCycle : MoS, < 2" wafer >
2nd Cycle : WS, 1cm
Solution based thermolysis method
@
. oo O
dip-coating 000000 etched out o
1000 °C
( \4 30 min %
: “m
V Transfer
.
(NH4)2MOS4 Pattern
solution Step I (NH,),MoS, + 2H,0 - 2NH,OH + H,S + MosS;

Step II: MoS; + H,» MoS, + H,S Nano Lett. 12, 1538 (2012)




Results and discussion (LTPT)

I. Partial photothermal reaction via Laser beam (A =1.06 um)

Sin

Low-temperature polysilicon (LTPS) iPhone 13 Pro models have LTPO
displays: What those are and why

you should care

5 Apple isn't the first to use the technology. Samsung's
Galaxy Note 20 Ultra, Galaxy Z Fold 2 and Galaxy S21 Ultra
use LTPO, too.

, Stephen Shankland
.Fh P 4 ihin read ﬁ)

Amorphous Silicon(a-Si) Poly-Silicon (LTPS)

AN N1 A0
® Low-temperature polyoxide (LTPO)




Results and discussion (LTPT)

I. Partial photothermal reaction via Laser beam (A =1.06 um)

. 4

1. Spin-coating
18tCycle : (NH4),MoS,

2" Cycle : (NH,),WS,

R s,
2. Selective thermolysis

18tCycle : MoS, < 2” wafer >
2nd Cycle : WS, 1cm

= Mechanism: Absorption rate = Raman spectroscopy
© s S-rich i MoS, Ag WS,
e Mo atmosphere 20 £
29
— ® ©
Z;:G =3 ~
— ] It 5 =2 E
(NH,4),MoS, = o 4 3 iz 29
& 5 3 g
& 21 2 £
SiO, 0
10° 10> 10° 10° 10° 330 370 410 450 320 360 400 440

Absorption (m™") Raman shift (cm™)



Results and discussion (LTPT) 7 o

“'Precu ré’?ﬁ‘“6 -
Sio,
Si

Il. Time-domain thermal analysis
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- 2 order of different temperature scales in each top and bottom regions
- The upward heat transport from Si to SiO, is suppressed due to the low thermal conductivity of SiO,
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Results and discussion (Advantage. I)

l. Ultra-fast & Uniform device performance

(a) (b) ()

60 10+
Saturation
VGS =4V

MoS; 1600 FETs array

]

lps (0 A)

i

- Simple & fast process
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: Processing time
for 1,600 array
: <10 min
active area (150x 300 um?)

- Uniform performance

: Transfer X
: Photolithography X
No wrinkle & PR residue

- Performance

: lon gel gated FET
: Mobility - ~5 cm?/Vs
: On/off ratio: ~ 103
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Results and discussion (Advantage. 1)

2PN

SINCE 1946

Il. Heterostructure

M.J. Jeon

[ PN junction (WS,/MoS,) ] /—[ Schottky junction (MoSz/Graphene)]—\

(@) (b) | K .
3323333 ) ) MoS, via Laser method
aS * 5
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=
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- J

- Demonstration of Semiconductor/Semiconductor and Semiconductor/metal junctions

- Minimize thermal budget — selective heat treatment

- Ensure rectifying behavior (current ratio ~ 103) 21




Results and discussion (Advantage. I11)

lll. Direct formation of MoS, on rubber
- PSAF PSAF %
MoS, %

(NH,),MoS, | » »
Step 3. Sio, Sio, —
Step 1
PSAF .......
(NH,);MoS, Rosette gauge

SiO, /Si

Remove sacrificial

Attach pclymer supporting

layer R strain
layer ? N gauge
: on wrist

Layer-selective

synthesis of MoS, Transfer on target

- The fiber laser penetrates the rubber substrate(PAS) without damage.

- Selectively decompose only the inner ATM precursor.

- Direct formation of MoS, pattern on rubber substrate.

22




Results and discussion (Advantage. 1)

R-R, IR, (%)

Ill. Direct formation of MoSZ on rubber

Conventional method

Wafer substrate  Transfer Rubber substrate

Our method

Rubber substrate

=.

Direct pattern
on rubber

Exact position Good Exact position Impossible

Misalignment X Misalignment 0
Device uniformity Poor

Large scale o Speed Slow

Large scale O

Exact position Good
Misalignment X
Device uniformity  Good
Speed Fast
Large scale O

0 15 20 25
Time (s)

: piezo-resistance variation (G.F: ~ 50)

: Mathematical calculation of strain level and direction

N
W



Mini-summary

Direct synthesis of 2D based heterostructure

r N
Challenge I,

Improve uniformity of devices
> Residue-free & Non transfer process
> Direct synthesis on target substrate

Challenge |l.

Minimize thermal damage
> Confined heat treatment (vertic. & Horiz.)

Challenge Ill.

L Simple & Cost-effective method

Solution
: Laser based
selective heat treatment

Key mechanism
: adsorption ratio against
exposed wavelength of laser

Advantages
: Fast and uniform performance
: Direct formation w/o damage
> realize heterostructure
> form on rubber
: Strain modulation
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Results and discussion (LIG)

Synthesis of 3D porous carbon

Laser scribing

o] o]
A \
N NOO H
Laser
'T ! ! 0 o] .

(A=10.6 um)

2
Polyimide

aser ablation

Carbonization
L] - “ .

600 ~ 1000 °C < 2500°C

v" One-step graphene material synthesis strategy under ambient conditions
v' Localized photo-thermal effect induces recombination of chemical bonds of a polymer substrate

v' Rapid thermal decompose process — The degassing process forms porous structure

26

Nat. Comm. 2014, 5, 5714 (2014)



Results and discussion (LIG)

§

A

Synthesis of 3D porous carbon — Modulation of photothermal effect & 4

Laser scribing direction 5 B'Dagow 5 TDS‘:"I\;'?HQ , %1;;:3
T — ; mm mm =
: L ) Defocusing effect
£ LF-LIG
= \
s ¥ ¥ N {:. Focal plane
o s A 7 a T
= Pl LooL L
0000000
S > = I A T R
E SF LIG _:f g 6 E g E E _E E 1 1 1 1
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= Z E ; 90000000
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£ A R
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a \
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Different laser spot size (0.02 mm2) (10 W/mm?2) | | | | : : : :
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e P TR B
i bt b '5_].&_ '

.
v’ Laser irradiation condition > Photothermal effect > Characteristics of LIG

v’ Laser spot size variation induce difference on laser power density (10 — 70 W/mm?) & spatial overlap




Results and discussion (LIG)

Svynthesis of 3D porous carbon — (i) Macro structure control

(a)

<_WNorking distance
¥ U ¥ |

Spot size

Variations

: Fluence

: Pulse = eatns QRPN LI b
:Scribespeed EEEETE A Ny B LAl A DD

: Focal length

B




Results and discussion (LIG)

Svynthesis of 3D porous carbon — (i) Macro structure control

Working distance

d A ey

v Surface structure of LIG tuned from porous to fibrous with the regulation of photothermal effect




Results and discussion (LIG)

Intensity (a.u.)

K.H. Choi

Raman spectroscopy D’ : breaking of lattice symmetry

) tal defect D* : heavily disordered carbon
- crystal detec D** : stacking faults

POFOUS-LlG i D* SF-L'G - D* LF-L'G - D*

Intensity (a.u.)
Intensity (a.u.)

1000 1200 1400 1600 1800 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800

Raman shift (cm™) Raman shift (cm™) Raman shift (cm™)
v Fibrous structure - Large surf. area
- broadening of peaks & decrease I/l ratio - Defect rich

s

\} crystal size : 32 nm — 16 nm
observed D* & D** peak




Results and discussion (LIG)

Chemical composition

7~ Fibrous LIG (N

A
[

- ————

©
<

Atomic ratio (%)

o)
i

80-

Working distance (mm)

Similar carbon content
But,
: Porous LIG — Oxygen rich
> withdraw electron
: Fibrous LIG — Graphitic N rich

itrogen rich)

i

orous LIG

P
(Oxygen rich)

Resist. (©2/0)

from graphene

> donate electron to graphene

Pow. Dens. (W/mm?)

Electrical property
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20 N 2
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L W Al 2
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\ 86600
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Results and discussion (LIG)

Triboelectric property of LIG

(a) (b)
o
@ 12{ & .
<
= 0.9] & 26
: R
—~ 06 Lo S
c 5 o
S g 0.3 V& oY P
ubstrates % S \‘Ec RS
HC & po - PR
ES u %
B Counter material 5-0.3 U
W LiGs (LF-LIG) © 0.6/ - 1
B Pl spacer 0.91 0‘} ©
% & «QQ;,
<
(c)
Positive LIG > SF-LIG > LF-LIG Negative
Polyimide PDMS PVC r
1

©

Voltage




Results and discussion (LIG)

PMMAJ/LIG based TENG

(a)

Output Voltage (V)

(d)

Qutput voltage (V)

(b)
50 LF-LIG TENG
404 200
1 ’o_%
N ! g ™ o .
<30{* % / 1503 ~§
LIG - o =
504 5 = 9 _ i g 2
= o1 7]
320 L1005 §
-1004 - ER
5 3 £
] O
150 © 104 50 &
Q
. /
2004 Isep 0- g*’o *®-9-20 L0
15 105 105 107 10%® 10° 10"
Time (sec) Load resistance (Q)
(e)
120
LF-LIG TENG g™ LF-LIG
SF-LIG
60 - LIG
0- S
Frequency = 1 Hz =
Force = 130N b
-60 e
mese———— | ]
Long term operation (~104#)
-120-
-180 4
3600 7200 10800
Time (sec) Time (sec)

0.6 1 ® LF-LIG
@ SF-LIG
e LIG
0.4 -
0.2
0.0 -
105 10° 107 108 10° 107
Load resistance (Q2)
(f)

LF-LIG based TENG shows 130 times higher power density

: Contact surface area / W.F. / surface charge potential




Results and discussion (LIG)

PMMA/LIG based TENG
(a) (b)

S
g
S
— - Spacer f::.’
G =
P g
\ o
-------- LIG
electrode
(c)
[Single-touch] [Double-touch]
1
e
3
33
4
1 2 3 4 1

(d)

| Draggingalong the arrow |

Pristine Right

9
]
3 |
0 __/‘JL/__JN
0.2
0.1 A
o
-0.1 '__
0 2 4 6 8
Time (sec)
[Multi-touch]
7.5V
37V
oV

Down

< TENG based tough sensor
: Printing technique
- Laser printing
- ink-jet printing
: array type

: flexible device
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Results and discussion (LIG)

3D porous carbon on Si wafer

SiO, etching Pl patterning

Open Si window & Curing Laser irradiatior:l
& 3DPG synthesis

Back/Top electrode

- deposition
Cr/Au

3D Porous Graphene

-"
..........

-
LI5S
s
"
*a
., -
.
-y .
-
*e
.y
.
.
"y
-y
"

f> Low absorptlon of CO, laser energy
Pl pattern on Si/SiO, wafer - 3D porous carbon synthesis

:> High absorption of CO, laser energy - photothermal heating

Unpublished data



Results and discussion (LIG)

Photoresponse of a 3DPG/Si Schottky junction sensor
(vs. conventional CVD graphene/Si)

a)

Light

o
S—
=

E
N
=)

80F
—— Bare Si 104: — 3DPG — CVD grown Gr | <9— 3DPG —@—CVD-grown Gr
£ 60 CVD-grown Gr/Si 't —| ~ ol
e —— 3DPG/Si < E | || [ <
g 50 £10° s
2 0 5 40
(7} = =
= 40t =3 E 3
O 10 !
o 10 g O 20 .
30=; = & 3 o —— — — = [
5 3 1 i 1 A i _ .F 1 10‘10 I 1 1 I O C 1 I 1 I
400 600 800 1000 0 1 20 30 40 50 0 20 40 60 80 10C
Wavelength (nm) Time (s) Angle of Incidence (degree (°))

[Advantages of the Porous Structure]
: 3DPG exhibits very high absorption and low reflectance in the visible range

: Maintains high photoresponse over a wide range of incident angles due to surface scattering

Unpublished data



Results and discussion (LIG)

Confined Liquid-phaser laser ablation
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Results and discussion (LIG)
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Selectively doped LIG-based active matrix device

Multi-gas sensing via integrated sensor array
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CMOS circuit based on LIG NMOS & PMOS
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[Why LIG-based active device arrays have not been realized]

- Challenging micropatterning of porous structures

- Limited selective doping of LIG on a single substrate

- Instability in metal-LIG contact characteristics
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