Regular Paper Best Paper

J. Korean Inst. Electr. Electron. Mater. Eng.
Vol. 31, No. 3, pp. 129-134 March 2018

DOI: https://doi.org/10.4313/JKEM.2018.31.3.129
ISSN 1226-7945(Print), 2288-3258(Online)

ol24 M7 =S
SIE

7|8 A=3

0|8, EXl=, 9=+, X
= ol

wAche

129

High-Mobility Ambipolar Polymer Semiconductors by Incorporation of lonic Additives for
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Abstract: Herein, we report the manufacture of high-performance, ambipolar organic field-effect transistors (OFETSs) and

complementary-like electronic circuitry based on a blended, polymeric, semiconducting film. Relatively high and well-

balanced electron and hole mobilities were achieved by incorporating a small amount of ionic additives. The equivalent

P-channel and N-channel properties of the ambipolar OFETs enabled the manufacture of complementary-like inverter

circuits with a near-ideal switching point, high gain, and good noise margins, via a simple blanket spin-coating process

with no additional patterning of each active P-type and N-type semiconductor layer.
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2.1 OFET device fabrication

a2 18 Top-gate/bottom-contact -+t&9] OFET
Arte] BAIEo|th b3y OFET 47H0] 42/E2]9l
A2 A gsl oM mEelaadn 2L ol &3l
o &9 7I1® ol 15 nm 79 J(Au) A=t 4
nm F719] YZANI) A= dE"s F4stact. 4
greA] Agel oot ol 242 1 mmet 20 ymol
o} Au/Ni K120 48 7|Be ol £} o 4m2m
dIES olgsto] 27 102 ¢ 230 NAV|E

o v
olgsll ZedstAen, ol 1t A4S ol&sl 7|1H

o
Y
A
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2 Aol AREE =78 ALEAT BEEAQ poly[4-(4,
4-dihexadecyl-4H-cyclopentall,2-b:5,4-b']dithiop
hen-2-yl)-alt-[1,2,5]thiadiazolo-[3,4-c]pyridine]
(PCDTPT)= 1-materialsAtol|A] Lojsto] ALL351gi o,
SAg 1 glol Idi = ARESEITh. PCDTPT AL@A}
HtE RS 10 mg/ml %2 1,2-dichlorobenzened
Lofjr]|FF o, o] AJIA|R tetramethylammonium
iodide (NMe4s)Z 10 mg/ml =%2 tolueneo| £3
A7t} ©]% PCDTPT tje] ol &4 A7 ghere 717t
2.5, 5.0, 10.0 wt.% v]&= Z35I5F vtex]| &
stoich. 2 &AZ o] gsll Au/Ni H=o] miH
o ol AW F"-H S o] &sl 7T Ao =25t oH,
0]% 150, 200, 250°C 27104 oj23(annealing)S =

==
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= A=
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CH;
+ H,C—lI\"—CH, .
CH;

PCDTPT

Tetramethylammonium lodide (NMe,l)

(b) Al (gate)

@ PMMA

(gate dielectric)

PCDTPT + NMe,|

(semiconductor) Au (source)

Au (drain)
Glass (s“berate)

Fig. 1. (a) Chemical structures of PCDTPT ambipolar polymer
semiconductor and NMe4l ionic additive. (b) Top-gate/bottom-contact
OFET device structure with gold (Au) source/drain electrodes and
PMMA polymer gate dielectric.
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SteA] &g 9ol poly (methyal methacrylate) A} AME ZF 2& 1= 7ol oJst BAF ARE F 7
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t}. o] ZkR o AIAE ¢dll 80°C hot plateg ©]-& ZFEo] 7] mizol, PP} N SF/do] 2%
o of 30&%t FASIt. X2 oz, Ao]E(gate) Thstt Y= WHEAl §44S UERACH SHA|TE 4~

Booroh 20 2 2 2 O Hr @ 40 do O M M K

AT e AAZ Y8l 35 nm F9] dRolEsA)S  (H0)olut 4t7](OH-group) & AAFS Edi(trap)
DAE(6.2x107 Torr) EFAZ|S o] &sl| FASt & 7] A2 BAQ Qo 95 o2t 1§ E4o]
$A40=8 OFET 2AS &/dsteich ghefar shE AT Uehe 47t %ot (8] ¥
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2.2 CMOS-like inverter fabrication dest AR 3o FRlo] 7hsoha, vRE=A A
ol " 28 AAAR AT KHH&} s &

PCDTPT &=/ St=AE o]&dll CMOS-like QIH  mFo] Bold, E3t AAAet A0lE AIF5S &
BE AR Ysi bA OFET aAr Al &gt self-encapsulation &y 5o 93] 7]5 ghe A

Yo 15 nm F79 2(Au)/UAN) 22/SQ1 o] %24 Mt o] EA Tdo| 2YsiTY,

A3 ZEAINY YPS ol 8sh FAstgt. o] olRjd RxAY APoz s B ApdM:
o) PPt Ng OFET £419] Al'd Zole} Wols w&  TG/BC &9 OFETS A|Afsto] PCDTPT LA} gt
10 pm, 1 mm2 EYstA §AI5t%c PCDTPT thu]  wAo] %24 Asto]s EHS BMstct 13 20]
2.5 wt.% &9 o]/ A7IAI(NMed)S PCDTPT &

Nut e & AW T YU o|gsh W Ao

A
=asigh oy, A

=) o
A 24719 2 E "iAoA (a) Pristine PCDTPT (b), PCDTPT + NMe,| (2.5 wt.%)
200°C 30&7F EXg 3A-e st &, PMMA BAAS 10 FPype atV,=-10va-60v 003 107 o pe atv,=-tovaeov] *
oF 500 nm T2 ¥reA] stat doo] IR

)
PMMAL 80°COlA] o 3027t 7ldsto] 2ty &ujg L
A5 AlAstP o, oixjatoz oF 35 nm £ 2
A20EE AolE HIo2 Argstel A-ZA Ylw) 3
T4 HES 0fA3S o8] P § QlulE aAt

ARk grashoict.

2.3 Characterization of OFET devices

A=Y OFET 4AFe} CMOS-like QIHiE] 32+ Al
A Bol7|9] ZejuurA Uo| AX|=l probe station}t
Keithley 4200 ¥r=A] §4247]& ol&sl A7[A &
‘dZ B7tstA.

20 4'0 60
v, V] v, IVl

Fig. 2. Transfer characteristics of ambipolar OFETs using (a, c)
pristine PCDTPT and (b, d) 2.5 wt.% NMeul-incorporated PCDTPT
in (a, b) P-channel region at V4=-10 V and -60 V, (c, d) N-channel
3.1 0|=2d HIIMIE =glst 10|SE OFETs region at V4=+10 V and +60 V. Channel width and length, dielectric

capacitance of the ambipolar OFETs is 1 mm, 10 um, 6.2 nF cm?,
A2 JIEE Y e olE®E UFAF SEEAlE F2 respectively.
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E5] 2.5 wt.%9] o] AMIIA|
ol TP e =y wEAl S4ol Uepd
T

2.5 wt.%9] A7 &he
PCDTPT YFeA] OFET AAMo|A o]2X H71A|
of i Hxtet AEO| ol5wmet BEALS et
olct. watA PCDTPT OFETQ] F7|A E4 of
M7t} wheA] 7ro] A|Alo] B3 u]golAq T
45g 9e 4 o, Yyel oley M
AR AR AT BAL BlES 28] W
2H 27t 4o FAS SUsh "k B Ao
Z 5.0 wt.% o9 NMed &g 2.5 wt. %o H]s|
dad Adst ojg: S Hopgdaen, 10 wt.% o4
Aqx= ol2d Z7HI7E gl &4 BE=A|(pristine
PCDTPT)HCH W2 Zuts UErdct ol2iet b=
239 ol F7HHl= PCDTPT AZA ¥ief Uj7of
ZE.KH;}L /\er_} 7}2_ K{s}o]i EEHQ. xﬂ}],{]y] =2
e ) B2 AT 2t AR A o]
28 AVHAPE motd A8 LA Akee] 2R #E
P42 sliAl= 2o Agste Zloz Heln (9.
AyxoZ PCDTPTeF 2 D-A #x9] u&A} gt
cAo] o2y HIHE sdstoz) HAet HF ol
22 SA] YA 2 9lonl, ot of2] &gl
Sub g o3t Ao mepHLh 9M, AW 3Yw

2o 89 3ol ofsf vlw W A7 o] ol

ol

S o
2 |o Ho rlo ox X off rif

0% oX twr rlo

=,
92 ™ PCDTPT qfef2 »=2 d|gd &0 ¥
DEAF Abgo] epdel pxo] AR 1xS FASH]

Table 1. Fundamental device parameters of ambipolar OFETs based on pristine PCDTPT and NMesl-incorporated PCDTPT.

Thermal P-channel N-channel
Semiconductor annealing Saturation mobility Threshold voltage Saturation mobility Threshold voltage
temp. [cm*/Vs] V] [cm?/Vs] [V]
150°C 0.78 (£0.47) 271 (22.44) 0.41 (£0.16) 319 (£1.9)
Pristine o
penine 200°C 1.19 (£0.19) 32.2 (0.78) 0.89 (+0.16) 350 (£1.0)
250°C 2.60 (+0.30) 349 (+2.60) 1.90 (£0.32) 37.0 (£0.75)
PCDTPT 150°C 0.66 (£0.15) 8.1 (£1.0) 0.53 (£0.24) 387 (£1.5)
+ NMeyl 200°C 3.0 (£2.70) 36.6 (£5.0) 2.05 (£1.20) 373 (33.0)
(25 wt.%) 250°C 0.54 (+0.33) 24.6 (£3.60) 0.46 (+0.23) 286 (£2.0)
PCDTPT 150°C 0.43 (£0.20) 26,5 (+1.60) 0.29 (£0.08) 355 (20.11)
+ NMeyl 200°C 0.84 (+0.40) 31.7 (£0.50) 0.75 (+0.50) 342 (+1.10)
(5.0 wt.%) 250°C 2.0 (£0.60) 30.0 (£2.50) 0.93 (£0.05) 354 (+1.90)
PCDTPT 150°C 0.17 (£0.02) 2253 (20.30) 0.16 (£0.02) 36.6 (:0.20)
+ NMeyl 200°C 0.35 (£0.03) 8.7 (0.11) 0.30 (£0.05) 356 (+3.50)
(10.0 wt.%) 250°C 0.26 (+0.11) 273 (£1.50) 0.36 (+0.10) 33.1 (2037
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Fig. 3. (a) Charge carrier mobilities and (b) corresponding threshold
voltage at saturation region at V4=+60 V for OFET devices with
increasing concentration of NMeyl ionic additives in PCDTPT.

Aol 1At o] A% FE7F AlRrEY] mEoltt. o]
72 ol A7t 7tAA|(plasticizer)} v] &8t A
g2 ol Fof AZA AFsE0l & o dEs] sAY
a0, W2 3= A fxo A I by
s andgoz {=F & T [6]. ESF Al=E &
ZIRFEA] 9ef of EA1E ol e 239 H0, 4F
e %94 o2 st ER A0l ol F7HAll <

o2 "ol [9].

3.2 CMOS-like 2IHE{ &X} §4

ol2’d A7HIE B8l S AR PCDTPT
WEAS ol & ohelr JAMAR A B A= E

=2
ZHHst AFsta A AR & Qlck
wt.%2] NMeyJS A7Fx71 PCDTPT U=A4
o|&&ff BArst vt A miel 34 2A Qo] T4 FEut
o2 A& CMOS-like £z&0] QIH{E] S/dolct. Iy
B AApg| oA 7 7]1®A&olny Q3 AXfo],
0 1 OAE A5 g s wEATE 715S £
st} Yubso g RAME]= CMOS Qlu{El: PEu} NF
T5 BEox FAsHs F 719 ESiA]AE|(pull-up E

=
= 133
Output Voltage [V]
(a) 50— (b) -50 -50
V,p = -50V
>, 40 = {0 =
) 5 3
= =or = - 130 2
g = 12
S 10l =1 =)
) o 0
o o v oy o
0 -10 -20 -30 -40 -50 0 -10 -20 -30 -40 -50
Input Voltage [V] Input Voltage [V]
©) 60—
5ol Vop =50V ] p<0V
a0l - PCDTPT
c a0 N-Channel
© r Pull-Up TR
I ( p TR)
20/ Vour
10} P-Channel
| (Pull-Down TR)

0
0 -10 -20 -30 -40 -50

Input Voltage [V]

Fig. 4. CMOS-like inverter characteristics based on 2.5 wt.% NMe4l-
incorporated PCDTPT ambipolar semiconductor. (a) Voltage transfer

curves and (c) corresponding gains at various supplied bias (VDD). (b)
Noise margins at high level (NMH) and low level (NML) at VDD =-50
V. (d) Schematic configuration of corresponding CMOS-like inverter circuit.

WA 2B} pull-down ERAAE)2 327 /=0,
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02 FAEE =2 o]lE Zt high-levelwt low-level
BRoM S AdfE 580 €= 5 AT (3]
o]_Q_}H 7<47]»7(1]E 7<7]»§_ PCDTPT /\7(]»1_—_ o)= 3.0
cm?V's™ (-36.6 V)@ 2.05 cm?V's™ (37.3 V)9l HF
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