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Why printed organic electronics? &
Silicon Organic
Capital $billions $millions (Low investment)

FAB conditions

Ultra clean-room / High Temp.

Ambient / Low temp (Mild)

Process Multi-step photolithography Continuous direct printing (Simple)
Substrate Rigid glass or metal Flexible plastics (Robust)
Device size << 1m? 10 ft x roll to roll (Large area)
Cost $100’s / ft2 <$10/ ft?2 (Low cost)

5/D Metal Sputtering

5/D Pattern(MASKs)

n+ a-51 Erch-Back

SiNx PECVD

|‘-|| ‘-I‘-I‘-I‘-

Passivation Etch (MASKs)

O more
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Applications of printed organic electronics *

E-paper (Plastic Logic) Consumer electronics Flexible displays (LG)
(Nokia 888 concept cell phone)

Market forecasts to 2027 - a $330 billion market (Source: IDTechEx)
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RESEARCH ACTIVITIES IN MY GROUP %"

Small molecule OPV Organi er TFTs Conductive inks

PTeme A=oTESS. J. Am. Chem. Soc. 2006, 128, 4202.
J. Am. Chem. Soc. 2011, 133, 2198. J. Am. Chem. Soc. 2005,127, 3266.

' 3 e " Adv. Mater. 2010, 22, 5409.
< . . . ) Adv. Mater. 2010, 22, 4862. Printed inorganic TFTs
.
L 02e 9o’ il golymer BHJ PV
Appl. Phys. Lett. 2010, 97, 133304

Dye-sensitized solar ceII\

J. Am. Chem. Soc. 2007, 129, 2750.
P3HT.PCBM (200nm) J. Appl. Phys. 2007, 102, 076101.
J. Phys. D: Appl. Phys. 2008, 41, 125102.

Sl Onm)

¥, . - 2 vV Energy Env. Sci. 2011, in press.
F py ~ Thin Solid Films (2011, accepted) Sol. Ener. Mat. Sol. Cells 2010, 94, 1618.
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n-Conjugated polymers !
n-electron delocalization in n-conjugated polymers
benzene Q Q Q Q
OO

HKC,;,CNC,H 38988
H )

C
I
H
Conjugated chain
Same chain; alternative version
Delocalized n-bonds
é Q e e o
i .
“ Molecular orbitél shaped likea el i A
olecular o a ea Conjugated polymers
doughnut, above and below the ring, (‘\-\_
extending over all six carbon atoms. i
insulators semi- metals
conductors
L] i T 1
sm |10 | o0 1 e | 907 |. 00 |10t |
10" 10" 10 10 10" 10* 10"
Conductivity | | | | | I
o o g &
& Egpﬁb & & & &
ﬁ? it d;@' & "‘*:}ﬁf&
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Organic thin film transistors (OTFT)

Channel width (W) ‘/’

Source

Dielectric

/' N\ s U \_ s
S\ / S A\

Insulating (off)

Channel length (L)

A

Organic Semiconductor

Doping

v

De-doping

»
»

d <1pm

Conductive (on)
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Transfer Characteristic

Output Characteristic

o

Source-Drain Current

Gate Voltage (V)

Source-Drain Current

0 A 0 R 4
Source-Drain Voltage (\7)

Source-Gate
Voltage

Current on/off ratio (I, / 1)

Field-effect Mobility (u)

Linear Regime (V4 <V,):

Saturation Regime: (V4 > V,):

lg= Gyl VgV Wi2L




Mobility of p-type polymer semiconductors

Mobility, cm?2V-1s1
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Si wafers PC

Poly-Si

1980

processors

Low-cost ICs

Smart cards, RFID,
displays

E-paper

1985 1990 1995 2000 2005 2010

Year

Is 1 cm?/V.s an upper limit?
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Charge Carrier Transport in Polymer Semiconductors

* Polymer semiconductors always comprise disordered amorphous regions

* Weak ver der Waals bonds between polymer chains:

> Large intermolecular distance (r: ~3-4 A)
» Charge transport through hopping of charges between localized states
» Upper limit: ~1 cm?/V.s (G. Horowitz, Adv. Mater. 1998, 10, 365)

pE=SA

N —— v

LT S\ N

S
-

Three modes of charge carrier transport at different levels

mmm) Intramolecular: Can be very fast (~103 cm?/V.s); determined by coplanarity

Intermolecular (interchain): Slow (up to ~10 cm?/V.s); determined by overlapping area and

distance
" Intergranular (interdomian): Very slow (can be ~10 cm?/V.s or lower); determined by

crystallinity/morphology 9
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Molecular organization Waterloo
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1. Crystallinity and crystal size

e Higher crystallinity and larger crystal domains yield high mobility

2. Molecular packing motif

ool I 111

LK LR XX
X (et LLL
CLLK LRk
[ Dlelectrlc W |
Edge-down (face-on) Edge-on Larger mt-overlap

e Smaller -7 distance, edge-on orientation, and larger nt-nt overlap lead to higher mobility
10
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Improving Intermolecular and Intergranular
charge carrier transports

Strategy 1: Use of fused aromatic rings

e Stronger mt-1t stacking force
e Large -t overlap
* Increased crystallinity

11
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Thiophene-based polymers with fused ring structures®

R

se M N s U\
Thiophene T s T s PQI

R

l Ong, B. S., et al, J. Am. Chem. Soc. 2004, 126, 3378.

Thieno[3,2-b]thiophene S /s\ [ PBTT
1 Li, Y., et al, Adv. Mater. 2006, 18, 3029.
R' R
Benzo[1,2-b:4,5- N E N 37
b’]dithiophene s N s \ PBBDT
(BDT) R R

Pan, H., et al, . Am. Chem. Soc. 2007, 129, 4112.
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Synthesis of PBTT &

Br Br Br. Br I) HSCHzCOOCsz S C15H31 s C15H31
C45H31COCI [
[$ oomeod TS oo 50 ST oo e (U
s~ AICI/CH,C, S i) NaOH/EtOH. By s~ "COOCHs iy 4 g/ s~ COCH
99% © 98% 97%
Cis5Ha1 __ S C1sHas C15H31

Cu \S/ { CizHyr—— Ym Ha \S/ { 2eqNBS
quinoline o Pd(PPh3)4/Cul 3 _1I_0u°l/§ Pd/C S CH,CI,/AcOH

60% Br > Et3N Vi THF CisHzr  © 87%

85% 467
Ci3Hz7

C15H34

5 S C1sH34 @\SH(BU)::,

r S 2 eq NBS
\ 0\
C.cH s~ “Br  Pd,(dba)s/P(o-tolyl)s ), ¢ CH,Cl,/AcOH
15H31 toluene 15781 84%
75%
Ni(COD),
> PBT15

2,2'-dipyridil GPC: Mn = 12, 400; PDI = 1.58
toluene

92%

10 steps; total yield: 18%

Li, Y.; Wu, Y,; Liu, P; Birau, M.; Pan, H.; Ong, B. S. Adv. Mater. 2006, 18, 3029.

13
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Molecular ordering of PBTT revealed by XRD &

3x10°

2x10°

As-cast film

1x10°

Intensity (counts)

.
20.53 A v

T J T J T
15

2-Theta (degreé>

. 2.0x10" 7
(100)

Annealed film 10
(150 ° C/10min)

4_
1.0x10 (200)

Intensity (counts

5.0x10%

0.0 T
20 25 30

2.0x10%

ni-stacking
d=3.93A

l (010)

] JL_J‘J\/_//\/\/\/\/\_/J\

0.0 1= T T T T T T T T T T
5 10 15 20 25 30
2-Theta (degree) 14

1.5x10"
Annealed powder

(150 ° C/10min)

1.0x10% 1

Intensity (counts)
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OTFT performance of PBTT &

60 10 1 0.016
(a) V= 1 (b)
50 | -40V ]
105 | [ 0.012
40 | 1 —
E | <
Z .4 < ] S
2 30 30V 4 107 F0.008
20 | 7 <
109~ - 0.004
10 20V |
o -10V 1 L=90 um; W =5000 um
‘ ‘ ‘ 0,10V, N | 1y o
0 -10 -20 -30 -40 10 -10 -30 -50 Annealedat 150 ° C
Vs (V) Vg (V)
Output curves Transfer characteristics
(V,, = -60 V)
Mobility, Current on/off
(lon/loﬁ)
Without annealing ~0.10 106
Annealed at 150 ~0.25 107
°C

Li, Y.; Wu, Y,; Liu, P,; Birau, M.; Pan, H.; Ong, B. S. Adv. Mater. 2006, 18, 3029.

* High crystallinity, favored molecular organization and large m-overlap are
contributable to the high mobility

* Similar mobility to that of PQT and P3HT even without thermal annealing
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Benzo[1,2-b:4,5-b’]dithiophene (BDT) building block *

R R
S
% %
S / S |
R
PQT PBT PBBDT
My=~0.12 cm?/V.s M= ~0.12 cm?/V.s My=?

e More extended fused ring (larger rm-overlap)
e Stronger backbone interaction
e Additional side chains for better solubility

16
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Synthesis of PBBDT

%

soC cocl CON(CHa), 0 R—— MqCl
\/—/< 2 j HN(CHs) Bl S =—Mg
/N /N 2 \S _ nBuli | C \
S reflux/4hr S in THF s ether S THF/60 °C
r.t. / overnight r.t.
| one-pot | 0
_ — R
R
SnCl, si/p H, S \ 2 eq NBS
10% HCI/60 °C N\ S 10% Pd/C \ S AcOH/CH,Cl,
THF r.t. (2hr)
| | r.t./overnight reflux (2hr)
R
- - R
Rl
(3o
s” B
(0]
S A FeCly
Br \ Br —_—
S Pd(PPh;), PhCIr.t.
2M N82003
toluene/reflux/48hr

Pan, H.; Li, Y.; Wu, Y.; Liu, P.; Ong, B. S.; Zhu, S.; Xu, G. J. Am. Chem. Soc. 2007, 129, 4112.

PBBDT-6 (R=C4;R’=C6)
PBBDT-10 (R=C8;R’=C10)
9 steps; total yield: 11% PBBDT-12 (R=C10; R'=C12)

GPC: M, =16 -274 kD

17
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Intensity

Molecular organization

6x10 °

5x10 °

4x10 °

3x10 °

2x10 ° -

1x10 °

(100)

(200)
(300)

PBBDT-10

As-cast film

(400)

oy,

T T
10 15

T T
20 25

2theta,drgree

XRD

30

3.90 A
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a

2-D detector

Large crystal domains (~um’s)

e Highly crystalline and edge-on orientation w/o annealing

e Exceptionally large crystalline domains

(100)
(200)

(300)

18
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TFT performance g

%
[ V=
L 9
1E-4¢ 40V 1.V characteristics of an illustrative as-
i prepared TFT device using PBBDT
1E.5k -30v  semiconductor (channel length = 90 um;
. 5 channel width = 1000 pm):
< (a)transfer curve in saturated regime at a
—E-6E constant source-drain voltage of -60 V and
_ 20V gquare root of absolute value of drain current
1E7E as a function of gate voltage; and
i 10v (b)output curves at different gate voltages.
1E-8 .. 10.000 0, 10V
20 0 -20 40 -60 0 -10-20 -30 -40 -50 -60
Vg V) VL (V) - Hot solution (~50 ° C)
24 Overnight at room temp.
Without annealing: '
cn I
e u="0.40 cm?Vis? S 16

° Ion/loff = 105

Annealing (up to 200 °C): 0.8

* No improvements
0.0

200 500 600 700
Wavelength (nm)
* Poor solubility at room temperature

* Must be processed using hot solutions UV-vis spectra of PBBDT.

19
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Exemplary Fused-ring-containing polymers

McCulloch, I. et al. Nat. Mater. 2006.
Osaka, I. et al. JACS. 2010.
¢ [ O
= Q /

. Pan, H. et al. JACS. 2007. 5

g o . 10.20-0.54 cm?/\is.
S S —
~ A\ A\
Z 05 N
= R R
_8 Li,Y. et al. Adv. Mater. 2006. 0.25-0.40 cm?/V.s
S 0.4 R I s
CeH13 S / S
% v
s\ 2
0.25.cm /Vs
0'3 CeHis \ /
Bao, Z. et al. APL. 1996. = / \ / \ / / \
R
0.2 \S/ /S\ \S/ /S\ 0.33 cmZ/Vs
2
0'3 cm /V'S Fang, H. et al. JACS. 2008.
Li, J. et al. Chem. Mater. 2008.

R
Ong, B. S. et al. JACS. 2004,
0.1 S—)
0.08-0.12 cm?/V.s

Ring size

Improvements in mobility by using fused rings are limited
* Solubility decreases as ring size increases
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Improving Intermolecular and Intergranular
charge carrier transports

Strategy 2: Intermolecular donor-acceptor interactions
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Improving Intermolecular and Intergranular
charge carrier transports

Strategy 2: Intermolecular donor-acceptor interactions
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Diketopyrrolopyrrole (DPP)-based D-A polymers Wa‘o"
-Fused ring + D-A interactions

* An electron-accepting moiety

R S
*Fused ringanalogto TT ) /

S

[}
n

* Very stable in air

-A-D-

/

Y. Li, U. S. Patent Application 2009/65766 A1l (Xerox)
Y. Li, U. S. Patent Application 2009/65878 A1 (Xerox),

Pigment red 254 or 'Ferrari Red' Y. L!, U. S. Patent 7910684 (Xerox)
Y. Li, U. S. Patent 7932344 (Xerox) 23
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PBTDPP .

Br,or NBS
e

Method A: Ni(COD)s

L
-

Method B: (CH3)3Sn-Sn(CH3)3

PBTT

I 0 e M
method
1-Dodecyl (C12) Insoluble Trace
1-Hexadecyl (C16) A Very poor Trace -
B Hot CB 62% 2590 (HT-GPC)
1-Octadecyl (C18) A Insoluble Trace -
B Hot CB 63% 2820 (HT-GPC)
2-Hexyldecyl (C16) A Good 24% 67,070/28,100
2-Octyldodecyl (C20) A Very good 99% 392,770/146,290

Y. Li, et al., unpublished results (2006-2009)
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OTFT Performance ®

» Typical ambipolar transport characteristics

1E-5
Polymer Annealing Hole mobility, Electron
et E el temperature, °C cm?/V.s mobility, cm?/V.s
Au Sl au |
PBTDPP-HD )
S | 02 B o[e enh?ncem‘ent mc:de Electron en?ancer‘nent n:ode
75 60 -45 30 15 0 15 30 45 60 75 PBTDPP-HD
2 s rt 0.024 0.056
(a) (b)
) 100 0.017 | 0.057
140 0.013 0.036
PBIDPP-OD I t. 0.006 0.025
| ‘ 100 0.013 0.010
0 -10 -20 -30 -40 -50 -60 -70 0 20 40 60
Vs (Volts) Vs (Volts)
(c) (d) 140 0.013 0.007
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Cyclic Voltammetry

C1oH21

PBTDPP-OD

Current (mA)

W

20 15 10 -05 00 05 1.0 15 20
Potenetial (V, vs Ag/Ag+)

* Reversible oxidative and reductive processes
* Might be good for both hole and electron transports
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P-Type DPP-based Polymers
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PDBT-co-TT polymer @

L9
o i X 0

X T A T 0 RBr Ar o) Br, Br—Ar o)

ArCN -, \ . \

\ \ or NBS \

O N Ar O N~ AT O Ar—Br

H R

\ S,/
_ 74 _
/Sn—(SI/)—Sn\

Stille coupling
CgHq7 Yield = 95.4%
1 R= )—/ PDBT-co-TT M, /M, (GPC)=211,300/89,700
C1oH21
Y. Li, S. P. Singh, P. Sonar, Adv. Mater. 2010, 2010, 22, 4862. m
I cEictron donor = W = = -

- Elctron acceptor

Strong interchain interactions

e -1t distance is expected to be reduced due to DA interactions .
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Molecular organization of PDBT-co-TT 5

|

%

3.71A
0.25 05
0.20 - Y1 T 4se @=204A)
. ‘ J”\ 104 0.4
] \
S 0.151 ﬂ“ i 200 °C 08 3 o0sd
S ' f\ ) g 24° (d = 3.71 A)
I ° 0.6 =3.
% 0104 [ \M'WWW’WWWAWWWM 140°C Z 2 024
& A o 5 o041 é
E 0.05 JJ"'H ‘V'm"r.R 4”4 Mg P 'u'ﬂ“"r/“"v"\N\'W\’\'/“‘W*~‘,f'~nf‘./.1-952*;"9m\m = o014
0.2
1 r.t.
0.00- b0 004
0 é 1 IO 1 I5 2'0 2'5 3'0 3'5 4'0 0 ; 1'0 1'5 2'0 2'5 3'0 3'5 40 (I) é 1'0 1'5 2'0 2'5 3'0 3'5 4'0
20 (degree) 20) 20(°)
: (c) (d)
XRD of spin-coated thin films 2-D XRD of a stack of thin films

* Small m-it distance of 3.71 A: Good for interchain charge transport
* High crystallinity of as-cast films: Strong self-assembly ability

* Crystallinity is not very sensitive to annealing temperature
29



PDBT-co-TT

-16 12 -08 -04 00 04 08 1.2
E (V, vs Ag/Ag+)

HOMO: 5.25 eV
LUMO: 3.40 eV (4.02 eV from UV-vis)

llllllllllll
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OTFT performance of PDBT-co-TT o

Without annealing

" v 11.2x10° Output (left, Vg = 0 V to -70V) and transfer (right, Vs = -
-60- 70 V) characteristics of an OTFT device with a PDBT-co-TT
504 thin film without annealing (L = 100 um; W =1 mm).
18.0x10°
g -40+ :
87 = =~0.72 cm?/V.s
-201 14.0x10° Hp= 0, o e .
Ion/loff =10
0 V;2-22V
°0 15 30 45 60 75 I S N
Vo, (V) Ve (V)

Annealed at 200 °C

Output (left: V4= 0V to -70 V) and transfer (right: Vs =-70
V) characteristics of an OTFT device with PDBT-co-TT thin
film annealed at 200 ° C for 15 min. Device dimensions:
channel length (L) = 100 pum; channel width (W) =1 mm.

W,=~0.94 cm?/V.s
Ion/lof‘f ="~10>°
Vo=-9V

1.5x107
104
1074
. 11.0x10?
10°4
ST 2
_8
10° 15.0x10°
10°4
0 T T T 7 107 L . L L 0.0
0 -15 -30 -45 -60 -75 0 -15 -30 -45 -60 -75
Ve (V) Ve (V)

Y. Li, S. P. Singh, P. Sonar, Adv. Mater. 2010, 22, 4862.

31
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%@
0.25 —
416 ——100C 041 0= 4.4°
— e
5 0.15 ’;
< s
2 2
@ 0.10 2
L <
£
0.05-
0.00 5 10 15 20 25
20
20 Thin film XRD data of DPP-LT thin films
3.71A 3.75 A
20.4 A
¢ Improved CryStaIImIty by annealmg Li, Y.; Sonar, P.; Singh, S. P.; Soh, M. S.; van Meurs, M.; Tan, J. J. Am.
* Larger ni-it distance and band gap Chem. Soc. 2011, 133, 2198.

32



s (nA)

-120+

-100+

-804

-60

-40-

-20

OTFT performance of PDQT

1.2x10”

+8.0x10°

+4.0x10°

+0.0

20
Vo (V)
(@)

As-span

0 -20 -40 -60

Vs (V)

(b)

-1401 oF
— 10V

-20V
— -30V

-40V
— -50V
— -60V
1—-70V,

-120-

-100+

los (4A)

40 60
v, (V)

()

UNIVERSITY OF
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%j

104

s )

F1.2x10”

+8.0x10°

+4.0x10°

+0.0

100 ° C

Output (V5 =0V to -70V) and transfer (V/; =-70 V) characteristics of OTFTs with DPP-LT thin films without
annealing (a, b) and annealed at 1002C (c, d) (L = 100 um; W =1 mm).

Hole mobility Current on-to-off Threshold voltage
My, cm?/V.s lonlore v,V
Without annealing 0.89 ~107 -3.0
Annealed at 100 °C/10min 0.97 2x106 -3.0

* Mobility is not very sensitive to annealing temperature (or crystallinity)
* Suitable for high-throughput roll-to-roll manufacturing

33
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Furan-DPP Polymers ’

e Furan is more electron-rich.than thiophene
e Furan may suppress electron transport behaviour and make the hole transport more
pronounced
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PDBFBT g

O™ °N
C8H17\H n
10 Solui C.H 2.5x10°
.U olution g
10M121 .
—— Thin Film 2.0x10°
2 0.8+ S 15x10°
2 2 10x10°A
9 <
£ 06+ g 5.0x10% 1
e) ]
o
.g 0.0
© 0.4- 1
E 5.0x10™
S )
1.0x10°
Z 924 X
1.5x10°
0.0 — T T T T 77 7 2.0x10° T T T T T T T
300 400 500 600 700 800 9001000 1100 1200 5 -0 05 00 05 10 15 20
Wavelength (nm) Potential (V, vs Ag/Ag+)
Eg=141eV G 10Ha1 HOMO =5.32 eV

PDQT
cut ) "E,=1.24 eV)

* Incorporation of furan broadens band gap and lowers HOMO level



Normalized intensity

Molecular packing

o
~
1

o
N
1

1-D: Parallel to Spin-coated film
2-D XRD: Parallel to films
2-D XRD: Normal to films

A mixture of edge-on and face-on orientations

UNIVERSITY OF

Waterloo
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Edge-on

Random
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OTFT performance g

%

CoHo1

H\Cus

N0 PDBFBT

-1.6x10" 10H21 10° 0.016
GateV 0to-60V i
1.4x10*} Step -10V 10* F 0.014
1.2x10"* 10°F 0.012
-6 4
__-1.0x10° ) B 0.0108
< < 1w} - <
_<,g-8.0x10‘5 Ha 0.008%
. = 1 )
-6.0x10 = \ 0.006 _Q
10° | ] -
-4.0x10° e 0.004
-2.0x10° 10" b 0.002
0.0 -12 .II [ IR P R B ]
10 0.000
0 -10 -20 -30 -40 -50 -60 10 0 -10 -20 -30 -40 -50 -60
VistV) Vgs V)

Output and Transfer characteristics of DA p-type polymer based OTFT (gold S/D; L = 125 um; W =4 mm)
on OTS treated n+-Si/SiO, substrate (annealed at 200 C for 15 min)

Li,Y.; Sonar, P,; S. P. Singh, W. Zeng, M. S. Soh, J. Mater. Chem. under revision.

u,= ~1.54 cm?/V.s (annealed at 200 °C)

lon/ lofe = ~105°6
on/ "off 37
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Mobility of p-type polymer semiconductors <

1.0E+03

Si wafers PC
processors
1.0E+02
Poly-Si _
< 1.0E+01 Low-cost ICs
HU)
& 10E000 PDBFBT: 1.54 cm?2/V.s
£ Smart cards, RFID,
= displays
& 1O0E01
S E-paper
_8 pap
1.0E-02
=
1.0E-03
1.0E-04
1.0E-05
1980 1985 1990 1995 2000 2005 2010
Year

* Mobility of 1 cm?/V.s is not an upper limit for polymer semiconductors
* Polymer semiconductors should show higher mobility than small
molecules (record mobility: ~20 cm?/V.s for single crystal rubrene)
38
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Design of ambipolar polymer.semiconductors for
CMOS-like logiecircuits

39
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CMOS (Complementary Metal Oxide Semiconductor) #

NMOS PMOS
L N
~ ~ ~
5 i3
B S -OL D S D B
1 ' | 1 WL‘ 1
__p+ LL_ILJ L p+ )
n-well

p-substrate

High robustness

Lower power dissipation

Higher noise immunity

CMOS is dominating the integrated digital logic circuits

40
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Printing CMOS-like circuit with discrete p- and n-channel OTET

eComplex fabrication process
eDifficulty in printing closely located p-type and n-type transistors

41



Ambipolar polymer OTFT

P-type mode N-type mode

Vg
G
Substrate Substrate
IV, >|Vyl, V, <0 Vel >1Vgl, Vg>0

Meijer, et al, Nat. Mater. 2003, 2, 678 (Philips)
Blrgi, et al, Adv. Mater. 2008, 20, 2217 (Ciba)

An ambipolar polymer can work as either a p-type semiconductor or an n-type
semiconductor

42
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Printing CMOS-like circuits with ambipolar OTFT

Conductive ink Ambipolar polymer Dielectric Conductive ink
O @ o @)
O { (@) @)
O { (@) @)
[ | [ |
[ 1 [ 1 [ 1 [ 1 . I | . i I ‘ i ... . .......... | .... . ..... |

Ambipolar Ambipolar
(porn) (norp)

\
|
CMOS

e Simplified printing process
e Improved device yield
e Reduced cost
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Ambipolar polymer design %

HOMO < 5 eV is required to achieve good \
oxidative stability Poor air stability

4 N

Poor air stability LUMO

4.0 eV

LUMO

)
(1)
@,
=
(0]
o

50eV T

Desired
HOMO

HOMO Too small band gap
(large off current)

N /

Electron conduction

Poor hole injection

/contact resistance LUMO < 4 eV is required to achieve stability towards
/ H,O, -OH, etc.

Hole conduction
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Current (a.u)

PDPP-TBT ambipolar polymer

Acceptor

Pd(PPh
i i[q l /O:é o

B B 3
ar g o Toluene/2MK,CO,

Aliquat 336

CigH21

UNIVERSITY OF

Waterloo

%ﬂ

Sonar, P; Singh, S. P.; Li, Y.; Soh, M. S.; Dodabalapur, A. Adv. Mater. 2010, 22, 5409.
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operation HOMO = 5.2 eV

* Favored HOMO and LUMO levels for stable hole and electron transport
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Intensity (a.u.)

Molecular organization
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40

2-D XRD data for PDPP-TBT film stacks: (a) and (b) are, respectively,
2-D transmission XRD images obtained with the incident X-ray
parallel and normal to the film stacks; (c) and (d) are, respectively,
XRD diffractograms of pattern intensities of (a) and (b) obtained by
integration of Chi (0-360° ) with GADDS software.

Randomly orientated?
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Thin film morphology Waloo

AFM phase images of PDPP-TBT thin films at: (a) room temperature, (b)
annealed at 120° C, (c) annealed at 180° C, (d) annealed at 200° C on OTS
treated p*-Si/SiO, substrates. An inset zoom-in image in (c) shows clearly that
each nanofiber is comprised of stacked nanorods.

* Crystalline fibrils grow as annealing temperature increases
* Intertwined networks facilitate interdomain charge transport
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OTFT performance of PDPP-TBT ambipolar polymer %

Semiconductor

Sio,
70
—_0VV
604 —1ovv,,
4 —2OVVGS
50_ _30VVes
—40VVGS
40 =50V Vg
— 4 —s0ovvg
fj/_ i —7OVVGS
8 30
V,, (Volts) V,, (Volts)
Hole enhancement mode Electron enhancement mode

Output characteristics (Vg Vs ) of IMRE 15t Gen Ambipolar polymer based OTFT device annealed at
200 ° Con OTS treated p+-Si/SiO, substrate.
Sonar, P; Singh, S. P; Li, Y.; Soh, M. S.; Dodabalapur, A. Adv. Mater. 2010, online

Characteristic behavior of an ambipolar OTFT 48
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OTFT performance of PDPP-TBT ambipolar polymer

1E-4 -
y

é\'
< 1E-5—:

1E-6 T T T T T T T T T T T T T T

-80 -60 . -40 -20 0 20 40 60 80
Vs (Volts)
Hole enhancement mode Electron enhancement mode

Transfer characteristics (V-lps ) OTFT device annealed at 200 ° C operated
in hole (left) and electron (right) enhancement mode.
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OTFT performance of PDPP-TBT ambipolar polymer

Charge carrier mobility for PDPP-TBT Ambipolar polymer based OTFT

Serial # Annealing Charge._carrier mobility (cm?/V.s)
temperature, © C | £octron mobility Hole mobility
(He) (M)
1 Room temperature 0.037 0.064
2 80 0.16 0.20
3 120 0.26 0.22
4 160 0.28 0.22
5 200 0.40 0.35

Sonar, P; Singh, S. P.; Li, Y.; Soh, M. S.; Dodabalapur, A. Adv. Mater. 2010, 22, 54009.

e \ery well balanced, high electron and hole mobilities
e Excellent solubility/processability
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Comparison with other ambipolar polymers %

PNIBT “"
Mo =0.2cm? /V.s =0.09 cm? /V.s U, = 0.04 cm? /V.s
K, =0.5cm? /V.s u =0.1 cm?/Vs W, = 0.003 cm? /V.s
Au contacts Ba contacts Au contacts
Vacuum deposition Solution processed Solution processed

Singh, et al, Adv. Mater. 2005, 17, 2315. Blirgi, et al; Adv. Mater. 2008, 20, 2217. Kim, et, al, Adv. Mater. 2010, 22, 478.

PDPP-TBT ambipolar polymer
* Y. =0.40cm? /V.s;

* u,=0.35cm? /V.s

* Au contact

* Solution processed
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Summary and Future Work v

Fused ring aromatic structures such as thienothiophene (TT) and benzodithiophene
(BDT) could improve the charge carrier mobility up to 0.4 cm?/V.s due to increased
r-t overlap and crystallinity.

DPP-based polymers having intermolecular.-D-A interactions coupled with fused
ring structures improved mobility up to 0.89 cm?/V.s and 1.54 cm?/V.s for
respective annealing-free and annealed polymer thin films.

By using appropriate design principles, ambipolar polymers with very balanced,
high electron (0.40 cm?/V.s).and ‘hole mobility (0.35 cm?/V.s) were developed,
which are useful as one-=component semiconductors for printed CMOS-like logic
circuits.

Currently working with Prof. Hany Aziz and Prof. William Wang in Electrical
Engineering on printing OTFT arrays for OLED display applications.

Aiming for polymers with high mobilities (~5-10 cm?/V.s) for wider applications.
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