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Organic Field—Effect Transistors Employing Blended Polymeric Semiconductors as

Channel Layer

Sung Woo Seo

Department of Smart Green Technology Engineering

Pukyong National University

Abstract

Organic field—effect transistors (OFETs) have shown considerable potential for
widespread use as a crucial building block in flexible organic electronics of the future.
n—conjugated polymers have been applied to various functional organic electronic
devices with the introduction of the doped polymer, and controllably doping inorganic
semiconductors to tune their electrical properties to specific application
requirements has been well—established. However, the doping process in the
fabrication of solution—processable OFETSs remains challenging mainly because of

their instability due to the uncontrollable dopant diffusion and low doping efficiencies.

In this study, we propose a blending method for substitutional doping of DPP
(diketopyrrolopyrrole) units in PBTTT—C4 (Poly[2,5—bis(3—tetradecylthiophen—
2—vylthieno[3,2—blthiophene]) matrix. For this study, we blended the p—type
PBTTT—-C;4y semiconducting polymer with PDPP2T-TT-0OD (Polyl[2,56—(2—
octyldodecyl) —3,6 —diketopyrrolopyrrole—alt—5,5— (2,5—di(thien—2—yl) thieno

[3,2—blthiophene)]) polymer having DPP molecular units with n—type properties

and fabricated the OFET devices with the thin—films formed by spin—coating of the

-V -



blended inks as the active layer. From the electrical characterization of the OFET
devices with the blended semiconducting polymer films, it was observed that the
field—effect mobility was gradually improved and the ambipolar characteristics were

enhanced as the ratio of DPP in the thin film increased.

- vii -
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(Electric—field) %ol 9a] omol= tl2A AdtA] L= Jdor FAamE= A7}

%1\%]:]_ [3]

ol& A st79lE, ¥ AFelME p-type 58S Zt= PBTTT-Cu(Polyl2,5—
bis (3—tetradecylthiophen—2—vyl) thieno[3,2—b]thiophene]) L&A W=l n-
type A4S Ad DPP (diketopyrrolopyrrole) #2 ©@$= 712 PDPP2T-TT-—
OD (Poly [2,5— (2—octyldodecyl) —3,6 —diketopyrrolopyrrole—alt—5,5—(2,5—
di(thien—2—ylthieno [3,2-blthiophene)]) H¥APS  E@3ste], PBTTT-Cy,

HEH o] DPP w©el& A&dgor Tsgshk= Wye Akt PBTTT-Cuy 9
=

2A st F B4 £F HEo] uhuh A At ol Fo] oM FFS v LA



II. o] &

1. #71 AA &% EJAXAE (OFET)

AA &3 EWAAE (Field—Effect Transistor)+ Alo|E Ao zetS AYS

WA= A7 S ol&3 A (Source) 2t E=dl (Drain) ZHel

ot
[
rlr

N

AFE
Aoldhs EMAAE Y B AP A4 &v EWXNAE FET) oA 7%
HEA ARE G435 (Active layer) 02 AFE3t= #7] A4 &3 EWHAAH
(Organic Field—Effect Transistor, OFET)E A Z3lt}. OFET 2 7]% (Substrate),
A2&/EYQ A5, f71' BEA AEE o]Folxl &A%, AolE HAA (Gate
dielectric), ZAI°1E A=Fo 2 F4H T OFET & ol#3 #4 2452 mxH = A
et 4 7k 9] 22 v el ek Figure 1 & OFET 9 4 7kA x5 7hde
OHoR HoFEW HTE V|FoE ACE Aol #4Fe ddel =AY B+

Top—gate Txgtil 3tw, &5 stde] EAst= 4$E Bottom—gate T3t

o

o

ot A/ AFo] BAF Avte] =x18 H-$- Top—contact 7%, 8459

i

Oft

Fekel]l EA13t= 292 Bottom—contact 7%2k1 b Top—contact 732 49,

Oft

an/EEQ A= A4S Aol A wAo] Hol W2 HAS ALS 7Rvs Aol

New, Top—gate 7x2 A5 ACIE dAdFol o AT m=Fol o] 4A9

el wrhe gel Ak o|R% Zzte] T2h AL FAo] vhEy] wRe|
AgetE 249 543 A8 B40) vt AA PR Ado] Fast,
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Figure 1.
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2. 771& ¥=A

utul 7uke] AA &3 EWdAAE (OFET) 9 SAZO07 AMEHE F7]15 ¥EA s
1980 ddiie d47F HaHE7] Az dAlebAdl (Pentacene) ¥ 22 @A}
HEE A58 Aol 3l (Thiophene) A€ &2 Hi=A7bx @2 AF7}

ojFolfon, Holl WA AT oFEZT wHoldi: Ax FA-wA

QurA 02 {7]E WHEA= Charge carrier 8 39 wla} P—type, N—type, 18 1L
%= (Ambipolar) WFEAZ y¥e] Rt P—type 7% dt=AE % (Hole) &
charge carrier & 7}A= WEAolH, HWHE N-type HF7]& HEA= AA}
(Electron) = charge carrier & 7}A& WEEAS vttt N—type f7]& WA=

%]

7] 59 Atx, e B 2E Sl ol {4 AstEel Aol dasks AEdel 3

[ PN

Hell, ] SeME vl o R HskE FEL ¢ U= P-type #71=

MEAZL B B AT Al ARHUch FIA A71E AmAL T (Hole) 7

i)
02
[y
oX
do
~N
it

AR+ (Electron) &+ 7FA E5F%E charge carrier & 7FA+& HEEAo
HEEAE p—n S Alxsts del ol 349 dest, 22 gAY 3 59
A ", olgst A=A 5EAAES JHH wEA= AAMY AAAA V=Y A
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(@) P3HT (b) PCDBI (c) PDPP2T-TT-OD

CeHia e O O p H\CHz(CHz)sCHa
/ \_ s N . N
Y 920,
4 0 0

CeHi3 CH3(CHa)sCHa

Figure 2. Representative (a) P—type, (b) N—type, and (c) Ambipolar type organic

semiconductor



A= FA- ¥ FETA (D—A type copolymer)s 1EXFS] F3 o AA}

<70 (Donor) ¥} A&t W7 (Acceptor) ©$17F w2 Yehb= 725 7HA

flo
T
<
o
(@)
[
oX,
o
SN
Ir

Ak, oldF AR FA-w) & TEEAY N FLF 54

Az 71 (Donor) w918 N—-type S5 2t

rir

A2 2] (Acceptor) @Y=

AAsA @Akl M= (Bandgap) S 22 7b5Ette Aotk wMEAS A

[:] D Donor unit Cabrr

CDT-BTZ

CgH x
) M 10.5cmvs P(NDI2OD-T2)
1, = 5.5 cm?/Vs 1= > 1 cm?/Vs

10H21

CeHizy = > 1 cm?2/Vs
CioHay

u, = 3.6 cm2/Vs

Ciy M = 14.4 cm?/Vs
ne= < 0.1 cm?/Vs

Figure 3. Representative D—A type Copolymer



FHZol= olgfd AA FA-EA d F5EA (D—A type copolymer) 8 3} o]&

=

AU S

2

| oist oherst A 9 Ao JyE I ok dAA7EA] v AR FIH-
W g ALY det olFs WAUSS LA T4 UelA Aot o]s st Intra—
molecular transport ¢ FAFe} A} ZFo] HEErF ©o]s3dki= Inter—molecular
transport = Y¥ oA H, HEH A5 Fx W EA YxZA Ao (Energetic

disorder) 9] A Xol ujz} A}

Side-chain 1

Molecular Molecular
Weight Wi

: unit 01 unit 02 elght :

Conjugated Conjugated /lnter-mdecu'a r
unit 01 unit 02

transport

Conjugated Conjugated

Intra-molecular

transport

Figure 4. Charge transport mechanism of D—A copolymer



4. Neutral molecular doping in OSCs
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o
do
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kit
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i
rlo

o] 23} A=
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kit
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B3
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oL
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P
=
i)
o,
o min
Loty
i,

impurity scattering) ol 2]&j ©]
T3 vgo] F7ge wet AdExrF fAstH, 5 R HES doANE &3

FAA A%t FvVetA Aok

—
w
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(b)

10 - | r T v
j -~ Ll 2ol
- I g
3 7T | = n‘\
= 10 | o
L] = oo} R
£ 404 : = B0 i
= = 5 T
? | = "‘._
2 * g 5
O30 = 4o}
L =
s L T cabcuiated - T
-\_\_‘_‘——‘\.’.! & froam =V oty =& o0}
P from admiflance dala -
10 R e 3 VIR Qg ; J
ancegesd 107 107 10 107" 107" 10 " L [ " 1" [ 10
Daping ratio  (F,TCNQ : thiophena units) TATAL DONDR DENSITY [cm=?]

Figure 5. Conductivity of F4—TCNQ—doped P3HT (left) and mobility of Phosphorus—doped
silicon (right)

- 10 -



71 &5 HEE=A A2 Neutral molecular doping < %3} ©]% (Charge transfer)

o] we} Ton—pair ¢ Charge Transfer Complex (CTC) 9 dejz FRE}; I p—
type £ A THAEY 943 o]ledd AHE /14 ), lon—Pair = A5 AL
(Free hole)¥} 4% vz Fo]2 (Radical anion)2 ]S 7FA9, Charge

Transfer Complex (CTC)2 &l M ZL occupied bonding ¥ empty antibonding

orbital & @A st}

8 I g ==
w - I~ | o [ =
£ —{ ! > 3 ! Y,
ST S N w 2 ﬁa-' - S ,44 51,
o N¢ | Neutral < e nt als OSC % V_
‘ osc
(Pl _I ] cation
! v !
Figure 6. Mechanism Ion-Pair (IP) formation
& [ = :D _E::’ A l—
| .
g \ g —=
.g é]q € *:1 =
£ 1&* ey ﬁ 1/ 2| gl oot
@ | Neutral | 4 4 @ # s OSC
|_ 255 _ v cation
' - ]

Figure 7. Mechanism Charge Transfer Complex (CTC) formation
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JNe
o,

1. 48 A=

7t. PBTTT-Cu4, PDPP2T-TT-0D

ARAE 7|REO R St OFET 9 Ao+ vlud 52 443 olg s 7HA&

=
9
fo
i,

#l (Thiophene) AY¢ PBTTT-Cy., P3HT 9 1&#A WHEAZE w2
e . 13 H2 2iA FHE we A& F78 (Donor) w9 &F At v
(Acceptor) &7} wdlE2 Yelys FFXE 7R HAAR FA-w 8 3 EA
(Donor—Acceptor type copolymer, D—A copolymer)”7} 7]£2] 1EA HEEA|

AR o]FEE Holgiut @F A3t mm FWA OFET 9 *2 AREA

23 wAdd P ARAS KT dfel: =2 AFAS hd aEA
REARG olskrt Fov, dAxAg ¥ BFE 7% =42 /e 54
(Ambipolar) 5A4& 7F & RE=A A5o|th. meps 2 AToA= vlud =2
AQE9t olgEE /Xt P-type u¥A WHEAQ PBTTT-Cu''o¢ ¥4
SAS K= AR FA-w & 35#AR] PDPP2T-TT-0D & A3 A8z

B oA 7129 HAYE =3 (Interstitial doping) 8 @A EL a437] 98
A<l P—type EAE 7= Alo] @ Al AL 9 Poly[2,5—bis(3—

tetradecylthiophen—2yl) thieno[3,2—b]thiophene] (PBTTT-C,,) L&A} HFEA| 9}
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N—type EA12 DPP(diketopyrrolopyrrole) 2} @S zt= Az F/H-wb) &
>3 poly(diketopyrrolopyrrole—2,5—di—2—thienylthieno[3,2—b] thiophene)
(PDPP2T-TT-0D) 1A WtEAE 44 WE=2 £ (Blending) st 22t 0.5 wt%
(5mg/lmD 2] ¥]&=Z F2ZZEF (Chloroform)ell o] WAl JAE AxsHsith
Figure 8 & 2 43 oA Ag¥ PBTTT-Cyy A ¥=Ale} PDPP2T-TT-0D

aRA MEA Y B P2 Bk

. CHQ(CHQ}BCHQ 7
CH2(CH3)gCH3

CH3(CH2)gCH;

CH3(CH3)12CH>

—n CHa(CH2)gCH3
PBTTT-Ci4 PDPP2T-TT-OD

Figure 8. Molecular structure of PBTTT—C14, PDPP2T—TT—-0D
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Lt. PMMA
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=

i

PMMA 9] A %5 HoFt)h
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Figure 9. Molecular structure of PMMA
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FY (Spin coating) WS AFE3te] AEAF HEEA| 9} A A A 9
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Figure 10. Spin coating process
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(Spin coating) WY Figure 10 o 7Fekst =21 o® yehydct. WA
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g3t -, 210TCY g ZHolECA 1hr & odd

(annealing) 2 233} t}.

(2) TE=} A oA uhal A

aEA AAA T

o
iz
&
o
ot
o,
>
2
'
1o
=
o
o
3

i

~

3
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lhr &<t 7Fo]¥ (Curing) = 3 s}Ath
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Figure 11. Hot plate in our lab



Figure 12. Spin coater in our lab
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Figure 13. A simple schematic of thermal evaporator



Figure 14. Thermal evaporator in our lab
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Figure 15. Vacuum probe station in our lab
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t}. UV—Visible spectroscopy
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Figure 17. Excitation energy for electron transitions
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2}. Ultraviolet Photoelectron Spectroscopy (UPS) 2
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Figure 19. UV —Visible absorption data of film according to blending ratio

- 30 -



;{IILHI.,IIIS j'edg&

(um) (um) E,
. . (eV)*

Polymers Film Film
PDPP2T-TT-OD 743 /822 874 1.42
99:1 743 /825 877 1.41
97:3 743 / 825 877 1.41
70:30 554 /745 /830 882 1.40
50:50 545 /751 /836 891 1.39
30:70 540 /753 /842 8990 1.38
PBTTT-Cyy 543 683 1.80

Table 1. Summary of optical band gap according to blending ratio

Figure 19 & UV-Visible spectroscopy =4 ZA3o]m, Table 1 & UV-—Visible
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Figure 20. AFM images of (a) PDPP2T—TT—-0D, (b) 99:1 Blending, (c) 97:3 Blending, (d)
70:30 Blending, (e) 50:50 Blending, (f) 30:70 Blending, (g) PBTTT—-C14
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Figure 21. Transfer curve and Output curve (a) PDPP2T—TT-0D, (b) 99:1 Blending
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Figure 22. Transfer curve and Output curve (a) 97:3 Blending, (b) 70:30 Blending
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Figure 23. Transfer curve and Output curve (a) 60:40 Blending, (b) 50:50 Blending
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Figure 24. Transfer curve and Output curve (a) 40:60 Blending, (b) 30:70 Blending
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Figure 25. Transfer curve and Output curve (a) 20:80 Blending, (b) 10:90 Blending
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Figure 26. Transfer curve and Output curve of PBTTT—C14
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Figure 27. Summary of electrical properties according to blending ratio

PDPP2T-TT- 99:1 97:3 70:30
oD Blending Blending Blending
"‘“’84"“‘“" 0.071/0.077 -~ 0.094/0.103 = 0.115/0.127  0.047 / 0.052
(cm?/Vs)
60:40 50:50 40:60 30:70
Blending Blending Blending Blending
"“Vggp“““‘ 0.047 /0.051  0.033/0.038  0.024/0.025  0.025/ 0.027
(ecm?/Vs)
20:80 10:90
Blending Blending PBTTT-Cy4
Havg/Hmax 0.015/0.017 0.011/0.012 0.010/ 0.011
2 . . . . . .
(ecm?/Vs)

Table 2. Summary of hole mobility according to blending ratio
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Figure 28. Comparison of blending and calculated values (a) 70:30 Blending, (b) 60:40
Blending, (c) 50:50 Blending, (d) 40:60 Blending
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Figure 29. Comparison of blending and calculated values (a) 30:70 Blending, (b) 20:80
Blending, (c) 10:90 Blending
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Figure 30. UPS spectra according to blending ratio



PDPP2T-TT-OD : PBTTT-C,, Work function (@) lonization Potential (IP)

100:0 4.572 5.350
99:1 4.621 5.429
97:3 4.647 5.484
70:30 4.677 5.529
50:50 4.705 5.476
30:70 4.673 5.428
0:100 4.710 5.465

Table 3. Result of UPS according to blending ratio

Vacuum level (Eyc)

LUMO leve

Work Function
(9)

Q.

©

w .

B — — — — S Fermi level (E;)
g

HOMO level

Figure 31. Schematic image of LUMO, HOMO and Fermi level structure
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EZo] J&F AF #7] (Phase separation) 5o £A6HA H &= Aoz F=FU
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