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The ion exchange doping of 7 —conjugated polymer film within an electrolyte—

gated transistor

Ju Han Lee

Department of Smart Green Technology Engineering

Pukyong National University

Abstract

In recent years, research for the development of next—generation bioelectronic devices
1s being actively conducted. In order to develop a bioelectronic device, an interface between
an electronic device and a biomaterial is required. Doped polymer semiconductors having
high conductivity are widely used to form interfaces between electronic devices and
biomaterials. Recently, ion exchange doping has been studied as an efficient method to
increase the conductivity of polymer semiconductors. The ion exchange doping is a new
chemical doping process for 7 —conjugated polymer films. This process can provide very

high doping levels and improved stability of doped semiconducting polymer films.

In this thesis, the driving force for ion exchange doping of a 7 —conjugated polymer
semiconductor film was electrochemically controlled using an electrolyte gate transistor
platform, and the mechanism of the ion exchange doping process was investigated. To this
end, an electrochemical transistor was fabricated using PBTTT—-C14 polymer films doped

with [EMIM] [TFSI] and F4—TCNQ as an electrolyte gate medium and a conductive channel

vii



layer, respectively. Electrolytic gate transistors show a reversible process in which the
conductivity of the doped PBTTT polymer film initially increases and then reaches maximum
conductivity, but decreases again after the critical point as the bias applied to the gate
electrode increases. The electrolytic gated transistor platform was used to estimate the

essentially maximum possible doping level in the PBTTT film

viii
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3. Conjugated polymers with doping
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Figure 5. Oxidation(P-type) and Reduction(N-type) in conjugated polymer doping
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4. Neutral molecular doping in OSCs
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Figure 9. Optical absorption spectrum of P3HT blended with F4-TCNQ
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Figure 10. Optical absorption spectrum of 4T blended with F4-TCNQ
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Figure 11. Molecular structure of Poly[2,5-bis(3-tetradecylthiophen-2yl)thieno[3,2-b]thiophene] unit
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Figure 12. Molecular structure of 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane unit

- 15 -



o). [EMIM] [TFSI]

o2/ MAl= ol Aol &wald A AAlolth &3 F Ak A ol

e

A3 e A= ion exchange doping & 7] $3) electrolyte—gated transistor =
AZste] onic liquid A [EMIMI[TFSIIE AHgstaich. [EMIM][TESI &= A2
o] 2A Aol F7Iqte]l wru, A Aol Fow, AEAo] et H7] 3}eto]
W7l wiZel electrochemical Aol HAsHAd =4 #71 &virt Fesith

Figurel3 & [EMIM] [TFSI] ¢ #+A+%5 UERH FHolt)

Figure 13. Molecular structure of 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

unit

- 16 -



B A= Side gate FHEfQ] electrolyte—gated transistor AAFZ A ZFE ST}, o]
A2AFE A ZsE7] 98] shadow mask & AMuA A ZsE T Figurel4d + shadow
mask ¢ EWo|t}. Shadow mask & 19.5mm X 19.5mm ©]" gate 2} source/drain
Atol ] zkAo] oA HE ofgl®Z Z}zt 250 ym, 500 m, 1000 m ojth. AE dol=
50 tm, 70 gm, 100 gm, 150 tm, 200 m, 250 mmC. 2 £ 6 =2 T+ ¥ ¢t} Figurelb &

| 2F3t electrolyte—gated transistor &) 7Fehdt T2 o]t}
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Figure 15. The structure of the device
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7}. Sonication

aAE A

1A sl F dFE 2] dEel AFsy] el aE AR

flo

MAsoF stt, . AFoA = 253 AHS AREste] 7] mwel] FzbE WAy
QA= AAsE=Y AFEsIAY. 7]#HS Acetone ¥ Isopropylalcohol (IPA)E
ol g3to] 747t 10 w&<et 253 AHE skolth Figurel6 + 2 ATolA AMEH

sonicator ©]t}.

Figure 16. Sonicator in my lab
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L}, Thermal evaporation

Thermal evaporation <& Physical Vapor Deposition (PVD) 7|& Zol|A v 1w %

kst == W olt}, Figurel7 + Thermal evaporation 8 &2 X ZAAE 73]
SAse 2ol WE AG ALE A4 wE BAUL O dAeh FEY] Ao

AT AW delM o5 F Ut P AUE Eh WMe U g of 10-8

,%
o
.
l
o
=N
b
Jo
o,
l
%
g
pIv
flo
N
X
o
oL
Y
X
i,
s
o
=t
2
Jo
o,
F
L
N
S
fo
N
il

Fol 2 AHAAM HEHE 21 HEC AFE 7l 5E =94 E5 AU
TS A odUAE S AAE FHEHHEA TR 9o glojX mpAze] Yolx] ok
HEo ZZdEA, B Ao s A=S Ni & 10nm T2 dAs 2 Au = 30nm
TAZ  ZHZF 1.0nm/s & HEE st & HFolA  AFESE  thermal

evaporator + figurel8 o YERJ ST}
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Figure 17. Simple schematic of thermal evaporator

Figure 18. Thermal evaporator in my lab
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t}. Spin—coating ¥ Annealing

b b

,4
rk
2
rlr

o 8 (Dip coating), ¥} F ¥ (Bar

Ot

A REEA|

1=z
o

KR

coating), %7](Solvent vapour), A~% 8 (Spin coating) S&% &7} HHO]

ATH & A= ghdstdA ddesty Bluwd g AIbE 296t AW I9S

A28 T Spin—coating & $7H) = JFAo] 7HS 29 AFOE THA T,

71k Sl AAA Aoyt A HEEAE S22 & dYT SEE I HAA §AS
)

g Fuj7E Sieks WAolth SHAIRE spin—coating °.®  HA

1=z

bebe 2 wdo] =X vy, gERR Jolgles o] fulE AAS = s Al
AtEe AWiDet7] 918l annealing ¥l 27 €t A o] # Ho] 2k
(Tg) olde X7t 7FsiAld o]o] &8 d oA E e Al&o]l AAS F4sH
kB AdeAs &3t @ PBTTT-Cyy & 71#9]el =233 3000rpm, 60s =
spin—coating 3}1 SFEHO]ESA 180C ,lh & Z7HOS= annealing 3T}
Figurel9 < spin coating < 3dla annealing 3t 342 vepd I3o]n

Figure20 < annealing ¥}7g oA A}&-3F hot plate ©|t}.
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. . .

Figure 19. Spin coating & Annealing process

Figure 20. Hot plate in my lab
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19,20]

2}. Physical doping!

F4—TCNQ + thiophene polymer Y} thiophene small molecules ¥} CPX (Charge

ot

Transfer Complex) & ¥A3stt, 1%7] wjFo] PBTTT-Cuy 9 F4-TCNQ 7}
CPX & A& 4 v o435t PBTTT-Ciy €95 spin—coating 3dFal
annealing 3t 7|¥% doping chamber $Zo] H2st1, A5ox dojdl F4-TCNQ
powder & 220C= 7FE4AIZ Y. Dopant & IAF ghube]] 7] e =3 o] HH
Imin ¥} 2min & AlZFe 2 Z+zy =331t Physical doping 81$lS @l PBTTT—Cyy
B2+ edge on staking 2 FA 31 F4A-TCNQ E=EHEE &3 a3E A FshdA

side—chain ] AFo]A}ole] &AatFE T Figure2l += vapour doping T ZAAE =233

Zo] .
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Figure 21. Vapour doping process

- 25 -



3.

)|\

kel

7}. Vacuum probe station

Vacuum probe station & A%Fo] 7]EA <l A7|% 542l transfer curve 2 output
curve = 2 FA =HE 4 9= Alolt} Figure22 = # AFo)A AFE3F vacuum

probe station ©]t}. Electrolyte —gated transistor 2] electrical properties & #23}7]

o
||\
o,
o)
5

23 vacuum probe station = AFEIA -V EA 3} sweep rate

-V EAS =437 Yl probe station 9 tip 52 77} gate, source, drain

Ao AAES A AL QArbsteh. Transfer curve & A4

rir

=

i
|

—

3

<
l

1.5V ¢ WelellAd —0.01V & Ao = Q7betiar, V= —0.1V, —0.3V, —05V 2=
138t Ip Curve & 743tk Output curve & A%l Vp & OV ~ —1.5V 9
HHAZ —0.05V 9 HFLo = Q7L 3, Ve OV ~ — IVE 0.2V 9] 7t4 22 v}
ST

Vacuum probe station = ©]23}9] injected hole density & T 4 3t} Injected
hole density + [ I dVg)/(reV) 2= o]&3sto] 3 4 3t} Sweep rate =
=743t7] 98l sweep rate & 0.08s, 0.1s, 0.12s, 0.15s, 0.23s, 0.43s =, 115 mV/s,

100 mV/s, 83 mV/s, 65 mV/s, 42 mV/s, 23 mV/s &2 A3}t

b =33 55 F435k7] S8 Ad Aol
Attt AEE W3tE Fekal Ve bl whE WskE RtY S, Jo/4 0 - Ve
T plot &2 =33 HHAE] HXE dotr gt Ad dol= 50um, 70um, 100um,

150um, 200um, 250um =M Pristine, Doping 1min, Doping 2min &A% Z}Z+e]
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Figure 22. Probe station in our lab’s glove box
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Az Al d AlolE EWMAAE (EGTs)E 4 — probe station Wolld AFS a1
gate, drain, Aol A 718t source AFol= HAAAA] drain T source oAl
2= AFE SA3Y T Figure 23, 24 o4 22+ transfer curve 2 output curve
Y2 E YEeERW T Transfer curve olA PBTTT vtute] F4TCNQ £ physical doping

3t 2252 pristine 29} Bl S W] on/off ratio 7} @A 3] &t} o3 H I

ol =S o] A2 ARFeL WSHA Hbg-Elr] wiitolgkar Ayzstt), TSk 1 R
T3 3 A AR AYAF R A RS &l 4 T} output curve oA &=

L
ke
\)
a
e
o
o
b
_>|i
l

Ip o A& %kol pristine &A= HOZ 16 kA & e

?__ETM

okt

HOEZ 3000 A = YHeRH FASHA S7Hs A S

14
>4

0,
N
U

)

3

=

=

=2

F4TCNQ & physical doping 3+ &A= pristine AAFETE Iy 9]

e AT 4 3o physical doping ©] €43] o]FojFth= A & 5 QT
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(b) 102

In(A)
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Figure 23. Comparison of transfer curve at Vp=-0.1V, -0.3V, -0.5V (a) Pristine device (b) Doping

1min device (c) Doping 2min device
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Figure 24. Comparison of output curve at V=0V, -0.2V, -0.4V, -0.6V, -0.8V, -1V (a) Pristine device
(b) Doping 1min device (c) Doping 2min device
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L}, Sweep rate

HFE A Yol injected charge density & €7] & tU3st sweep rate & SHS

ST}, Pristine &AF, 1 & =33 A% 2 7 &%

o
rsL'

22 sweep rate = 23mV/s,
42mV/s, 66mV/s, 83mV/s, 100mV/s, 115mV/s & AAst1 AA/E=d 13} Aol E 9]

Aol AEE 250um & AAsty Vp= —0.1V, —0.3V, —0.5V & A3t =A a9},

Figure 25, 26, 27, 28, 29, 30 & Vp= —0.1V, —0.3V, —0.5V oA 9] A43 ==

v

3t Ip=Ve, 6=V LAHZECIT o] HAolA 4tstel @dS YEhl= negative

peak ¢} positive peak oA Holst A& WA 4 A [o—Vge THEZANA 1+

o
o

Frt

DA A RE o gk peak & YWEMA Fa ZEist RFS HIT o]y
Ayz Qe 1 ¥ E33 LA o)A ion exchange 7} &
I[c—Ve ZHAZA 2 i+ =38 LA A = EHe BgS Holx Jdgrow 23|

negative peak 9} positive peak 9| #t°] pristine 2AH T ¥ A SHEH . TSt

<

pE T7MIZFH negative peak 7} Y =& Vo #hs Tl &40l Ae & &
Ak Wk 2 B =3 2x9 Vy iE 0.7V, =1.1V, —1.5V 2 © FT7HAA
negative peak 9 W= &elsjr gttt 1 Ay 28 =33 2212 Vp= —1.5V o)A
1 % =383 229 Vp= -0.1V 1 29 fAMEIAE 3E Felssirt. w3
T EZo AT wH|EA T HFTF AFHORE ek 1w B8 Ao xst
Aol Bl A= Ae AT olF F 2 ¥ =3 A Vp= —0.1V, -
0.3V, —0.5V oA+ ion exchange doping ©] dojv}x] AW Vi 3H2 —-0.7V, —1.1V,
-1.5V & ¢ S7MHS wW A3 1 & =88 228 Addo] A A= Ae Hot
ion exchange doping ©] ¥dojudtiy F=3F T} Figure 31 & 2 & =331 AxbofA

VDZ _O.7V, _1.1V, _15V OE] Uﬂ ID_VG, IG_VG ZQE%O]E}
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(a)

(b)

(c)

Figure 25. Comparison of Ip-Vg graph at various sweep rate (23mV/s, 42mV/s, 65mV/s, 83mV/s,
100mV/s, 115mV/s) and Vp=-0.1V (a) Pristine device (b) Doping 1min device (c) Doping 2min
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VelV)
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<
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-
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-
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Figure 26. Comparison of I5-V¢ graph at various sweep rate (23mV/s, 42mV/s, 65mV/s, 83mV/s,
100mV/s, 115mV/s) and Vp=-0.1V (a) Pristine device (b) Doping 1min device (c) Doping 2min

device
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(a)
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Figure 27. Comparison of Ip-Vg graph at various sweep rate (23mV/s, 42mV/s, 65mV/s, 83mV/s,
100mV/s, 115mV/s) and Vp=-0.3V (a) Pristine device (b) Doping 1min device (c) Doping 2min

device
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Figure 28. Comparison of Ig-Vs graph at various sweep rate (23mV/s, 42mV/s, 65mV/s, 83mV/s,
100mV/s, 115mV/s) and Vp=-0.3V (a) Pristine device (b) Doping 1min device (c) Doping 2min

device
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Figure 29. Comparison of Ip-V¢ graph at various sweep rate (23mV/s, 42mV/s, 65mV/s, 83mV/s,
100mV/s, 115mV/s) and Vp=-0.5V (a) Pristine device (b) Doping 1min device (c) Doping 2min
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Figure 30. Comparison of Ig-Vs graph at various sweep rate (23mV/s, 42mV/s, 65mV/s, 83mV/s,
100mV/s, 115mV/s) and Vp=-0.5V (a) Pristine device (b) Doping 1min device (c) Doping 2min

device
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Figure 31. Comparison of I5-V¢ graph at various sweep rate (23mV/s, 42mV/s, 65mV/s, 83mV/s,

100mV/s, 115mV/s) (a) Doping 2min device at Vp=-0.7V (b) Doping 2min device at Vp=-1.1V (c)

Doping 2min device at Vp=-1.5V (d) Doping 1min device at Vp=-0.1V and (e) Ip-Vs graph at Vp=
-0.7V, -1.1V, -1.5V
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T}. Injected charge density

Pristine, 1 ¥ =3, 2% T3t A2} Z}12L9] injected charge density & Ut 4
o] &3}y Fx]3}sS Tt Figure32 + Vp= —0.1V, —0.3V, —0.5V °|A] pristine, 1 &
53, 258 £33t A2}19] injected charge density 2F Vp= —0.7V, —1.1V, —1.5V °f|A

2% =333t 249 injected charge density & I3 2 ERH Ho|t}

[IdVs /(reV)

e: elementary charge, V: channel volume, ry: sweep rate

1 A3 PBTTT ®tete] FATCNQE =33 &AAdFS RE=A ol 594 charge
density 7} =tk o]elgt o]f& 2 & £33 &A= oln] BEEA EFo] HIUI
ol 0] pristine AARTE BS Hojgo] U Ayetal oitEy 2F =33
A2AE Vp= —0.7V, —1.1V, —1.5V & <QI7}5}3 S W injected charge density k<
13 =33 229 g sdaliA= A= Gttt olF F8 1 # =33 &A%

injected charge density + ion exchange doping %F2] I3t o & =313t}
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Figure 32. Injected charge density of pristine device, doping 1min device, doping 2min device (a)
Vp=-0.1V, -0.3V, -0.5V (b) Vp=-0.7V, -1.1V, -1.5V
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2. da0/40-Vs(V)

50 m, 70 ¢m, 100 gm, 150 gm, 200 m, 250 ygm®] channel length vht} A &3S F53519
channel length »tt}e] HE% ghs F3IQlth 2§ Jo/4 0 k= OV~ -3V 9 Vg
o ® vebdo] Ho doping level & FA Wtk Figure 33 & Jo/4 L —Vs(V)

5= 29 Hd doping level & F4 % Zlolt}.

M

I X2 pristine, 1 ¥ £, 2
TEACRE ARZ7E Ao 7T ACE dTe A8¥ 5T wlojojavt
S7bsel wEk Ho dxke] medteh AR AAE ool thAl FrAads 7 A
LIR2AAS HJFT} Pristine 2#keF 2 B =33 A= Ve 7F 2.5V oA FH
Ao saiom 7tz —362E-06, —1.05E-05 & S uehdith siAw 1 &2

T3 Az AL Vo7t —2V oA Hu Arez vadstgon —7.16E-06 9 s
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v}, Mechanism

Pristine, 1 & %3, 2 & T3 2z RE dHolgE EiA 1o wE =3

HAYUFE FS5H BT} Pristine &2 22 Vg gkl 2 I #t= Weklie I6—Vg

T oA Akl B peak 7F HAF AT whEbA] o] & AA| o] Folo] REEA UE
235o] Akg wRgo] Aol electrochemical doping & YErAT F=38H9 )

1 #%&< PBTTT-Cyy ¥etell FATCNQ & physical doping &A= Ig—Vg ollA ojm st
Ahe}, @4 peak & WASHA X3k3l7] wiel ion exchange doping & YoiWtthal
TS5tk AN 2 F EEE Aol e EHE EoFs HolA don 23]y
negative peak 9} positive peak 2] #©¢] pristine 2AR.T ] A SHHA . wEbA

Agels As7E BESA He] electrochemical doping 44 Heoltrt Vy &

o\

7} A% ion exchange doping ¥d=2 HAti FF33ith webd H A9 ion
exchange doping °l= UAAX7} A AQst dopant o o] FQFitiw

Fs9lch
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Figure 34. The schematic of mechanism of pristine device, doping 1min device, doping 2min



V. & 9

B A AE PBTTT S0 EAA o7 71538t Hy v £33 =437 93
[EMIM] [TFSI] % F4-TCNQ 7} £ ¥ PBTTT-C,, ZdH EE5S Adald AoE

WAl 9 AT AdFow 47 At A7) B8 EAAAHE Agslth -3

oo

iR AEA BEE o]& W =R AW THYS @Y Mo 2RO

WA A Zsk Adafjz Alo|E EWAAAEH (EGTs)E 4 — probe station WollA A FLS
#+3l gate, drain, A=ol+= AYS 7}t source AFo= HAIAAAM drain &

source oA B2+ AFE SHsEATH

Transfer curve °A PBTTT ¥%o] FATCNQ £ physical doping 3t AAEL
pristine AZF¢}F H] WS W] on/off ratio 7} A A 8] & o™ &k 17+ =3 3 A=

Oft

AF7E AgH o7 5= 2S 98 4= k. Output curve o= Ip o AF Fkol
pristine 2AFo A= HUlZ 16pA & YEM I 2 & =33 Ax+= HUZ 3000uA =

velde 5335 S7st As @lg 4 itk PBTTT o] FATCNQ & physical

o
2
_OL
=
i
o
rlr
N

doping 3t AASL pristine AAFRE S AT 4 glom

physical doping ©] &43] o] Fo| %l

o

;S HFEA) o) injected charge density & €7] & t}ekst sweep rate =

&
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