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1. M2

T2 Hi=A 9] A7 BG4S Aol 4 Sl D4R /ot 22 SAE HiEAof oF EAS
£} stojo] ARF A& (electron) B2 3 (hole) = A3 A171= F7olH, =g A2 A& {7]RE=A|
Hof GA AlF T e HEH Qlot 19709t SHto] 27]9] A=A 3 E A conducting polymer) 2]
ANZF o2 BE! =8 B6) §7|¥Hex 9] A5 (carrier concentration) & %0 349 AEA7HA| =g
4 %= 7FE4 (synthetic metal) & 7Hdshe A2 7104 Bofo] YA F shuetal & 4= Qi) 1
O|%2 {7142} Hok= §7IRE=A|9] AofufA] 8AFH, |7IRE=A|9] 124 A{FEE 7IHIe 2 f7EY
ZA] (organic photovoltaics, OPV), &-7|¥3gt}o] 2 & (organic light emitting diode, OLED), &7 E&HR] AH
(organic field-effect transistor), 8712 A& organic thermoelectrics) S Trst AR ZAF &2} 7E
F50] 7o) o] FofA glar, o] Wloll= 415} U (charge injection), 15t $+& (charge extraction), 15t
4% (charge transport) Ao} 5, &A1) 283} 5555 24 dh= tloll glo] #AF =3go] A= &-&xlo]
A7t FePElo] Yk AT AR e =gk 7|1E HteAolA Yt Agg S B3 =HE
(dopant state) < AJ/35h= Ao g P % (well-established) MIAUS = G, EHE EAE EQYchk=
WAl o] B2} Hslo] M (charge-transfer) HIAUE, ZHES] 4 BEALR W MALR, =gdF SAE
vt=A|o] 24 Wel 25340 ¥et 5 A HARIF} EASHAMY Atel, A7 =E (electrical
conductivity) 2t H 20 (Fermi level) &9 5, 2714 B4 Alofsta, A3 A|E 4 = 24 9] =3
WO A7 BE53 3ol o] 7|E AR StEAoA, e RE FE471A] W Helel =
2ol A 7714 E44& Aol 7H5HAl Fo] CMOS 71€3} gl &, efdA] 7o) Hils S22
A oln] /483t ¥ OLEDY] A5 e ETsto], f7I8t=A]e] nj2f 483l 4] s & 3=
7o, 1 ol 2 BN = f7] ¥ieA|e] =3 miAUS, &4 2 3RS0l theliA oaz, o] 7fgso
o|EA F7] AHAA} EfFH Aol A -Eo] Elojt=A]o] s TFAH R thFaA} gth 2 W= S
AR AT 4 Q= 7PE BabARl = W2 high mobilityE 91SiA HARIE {71NFE=A2]
crystalline 728§ FAISHA E&AH SR =S oto] AAFAAF Z2 Z& AlFshs Wiolth ol§ sl
ot =g 5ol 7= olgton, =& Fol 24 AT IATE Bk A ZikEo] 2ol F5S
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03 1. D88 2 U WY S5 B U EfQHR L}l
olz| Hetms S M

2.1 9718k NIe| EXF =Y HIFHLIE

B7r=A19] 79, YA FERS valence electron®]
Mgt o2 =HlEY ELE9 HE|E crystalline host
matrixOll FYE 0] 7|2 YAE X[t =3go] ZIPEct
(ofl: Band P for Si). 7% E<E0] intrinsic semiconductor2]
conduction band®?} 717H& donor statesE AJAIsto] Ahe-
ZR7T 2719 n-type =3, valence band®t 77H2 acceptor
sateE Bl 3= /5 = p-type =3gol2tar 4H
£

R =A 9] =g HAFE 7 ofd, EAIFEIC
EHEE 0]gsto] = 5t o] & B4 =3 (molecular
doping)°l2ta A3ttt o] FSlo]S(charge transfer)
o:]/\]-oﬂ _,]o}- E.\J—] HOP};} O]]:q E.u:] _,] X‘]X]— o X‘]%O]
host f-71¥%= 4] 2] HOMO-LUMO ol i ] xfoo] o3
ol&-st= Aol 7]8kek =g WAlojth (2 2). o] =3
W& FA ion pair(IP) formation Z12] 3L charge-transfer
complex(CTC)Q! & 7HA HIAUES &l dojdtix
& A Qo

2.1.1 lon Pair Formation
o|2H 02 p-type BA} EHEL 97 ]HPEXJ]Q HOMO
oM AAE 5T 4 U WE 22 LUMOE 7H, &
ZAFZISkE (electron affinity) 7} 2 —tr'—x}ojlol: S n-type
2} ES grMbEs]o] LUMOo] HAE & 4 g

W &2 HOMOZF &/d=]ofof gttt lon pair formation
(IPA) WAYUZONAME =9 oM A THEELS
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03 2, fIEiEso| TIe2|4

o] 23} = shte] HoHE TEEHA ion pair (IP) & F/J5H]
HAch(ad 3a).° SHAIT ol AEHog BAF mHEC)
F7IRE=A] Afe]Q] 2717 33 2&(electronic interaction) S
T#oHA] Eche HollAl B (correction)©] Z g5}t
o] correction term< ion pair SlUA|Z 7=y, o]=
ZARpRIsHEeL o] 23| A] (ionization energy) & &3]
thgt Zo] 728 4 ikt

é

E(8) = (IE - EA) 5-k7 &

&: Aso| A A% (degree of charge transfer),
k' Coulomb A<, e A1 1 AR} A-ZAto] o] A,
[E: 0|25} oL A], EA: HAZ S =

%, 919 ion pair AHAIE o]&5to] A H Hstet =HE
7ro] 3o ouA] 2719 ALtS B9l =88 g, Aot
O| %% (carrier mobility), A7|IEEE &3} 4 Qlo
|7IRE=Aol] sigsts 249l =HEES 2+ 4 QT ol&
o2A B, 21-33Eie] g EA(isolated molecule in
vacuum)©|A] @oizl EASt IE ZHE TS 1 sto] |71
HH=A9] =g g o|Sshal 246k tlol] ZstA]|
Qth= 9Jujo)7| & Sjt,

2.1.2 Charge-Transfer Complexes(CTC)

[PA HIAYUSE F+= g2, =HE 1/ g o]5H F HA}9
M4=(degree of charge transfer)”7} 12t} 2 AL BA}
EHEC {7|¥tEH= jon pair’t obd CTCE @/JsHA
o}t CTCE [PAS:E €9 f7IRt=Aet B4 =HES
frontier orbitalE°] %} Ho] MZ2 £/ orbitalE<

T
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formation of a ground-state

(a) ion-pair formation (IPA) (b) charge-transfer complex (CPX)

— neutral
CPX
= e =
3
: /\\ ? 8
S % e g % =
2 g
2 neutral  neutral il neutral neutral
3 0SC  p-dopant 5 osc p-dopant

P3HT / FATCNQ 4T / FATCNQ

anion

optical density / arbr. units
*5
2
8
3]
23

optical density / arbr. units

40 35 30 25 20 15 10 05
energy / eV

40 35 30 25 20 15 10 O
energy / eV

2220

2227 P3HT / FATCNQ

absorbance / arb. units
absorbance / arb. units

neutral FATCNQ

2240 2220 2200 2180 2160 2240 2220 2200 2180 2160
wavenumber / cm1

neutral FATCNQ

wavenumber / cm1

2! 3. (a) lon pair formation(IPA) HIH{UZ, (b) charge-transfer
complexes(CTC) O|FHLZ 6

A 5H= charge-transfer complexE HASHE HAUS S
sieh(2d 3b).° BAF @82 (molecular orbitals) 2] 7%
LHg 7o) BEE-& Bdll &/3 (hybridization) =l =2t
2ueo] ofjuiRr] A B (energetic splitting) El= A=7}t Z42r
onge] F7HHolaL oL X] Al (spatial and energetic)
o] upetx o2 A =l A AvESH ion pair T3 CTCE
SIS EA A2 E 4 Utk CTCE 79 =& A
of|A] A§Ado] =], OPV(organic photovoltaic) 2] donor/acceptor
AR, §71/57 RE=A] A SollM = A/dE 4= itk CTCot
P Y this BAF ZHEO oJsf A5k uER A3
SR F=th CTCY A% o3t 5739 {7 1N =5 E
ZsHE Wol o] 2315 ZI¥¥slof 517] wfjFol ¥ =3
2gY, ZiAHoR =g o5 d& & e ks
IPAS] Bl a5YS wf U2 ot}

SHARE, oF&I7HA] ion pairet CTCE F-& A& 8450]
ojwl ZERIA] Hes] utetw]x] ok Aot ol &
0] A integer charge transfer complex Z°](3 4), ion
pair®] FENE SASHARE, ARFA5HE 2345 ] fsiA=
CTCS} Z+o] YA 9] binding energyS Holxlof sh=, A=Y
o] I AMEL JIEEC] EYE AFEH e
Aol H10

2.2 8%t EHES| 55
Slot Zo] =o] HEW 5 Ut A mHEE 8]

/ Donor Binding

\,/ @ » Acceptor
\ Er&

/ éa ) Ground-state

@ | E
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13 4. Integer charge transfer complex(ICTC) BIHLIZ."®

vtede] TRAE A YoM F7IRt=EA ] ARE
AL Hgih= 5V/39] 22 BAKneutral small molecule) 2
7132R1 (reversible) Z5to]d B3-S sH= EAPo|th p-type
A RHEO] A9 G7IWIEA|ZEE AAE W EAR
|7 =A 9] HOMO U+ AAF =HES] LUMOE
o|=3j|of 3 HITHZ n-type EAF THEQ AL §7]
HEeAlol] RS 4= B4 E=HE9] HOMOON Sle HAPE
F718=A| 9] LUMOZ o]&3sfjof Soh( 13 2).

2.2.1 p-type Xt ZHE

25 p-type BAF EHER 77} 3% 22 quinone
Fz9] Az AIZETE Quinoned FE PYA|A] L
aromatic ring22 I8l HAZIE =7} 7)o HAE |71
S 25E BH= p-type BA ZHER &-E5}7]of A3
sttt o]9] thaEAQl o7 HER TCNQ EAto|th TCNQE
RS 7 IRHEEA 2R E W= p-type BAF ZHEER 27|
ARSEIQJAINE 2RIt i o s 4] BsliA (LUMO~
-4.3 eV) =39] 280°] EA] T A, fluorinations
Z3] TCNQY aromatic coreE electron-deficientsHA|
U= Y2 BAES] AR EE F7|HoR BY 4
UL o5 Fol, F,TONQE TCNQ9] 2,35,6-F45%
EA4R Agsto] AARIS=E 2 09eV B= =01 B4R
A7 = 71 de] AHEE= p-type A EHE F
shto|th 0]9] derivativeE R, F.HONQE 2,3,5,6-54

Dopant LUMO
relative to vac. (eV)

HAT-CNB
-4.8 | oba

50}

F3-R-TCNQ
F4-R-TCNQ
-5.2 H FATCNQ

FETCNNQ
S4r 60F36
F2HCNQ

5.6 |- Moftid)

CN6-CP
N, Z N,
F4-R-TCNQ F3-R-TCNQ

F6TCNNQ

F2HCNQ

12l 5. p-type 22 EHESO| 04| 2
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£S5 A4t A4 Zgsto] FTONQETH AARIS =S
025 V71 o £ =HEs] B4 PdAdS Hol7] S5l
F/TCNQ9] nitrile &8 ester 159 2 BHE F,~-R-TCNQ7}
A7 )= ek o] Qojl= HAXISHETF Ho A2 EHE
T2E0] ==, 1 F HEAR] cl2e FHARg
F¢TCNNQ, 2,3-dichloro-5,6-dicyanobenzoquinoe(DDQ),
HATCNg, CNe-CP 5, 13l 3DF22] CeoFss CeoFas,
Mo(tfd); S5-Itk

2.2.2 n-type 2Xt EHE

n-type T4 EHE = |7IRE=A0] HALE Al F6lE ¢
glojokstr] wiof A HOMOZF €2 (IP7F ¥2) &4+
SHIES ARESITE olol2UsHAI= ¢ SFARE Wil
n-type =339] 7P & sidsfol & Al F shts =HES
=2 HOMOZ 3 B4 HgAdo] Yths 7otk whaA,
n-type EHEEL p-type EHEO] 8|3} QHgAJo] U
HolH, n-type BHESS IS |7]el= A+-50] U5
Y=l e}, 2 F 2abH o s 7R AEE YW
&2 tha3 2ok

Bis(cyclopentadienyl) —cobalt ( I ) (cobaltocene, CoCp2)+
ol23lofUA7} 4 eV E=R] 733t SR AK reducing molecule) =,
=3 Tf= {7MHIEA|] Fermi level S 2F 0.5 eV712F conduction
bandell 77t0] &2 4 Sl n-type EHEOITE (4-(1,3-
dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl) phenyl)
dimethylamine (N-DMBI) 2t DMBI-derivative 234 &2
Ao R =2 QMHAS 81519 o benzyl viologen
(BV)2} diquat(DQ)E n-type =HEZR 53] AFEEE
E4E0olth BV DQE #2 014 OPVel As= 7IA
5t7] €%t shute] ®hH e 2 BHJ(bulk heterojunction)]
=3Z0o] AFRE QA o] 2 E5) BHI) morphology 7HA1at

HEo] trap S =2 A £ Qi 92

2.3 % ¢
oz 9 axigt 7 UEE 7I¥te2 AR =5o]

(b) CHa
O
: N
Co N CH;,
@ CHj
© N T
A0
oy LN N
\_/

32 6. n-type EAF THEESO| Of|Al: (@) CoCpa, (b) N-DMBI, ()
Benzyl viologen, (d) Diquat.
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ol@A FAE 4 QR A ArfetaA} gt =
WHoll= 3A| co-deposition ¥ T} sequential deposition
(solid-state, ion—exchange) o] At

2.3.1 Co-deposition B

Co-deposition ¥H& §7|8tex)| e} RHEE st
HI&Z 410] solution®] FERZ T F substratelol] 23
FEo|L} blade ZH-E oh="4*Hol o] ®H Q] -2 vaf
A&7l §718t Aot =HEZ O] vlg 24 o] go|sith=
Zo|ch ' SHA|RF T o 2= 83 (solubility) 7F S £4
EHE9] 7 sl tigt Agto] k= A, 1ex
THE-E-9] polymer &2 ©]23} E/HA] solubility”} 01 &7
E|7]oll, 12 sl YA 9= aggregation©] Lolu= 5, 1Rt
FAI P e da g AgEe] A4 5 e
otk ” ol AAZ =35 frRtEA Q] A7) HAEEe]
&S AgkstA Ho

2.3.2 Sequential deposition B4

Sequential deposition W2 |7|Ht=Aet =HEE
A1o1% solutionS substrate Yol depositiondl= co—deposition
W vh= 99 substrate 910 S719H=A|E depositiont
I 9ol =HE gHg AT FEoJL drop castings
o S2otH, f718t=A 9o S8 =HE &4
ZF-& (mass action)< &3 F7I8=A] W& Eoi7t
Z3go] o]FojX|& HiHo|t} ¢ ¥ co-depositiontd
= 9, f7IRtEA e mHES] BAH|EE 7] 2710
85] & 4 gl7]oll, UV-vis-NIR £3435H, fluorescence
quenching®]t} UPSS9] B7H4Q]] WS o] &sto] =33
g gRlslof gith= ©o] itk &, Es] g Ee]
EHE EAFEOl §7I9M=A| Bfa ko 2 X ESHQl=A

HH o Wt YEn

i offt ol

ol o

]

L

-

I

G

2.3.3 Solid-state diffusion

Solid-state diffusion ¥ sequential deposition * <]
dZo g AyFg]oR g o F2F {7IRE=A| 9ol
evaporation "<& Bl EHEE Faoh= ol
HAolA & 4= A%, o] =g =HE EAL A4
|78t =] Biatol|l A EAtAdE Boll =gk Wgolth
SJAIZ F,TCNQE ArEsto] PBTTT S solid-state
diffusion o2 =33t A7t Hag ik i 1S
ol PBTTTS] AEY 2zt 228 fAI5HA FITCNQE
solid-state diffusiongs Zal =3g5t0] A-F-HAT 4ol=
Z} B3t coherent AdHpE EAS Holal = &S
SIS 4= TR HollA EAF =gof| Qlo] mile- aabA]l

WS & 4 A2, co-deposition HI B ZFS
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2.3.4 lon-Exchange =4 HitH

lon-exchange =33 W2 A+ ==t 2718keH4
= o] AR o s frRtEAe BA =HES]
Zdsto]zdo] dofd Tofl FAPH oz =HE o]t Zis|Alo]
ZA5R= o] 2Alo]9] wEHKion—exchange)©] LolLk= two-step
wrHoltt 9 WHE PBTTTS p-type =8 HE|Z F3d0]
==, PBTTTE FICNQE FAHH o= = A7l &
F,TCNQ )2 2-0]20] jonic liquid(X'Y” FeIZ &A)) S
FAstaL Q= Y 2ol 2 tiAEl= WAl fAYUSS
E3) =3 dAdo] dojdtha BHaw it 7). o]5lo]
Z= PBTTT & o3} Y 3ol 7+ solid-state
donor acceptorg @/dsHAl E+= Zolt}. lon-exchange
WL jonic liquidet F-719=A] 7he) 2ol whet =33
T &S FIAE = QlaL, o] 2WERE0] 100227 =Y
I 4 Qlthar Wl A] 177t ghasiA| R1gS ot

1k ol

-

2.3.5 Cascade Y2 0|83t A3

Cascade=g B2 ion-exchange W2 YFo0=2 =2
TPEEE B3 AIHEEE FAAL S = ok
F,TCNQ&} NOBF & ©]-85}9] cascade =& 7#85t 2
Aol 217t EHESS A4 PIDF-BT 18418 =gt
o] oA oz ARE]X|eE F,TCNQZ}] anion-exchange S
Bl =3go] YojuA =HA S/ F,TCNQ £AHE0] THA]
sgo]] Fofsto] EabARl =g T 4= qlrkar BisiFiT
0|2 E3] s Lol M= 610 S/cmE A3JsHE HL A7)
A= ZhE A& 4+ AT

wwwwwwwwww

1. Selution - processing

Solution co-deposition Sequential doping

\: J\_ (Solid-state diffusion doping) /
. A
(© €
- . £ 2.lon
[PBTTT* FATCNQ"] + X+ Se Zashangs %
transfer > 0 3
>0, Coies
b
L 3.lon
= insertion b
[PBTTT" Y] +X*+ FATCNQ' BT }_o'f‘ “’"é
. B F
\_ lon-exchange doping Y,

a3 7. (a) Solution co-deposition &%, (b) sequential doping
HHH () ion-exchange doping gt 26

2.4 EHo| ofLAX| A%} HE A7

oozt 9 MAYET BPATE0l Arartel
ElQFAA] 5 o] e Axolq ol A B Y]
asista g

2.4.1 BHAXIAR(Thermoelectrics)

Go|HA|E Z7[UA] = W 7H5st hLA = {7
Wt E=3go] A%} application 2 AFZA o2 8y
AR B oA E F shuolth B AR (thermoelectric
generator, TEG)2] HoR|o|A A 7]olqX]29] o iX]
WS (Z7) L Z7T=0T/k2 45 AujelEe] 2go=
Uetd 4= Jlon S A AL, o= A7ARE, e
QH=E, 7= Ad=E YUehdh |7Rtex 9] 49
AR dH =T 7]oj=rt ujujste] AHEE7F Yth=
HEo|A o]Ho] a1, 7|AA FA/d3t Fat F3H7HA,
7 2stHolgt= S vigo 2 njgjo] A7 A2
& A7} 7ghElo] Yk A arte] -83hA ZHHolA
ZT30l 15t 58 wf AAA [o/4do] Utk deA
dom, Jiider g2 f7|ghaxte] I7gke 287

W AEo] Fegglo] gtk ot 9 45 vehu|E
Adol 3lof, s7A|9] ehfEYke EHAoR
l= &A7F Utk olE Eol A7 =EEE

rlr

@ -

5%

fu rlo o

o
FE58E A ke SBle
wEld, 272 FHAsete] IAS dALAE A}

thermoelectric power factor, o, & 3EAA129] Z| 31 ol A
HE 285 Ul E 3HS Sol= dlof] 248 DYt

o

o h

A Aoz {FAIT & e =3 PRl oI5
TR W, £ Aot o] FEE 93 TR ® {71
Ll SA5tHA E8X0E =3

diffusion Y2 9 AFES 521
% stolth Solid-state diffusion =82 =HES] E=Qlo 2
QI3F structural disorderE #|AF}sFHA], PBTTT &AL
whako] PASPARI 127F FAIE ¢ QL w2 =P8 ES
Soll A=A 2oiEksto] &2 power factore] Fo=

OEA B 7|E A 33 3 4 5 2022'H 8
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o=

H | 871042 AE 25t 158 2 =T Hiot

(b) Solution doping Vapor doping

CiqHzg

Y

Cuthn - -
F,TCNQ PBTTT

PBTTT-C,,

IE~5.10 eV = -
NC.__CN NC._.CN Pristine PBTTT thin film
ji?: ; Doped PBTTT l

]\LVLL | a
F —
PBTTT fim
NG N NCT e - —
F.TCNQ F,TCNQ Doped PBTTT thin film o e

EA~524 eV EA~459 eV

(©

Dopant Condition & (S/cm) a (uV/K)  PF (pW m™’ K'zl
F4TCNQ Solution— 2.08 = 0.01 45 + 4 042 £ 0.09
as-cast
Solution— 351 + 0.05 60 =9 1304

114.1 £ 0.

as-cast

220.00 + 0.02 39+5

Vapor—

041 +£002 111.7 £ 0.1 052 + 0.03
as-cast
Solution— 2x103+ 755+100 0.11 £ 0.03
annealed 210
Vapor— 13.7 £ 0.2 130 + 20 23+6
as-cast
Vapor— 36 +3 140 + 20 70 + 20
annealed

32 8. (a) PBTTT, F,TCNQ(n=2 or 4), (b) solution =LetHn}
solid-state =HYH () THEQ} =HUHHO| =2 PBTTT film<|
HIIHEZ (), A A4=(a), power factor(PF)2| Hlm &>

olojA 4 luk= AL 93l AnpEo] Hart Ha glek*
PBTTTE F,TCNQ(n=2 or 4) & =33t} ZF79] power
factorgtel PBTTTS] E % (orientational correlation
length) 7+ Z|thgt 5-A1% 7], solid-state diffusion =802
AH Al FAISTHEA 71 - 222k mobility S /A7
=dof| solution co-deposition =FWH}t B 2ERE wf
A i o} FE| o], AAAA} AJ5E FEAIZIE ol
o9 EAQ1S & 4 AFPTHLH 8).*4®

2.4.2 OPV: charge extraction

Solar cellollAl= | ol|AJo| A 7] olHA]29]
HEHE- (power conversion efficiency (PCE))©] 7H
22t A5 A|Folt}k PCEE VJsc FF/P, 2 HYERAH,
Jsc (short—circuit current density) 2+ FF (fill factor)= 871
e R]o| A BHI(bulk heterojunction) @t Z5Hs #&35H=
A= 7o) ot agoll & P W=th ol TRV
At A f7IHEEA] o] AT mHE Bap g w5y
"ol aHe¥ 0] 22 A Qitk o] AFE F T
Eo] OPVel HAIE E3t5t7] 918l BHIQ) #AF =3 157

g
FQ3t
=

=3
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[mns BT LAAA  [FaTCNO)
regeneration

!

oy V'
/ [F4TCNQ)

" re-engagement

[PIDF BT]
AN
[FaTENG]

[F4TCNQ)

e
<> [FATCNO

FATCNQ doping FATCNQ/NOBF, doping

12l 9. Cascade =T g O|7{LIZ2| overview.?’

1 QT of2] =33 B 3 solid-state diffusion
IS E3) BHIY) =30]] QlojA] =g wrt Hopd4s
FFerH o2 Hlo| §717]= BAIE structural disorder%
slohs BAll = PR E&S S8 4 YA ol Hokx&
88&E £0] PCEE 30% o1 TAIZ 4 AR OPV

oA A7} Elojge At o g Jo PCES l:'i‘ _/,5 9=
A% % She FEe ot
3.38

F719t Aol Ao EAlmsg ol HAHUZS

HA =g ‘E‘J‘%‘j, 27 E aAR 0] S8 Hobg ”ﬁ%i‘”‘:}
E3] ZHE-HH=A)| SAEO] MAo] whabA UERd 4 Q=
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