Next generation semiconductor devices
and applications
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5. Next generation electronic devices



Organic Non-volatile Memory

Organic Resistive Switching Memory
(Simple & Advanced Architecture)



Organic Non-volatile Memory Devices

Memory and Logic Will Play a Critical Role
iIn Future Printed Electronics Applications

Smart tagging of | Large area displays,
“everything” Memory and ~ disposable price displays
: logic enable

i and lighting

integrated
systems

(e.g., store max/min temperature, tum

e

Disposable sensors/tags

From THINFILM



Organic Non-volatile Memory Devices (resistive change type)

Organic memory refers to devices that are used to store data or programs on a
temporary or permanent basis using organic materials as an active layer.

Usage of organic memory devices

“Deposited on top of flexible plastic materials, plastic circuitry could, for instance, be built into flexible
displays and packed into smaller spaces inside cellphones, MP3players, plastic RFID tags and even credit
cards.”

“The time for OMDs might finally be at hand ... even if the first application is the humble radio-
frequency identification (RFID) tags used in retail store product.”

From “TechNewsWorld 2011"

\\
N
Merits Challenges
* Simple structure * Unknown switching mechanism
» Easy of fabrication * Unstable in ambient condition
« Compatibility with flexible substrates * Data retention time
* Comparative low cost * Reliability
*  Multilayer stacking * Processability = uv patterning & cross-linking
* Integration - cCross-bar structure
* Novel architecture -» 1D-1R or 1T-1R architecture




Family Tree of Organic Non-volatile Memory

Organic Non-volatile Memory

Organic memory devices

Non-Volatile Volatile
|
| |
Resistive change Charge trap, Ferroelectric
| ' | ——
MIM type Cross-bar type TFT type

1T-1R 1D-1R 3D stacking

Three terminal device -Gate

Two terminal device -Top electrode -Source
-Bottom electrode -Drain



Types of Organic Non-volatile Memory

Resistive change type Flash type

Polymer Memory
- charge trap memory

Molecular Memory

* Rotaxane molecular film
* Layer thickness ~ 2 nm 6.4 Gbit/cm?
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Organic memory devices

Top Electrode Top Electrode Top Electrode Top Electrode

2" organic layer
Organic layer

15t organic layer

Bottom Electrode Bottom Electrode Bottom Electrode Bottom Electrode

unipolar

Scott et al, Adv. Mater. 19, 1452 (2007)



Materials for Organic Non-volatile Memory

* Organic materials for resistive change memory devices

Small molecule

Nanoparticle blends

Switching type Structure

ITO | NiPc:PAH [ Al
Au | anthracene-co-PMMA [ Al
ITC | DDQ, TAPA, Fluorescein, Eosin ¥ or Rose Bengal : PAH / Al
Al [ tetracene | Au
Ag [ anthracene | Ag
Al | pentacene | Al
4. WORM ITO, Au, orAl [ Algd [ Al
5. Switching by either polarity, NDR ITOorAu/ Alg3 or NPB [ Al Ag or Au
Al AIDCN | Ag

1. Hysteresis, without threshold or NDR
2. Reverse polarity switching, no NDR

3. Threshold, but volatile

Switching type

Structure

Donor-acceptor complexes

Switching type Structure

Cu/ CuTCNG | Al
ITO | EUVB-co-PVE | Al
ITO | PEDOTPSS | RE-complex:PVK f LiF [ Ca jAg
HOPG | NEMM:pDA | STM
Al f CUTENG | Al
Al | TTF:PCEM:PS
HOPG [ CDHAB [ STMW
Cu / CUTCNG |/ Cu
ITO ) P3HT:CNT | Al
Cu/ CuTCHQ | Al

2. Reverse polarity switching, no NDR

3 or 4 Volatile or WORM depending

on conditions

4. WORM Ag [ DCBDCP | Ag
TG | EUVE-co-PF [ Al

Mobile-ion, electrochemical system

Switching type Structurs

PEDOT:PS5:Nacl | 6T-co-PEC [ Al
Pt/ MEHPPY | RbAgSI4 jAg
2 { PPhA:Nacl | 2

1. Hysteresis, without thres hold or NDR
2. Reverse polarity switching, no NDR

1. Hysteresis, without thres hold or NDR
2. Reverse polarity switching, no NDR

3. Threshold, but valatile

4. WORM
5. Switching by either polarity, NDR

Al f (Au-2ZNT or BET):PS [ Al
Al AIDCN [ (Al) J AIDCN / Al
Al (Au-DT):BHQ, or DMA:PS | Al
Al ] (Au):PTFE | Au
Pt/ (Ag)gd-HMDS or gd-benzene | Pt
Al AIDCN | (Al):AIDCN [ AIDCN | Al
Ag [ CNPF | (Ag) | CMPF | Ag
] TDCN/ (Ag) / TDCN | 2
Al ] Alg3 [ (Al) [ Alg3 ] Al
ITO [ (AU-TPP)=BPIF [ Al
ITO | [AuTPP):xHTPA | Ca / Al
ITO [ (Au-TPP)xHTRA | Al
ITO | (Au-TPP)xHTPA | xHTPA [ Al
Al [ MPE [ {Al) / NPB ] Al
Cr [ Alg3 / (Al) / Alg3 |} Al
Cu [ Alg3 [ (Al) / Alg3 ] Al
ITOl [ Alg3 | (Al) [ Alg3 /Al
Au [ Alg3 [ (Al) [ Alg3 ] Al
Ni [ Alg3 / (al) / Alg3 Al
Al [ Alg3 | (Mg) / Alg3 | Al
Al ] Alq3 / (Ag) | Alg3 ] Al
Al [ Alg3  (Cr) | Alg3 | Al
Al ] Alq3 / {CuPc) [ Alg3 ] Al
Al ] (Au-DT):PIHT | &l

Scott et al, Adv. Mater. 19, 1452 (2007)



Working Principle of Organic Non-volatile Memory

Ohm’s Law
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Working Principle of Organic Non-volatile Memory

* Switching type of organic memory device

P
* Unipolar switching * Bipolar switching
(a) 0.006 . . . (b)
: — 0.2
0.004 | - E _
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0.006 e s WON
TR A 0 1 2 6 4 2 0 2 4 6
Voltage (V) Voltage (V)
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e Switching parameters

* Kind of materials

* Thickness of organic active layer
* Kind of metal electrodes

* Device architecture

* How to Measure-compliance current, sweep voltage, sweep direction




Mechanisms of Organic Non-volatile Memory

v Filamentary conduction

Filament

Nat. Mater. 6, 833 (2007)

v Charge-transfer
Al Top Electrode

ITO Bottom Electrode
Langmuir, 23, 312 (2007)

v Space charge and traps

© AN
: )
4.2eV ‘ Y Y Y 4.2eV Electron Y f\.
Al an a oan | A i
(i) (ii)
Bectron| 7/ Ntee. o> Electron

Al Al

(iif)

IEDL, 28, 569 (2007)

v Conformational Change

o F W)Undor' 'Q.I':’ctrionl :
b "J,& . *t

High-conductivity state

J. AM. CHEM. SOC. 130, 2120 (2008)

Low-conductivity state

v lonic conduction, tunneling effect, and etc



Research Summary of Organic Non-volatile Memory

e Simple Architecture * Advanced Architectures for organic memory device
>>> MIM, Cross-bar >>> 1T-1R, 1D-1R, 3D stacking, Flexible memory

MIM 1T-1R

Polymer memor)’i.Rs )

3D stacking




Simple Architecture for Organic Non-volatile Memory

Kim et al. Applied Physics Letters 92, 253308 (2008)

Kim et al. IEEE Electron Device Letters 29, 852 (2008)

Kim et al. Nanotechnology 20, 025201 (2009)

Kim et al. Organic Electronics 10, 496 (2009)

Kim et al/. Organic Electronics, 11, 109 (2010)

Cha et al Materials Science and Engineering B, 191 (2015)
Cha et al. ACS Applied Materials & Interfaces, 9, 2730 (2017)



Simple Architecture for Organic Non-volatile Memory

M-I-M Unit-cell Type Single Layer Organic Memory Devices

Fabrication of polymer non-volatile memory device

1
WPF-oxy-F

| p-silicon

N— |
Standard cleaning : Spin coating of Formation of top electrode fosdedbsdsdeanaiss |
Heavily doped P-type organic material & using shadow mask : M-I-M P P
silicon baking type

Concentration: 5mg/ml

2000rpm, 30s [ 150°C, 20min

h

: M-1-M type Cell size: 50, 100, 200, 400 pm

Equipment for fabrication and analysis

Glove Box E-beam evaporator Thermal evaporator Conducting AFM HP4155C, B1500A &
Prove Station

HP4145B with
Labview system




Simple Architecture for Organic Non-volatile Memory

Switching behavior of WPF-oxy-F memory devices
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* WPF-oxy-F memory device showed bipolar switching behavior
* More than 3 orders of magnitude of on/off ratio

* Low operation voltage (-3V ~5V)
\. J

Kim et al, Appl. Phys. Lett. 92, 253308 (2008)
Kim et al, IEEE Electron. Device Lett. 29, 852 (2008)




l. Simple architecture for organic memory device
Micron-scale MIM [/ Submicron-scale MIM

Specific memory performances

Cycling (pulsed I-V) Retention characteristics
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Simple Architecture for Organic Non-volatile Memory

Memory Mechanism

. . )
Cell area dependence Conducting-AFM images

, e ——rrr —y L Low Resistance State
100GE Read @ 0.3V -
F @ 3
S T
> " .
g - —=— High Resistance State ]
b7 10M F—o— Low Resistance State
‘7 3 3
O -
100k E 3
lk [ 2 s aaaal A b aaaal :

10° 10° 10°
. 2
Cell size (Um")

There are localized and distributed
conduction paths in current image of LRS

* From ~120 devices for 5o, 100, 200, 400 um cell

sizes
* Resistance of LRS did not change over cell size Programming: 6.5V tip bias
* Resistance of HRS slightly decreased Erasing: -3.0V tip bias
Reading: 1.0V tip bias
. J

Kim et al, Appl. Phys. Lett. 92, 253308 (2008)



Simple Architecture for Organic Non-volatile Memory

Switching (Response) Time
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* Response time when switching from HRS to LRS:
Na-WPF-oxy-F and Ca-WPF-oxy-F: ~10 us

WPF-oxy-F: ~2 ms Kim et al. Organic Elect. 10, 496 (2009)




Sub-micron scale Organic Non-volatile Memory

Nanoscale (Sub-micron scale) M-1-M Unit-cell Devices

[ 5 WPF-ox i [ B
‘ -oxy-F spin coating . .
_ * E- Beam lithography technique
p* Si o :
p* Si * Wet etching process (BOE)
- Bl * Size of via-hole
Sio, = — ]
: SiO;
+ S ] 2
b3 — 40 X 40 pm
8.5 X 8.5 pm?
PMMA 950k A2 A9 el 4.5 X 4.5 um?
;s p' i
p* Si 500 X 500 hm?
[ | i 200 X 200 nm?
5 x85um

PMMA 950k A2 !

Sio,

p* Si
BOE etching

sio, |

p*Si

K P

Kim et al. Nanotechnology, 20, 025201 (2009)



Sub-micron scale Organic Non-volatile Memory

What is the difference between conventional M-I-M between scalable via-hole ?

Ve

- The main difference is how to define active area.

* Conventional MIM * Scalable via-hole
Organic layer active area Organic layer
\ o oeere [
Bottom electrode Bottom electrode

- =
In this study
[ Organic material * 3D schematics * SEM image of organic memory device
- b WPF-oxy-F - ey
920, Ce ¥, S

—_— 7 o* Si
200 nm Active region

. IO Oxo

I \

~




Sub-micron scale Organic Non-volatile Memory

Nanoscale (Sub-micron scale) switching characteristics

-
Switching behavior of sub-micron scale polymer memory device

10°F 500 x 500 nm’ 1 S| 500 x 500 nm’
PR | 1 z | o
ﬂ 107§ 1 = sol = 15
3 3 =
8 0 | - S0
] 1 e 60F
E -
- 1 =% L
S 107y 1 z 9 V624 32 a0 B
lll'“{ : = 20} Transition voltage (V)
fr : E ol
1'}'13' L L L 1 1 PR | i 1 M B |- 6 PETTT BT AT BEEETITT BETTrT B rrre, | -
4 3 2 1 0 1 2 3 4 5 10" 10" 10° 10* 107 1w0°* 10°
Voltage (V) Current (A)

Excellent electrical bistability with a high ON/OFF ratio ( |op/loge ~10% at 0.3V)

Excellent device-to-device switching uniformity

Narrow distribution of transition voltage (2.8V ~ 3.2V)




Organic Non-volatile Memory by Printing Process

* Organic memory devices via. spray printing method

Optical images of sprayed film

(b)

Spin coating

(d)

Spray printing
Optical image Electrical properties
Y] o (a) v (b) o O Spin coating
Spray printing . 10 = I 5 120, 2 P Read @0.3V
a A-O vz < OFF ON
e = 10 z — -
—_ G = 100 o A o
E ~— e o A A
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Scan width (um)

Cha et al. Materials Science and Engineering B, 191 (2015)



Self-assembled Organic Composite Non-volatile Memory

* Micro-crater from succinonitile-poly(methyl methacrylate) organic composite

Standard cleaning : Highly Spin coating of organic Top electrode deposition
doped P-type silicon material & baking (Al ~ 50nm)

p Active layer (PMMA:SN) is polystyrene in chlorobenzene Spin casting was performed under 2000rpm for 40sec.

Poly(methyl methacrylate)

* Density 1.18 g/em3 * Density 985 mg mL™’
| * Electrical conductivity (s) 10-12 $/m “ * Melting point 52 °C
O O « Thermal conductivity (k) 0.19 W/(m K) / - Specific heat (c) 145.60 J K" mol!
* Melting point 160 °C /
+ Specific heat (¢) 1.4 kJ/(kg K) * Succinonitrile, also butanedinitrile, is a nitrile,
. with the formula of C,H,(CN),. It is a colorless
*hPec:Ir)‘(“(omlethl methcrqu’{e) (PMMA) is a har,'qurePf // solid that melts at 57 °C, hence its waxy
plastic often used in sheet form as a lightweight .
! . . consistency.
or shatter-resistant alternative to soda-lime glass. “
n * The same material can be utilised as a casting resin; in

inks and coatings, and also has other uses.

Cha et al. ACS Applied Materials & Interfaces, 9, 2730 (2017)



Self-assembled Organic Composite Non-volatile Memory

* AFM images of PMMA:SN composite film

PMMA 30mg/ml."s

(d)

PMMA 45mg/mi ©

PMMA 45mg/m}:SN 1wt%

PMMA 65mg/mt:SN 1wt%

PMMA 30mg/mé:SN 3wt%

PMMA 45mg/mi:SN 3wt%

PMMA 65mg/mi:SN 3wt%

(a) PMMA 30mg/mI:SN 3wt%
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(c) PMMA 65mg/mI:SN 3wt%
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Self-assembled Organic Composite Non-volatile Memory

 TEM, EDX, XPS analysis on PMMA:SN composite film

* Optical microscopy images of organic non-volatile memory device with spin-coating process

(b) b

« Figure 3. (a) An optical image (b) A cross-sectional AFM image and
(c) A cross-sectional TEM image of a PMMA:SN memory device and
HRTEM image an PMMA:SN film memory device.
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0
Figure 5. In situ XPS spectra of (a) C 1s and (b) N 1S regions measured as a
u o

o function of PMMA 30mg/ml SN 1wi%.




Self-assembled Organic Composite Non-volatile Memory

* Formation of micro craters

é\ é@@ Mixed solution
|

ALY

(] Solvent evaporation
O and phase separation
T —-—

* %\\\\\\\\\\\\ Self-assembled micro-crater



Self-assembled Organic Composite Non-volatile Memory

* Electrical properties of PMMA:SN composite film
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Self-assembled Organic Composite Non-volatile Memory

* Potential switching mechanism

TE TE
%\\\\\\\\\\\\ %&\\\\ AN
BE BE

10°

Current (A)

107

107 Initial Set 1 (V < Vg

107°

10--115 -1ID I5 [3 5 1ID 15 TE

Voltage (V) )
QW

PMMA: N\ EE
| SN: \ | Set Il (V ~ Vg Reset (V > Vg

e o e =

Cha et al. ACS Applied Materials & Interfaces, 9, 2730 (2017)



Advanced Architecture for Organic Non-volatile Memory

.
Y el s ~§ \ “ v
L, -
L -~y ~~ §~ Q‘ ‘.

Il -

Kim et a/. Advanced Materials, 21, 2497 (2009

Cho, Kim et a/. Advanced Materials, 22, 1228 (2010
Ji, Kim et a/. Advanced Materials, 22, 3071 (2010
Song, Kim et al. Advanced Materials, 22, 5048 (2010
Kim et a/. Advanced Materials, 24, 828 (2012

Ji et al Nature Communications, 4:2707 (2013

Ji et al Organic Electronics, 18, 77 (2015)

Ji et al Organic Electronics, 29, 66-71 (2016)

Jang et al, In Revision (2018)
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Advanced Architecture for Organic Non-volatile Memory

* 1T-1R Organic Memory Device

Vol 21 « No. 24 + June 26 » 2003
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Advanced Architecture for Organic Non-volatile Memory

* 1D-1R Organic Memory Device

e ADVANGED
MATERIALS

PI:PCBM

Al I

p-Si

-10-8 6 4 -2 0 2 4 6 8 10

Voltage (V)

“*Accurate reading process in 1D-1R array
OFF (19) -] WQI) f)
g ; ;
. ‘;‘;2, Resistance (Q) in 1D1R
L |

W/L
BIL 1 2

1 [42M (OFF)|273K (ON)
2 | 24K(ON) |163K(ON)

Misreading in 1R Accurate Reading in 1D-1R

Cho, Kim et al. Advanced Materials, 22, 1228 (2010)

UWILEY-VYCH Organic Memory COVER




Advanced Architecture for Organic Non-volatile Memory

* 3-D Integrated Organic Non-volatile Memory Cell Array
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Song, Kim et al. Advanced Materials, 22, 5048 (2010)



Advanced Architecture for Organic Non-volatile Memory

* Flexible Organic Non-volatile Memory

“*Flexible organic memory device

,;'

Front Cover

“+Switching characteristics of flexible memory device
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1D-1R Architecture for Organic Non-volatile Memory

 Why 1D-1R Architecture?

Cross-talk issue in 1R type memory cell array

V=Vraad

Memory element

Switch element

Memory element
Pt

Switch element !

M.-J. Lee et al (Samsung), Adv. Func. Mater. (2007)



1D-1R Architecture for Organic Non-volatile Memory

* Recent researches on organic1D-1R

All Organic 1D-1R but WORM type: No isolated cell

hybrid 1D-1R: Rewritable
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1D-1R Architecture for Organic Non-volatile Memory

* All organic patternable 1D-1R Organic Non-volatile memory cell array

P
Issues on organic memory device (resistive change type)

* Processability

* How to Integrate

* Development of novel architecture

Strategy to achieve better processability and device integration

- UV patterning & crosslinking for further process

* Use of UV patternable polymer (Memory component : Resistor)
* Azide crosslinker for patterning of common conjugated polymers (Switching Component: Diode)

— Example - UV Patteming of Switching Component

=< NPT

o TR

reoPTs  E— »
Azide Crosslinker
L

UV Patterned & Crosslinked P3HT




1D-1R Architecture for Organic Non-volatile Memory

Small molecule for cross linking of organic materials

N * Our Cross linker

H,
&, Y#\‘
nglet mitrene
' 0

.' - q
ﬂ:rjﬂ M 3 Bis-perfluorobenzoazide (Bis-FB-N,)
.24-5 .E 54 nm

f * p-type polymer material
N, 3
MH -ﬂ-l':.'lnll:!". Cimains oH,

fl:"}’. :.-:'.-l:r"l."'.' aim Cnmair

= 0 Poly(3-hexylthiophene) (P3HT)

* UV source

Bis(fluorophenyl azide)s (sFPAs) can be mixed ge
nerally into polymer OSCs to cause photocrosslin
king when exposed to deep- ultraviolet light (DU
V, 254nm wavelength) without degrading their es
sential semiconductor properties.

Wavelength: 254nm, 4W



 Fabrication procedure of All organic flexible one resistor-one diode cell array

1D-1R Architecture for Organic Non-volatile Memory
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1D-1R Architecture for Organic Non-volatile Memory

Flexible and twistable 64bit non-volatile Memory e A R 2 ~sv
NS . . . v Zi
\\\\\\@\\\\ Cell Array with all organic 1D-1R Architecture :
S
\\\ N \\\\ \\\\\\\
AR

Memory F

Diode F
N3 o
OCH,

o SOOODOC

Polystyrene



1D-1R Architecture for Organic Non-volatile Memory

* |-V characteristics of 1D-1R Organic Non-volatile Memory Cell

Current (A)

Memory

10

S0 3
Voltage (V)

10

-4

Current (A)

Diode

10°
N @
Q
i
107+ g
: J
10°+ 3
| Reverse %\
10—11 > "-,
-13 L ! L ! L |
10 -15-10 -5 0 5 10 15
Voltage (V)

Current (A)

p—
=
°
T

[y

—}
-
=

10"

1D-1R

15 -10 -5 0

5 10 15
Voltage (V)



1D-1R Architecture for Organic Non-volatile Memory

Bending method

|----30.3mm- - - - | = |-/

Distance (mm)

Radius (mm) Strain (%)

30.30 0 0.00

29.70 34.00 0.18

29.10 22.03 0.29

28.50 20.00 0.31

27.90 15.80 0.40

27.30 15.50 0.41

26.70 14.10 0.45

26.10 13.00 0.48

2210 9.60 0.65

18.10 7.60 0.83

14.10 6.20 1.01

10.10 5.00 1.26

6.80 (Glass pipet) 3.40 1.85

6.30

(Breakdown of diode) a4 208

5.00 (5 sheets of glass) 2.50 2.51

4.00 (4 sheets of glass) 2.00 3.14

3.00 (3 sheets of glass) 1.50 419

2.00 (2 sheets of glass) 1.00 6.28
1.00 (1 sheet of glass)

(Device is broken) P59 oo

//\: b // \\
SRR

’
’

|
Thickne’sﬁ
1.00 mrh
u
Equation of strain
: Total thickness of device
Strain (%) =

2 X radius of curvature

of glass:

100



1D-1R Architecture for Organic Non-volatile Memory

 Memory Performances of 1D-1R Under various bending conditions

Current (A)
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1D-1R Architecture for Organic Non-volatile Memory

 Memory Performances of 1D-1R Under various bending conditions

a b c
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1D-1R Architecture for Organic Non-volatile Memory

 Memory Performances of 1D-1R Under various bending conditions
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1D-1R Architecture for Organic Non-volatile Memory

* Reliability of 1D-1R Under various bending conditions

ON/OFF ratio
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1D-1R Architecture for Organic Non-volatile Memory

* Addressing Test of Flexible 1R cell array vs. 1D-1R cell array
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1D-1R Architecture for Organic Non-volatile Memory
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Organic Non-volatile Memory Transistors



Organic Non-volatile Memory Transistors

Low voltage memory transistor with hybrid gate dielectrics

Organic transistors with small molecule charge trap layers

One step synthesis of Au nanoparticle-cyclized polyacrylonitrile composite films
Graphene quantum dots for organic non-volatile memory transistors

Control of ferroelectricity of P(VDF-TrFE) copolymer via photocrosslinking

Kim et al, Applied Physics Letters 97, 023310 (2010)

Kim et al, Organic Electronics 15, 2775 (2014)
Cho et al, Journal of Materials Chemistry C, 4, 1511 (2016)
Ji et al, Nanotechnology, 27, 145204 (2016)
Jang et al, Manuscript in preparation (2017)



Operation of Organic Memory Transistors

( P-channel Operation)

I I [ ] source/Drain Electrode [___| Gate Electrode
Vps |:| Semiconductor - Substrate
I I |:| Dielectric |:| Tunneling layer
- Charge trap layer

—~

1
~—~

1

| I

-
-
-

| Y (¥
) | ) € @ Trappea Charge



Previous Research on Organic Memory Transistors

* Researches low voltage organic field effect transistors

Hybrid gate dielectric

Sowrce and drain contacts (Au)

Organic
semi conductor

SAM

DO PO AL TP O

(EEEIETERESIRELA YN
AU

=r—p

Planar zation layer | N
(polyimide) | Polyimide substrate
> K B |
Gateelectrode (Al)
b
oo Vaslo2v

(w0 s

O. Acton et al, Adv. Mater., 20, 3697 (2008) T. Sekitani et al, Nature Mat., Vol 9, 1015 (2010)

Source

Crosslinked

Drain

Polymer Blend (CPB)

n*-Si (Gate)

Ultrathin organic gate dielectrics

CPB (First generation)

ClsSix, SICl,

X =0, CgHyy, or CyoHyy

|DGYQ (X 10-4 Alw?)

o _ivoonan 28y

10 20 3.0

vﬂ

Vs V)

C. Kim et al, JACS, 130, 6867 (2008)

Hybrid gate dielectrics such as sol-gel HfOx+SAMs or AIOx+SAMs and Ultrathin organic gate dielectrics are widely used fo

r low voltage organic field effect transistors.

— If we use graphene oxide layer as a charge trap layer in this low voltage OFET platform, we are able to demonstrate low

voltage organic memory transistors.



Previous Research on Organic Memory Transistors

* Why graphene oxide for organic memory transistors?

o 30

£ —————————,
-—?5» \ N Sweep s +8
\ Sweed
(8) TaN Gate TaN Gata 3 Z,ol(e) ' - Bep®
. t b Y1 Swment &1
I ks L |
1
lll’llll..lllllll§io. s
E L1
o P Skt o 2R . ¥
.‘° 6 43210123466178
VoV
c=0
0 s a0 e -

Bingirg eaeray @V

Post annealing
process

Intansty (ay )

20

285 260 269%
Birding energy (eV)

4 3 2901 2 3 4

Valtagedv)

In flash type memory device, post annealing is necessary tor achieving dense blocking oxide(Al,Og, in
this case). However this post annealing process reduce graphene oxide to graphene and that has poor
charge trap behavior than that of graphene oxide( narrowing CV hysteresis after post annealing

process)

Organic memory transistors do not need such a high post annealing, hence GO is more useful charge

trap layer in organic memory transistors.

One more advantage of GO is that it is solution-processable (spin-coating) and ink-jet printable, so it is
compatible with memory storage system based on flexible organic electronics.



GO based Low Voltage Organic Memory Transistors

* Graphene oxide + Hybrid gate dielectric(AlO,+SAMs)

Basic concept

Au Pentacene (OSC)
Pentacene
» Graphene oxide layer
AlOx
Al

In our previous research, We clearly showed that grahpene oxide is one of the charge trap layers for high
performance organic memory transistors.

Fabrication process issue

* Control of breakdown voltage of hybrid gate dielectrics

* Formation of SAMs on AlOx

* Spin coating of graphene oxide on SAMs layer uniformly

* Materials selection and thickness control of organic tunnel layer



GO based Low Voltage Organic Memory Transistors

* Graphene oxide + Hybrid gate dielectric(AlO,+SAMs)

(@)

Pentacer‘le
prOT9PA SAL
A0, | Al

pentacen®

: gAM
hO19PA =
- A0, /Al

pentacen®

(@) [8-(11-phenoxy-undecyloxy)-octyllphosphonic acid (PhO19PA)
(b) Graphene oxide

(c) Pentacene

(d) PMMA

Kim et al, Organic Electronics 15, 2775 (2014)



GO based Low Voltage Organic Memory Transistors

* Cross-sectional TEM image

B8 e




GO based Low Voltage Organic Memory Transistors

* Transfer and output characteristics
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GO based Low Voltage Organic Memory Transistors

* Sweep Hysteresis

10

10° 0.8 10° ‘ : : ‘ ‘ 1.4
V,=-2v AV,,=0.5V V=-2V

('Ids)1/2 (10-3

V. (V)

1.6

V= -2V |

AV, =0.8V

)1/2 (10-3 A1/2)

5 4 -3-2-101 2 3 4°
V. V)




GO based Low Voltage Organic Memory Transistors

 Calculation of stored charges on Graphene oxide

The amount of the trapped charges at the
graphene oxide layer was calculated

AV, =-dQJe = -Q/C

114 AV, : the hysteresis window of memory transistor
L& Q: the traped charge
Lo «;;E C.: the total capacitance of the gate dielectrics

gf:g Total amount of charge on thick graphene oxide ( 9nm)
= ~2.9x102cm?

10.2 From AV,, = 2.0V and C, = 233 nF/cm?.

0.0
5 4 -3-2-101 2 3 4
vV, (V)

Monolayer of graphene oxide sheet has trap density of 3.22 X 10! cm2



GO based Low Voltage Organic Memory Transistors

* Device performances

WRER Test Data Retention
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Organic Memory Transistors with One step synthesized Au NPs

* One step synthesis of Au nanoparticle-cyclized polyacrylonitrile composite films

Stabilization
270°C

Polyacrylonitrile (PAN)

Cyclized PAN (cPAN)

Cho et al, Journal of Materials Chemistry C, 4, 1511 (2016)



Conventional processes of Au NPs in device application

Agglomerate
AuNPs

Cavity

Adding Reducing agent
b and Stabilizer

-

Synthesis in
liquid phase

Thin film
formation

Solvent
Evaporation

HAuCl, AuNPs in Spin-coated Non-uniform AuNPs
(Gold salt solution) liquid solution AuNPs solution on the substrate

« AuNPs by a bottom—-up method generally involves the chemical reduction of gold ions in a
liguid phase with reducing agents and stabilizers.

» For actual device applications, additional thin film formation is essential after nanoparticle
synthesis in liquid.

 Problem : This intricate process causes agglomeration, deformation of nanoparticles, and
damage to an organic underlayer by interacting with the solvent or an additive, such as the

reducing agent and the nanoparticle stabilizer, and causes a non—uniform dispersion in the
maitrix.

- J

* For the NVM application, electrically isolated states of AUNPs are preferred.




Cyclization of Polyacrylonitile (PAN)

Conventional Carbon fiber process
PAN fibers

Cyclization , Carbonization Graphitization
(200~300°C | (1000~20007C) (2000~30007C)

Cyclization

>

air, various temperatures \N \N

Polyacrylonitrile (PAN) Cyclized PAN
converts from the nitrile group (-C=N) into a ladder structure (-C=N)

Fiber = Film
P



Organic Memory Transistors with One step synthesized Au NPs

* Fabrication Process
W (channel width) = 1000 um Au

Pentacene
Gold nanoparticles L (Channel length) = 50 um /z

4’4&41,
"A/L" »}. m S

Po’ySt}’FEne

Cyclization at various
Spin coated HAuCl, in PAN  temperatures for 2hinair Tunneling layer Spin coating Thermal evaporationin vacuum

Gold nanoparticles

 Materials & Conditions

EXPERIMENTAL (1) EXPERIMENTAL (2)
Material (1) 4 Solution preparation Constant Cyclization Constant HAuCl, Ration
% - Ration Temp. temperature ( wt%)
Polyacrylonitrile (PAN) . :
*Solvent : Dimethylformamide (DMF) Con Sy Oy As spin coating 241
*The concentration of solution was 1.5 wt% 71 170 C Cyclization 5:1
200 C at 7:1

Material (2) @ Salt : HAuCl, 730 C 270 C o
*Solvent : PAN 1ml (PAN : 1ml) . ’
*Spin-coating was performed under 500 rpm 270 C 15:1
for 5 sec/4000 rpm for 90 sec 300 C 20:1




Organic Memory Transistors with One step synthesized Au NPs

* XPS & TEM analysis

Intensity (a.u.)
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Organic Memory Transistors with One step synthesized Au NPs

* Electrical characteristics
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Neuromorphic Device

Ferroelectric Organic Neuromorphic Transistors (FONTSs)
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Why Neuromorphic Device?
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BIG DATA Era

¢ BIG DATA, Display, Electronic products, Genetic data, etc
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Heat, Energy Issues

** Storage, management, dissemination of organized information for business

Google data center world wide Google Data Center

\ \
\ \

\-_4

)
)
..................................... .
'
\
Pacific
Ocean : el

Ocean Australia

Typical Data Center Energy End Use
Trends in Data Center Energy Use (USA) Power Conversions

& Distribution

% ~ 100 billion kWh in 2011

Total amount of energy use (Korea, 2013-2014)
% ~ 100 billion kWh per year

W. Tschudi, “Data Center Efficiency”



Why Brain mimicked Computer system?
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Human Brain vs. Super Computer

H2L

W 10" neurons

H 10"° synapses

H 1-10 Hz (operational frequency)
Hl 20 W (power consumption)

Bl ~1fJ (energy consumption)

1. Most efficiency computing system synapse
2. Most complex system

(Potential # of synapses network >> 77?7?) Synapses

dendrite

Si CMOS Transistor

Basic components B Super Computer (2" ranked, Titan, 2012)’s CPU vs. Human Brain

Neuron (4 ~ 100 pm)

Coniral Procesaing Ut Si CMOS Transistor (32 nm) Synapse (~ 100 nm)

Input
Device

o ~ 200 x 102 CMOS transistors
~19 K (CPU + GPU)

~ 10" Neurons

# of device ~ 105 Synapses

Computational

~ 15
20 x 10™ FLOPS power

> 40 x 10> FLOPS

8.2x10°W 20w

Programmed, fast numerical

s Learning, massively parallel
Titan (404 m?) cal., serial/parallel processing

signal processing

Human brain



Status of Current Research on Neuromorphic Devices
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Status of Current Research on Neuromorphic Devices

¢~ Machine Learning-Gen
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Neuron

B Neuron and synapse B Parallel network
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Small changes in membrane potential (graded
potentials) can be depolarizing or
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A depolarizing potential that exceeds a threshold
becomes an action potential.



Synaptic Plasticity

Synaptic plasticity is the ability of synapses to strengthen or weaken over time, in response to

increases or decreases in their activity. (1|

Neurotransmitter

stored in vesicles

Dendrite

Enzyme that destroys
neurotrensminer

Q[gl}%}

oIt F 20 #EE 5)
Memory, learning, computation, reasoning

Excitatory vs. Inhibitory Synapse

excitatory
EXCITATORY SYNAPSE neurotr'allsmi tter

N\ Na*

+ 4+ o+ + o+
ACTIVATION
—_—

influx of Ma* depolarizes membrane,
increasing likelihood of firing an
action potential

inhibitory
neuratransmitter -

Hebb’s Postulate: When an axon of cell A... excites cell B and
repeatedly or persistently takes part in firing it, some growth
process or metabolic change takes place in one or both cells
so that A's efficiency as one of the cells firing B is increased.

Fig 1237

©1998 GARLAND PUBLISHING

ACTIVATION
_—

influx of CI” tends to keep membrane
polarized, decreasing the likelihood
of firing an action potential

LTP

pre-post
(positive ISIs)

-40 ms ISI

post-pre
(negative ISIs)

LTD

IS1

In standard Hebbian learning, a synaptic weight is increased
if presynaptic and postsynaptic neuron are ‘simultaneously’
active. If neurons communicate by spikes, the concept of
simultaneity implies the pre- and postsynaptic spikes occur
within some time window. Theory predicts that these time
windows could have two phases corresponding to an
increase (potentitiation) or decrease (depresseion) of the
synaptic weight depending on the relative timing of pre- and
postsynaptic spike. Such asymmetric learning rules with two
phases have been found in recent experiments.



Spike Timing Dependent Plasticity (STDP)
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Guo-giang Bi and Mu-ming Poo, J. of Neuroscience, December 1998



Mimicking Synaptic Device

H Long Term Potentiation (LTP), Long Term Depression (LTD) (& 1|1|<, &8)
l STP, STD (for Short Term Memory)

B Spike Timing Dependent Plasticity (STDP)

l Ultralow power
Hl Ultrahigh density

B Function of synapse

Y

Analog Tr
neuromorphic circuit

Front. Neurosci., (2011)

Floating-gate synaptic device

Small, (2013)

Resistive/memristor synaptic
device

Synapse

= ¢ p
< To pre-neuron 7P @ =

To post-neuron

Nano Letters, (2010)



Control of ferroelectricity of P(VDF-TrFE)

* Device structure and materials

. (L

Au (50nm) Source / Drain electrode

Pentacene (50nm) Organic Semiconductor

(b)

P(VDF-TrFE) copolymer
(Dielectric film)

/[//]/l//]/‘FN;,—()_(—( i

Bis-FB-N, o -

(Photocrosslinker)

PVDF TrFE

Jang et al, Manuscript in preparation (2017)



Control of ferroelectricity of P(VDF-TrFE)

* Polarization curve via contents of crosslinker
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Jang et al, Manuscript in preparation (2017)



Control of ferroelectricity of P(VDF-TrFE)

* Transfer curves of the ferroelectric transistors via contents of crosslinker
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Ferroelectric organic neuromorphic transistors (FONTSs)

A F F

\/ }

A cooee
P(VDF-TrFE) H H Pentacene

(Dielectric film : 420 nm) (Organic Semiconductor : 30nm)

Au electrode
. (Source, Drain : 30nm)
7 (Gate : 20 nm)

Au (30nm)
Pentacene (30nm)

P(VDF-TrFE)
(420nm)

AU'(20nm)

Jang et al, In revision (2018)



Ferroelectric organic neuromorphic transistors (FONTSs)

A B
Au/Pentacene
Mechanically
—lp 4
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s

1cm

m_

Free-standing FONTs Substrate with hole



Ferroelectric organic neuromorphic transistors (FONTSs)
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Ferroelectric organic neuromorphic transistors (FONTSs)
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Ferroelectric organic neuromorphic transistors (FONTSs)

@ Video of I-V characteristics of Free-standing Ferroelectric organic neuromorphic transistors (FONTs)

ECLO R s BT R~ Pl wwwiBandicam.co.kr |




Ferroelectric organic neuromorphic transistors (FONTSs)
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Jang et al, In revision (2018)



Ferroelectric organic neuromorphic transistors (FONTSs)
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Ferroelectric organic neuromorphic transistors (FONTSs)
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Next-generation Wearable Device Platform

Fibriform Organic Memory Transistors



Previous Research on Flexible Devices

@ Flexible, Twistable, Rollable memory @ Flexible Transferable device
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@ Stretchable, Rollable electronic circuit on flexible substrate
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Fiber-Shaped Electronic Devices

Sensors

(a) Fabric pressure sensors
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Previous Research on Fiber-type Electronic Devices

@ Weaved OTFT on Fiber
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planar

IEEE Trans. Electron Dev., 52, 269 (2005)

@ Fiber OFET
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Nature Mater., 6 , 357 (2007)
Adv. Mater., 21, 573 (2009)

I Insulator
I Conductor
"% Semiconductor in the low-conduction state

Il Semiconductor in the high-conduction state Nature Mater., 6 , 328 (2007)

Adv. Mater., 26, 5310 (2014)

lon reservoir
Category Fiber OFET WECT
Mobility >0.5 cm? v-1 57176l Very low
Uptol.4cm? v s
Operating About 9-20 V 0-1.5V
voltages
On/off ratio 10°-10° 10%-10°



Previous Research on Fiber-type Electronic Devices

@ Woven Inverter

12 mm

i Gate
" Contact Pad

t t
Spacer Transistor
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@ Weaving with silk fabric

Adv. Mater., 23, 898 (2011)

@ Woven Resistive Memory Array

Log (current)

Adv. Funct. Mater. 26, 2706 (2016)
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Fiber-Shaped Organic Ferroelectric Memory Transistors

— Target : 1-D memory transistors on single fiber

Au(source/drain) Final aim :

Ferroelectric \

P(VDF-TIFE) Metal wire(gate)

_ Fiber-insertion to the fabric
Organic

Semiconductor

Fiber-shaped organic ferroelectric memory transistor

— Materials — Coating method
FE F R F
P Qo
o e o . i
/C / \ Au/r'nicrofibef m
TARY F H
- Die-coating system
P(VDF-TrFE) copolymer Pentacene
=  Gate Dielectric . _ - diF-TESADT : PMMA
= Ferroelectric polymer » Organic semiconductor blend solution
u Large remnant po|arization " P_type Adv. Funct. Mater. 2016, 26, 2706-2714

- Non-volatile memory application *  Thermal evaporation

= Modified die-coating system
»  Solution processsability

=  Uniformly coating on the fiber




Fabrication procedure of fiber-shaped memory transistors

Metal wire

P(VDF-TrFE) coating

* Pristine gold wire
* Diameter: 100 um

F F

NS
C ~
ARIA

30 wt% P(VDF-TrFE) in DMF
Capillary tube coating system
Capillary tube(l.D.: 1.1~1.2mm)
Coating rate: 30 mm/min

Drying: convection oven, 140°C, 2h

S/D electrode

Organic
Semiconductor

* Pentacene(50nm)

* Thermal evaporation

Solution-based dielectric coating
utilizing meniscus

|

-

Capillary tube coating system

Au wire
drawing direction

Capillary tube filled with P(VDF-TrFE) solution

~

Lee et al, Manuscript in preparation (2017)



Uniformity of coated P(VDF-TrFE) film on the Au wire

* Film thickness of P(VDF-TrFE) * Capacitance of P(VDF-TrFE)

T T T T 6 1 v T v T
12 Au Coating rate
’g o | P(VDF-TIFE) : 30 mm/min |
= 10 g S Au wire
0 T
£ . )
Q
g ° :
£ 4 g
£ ©
i 2 g
0 &
_ . _ . _ . _ . 1 . . C=2.13+0.1 nF/crln2
0 30 60 90 120 a b Cc d
Coating velocity (mm/min) Position

* Film thickness control depending on the coating speed

Cross-section

10 mm/min 30 mm/min 120 mm/min

Gold wire

98



Device performances

* Optical microscope image

P(VDF-TrFE)

Au electrode(S/D)/Pentacene

* Double sweep transfer curve

107 ¢
EV =10V

d

100 50 0

A\

L —V =30V to -30V
| —— V_=50V to -50V
| —— V_=80V to -80V

1

[ — Vg=1 00V to -100V

30mm/min
L=15um

1

v, V)

50 100

* Memory window

45}

Memory window(V)
- - N N w w S
o 3, o (3] o (3] o

a
—

V =10V

/

30wt%
" ] 30mm/min
L=15um

1 " 1 " 1

N
o

20 60 80 100
Applied gate bias(V)

=  The double sweep transfer curve showed a hysteresis loop, with a clockwise trace..

=  When the gate bias sweep ranges were 30V to-30V,50Vto-50V, 80V to-80V,and 100V to -100 V,
the memory windows were approximately 8V, 18 V, 33 V, and 38 V.




Device performances

—

<

N
T
—

Write-Read-Erase-Read cycles
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4 (A)

10

=
o
T

v,=-10V
Read at Vg =0V
Write atV_=-100V
N !
| Erase at Vg =100V
0 2500 5000 7500 10000
Times (s)

The reversible switching properties were characterized by performing the Write/Read/Erase/Read(W-R-E-

R) cycling test more than 500 times. It is worth nothing that our fiber-shaped memory transistors have

reversible switching characteristics and a non-destructive readout capability.

magnitude for 10%s.

The measured drain current difference between ON state and OFF state was more than two orders of



Gold, Aluminum and Silver wire

* Device structure: Au/Pentacene/P(VDF-TrFE)/Metal wire(Au, Al, Ag)

(a) Gold(Au) wire P(VDF-TrFE): 26 um  (d) € ¢ |
j 3 V =10V Au wire V =10V Al wire
‘ ¢ 30mm/min 30mm/min
10} L=30pm 10%L L=30um
10°
g 10 10
I 10-11
(b) Aluminum(Al) wire 1.9 um 102 —Vioveo Yy 102l
: » —— V=50V to -50V
| oy —— V =80V to -80V
I -13 X Ig X X X X X 10'13 ! ! L L | | |
10 -80-60-40-20 0 20 40 60 80 -80-60-40-20 0 20 40 60 80
V.(V) v (V)
) 107 _ 9)
vd=.1 ov Ag wire
30mm/min
10° L=30pm
10°}
3.3 um
< 10"
. 10™
10™
10"

-80-60-40-20 0 20 40 60 80
V()




Optical fiber and Plastic fiber

* Device structure: Au/Pentacene/P(VDF-TrFE)/Ag/Optical fiber or Plastic fiber

» SEM images » Transfer characteristics
(a) Optical fiber(OptF) (b) P(VDF-TrFE)/Ag/OptF Optical fiber Plastic fiber
-7 -7
10 V =10V Optical fiber 10 V =10V Plastic fiber
d 30mm/min d 30mm/min
10° L=20pm 108} L=20pm
_10°F ~10°}
< <
T B | 2ivoomn Lo | 7sm | soom | 1005 _-10_10 _l:0_10
Diameter: 125 pm P(VDF-TrFE): 2.9 um
. 10"t 10™
(c) Plastic fiber(PF) (d) P(VDF-TrFE)/Ag/PF —— V=30V to -30V — V=30V to -30V
: | 42| — V=50V to -50V 12| — V=50V to -50V
107 __ =80V to -80V 107 =80V to -80V
—— V=100V to 100V —— V. =100V to -100V
10™ — 10™ R S
100 -50 0 50 100 '° 100 -50 0 50 100
V.(V) V.(V)

Diameter: 155 pm P(VDF-TrFE): 3.7 um



Optical fiber and Plastic fiber

* Device structure: Au/Pentacene/P(VDF-TrFE)/Ag wire

» Winding on straw » Winding on glass pipette

= Diameter of Ag wire: 200 um = Diameter of Ag wire: 100 um

= Diameter of straw: 3.6 mm = Diameter of glass pipette: 7.1 mm

V =10V Ag wire(200um) V=10V Ag wire(100um)
30mm/min 30mm/min
L=30um 3 L=30pum
F —— V =30V to -30V L
g — V =30V to -30V
—— V=50V to -50V vg—sov to -50V
—— V=80V to -80V V*‘: S0V °
T4E —— v =100V to -100V . o 00V to -0V
9 1 1 fomm— Vg=100V to -100V
-100 -50 0 50 100 . ! y
-100 -50 0 50 100
L V. (V)

v,v)

Lee et al, Manuscript in preparation (2017)



Low-Voltage Fiber memory Transistor

e Optimization of Coating process

Au (Source/Drain)

Pentacene

P(VDF-TrFE)
F F F

Semiconductor

Source/Drain electrode

Organic ferroelectric layer
Gate electrode

Capillary Tube-Assisted Coating (CTAC) Prcess
Capillary tube

Wet film
Gelation

P(VDF-TrFE) solution Solution
meniscus

Radial solvent
evaporation

Ag wire

Capillary tube

Drawing direction

...............



Low-Voltage Fiber memory Transistor

20.0 B-phase
am (200)/(110)

Ag wire

Intensity (a.u.)

oy 20.0°

Si wafer

16 18 20 22 24

2 Theta (degree)



Low-Voltage Fiber memory Transistor

* Device Performances

10°
F ReadatVG=0V,VD=-1 \%
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Low-Voltage Fiber memory Transistor

* Fiber memory in a textile




Low-Voltage Fiber memory Transistor

* Performance of Fiber memory in a textile
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Low-Voltage Fiber memory Transistor

* Fiber memory in a textile under various strain conditions




Low-Voltage Fiber memory Transistor

* Pristine

id (A)

e 73.3 % strain
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' ! 1 1 ' I 1
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1E-11-} i 0 0 i i i
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Next-generation Wearable Device Platform

Chip on a Fiber for New concept of E-Textile



Future of Wearable Computer ?




Wearable Devices for Future Emerging Technology

@ Requirements for Wearable Devices

® Main concept of Wearable Devices

Organic Signal

il o @ J7 0]

HUMIDITY : 57% ‘\\
INTENSITY : 89% "\\
ELASTICITY : 73%
Lift time Signal J
TEMPERATURE : 28C
TOTAL : 2,087 o
.,m 1.39 MILES FATIGABILITY : 30%
XonEs 678 KCAL SWEAT :12%

From: Designgounge

Interactive Device Technology

Environment Signal

® Functions (Performance)

; The technology includes processing, sensing, displaying, memory, and transfer of the signals from

human body environment



Perspectives on Wearable Devices

@ Expectation on the technology and market

® Growing up glove market

o2 7171 AlE S9% Hlx Fx} =l A H|xFEA S7H2 HMZ 174 atCY (‘16) !
42621 ot 1000;]} = o A 17100
108§ g% o HEApo] AOpERA
7 Rt gg,.:‘ 30
E " KICKSTARTER Fitbit 1 4OOUH:H
~ AOIEE elgol Jetec @l (&5 =89
15%7t o AIOIENAM 52 dlojgi= 717D
309,;502', Zio|2t= 7Hd l
2013 2015 gxmE S} ol 2011 2013 Wors Moderde Best
From: Credit Suisse(2013.5) The Next Big Thing-Wearable Are In Fashion
® Perspectives on Global market ® Global market share of wearable technlology
s  Growth of global market 26.1% of every year Conducingink & her Logic/memory
upto 2026 Photovoltaics  Sensors 1.3% B 200
3000 62.0 6.0 " 133%
m QM 207% 20%
2500
26.1% 2,277 B?jtt;ry
2000 1,777 1.7% OLED display
Other display 1150
. 13.7% 1,399 200 383%
(R2Lha) 1,109 6.67%
23.3% )
1000 883.1 Electroluminescent
. ¥645.6 734 . 0.5
sop 4301 0.2% (20354 US$ billion)
I I Electrochromic :
" 05 Electrophoretic ™ o £p light
. . . 02% 14.0 25.0
2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 467%

83%
Frorm: Frost & Sullivan (2021) From: IDTechEx 2015-2025



Research Trend on Wearable Devices

@ Research
® |ssues on emerging electronic devices ® Requirements on Future Devices
erTET o Speed :
b SN Keywords Current Requirement[ g Capacity
“ Low cost Size
Heat
-~ Synthesis
i Flexibility
? Printing
v'Cheaper | Robustness
Reliability
Scaling down
Uniformity
vFaster Feeling Convenience
; vSmaller B ] New Requirement
oFrom ITRS (International Technology Roadmap for Semiconductors) Roadmap Emerging Technologies* Wear

® Electronic Devices with various Functions and their shape
Electronic Textile: Implementation of Electronics on Fabrics or Fiber (non conventional substrate)
WSk 5T
ELECTRONICS® um?&‘mm g Considerations for Wearable devices
- & F A

MR LS
R , : Constancy »
I Individual computer
Convenience Fabric / >> Accessary type

%’k RISIA0) 0

‘u.im’ .‘3}"'3}0! MA@
clothing type

<) “ 'l.‘%|$‘lllIMQﬁ';|
.mw:m 11000 . 4 | -

Attached on body type

Bioimplantable type

wibosps, s g G E §

Ut BIg e hisl ™




Limitation of Conventional Electronic Textile

@ What is the best platform for wearable electronics?

® Flexible electronic device on flat substrate

Wrinkle —
=
- | B
. Deformation X
Delamination :
and Transfer = Delamination
Tearing
Fabricated on rigid Sub. Flexible devise right after transfer on Fabrics
® Electronic fiber by weaving technology
Fiber for Source electrode
Fiber for Drain |\ - \

electrode o Deformation *
Insulator , \
~ ™ Semiconducting — :
layer Break down

Conductive
« Limitations in Scaling down, High performance, Robustness on device operation

Poor electrical contact

fiber for gate

P Required innovative Platform for wearable electronics



Chip on a Fiber

Circular Rectangular Polygonal

Capacitor Capacitor . 1
v Transistor Y v v
Resistor Q mimm x




Coating process for Chip on a fiber

Circular filament

PR coating process on filament

CapillarLtube
PR J Filament

Aadv. Funct. Mater. 26, 2706 (2016)

Circular filament

PR

PR on Circular filament

\

Filament

N\

3P g .07, 8 i~ i —== T A

Scratched PR on Circular filament E—
100 pm




Chip on a fiber

Metal pattern array on fiber

PR pattern

Metal array B i

® 900000000 005 08
TEEEREEEREERENE N B

10 % 10 pm?

Capacitor
¥ Transistor
Resistor . i, =

N ,‘
a \

-~ 50 um

Circular Filament

- .

sssisssssscsscsses
]
100 pm

20 X 20 pum?




Chip on a fiber

Circuit electrode on fiber

After develop

After metal deposition

Ring oscillator metal pattern array on Circular filament

P 15
Pt Lo, % )
S EEEE
%‘tg\?\’?’rf// Capad
apacitor
\? (%( A . Y Transistor
// Reﬂsf?i ““ —— .
/4 r \

-~ 50um

Circular Filament

. ad wed et el R

e
After lift-off

=T e ===l e e

e ]
After lift-off 200 pum



Chip on a Fiber

Ring Oscillator

Capacitor .
v Transistor
Re5|sg?r “‘ -, ‘,
» o

Circular Filament

6:23:07 PM | 5.00kv [ 1.04 mm | 6.5mm | 200x | ETD

Ring Oscillator

S

Capacitor
u

Transistor

Rectangular Filament

mag BB | det —. A 1]
KV | 1.38mm 7.8 mm | 150x | ETD KISTIB_Nova Nano SEM




Chip on a Fiber

Photo-resist coating process on fiber

R
i’ Capillary tube

Photo-resist(PR)
Metal on filament Coated-PR

Ceramic

Rectangular fiber

Au/Cr
Filament

Adv. Funct. Mater., 26, 2706(2016)

*[ ] 150 um x 150 um x 7.5 cm glass
filament

PR on metal/filament



Chip on a fiber

150 um x 150 um monofilament type device fabrication

After Al deposition
i o B

- / \

Al/Glass Al/Al,0;/Glass Al/Au/Cr

After PR elimination

- m B=




Nz

Chip on a fiber e ..

Circuit electrode on fiber

Electrodes and PR coating After Lithography and After wet-etching
Rectangular filament PR develop

For transistor and inverter For transistor and inverter
R

For ring oscillator For ring oascillator

300 pm

-
¥

PR on Au/Cr/Filament

300
Au 30 nm/Cr 15 nm _“m



g

Chip on a fiber SR p—— ///

a v

Transistor and inverter on fiber

-
Sio, I Au/cer 1GZO Al,0,

1. Au30 nm /Cr 15 nm (Bottom electrodes)

Driver Load

2.1GZ0 15 nm (Active layer)

Driver Load

3. Al,O5 36 nm (Dielectric layer)

Driver Load Al,0,/IGZO 300 pm
Al,O,/Au/Cr |

4. Au 30 nm /Cr 15 nm (Top electrodes)
GI VIn

SVern  DVow
Driver Load
L/W =10/30 L/W =10/50




Chip on a fiber

1. Au 30 nm /Cr 15 nm (Bottom electrodes)

I R
Driver Load

2.1GZ0 15 nm (Active layer)

B R
Driver Load

3. Al,05 36 nm (Dielectric layer)

Driver Load

ALO,/Au/Cr AL04/IGZO

4. Au 30 nm /Cr 15 nm (Top electrodes)
G,V,,

S Vearn D Vour
Driver Load
L/W=10/30 L/W =10/50
5. Al,05;36 nm (Insulating layer)
Al,0; bank Al,0; bank Al,05 bank  Al,05 bank

e d;;_‘i!_ﬂililai+q

Driver Load 300 um

6. Au 30 nm /Cr 15 nm (1 to 5 stage connection)

—— — —
Driver Load







Chip on a Fiber

Integrated circuits on a fiber

Thermocouple-3

-




Chip on a fiber

* Transistor and inverter on a fiber substrate
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Vs Vo VEARTHI | I |VDD
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Chip on a fiber

* Photo Detector ( Light out of Fiber)

'lﬁ uv Integrated device
irradiation on a fiber module
out of fiber <5
. L]
LED Light . |
Light Source (470 nm) s
§ UV sensor
- p ) ‘/,
<y : -
Fiber F
Core b

107
V=5V
1045— b
i LED ON
— 10°L——LEDOFF
< I
o 1076%
~ —7:
c 10F
Q F
— -l
5 10¢ UV sensing
(] F .
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- 10
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Chip on a fiber

* Photo Detector (Light through Fiber)

Light Source

.

into optical fibe
Do

LASER diode
(404 nm)

\

Incident LASER \

f

Core

[Igh t t"ca\ F-\ber AN
Taveys thro,, hop uight Sers .
Emitted LASER
through optical fiber

Cladding ' Core

l Cladding
-3 \

a fiber Core

Junction (between Cores)

Fy =5V
10°F P

Laser ON
Laser OFF

UV sensing
through fiber core

Drain current, |ID| (A)
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— 80 ﬂ
<
vu 60/

3
o 40|
-
20 LW&L&&W&
7t =42V ——V, =46V
6 —V,_ =50V
— 5r
= 4l

=

@ 3+

5
> 21

1+
0 i UL
0] 50 100 200 400 600

Time (sec)



Chip on a fiber

* Temperature sensor

X : —
Gc M 1ol Tc 3 RN Akoslen STl
300 pm
S

*Distance between each TCs is 3.4 mm

TRT

VTCrl

Trr
* Vi,

2 &
ensor ond f;ber

gture s
Integrated teMPEE =" .

implanted fiber end -

p. distribution on a fiber
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Chip on a fiber

* Integrated electronic fiber under various bending conditions and embedding in a fabric
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Pentium Processor vs. Processor on a Fiber

intgle

pentiume

Code name: P54CS
Clock speed: 200 MHz
Introduce: 1996-6-10

Process size: 0.35 ym

Number of Transistor: 3.3 millions

Die area: 91mm?2

Process size: 0.35 ym

Number of Transistor: 3.3 millions

Capacitor
v Transistor
Resistor . -, »

U
2 W \

Diameter: 150 um

-

}‘ Length of filament: ~ 19.3 cm

Hwang et al, Nature Communications, 13 (1), 1-10 (2022)



Chip on a Fiber

Deposition

Exposure Inspection

PR coating

Lift-off

Schematics of continuous fabrication of
Chip on a fiber system
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Chip on a fiber(filament) system for wearable processor, memory, sensor



Chip on a fiber

“Fiber computing module based on New E-textile platform”

Toward next generation E-To tile



Summary

Keep thinking for new idea
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