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Abstract: This paper reports the effect of sulfuric acid treatment of vapor phase polymerization (VPP) based poly(3,4-
ethylenedioxythiophene) (PEDOT) thin film in order to improve electrical property of the conductive film. The trans-
parency of PEDOT film can be controlled by varying the thickness of the film with changing the content of iron(III)-
p-toluenesulfonate (FTS) as an oxidant for VPP. Acid treated VPP based PEDOT thin film showed fairly good trans-
parency (~80%) and electrical conductivity (>1000 S/cm). It is postulated that the conductivity enhancement of the
PEDOT film caused by not variation of crystalline structure of PEDOT, but additional p-dopings by HSO, ion dissociated
from sulfuric acid aqueous solution to PEDOT" chain from the analysis by X-ray diffractometer (XRD) and X-ray pho-
toelectron spectroscopy (XPS).
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7R AL AL, A S e A9 9 (760~780 nm)

g ddste 223 HAxA 78 AK(intrinsic conductive
polymer; ICPs)= poly(3,4-ethylenedioxythiophene)(PEDOT)
o|t}? <, indium tin oxide(ITO)E AT 4= JY= YA
B A tutel o] FHATORS] S5 A TS
=2 7] A=%E 7HAE PEDOT vt A7t JFF o=z
B Qlth PEDOT= H el Fef 3, 4 A7k
ethylenedioxy”| = |2ke]o] = TRA7}F AFst7E59
o] Fo] Thsoizl FNolFATS 7= ICPOIT). A7}
7HA = ethylenedioxy 7ol 2]l w-& WH=70(1.6~1.7 eV)=
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of EAjste] PEDOTE 73 @A FHsitt! &%
H = wk) A 3K(counter fon)e! ETHES] FFol whEhA
PEDOT®] 22, A4she, ¥1 BERX], &3 7% 3 %
714 5248 2483 4 Atk PEDOTY el i
2 ERES} AEAM ERE BT Ago] 7Fseitt A
ZH =HEE AE-3$F dli= PEDOT:poly(styrene sulfonate)
(PSS)°]t}. PSSE HH 32 AM8-5le] PEDOTS -84
of gty o =z HAZIYh 28H 7} aFEAF ARk 23f
A3t o] 249k o] FA st F83Q1 PEDOTPSS G4k
g Axd 5 Ak 8 JEj= Ax=% PEDOT:PSS
B3 vuE A7) A e 58 Adollx] EAlst
o] 74E g3l AL B 7 ¢ vk A& =3
EE A3 of| 2= iron(IID)-p-toluenesulfonate(FTS)H ferric
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chloride(FeCL)E AFE-3l= A1 02 &52]1M2 "l 721315 bla}
Az 34 A8d 4 Aok F2o| FLdS xH 5488 7t
A= PEDOT B}2he] AXE 918 7]7°4% $(vapor phase
polymerization; VPP) Wio] -5 o] o} B2 7123
2 GRS 710 E =E3AIA A7 ZEE 71E 9l
A =%stAl €t} Poly(ethylene terephthalate)(PET), glass,
polyimide 7]¥ flol ¥lere] Fy = Axd + don,
sphere,”® nano tubes,” nano fiber”® 5 FENZ= A X7} 715
slo] theFel ool 3-89 4 Utk 53], BH7] WA AH,
NAAE, B3, 8187, f71ddteles 5o 3§
A7 B E 3 Atk? PEDOTE AA} t]ufo| 2ol &
7] i e e ks, Fax 9 744 24 5ol
o] witol] A=A Ak MENS 2HAY &
7] stolHE = et whete] Az P ohekdt dEEA &4
£ ARgst’ A7N1A, 71A8 B4 52 S7MI7IE At
s gt} H2, FUAIE FHA} tinfo] o] FHHS
o709 -85 9air PEDOTY] A7 |AEE dol &35
T7F k5] o] Fojx 3 Ut} PEDOTS] A7 A EE g4t
of A J WS A FAHH AR BT
A

24 A2 e A WA o= PEDOTPSS 24k &-of
o] dimethyl sulfoxide, dimethyl formamide, dimethyl sulfate,
2N ©o]’4¢] OH 715 7HAl= 3= (ethylene glycol, sorbitol,
polyol 5) 22 A=} 3437 715 A7Fsted ~1000 S/
cm T A7|HEEE 7H= PEDOT B8 Alxshk= A
ot} = WA o= PEDOTE I8 7K f71hh» B &
Lb gl o 236 8 AEsle] 7] AE=E 2000~4300 S/em
o2 Z7MIIE Aot &4 <] PEDOT' %154 <] PSS
ARz o)A} AFFo R FAE Al Bl AR 2Elst
W, Y- PSS AREo] oA AAdE Akt wgale] PSSH
AR A=A AHBE S Fote] A71HAEE 7HA
= PSS AREO] A|AEA Hrt. o2 18t PEDOT 27+
Z7} lamella stackingS 7 & A FZ2 vl A 3563536
AE=rt ST aiAstal Qi

712 A= %2 VPP 7]8F PEDOT et Aol 3lefA]
AEAt ERER A== LISl pyridine,” imidazoleZtH!
e Y7 == PEG-PPG E5353HA AEe] AHE- g
E4718 J7Ysle] PEDOT Hete] 71 =E 1000~3400 S/
emOZ S7MAh A2, B. Cho 5-& FeCly 48h 7} vhe
SjelE A7 320l EDOTS] VPPE Al ste] @7 <]
PEDOT U= 9ololE A% oA A7 dess:
8500 S/cm ©]Fe] E& ALTE Ntk Bt

Assii%ol, PEDOT:PSS ¥Hetol] theh AF A2l E &3 &
Ex el A Bile v AAA T ypp 7] 9k
PEDOT u}2e] Ak 2] A7E Bud vl QIith ujepr] B
Aol M= AtsAIZ FTSSF 9712 imidazoleS AME-314
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VPP S22 A|Z¥ PEDOT vhdol] tist 3t 2] a3}
5 714 57 SHellA ARl PEDOT Hhete] &
A Aol oJg SheH 24, B wERA, AP7E W
32 ##317] 935le] X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy(SEM), X-ray diffracto-
meter(XRD)S 412 Fastod, &4k A2] a3 gt vt
o 2712 B4 W] t@ 13L sk,

M

Aok & XY E. PEDOTE] Azl AME-H DA = 34-
ethylenedioxythiophene(EDOT) (MDBROS Co.), AFs}A) /=3
E <+ iron(Ill)-p-toluenesulfonate(FTS; Aldrich), ¢F 47]+=
imidazole(SAMCHUN Co.)S A glo] AM&-slsitt. 3t &
o] 2 A}-8-3F 1-butanol(JUNSEI Co.)& Al glo] A&+
o} vhake] 3 AHg] g o2 ALE-H H,S0,(assay>95%)=
SAMCHUN CoflM 7438led A §lo] AMgsISitt. PEDOT
vheko] 71d 2= PAMFE (2.5 emx2.5 cm, Paul Marienfeld
GmbH & Co. KG)®| frel71385 ARt

PEDOT gtat M= & 2], 7153 $18t chamber
© 7120l Barel £l Zdo] Alksle] ARE-SIATE. 1-butanol
o Ztz} FTS 10, 20 wi%E 831 A1 7] 32, FTS2t 1:1 mole
ratio® g 3to] imidazoleS H7Fettt. g &3lE ¢
3l ollx] 307F wekS AASHTE &8lE AkskAle} oF
971¢] e FE713 Yol micro syringe filter(pore size
~0.5 um)s AMg-3sle] HE ol =231 102 5 300 rpm
3} 30% B2t 500 rppm o2 TS ST, 2kakA| o}
FH71¢e] Et=ol ZHE FE718E 60°C L2004 108
=0t AXHA O™, chamber W= 6 mL/secd] G502 &
2 9715 A5Gt Chamber W L5 £33 &
80°CE 117F &1t fFAISHIT AtshAle] Azt Shed +,
chamber W7ol Sl= HEZ|T|A]o] EDOTS FY3tal FAI
o AskAl7t ZHE fE719E FYsIT. 30 52F EDOT
< 7PEOE =EAA 2] E¥l| PEDOTE S35t &
o] S5 SR 33] AlFste] mukg AkskA| o} v
AE AAste] d2elx] 7Ax3I%T AlZ=E PEDOT 912
FAF 8ol Sl oA '7 107 &t FA2E
AAISHAL Sl AlAshe] Aol Axed.

£4. 4-point probe(CMT-SR 1000N, AIT) *'HS o]&-35}
of Alzxd vEe] FHAS St whke] 3 U
7 =742 HR-SEM(MIRA LMH, TESACN)Z- ©]-&3l 7}
& Z9F 20kVollA 108k vl 2 FsliT), whake] Fape=
UV-Vis spectroscopy(Optizen 2120 UV Plus, MECASYS)E
AR&-8Eo] 400~700 nm R FlollA S sIIT). uheke] A 9
FEA 2 - 2] vistE gRlsk] fl8 Xeray
photoelectron spectroscopy(MultiLab. ESCA 2000)E AH8-3}
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o] 0~1200 eV binding energyS 0.05 V] stepSZ scanning
3 th T3 Xeray diffractometer(MiniFlex600, Rigaku)E
ARR-ELS] scan 5% 2 9/minE 0~30° *E 9o et A 2

o] Wsks S4siet

< AT Aol = 9kt FEe)
olFEE SV & e TEE PEDOTE AAIsHE A]
F8s8ithal deA Uth® 53], PEDOT A& Weol g3l
- stacking®] SthslE A% -39} PEDOT AK=9] p-
=3 o] S7HE Bote] 2Nl ol RE Eole Ao
03 Azl Azt B AolA FTSS Ak = AL
435to] #A|ZH VPP 7|8t PEDOT 81912 p-toluenesulfonate
2 =38 v oA A aietolth At Ao 2 AxE
PEDOT u8f2tol] Ake] 48 & ol AA 1% e =3
o) Welg A/AEEE A7) 3AL ST Glass 3%
Holl PEDOT ¥}2he Alz3l.om, 3k =~galoz A7 7
I Fo] B4E v AT Table 1> FTS &< 10,
20 wt%= 3t VPPE A %3+ PEDOT dhets} ghiko &
2|¥ PEDOT Ble] 1714 24 9 FHEE et
G4 A2l E gk PEDOT ¥hete] WA ato] A2|ahA] o8
PEDOT u}trt} Autk o|4ko 2 7H4&lith. 2#d] VPP 7|
1 PEDOT et 571 9] 73-9-oll= $4ke] A= late] 2
3|8 &7}k th. PEDOT:PSS vhete] 7Z$-of g4k A2l &
SA =W PSS Fo] UF A A=EA] v FATE ZhAET
I B E 8p ke g EsiR] = 2R T p-toluenesulfonate
2 3% PEDOT B12h2 Sk X|2|2 late] uiete] di
7} 2318 ghaste] FAVE Sk AR FAHL ol &
Ak 229k A2 2ol A PEDOTE] swelling &7l 711
= Uil dAekET) Bl FAe] FTlelE Bl B
BEHAggoR Qg F4ke 2 $x2]g PEDOT HHete] 7]
HAEEE 7169t FTSE 20 wt% AFE-3ho] A %3
PEDOT gt2te] 79 v £& A% (~1362 S/cm)E 4

ot
Lo
b= |

S T AU 9, FTS & S7il wet 7|l 28 =+=
EDOT 2] Zlo]2 PEDOT ¢ 44 8A=7] wfiol] F
Fe= st

ol e i = e R EReE 73 o
elA] & Wt gla-g ERISHAITE Y. Xia 52° 4t
g A - 37} old tE F4|E 2= PEDOT:PSS v} &
of tisll zHzt st AElE st ot 73 99 ol
Faleol & wWsh= gldvk Bdk vl 9ok whEbA b A

 Faee IS mAA e AL & 5 A9l 3t
ol ©]gk PEDOT BFete] slehz 2/ ¥sks Avr7]
913l XPS #4418 st Ak A &, AndE A=
o] Az} w9 A} oA Hsl, W Uil ik F7F
1S 31tk PEDOT dhate] EHo) tigt S, C\ 2HE
Figure 1914 YERJRITE. PEDOTS] ¥ EA4Jol| #3h
o #2 w2 PEDOTS] S,, 22 EZ A FARE
neutral Si= 164-165.2 eV, 2FsA] =R E0 FHsE
= 165.8-167.2 ¢V, 1] 3L FTSS] EHE S 1=
sE 167.4-169.4 eVollr] AgoUAS Yepdich 340 ¢ 2
HE Ho| A& aromatic C2] ATHS 284.7-285.0eV, E] 2.3
go] B-YA o U= C-S AT 285.3-286.3 eV, B-AIFol 3L
£ C=C-0 2%< 286.1-287.5eV 28]3L C-O0-C A%
286.9-289.1 eVollA Ztzt Agto| xS vrepdlit) #4142 FTS
10, 20 wt%2] gl w2} VPP 715t PEDOTS] S, (Figure 1
(@), (c))2} C\(Figure 1(d), (H)2] = EH0] 7]&2] PEDOT
e B4 Aol XEInk. wh| Ak mgdlo g T3]y
7} A8l PEDOT BF2te] 739, S, (Figure 1(b), (d)) =HE
Holl A FTSS =FE HE 2] S0, (167.4-169.3 eV)2] 2%
A 717} Zo1E5H A HSO,(169.9 eV) 4 Agt 717} 746
Al YERTE oA ke A (1) 28 A5 At
3} Wk3-(autoprotolysis) O 2 F& el riar deA gt

D‘JEQ]
=%

o 2 12

A

o 12

fe e 4 o

w
o

2H,S0, — H;S0, + HSO, (pK,=—6.4) (1)

FARE 89 Aol sl H/HSO, si2]7F s= W
H p-toluenesulfonic acid(pK,=-2.8)= FitE T ooz

Table 1. Variation of Transparency and Electrical Property of PEDOT Films after H,SO,-Treatment

ccl):n];Snt FTS:Imidazole Treatment H,SO, Treating Time ressi;;:fltce" Thickness’ Conductivity” T;{m;ssn(;lg;{lfje
o (mole ratio) (Wt%) (min) (nm) (S/cm) o
(Wt%o) (Ysq) (%)
10 - - 872.2 21.6 530.8 86.1
1 95 10 3334 37.1 808.5 83.7
0 i - - 220.3 54.6 831.4 76.1
95 10 100.7 72.9 1362.2 78.1

“Sheet resistance was measured by 4-point probe. *Thickness of each film was indicated on SEM image (Figure 3). “Conductivity was calculated
from 6=1/(SRxt), which SR is sheet resistance and ¢ is thickness (cm). “Transmittance measurement was carried out using UV-Vis spectroscopy.
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Figure 1. XPS spectra S,,, Cs of H,SOy-treated PEDOT films and non-treated PEDOT films depending on FTS contents; S,,: FTS 10 wt%
(a) non-treated, (b) H,SO,-treated, FTS 20 wt% (c) non-treated, (d) H,SOy-treated Cii: FTS 10 wt% (e) non-treated, (f) H,SOy-treated, FTS

20 wt% (g) non-treated, (h) H,SO,-treated.

oFito]7] wiiol] H9 afz]7} A o2 i B e vl
ATk’ wEbA PEDOT Hheto] it =gl o2 A2|7t ¥+
B A 4802 FTSe] SO; =HET p-toluenesulfonic
acid= Hgke|o] g "Hojx] o1, ik -golle sfg] 4
B2 EA3H= HSO, ©]°] PEDOT' Ak&el 71 =3 0]
Ak AzHE} 3], C\(Figure 1(f), (h)) 2= EFH A
gk mgadloz 7] Fo|| aromatic C2| Y= A|7]¢] A
£ 4H p-toluenesulfonic acid7} A|AEHA] Jojd oz vt
2+ Ule] PEDOTO] uld o=z 1 Bo| EAlsHA 88 &
AT EZF C-S Ao =7t 7HAEgl) ol it 8
ol o] HSO, ©]9°| PEDOT?] neutral S& S'2 F7} =334
2 Aoz gelEn). wbd, AREe] C=C-0 ZF<] = A7
3715 Holal 9tk PEDOTS =3 E Aejola w2
oA olF R H71A EAL WA =t neutral
JE]Q] aromatic-like PEDOT3} quinoid-like PEDOT®] HEE-
O

1';1:'

¢

o w7 HA3EE o7 By QnkY S, 29
oAl AFsI=0] 3Hike] o] HSO, 7} FTS9 %8s
,did ez 2o B4 27|12 Qs ¥ B2 PEDOT #

Roofmt B o O ffr

A+ =AY AHE AAT) ool wep A A A
PEDOT ¥A}2] aromatic} quinoid JE]2] Z&ko] ik 2]
% PEDOT EAR.T} |tk AzHek &= 912, thiophene
2ol ot B-912] Aleloll A= olFAg el pet B-AXZE ]
3P WAl M3to R C=C-0 AFo] Bo| EAh= A
g ®HAthar AT St 8 A2le] 9]k PEDOT
uhato] 914 bk W3l Table 20 YERNSITE. PEDOT 2t
who] Ak A 2] ol A0yt F(S)2] FEel ST
2bae] g Z7RE FTSO) =9EQ] SOy KU} shute] 4k
O) 92E 9 2FstaL = kel HSO, o]2<] x| 3te]l
ok Aolt}, e & F7h= p-toluenesulfonic acid7t
PEDOT H}2tol|A] A A=A HSO, o]29] X3t 9 F7} &=
ol 711E Aoltt. Hgk Ak X2 oA AAE p-
toluenesulfonic acid®] W= gaol 9J3)] ga YAKC)
el o] HAEs eIt Imidazole=F-H freh€
Z2(N)E PEDOT Bte] ik X2] A3 §9 ohde &
H3L7F Q1T Figure 200141 XPS 418 Fsted sijde o
ArEe] A duA] 9 sl 248 WskE 7IRke = PEDOT

Table 2. Chemical Compositions of Various PEDOT-Based Thin Films

FTS content Treatment H,SO,/Time Oxygen(O,) Carbon(C,) Sulfur(S,,) Nitrogen(N )
(Wt%) (Wt%/min) (at%) (at%) (at%) (at%)
10 - 25.16 61.29 7.79 1.79
95/10 32.73 51.02 13.5 1.63
20 - 27.24 57.76 7.90 1.24
95/10 31.53 52.95 13.14 1.06

Zan, 43948 A55, 201543
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Figure 2. Plausible chemical structure of VPP based PEDOT using
FTS oxidant: (a) PEDOT; (b) H,SO, treated PEDOT.

Figure 3. SEM images of H,SO,-treated PEDOT films and non-
treated PEDOT films: (a) FTS 10 wt% non-treated; (b) FTS 10 wt%
H,SOy-treated; (c¢) FTS 20 wt% non-treated; (d) FTS 20 wt%
H,SO,-treated.

A AREe] slshd Wsls R3S Figure 2(a)= 4t8h
Al FTSNA 528+ p-toluenesulfonate”} =FEZ PEDOT
AFEH o] AT sl ' oIt 4t A7) o
PEDOT H}atof| A A% p-toluenesulfonate”} #l| A = 32 34k
FgAA fEs HSO, o]l 23l X3 ¢ F71 =3o]
Z1e¥ Figure 2(b)e} 22 EAERE A4S 202 A7k
o} 34k X2]E E3le] VPP 719 PEDOT HftollA| = vhdt
o] ¥ REIA9} Agxo] W) #HES 918l HR-SEM
2 whel XRD 42 5H5HTE HR-SEME PEDOT 4}
te] WS 105 v = gfigl o|w|A] & Figure 39| YERY
A FEAo = AT A - $E BlaEiiS o, 1t

BEEZA= F s} Q%) oA S 348
1ol PEDOT Bfeke] 3 A 7ol gt E2%<l
A3t ok SHE T Figure 4= 33 A - 39

)
b &
(B

04 o 30
o

to

oft

ol

i

to 2 A|lz¥E PEDOT vFere] A xjgol 213 23} =33 725

(010)

4) 22.80 (3.90 A)

(a) 624°(14154)

= 22.80 (3.90 A)

g A
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7 | ®
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€ 637°(13.86 A) 2236 (3.97 A)
M
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Figure 4. XRD patterns of H,SO,- treated PEDOT films and non-
treated PEDOT films: (a) non-treated PEDOT; (b) FTS 10 wt%
H,SO,-treated; (c) FTS 20 wt% H,SO,-treated.

PEDOT Bt9+e] XRD = EFS YeRAt) 7]1E 3o
BHE nke}l fALsA VPP 714F PEDOTS] XRDE 20~6.1°,
12.1°, Z8]3L 25.0° THEECE2438 B AFollA] VPPE A|lZH
71 PEDOT vfelx= 24 oHe 6.24°%d=14.15 Ay} 22.8°
(d=3.9 Ayl A=A} o] A2 b2 4 PEDOT®] 727}
(100), (010) A%He| lF=" PEDOT AK=<] inter-stacking
3} ¥]93 #7+e] n-n stackingdl] SFECt B4t 2] & FTS
10 wt% PEDOT ®}etollA 6.27°(d=14.09 A), FTS 20 wt%ol|A]
£ 6.37°(a=13.86 A)>E PEDOT AK=7r] d-spacing®] 72~
sttt o] A2 RE FTS E4Fo] f)Aof o 22 ik &+
flo] HSO, & A=A PEDOT A&E7ke] 7H4 0] Fof
2 AL &4 & 210t} PEDOT:PSS 714} whute] 7-$- ghak
2] 3 PSS ZEAHA EHES] AAR A wigolu} 7}
ARl AAstre] F7He YERd A3el="" g VPP 7|4t
PEDOT H}2he- 84k 28] o] PEDOT AF&7+] stacking
o] Wslr} S38] mAlslEE AR 27t HalA] uThal &
IZazl=

4 £

VPP 7|4}t poly(3,4-ethylenedioxythiophene) (PEDOT) B2}
o] 2 A& Folo] FHE(78.1%)E ARG A7 e
E(~1362 S/lemyE FIAE = AT o= FTSAIA gt
p-toluenesulfonate”} 4kl 2ol €]3ted p-toluenesulfonic
acid2 G- AAF L i FgAofA Feljgt HSO, o]<]
2|8k B F7}F =30 7191E Zlelt). XPS #4g Fste] &
Aol 9%k PEDOT Abee] A% Hske 49
ASATE. VPP 7]ik PEDOT®] 73-¢-= PEDOT:PSS H}u}e] &
b ZAel e ok 9] A EA AR AR
o] Wsk= Holx]| oFsit).
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