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A study of molecular orientation of organic semiconductors for high-
performance flexible and printed electronic circuits

Ji Yun Jung

Dept. of Graphic Arts Engineering, Graduate school,

Pukyong National University

Abstract

Printed and flexible electronics based on soluble conjugated organic molecules have drawn
tremendous interest as a new paradigm for the fabrication of large-area and low-cost
optoelectronics and electronics applications. Those polymers should be preferably aligned in
the perpendicular direction through the active channel of organic field-effect transistors
(OFETSs). Morphological control and structural ordering of the conjugated polymers via large
area printing method is an important issue in order to achieve high performance OFETs and
its electronic circuitry. In this study, we report various directional printing methods (off-centered
spin-coating, dip-coating, and bar-coating) for preferable arrangement of conjugated polymers,
such as high mobility PCDTFBT and DPPT-TT. Those polymer OFETs showed high charge
carrier mobilities as high as 11 cm?V-'s™! and balanced ambipolar charge transport behavior
in the top-gated OFET structure with polymer dielectrics. This remarkable enhancement is
mostly attributed to improved arrangement and ordering of polymer chains through the active
channel and better uniformity of OFET parameters is also obtained by this large-area printing
techniques. Moreover, high-k fluorinated polymer dielectrics significantly contribute to
increase high charge carrier density under low voltage conditions. Finally, higher mobilities
and well-balanced P-channel and N-channel characteristics in comparison to conventional
coating methods was successfully applied to develop complementary-like printed circuits, it is
expected to be realize high performance flexible and wearable electronic devices via cost-

effective simple printing methods.
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1. <4 AA-F3 (Soft Electronics )
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Figure 3. Structure of CNT Transistor



3. 914 A A 3)Z(Printed Integrated Circuits)

7}. Field-Effect Transistor (A7 &3 EWAXAH)
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7}. Field-Effect Transistor (A4 &3 EWAXXAH)

(1) F7144 &3 EWARAEHY Fx
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7}. Field-Effect Transistor (A4 &3 EWAXXAH)

2 77174 523 ERRA2HY 534E

F71 A mab EJAAEHE Aot s = Aol obd AxdFomyEH st

o
2
o
r]I
o
2
2
knl
fu
do
N
(i
-
>~
el
ofo
it}
O
rir
o
-
H

571 AA &3 EdXNsEHE 22 =Yd 9 ACE 3 e Ao AgS =
FozH R[] EFS Aotk ACE o] kel sl wek HATE
Faum |, FAE AAR FEE At o]Fdrh the Figure 5 £ ¥ WIAUSS
HoJFELh o W Ptype REEAGA= thg gfE o]l FF o] N-type WA= HAA7L
t o7t Ho Y-S P o] wWl EE A (Vth) Bk 92 Alo]E A(Vg) =

Q7kelA S EH 9 (Depletion layen)ol HA4, Af7k BelA @bt BEAgun

o AClE A AzkeA HW Ade]l 4RI Agdeh olFe sddd A
(VY 7k B 9 AR = Agel vl d¥AeR Fosa o T

A% Fk(linear region) olgt gtk 1 Fo =Rl HdS AlE SR AlolE

% 9 (saturation region)o]e} gttt wEtA AolE HAEs 2, AFIVF SE2X] e Off
FEi9 2= ON AHE =24 & = A ¥ ol EWXAHY 294 A3S

F3ysHA Hr



Organic Semiconductor

Source

Drain

Dielectric

Gate

VG: VS:VD:0

Vo=V, =0,V >0

NG

Vs=0,Vg >Vy >0

VSZO,VD >VD>0

Organic Semiconductor

Organic Semiconductor

Organic Semiconductor

Organic Semiconductor

Source | | Drain Source [— e i Drain Source I— - -/T Drain Source '— f] Drain
Dielectric Dielectric Dielectric Dielectric
Gate Gate Gate Gate

L

-

L

k

Figure 5. (a)Schematic diagram of OFETs and (b) electrical property of OFET’s output curve




7}. Field-Effect Transistor (A4 &3 EWAAH)
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Y. Ambipolar OFET
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t}.CMOS-like Ambipolar Inverter
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Figure 8. operation of CMOS inverter (a) at V;;, =0V and (b) Viy = Vpp
(C) Complementary Metal-oxide-semiconductor(CMOS) inverter
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U, e ¥-AY 2¥3FY (Off-centered spin coating) [18]
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Figure 10. Schematic of (a) spin coating and (b) off-center spin coating.
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t}. v} I8 (Bar coating) [19-20]
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Figure 11. Schematic of bar coating.

-27-
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Figure 12. PCDTFBT (PFT-100)
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Figure 13. PDPP2T-TT (DPP-DTT)
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Y. 18 XZ wrapping @ CNT
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rr-P3At
R: hexyl (CgH, ), octyl (CgHy7), decyl (C4gH,,), dodecyl (CyoHas)
m-P3HT m-P30T m-P3DT rr-P3DDT

Figure 14. Chemical structures of the various Polythiophenes investigated
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Figure 15. Manufacturing process of CNT solution wrapped by P3DDT
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2. A+

7}. TFT 713 AF
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Figure 16. Process of photo lithography

S/D thickness : Au = 15nm / Ni = 4 nm

Figure 17. Bottom-Contact glass substrate
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T}. Thermal Evaporation Deposition
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Figure 18. Simple schematic of thermal evaporator
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Y. UV-visible Spectroscopy
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' (Raman Scattering)
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(a)
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Photo detector

AFM cantilever

Sampl sage

Figure 19. (a) Schematics of Atomic Force Microscope (AFM) and (b) BRUKER, Icon-PTPLUS
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Figure 20. (a) Principle of ultraviolet visible spectrophotometer and (b) JASCO, V-670

—

Raman intensity (a.u.)

L Réﬂﬁ-bana{;)- N .
— D-band

G-band |

G’-band (D-band overtone)

500 1000 1500 2000 2500 3000 3500 4000
Raman shift (cm™)

Figure 21. Raman spectrum of carbon nanotubes
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7}. Atomic Force Microscope (AFM)
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Figure 22. AFM image of "PFT-100, device fabricated by bar coating and off center spin
coating. (a) spin coating (2000rpm) (b) bar coating (c),(d) and (e) were prepared by off-center
spin coating. Respectively 1000rpm , 2000 rpm, 3000 rpm
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Figure 23. UV-visible image of device fabricated by directional bar coating

(a) PFT-100 (b) DPPT-TT
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Figure 24. Resonant Raman Spectra of CNT (a) annealing Temperature :100°C
(b) annealing Temperature :200°C
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Figure25. FT-IR analysis according to annealing temperature of carbon nanotube
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Figure26. XPS spectra according to annealing temperature of carbon nanotube
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3.47|4 EA(Electrical Characterization)
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Field-Effect Threshold ONIOFF
Classification Mobility Voltage Ratio
(cm?iVs), Sat (v}
(a) 2000rpm 60s "PFT-100, 14+03 25.2 34 x 10*
Spin coating
(b) 2000rpm 60s "DPPT-TT, 0.87 £0.2 30 1.3 x 106
Perpendicular 0.067 £ 0.03 9 18 x 104
1000rpm
Smin parallel 0.19+0.1 A7 34 x 10*
; 7
Off center 2000rpm (c) Perpendicular 2.8x0.7 29 1.35x 10
Spin coating 5min Parallel 0.35+0.1 -7 1.79 % 10°
[PFT-100]
Perpendicular 0.9+ 0.05 15.2 7.57 = 10*
3000rpm
5min Parallel 0.37 £ 0.1 -16 3.61 x 10°
5
(d) Perpendicular 10mm/'s 1M6:2 42 1.54 < 10
TPFT-100,

Bar coating parallel 10mm/s 0.7+0.2 23 8.56 x 10*
(T, direction, -
bar speed) (e) Perpendicular 10mm/s 27805 38 3.68 x 10

"DPPT-TT,
parallel 10mm/s 0.7+ 0.1 -30 1.13 = 10¢

Table 1. Comparison of semiconductor coating method and OTFT device characteristics
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Figure 30. CNT TFT Characteristics : Transfer plots depending on coating spin coating -(a),(b)
(c),(d) — off center spin coating

Coating
methods

spin coating
On center (va: 0.1V & 1.0v)

spin coating
Off center (vq: 0.1v& 1.0v)

Field-Effect Mobility
(cm2/Vs), linear

26+ 0.09 (0.79 + 0.3)

676 + 1 (2.2 + 2)

Field-Effect Mobility
(cm2/Vs), sat

2.0+ 0.03 (0.4 + 0.02)

436 + 0.5 (1.3 + 0.3)

Threshold Voltage (V)

-0.46 (0.29)

-1.3 (0.06)

on/off Ratio

5.76x 103 (1.03 x 10°)

7.07 x 10* (5.43 x 107)

Table 2. The performance of CNT based OTFTs as coating method
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Figure 31. AFM image of "CNT_ device fabricated by off center spin coating.

Before heat treatment After heat treatment

Figure 32 . Before and After Annealing of Carbon Nanotube Semiconductors
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Figure 37. CNT TFT Characteristics : Output plots depending on thermal annealing

-1400

-1200
-1000
-500 |
500 |
-400
=200 |

200

-1800 F
-1600 |
-1400 |
-1200
-1000
-500 |
500 |
-400 |
=200 |

P-type

I Gate Bias
v

Gae Bias

900 |
800 |
700 |
800 |
500 |
400 |
300 F
200 |
100 f

-100

900
200
700
600

300
400
300 ¢
200
100

-100

N-type

Gake Biss

1 1 1
0 2 4 6
vV, V]
N-type

I Gake Biss

—
F——aV

W
[ —3aY

0 2 4

temperature from 100 to 250 C (a),(b) - 200°C (c),(d) - 250°C

-58-




u(em’v's™)

A A A A A A
O =~ N W b~ O
rrrrrrrrrr+i

O =~ N W b OO N 0O ©
LI B S e |

100°C

150°C
Annealing Temperature

-Channel

B P
] N-Channel

200°C

250°C

Figure 38. CNT TFT Characteristics : Change of charge mobility according to annealing

temperature
Semiconductors | Annealing Temp. |  Types | Lin. Mobility [cm®Vs] | Threshold Voltage | Subthreshold Slope |  ONIOFF ratio

SW-CNTsY 100°C P-channel 37102 0.001 102 108
N-channel 1802 19 0% 10°
150 °C P-channel 48402 06 0rr 10°
N-channel 13402 3 104 10?
200°C P-channel 434 202 0.1 0.79 108
N-channel 53102 39 079 10%

250°C P-channel 6305 2 05 10 ~ 10*
N-channel 111 35 06 10%

Table 3. The performance of CNT based OTFTs as annealing temperature
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Figure 40. Schematic configuration of corresponding CMOS-like inverter circuit
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Annealing Vaa [VI] GAIN Vi [V]
Temperature
1 0.4 -
2 1.9 1.2
150°C 3 >4
4 3.8 3
1 0.5 -
2 1.6 1
200°C 3 2.6 1.3
4 3.6 2.7
1 1 1.5
2 3.3 1
250°C 3 5.8 1.8
4 6.9 2.8

Table 4. Electrical characteristics of CMOS-like Inverter based on CNT
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