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IS0 F BT R — M EHTH W@ T REBEITE R, 712 7oK Xk A &
LTHERZEDTOD. im0 103 KB DL IEALETEF25 Coulomb 5] /712X SRS HGHES IV
BFZIERT D0, ZOFETIIERERELRV. B HI377—L BB ESNSIE T 7
T — O BER B W CEM BT 22 THBEMAERL, TRONEME THEESITUILD T
HFEFELCEREND. NS —HEONYHEH LT = AMD (1075 §) b~ A27afh (10°° s) DE#E» D IR
HARREEI A — L CAEL D, KT, B 03400 H MEMOENICED - HOFimfEs, B v
Al — W% FNT @RI Gy HAE T KO ERTE LT JE R R 2 R 2.

1 BT

@ TIXEEMEE D T ELIEN, ATl /b=l A0SR e L CEB ZHED TS, R
WX EBIZEDE BRI T v F L OB I ED,Y ZO3¥4E 1280 A)Il, Heeger, MacDiarmid D =2
2000 FLED ) —~ALFE PR GSN. G TR MWTCARET S AZADONFEIE, £ D% Friend 518
% poly(p-phenylene vinylene) (PPV, LL#%, 1k FH#E1&E iX Appendix A &2 M) &2 H W& 3O
(Electroluminescence, EL) #& 1O FEEL 2|2 L0—KUTWEL, LK EL #0870 V2%, KB OIS
BEANATOI TV, 72T &y T2 B TR — M EHT AWz &5 7 K53 (Polymer solar cells,
PSCs) [T 2% 10 FOMICBAE R BN L3 7S, =X —BHNENR 12%5 B HETIZE TS,
ZHET BN T 7 ALY A R BRI IEECT D8 ThD. — 5T, flidhi U as KGRSO FE R I
LT % perovskite KF5FEMITIZNHRIA TRIEERNZE-TEY, PSCs DH 2580 M EOTDIZITFE T
WESCEE 22 AR BRI BEARL, WU RG22 8N EE THD. F#H 1L PSCs DFHET
WNER TR Z D BLmFE A, R LAL — W& W Cm RIS SEEIZ KV ERZEL Thsh, RMCITEE O
WFFER R A BET IR 22 2 TR 35

2 B T AR ERO BRI

Figure la |2 PSCs DIEEEWAT = A L% 7RT

<<Figure 1>>

(a) B E DRI T 5 & B il 5 808 (Highest occupied molecular orbital, HOMO) 08 73 {5
Z2#)38 (Lowest unoccupied molecular orbital, LUMO) (ZJihE2 &4, HOMO 1Z5% > 7 1EfLEFE 7 E ALk} (bt
T)EAT D, A OFHERITIRND (& ~3-4), ZOEF—EFLxHT Coulomb 5| /I IR AAHIN
TWh. LR TR T B HAREMF YU T LD Z LI TE, ZOFETIIREBRICH G520 TE
220 ZORDEEIEE I IERE B ATV ERC T DS U a L KIS E LSS perovskite KBREMLE D K
ERAER THD.

(b, ) —77, BRANTTPEZR B T IXE AR 2R 7 & U THRHCT 22803 TE . bt TR ORI
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BWCETFZEEOME (BT 77874 —) b2k m s+ (EFRF T —) O LUMO OE L7/
B —43 1O LUMO ~B L, 455070 HOMO IZIXEfLDFED. B 77872 —Id77—L
RO PCBM 5\ NE PCiBM DMHBIZ WDV TER, T Tk A 237 7 — L RE T T 7874 —
MELIINTRY, ERNFEOE TIETT—L U REBZ DO DOHLIRIICHD.

(d) BATBENE OETLIEFLITHS Coulomb 51 HIZIV ARSI TRY, BRI —/7 772 —RHEcH
W CEMSE) (Charge transfer, CT) it -2 245, CT Bht 1308 i O 45 1P hL 1 & AR ISR S H D0
(T HERE S OIS SRR BE A~ L ITE L, Z4LZ 5%t 55 & (Geminate recombination) &FE5. LALZRBE, —H#idD
MEER TR T —E LRI ZE RIS HIZAREEL B AT &72%. CT b 728 TV % Coulomb BT X
VR —ITEE meV BRE THOHLHERINDITH DO T, 1RiB T2 BR Tl CT bk 11
100%3T V& IR T H BB~ LML Td. CT bl T OfEEE W) 7 e AR CIE LR
PSCs IZ[EA DBGTHY, FEHRDORWERR TOM LD KITRWEIRTHD. LIz > TCT R 7238 D&
7oK T H B~ CFREET 20 SO VE PSCs ORFFEDZAIANDBEICEDE THICEEmET
DY, I TIIRE X IR ZERALINEIR > TETNODHDD, RIZLZDREZATE TETWDLITF WV EE.

¥, ZZCHIEOERL ML TRLERHLEBbiD. BT RF—/7 7872 —E ClRI5ER
DRENE, LIIKVIEME IV CT bk 12322 A ARBEL C B R EM IR 01T E TR DO Th D
7o, ZNOIFAREIC XN T D 0ERHDH. ZZTIXATHE Z B Mm% 8) (Charge transfer, CT), 747 4 & far fHfE
(Charge dissociation, CD) EFESZEICT %, £z, MRz & oW Tl 57 B (Charge separation, CS) EFFE.5.

(e) MEBELT-H HEMITE DB ENENE R T —/T 787X —R AL NERES I, @8O BRI
THIETHRBRELCEINEND. —FF, Bs@R I IEALEE T2 ME 2295 IO CHE CT b 1%
FERRL, KiET D, Tt ifE G & XBIL T non-geminate recombination 35\ M T HIZ 4y F-HE & LIRS,
KRG G & 0 7 BRG X  Je IR IE I S 7 T IV DGR AT IV ADE DGR THZENTE
%. RHFREE T 7 BUG/200 TR AR BUT FE AT B IRAFE LIRS, 0 TG O (L AT L0 &
BRBHIFEF DT 5.

BRI ST TS B U0 LT BB OB A %1 3410 e 705 (External quantum efficiency,
EQE) % it a—e OFE RO ETIRDOETHZbND.

EQE =1, X71up X et X Mep X Tlec 1

ZZTHIAD g i FIMEIC LR a—e OFIBIEO R TINRTHD. LizhR3> T, 72X KRR 2T 90%DILHET
HEATLIZEL Th, BT ILD EQE 13 60%IZh 7272V . BB AR BS54
FEFRE 2T 100%IT VIR THEATS BT TG T, Z0720 3B FEBFRIT OV TOFEMR B
YITH%. Figure lc (JIXEMOAEMEMENIBIOVEETIEELH A UHIBFRRL RO B A RBLO 0T
A ORIDRF A — VAR U, E T 7 = AN, hE FIERUIR AL A R L YT
afh (PR T L A ELBEE LRI E TR AR S BER AA L Z TR L TWOLIRTR) 2357 /8D (BRI R & e A

3



AL EFERRLTEY, —ERO B 1L IR TE RV IREE) OBFI A — L TREZ5. L7=2357T PSCs
DOWNE TR A I E L B A T T AT DITIE 7 = AN S~ A 7 0k O &5 L& /e e A Ar— L C
U N S A2 BT D0 ENHD. KR TIXINSD N E AR &2 B R AR 22N C UL T
<.

3 YR (Bhite 4 BR)

Figure 1b {2 AM 1.5G KBGIEAT MLV ERFAYRE R T — M3 5 70 1 Té % poly(3-hexylthiophene)
(P3HT)E PTB RIS R vy 7 @531 PBDTTT-C OWIASRT MVERT. 22 TREEHEAT ML O
T FNF =TI T THHILITERESNIZ V. B E S TIEA H DAV RE vy T B, JOREHT
TN —ZRF WA H RN T HIENTEDN, NURFry 7Ll EOZ R — [ INER RIS §<SF
BUCEHSNTLEI 0, AN T ORF DR LF— L LD T T-H 70— DD T3 A 5.
L7eD3o COEEREL M L7202, IV7KSADNFERINT HZENEETHY, EO7-OHMEE
THEL TS, 7238 PSCs DHTALF — AT ONWTL 8 B THEMA IR 5.

3.1 LRSI R

Figure 1b (R T EINTKIEIEANT MU AR S ARIMNE E TR A AL C0D. —J7, Rk
mFD—2>Tdh%D PIHT NI THZEDTELHPERAIT 600 nm (UTETOFHRBUIZRES TS,
Figure 1b ORI ANV RE v 7 UL EO KA 2 TERICEHL-35E (EQE = 100%) (255D KEE
L Jse 3t R LTeb D TH D, P3HT ZR T —MBIEL THWDIRY, Jse 13K TH 15 mA em 2 FREEETL

MEONIRNZER DD, KEEHARTILOSEFEEEEIL 700 nm AHEOITARIMES T KE/2>TNDTD,
IB72% Jse Al EDTZDITIIE RIS DIER IS AT R THY, ZDTDIThE & I8N R vy T &5 IR e
JREA TS, Figure 1b HHUZIIARER LN R vy 7 870 F OBl LT PBDTTT-C ORI AR LT

—7J5, FEEBIL P3HT OFF BN IEFLBE ARG LToEE, RN E TR RAILRT DTk
ELT, BRI PSCs DRHFAIToCE, REFFRITIFEMIE O — A THHRIHIZI> T TITER
T R SRR L N Z AU RS CNAZ D, 0 REETIIER OBFFEIZ B OB O A Fe
LTI 2.

A EHEEA PSCs (BT DI IRIMEKRD AR AT =KX L% Figure 2 ([ZELDT-. TARNMAFE THS silicon
phthalocyanine (SiPc) #5384 A RN —/7 77 2 — R mtr & 228 T, Figure 2d 01912 HOMO, LUMO
WERL DA A —RETREED. BLNDBRITRO " SUTERNSND. £ I, AREPITRIMEERIL
Uihie 724§ 50T 72 7 52— (or KF—) EOMCEMBEN T 5. BHFIFEo7-EAL (B 1) IELD
ZEIRR T —HOMO (777 &7 #—LUMO) (CBEIL, RIS T —m 0 FICIESL, 77877 —0FI28E
T35 (Figure 2a @ i). ZAUE Figure 2b (2753 EQE A7 ML T FEDW I (670 nm £30) 123 T
BNCE N LONDZ LTI T D, Fo, BEQE AT VA LA LT PRI L7 AT C 38 D THReED
] ELCWDZEN00D. ZIHE —O#ETHS. PSHT/PCBM O st 7 LR 7-Clit P3HT OftsatEIC



LU B R E TR FR Y BER A 2B T 5728, P3HT KA WNIZA R LTI 10D 10-20%I X i (230 75
STEMTEFTITHRIGEL, Zhi’ P3HT/PCBM RICHIT DI KOHEBEE THLIENHOLNLR>TND.) £
(285 = ChHLITRIMAF UMM T H&, PIHT DS I AmAT L7z thdh ~& Forster T Okl =1 /L% —
BB DNEZH78, 7R w22 R RARES DL T P3HT OWINAHEROD EQE M LIZ-2723%
(Figure 2a O ii) . =FVF—BEOHFIT OV T 4 T CREMZ R,
<< Figure 2>>

WARMAFE RO ONDEASRIT =255, H 263D HOMO, LUMO #EA71E Figure 2d D4R IZK T
—, 7T E—TH L THAT —FEEL 2 > TR DD, 5 ITBRDPERE T2 LWORECE M
EOIK T AT, BREROBEEZIHT2MEN DD, RAEOIT A E@IS T B 7 IS & O EELAL
THFFO SiPe FHEMRE TN T HZETIOMEEL IV T U, IetR I T CEIRNANEASILD L EN
b5, ZHUE, FF—dWNIT 787 H—R A NI LT R NOITETEZ I H T 2ENTERWZD
Th5 (Figure 2¢). KALHIT PABHT/PCBM/SiPc =t/ L RRTIX, & is O i H B =¥ — #2128
SiPc MRF—/7 77— R A RENARIT T 222 RANZLTND, —JF, ZNETOFFETIEEFED
BAFREEITD T 5 wi%llEEF-THEY, ol RAEE R TE TV o7z, 2T EFEO FikF
PR AR+ THY, FREAREZTDEOENNTFT—HLWNIT 77— R A AR L TLEND,
BATRTy 7L T Th D, ZZTEEDITIVEIRE CARELEAT L, ~T gl Z2F£F>
SiPc #FE R SiPcBz6 & HHUI ALY O Zo @I T OBEANTL 12 PIHT EOBIRMEN E L A~F L
5, BRI OBNEALF-121E PCBM EDOBFIMEN BN DV EEE . 5L AAK O Fim Tfh
EEVEFO IS, ~TafFEA P3HT & PCBM O R EISEINIIZEAINDHD THS. Figure 2b (L =FED
P3HT/PCBM/SiPc =GR 3B LT P3BHT/PCBM o654 (BRAR) O Feiifl Akl 2 81F D EQE AJ ML ThD.
WTNOBEFIZBNTH IR L7 Z 2O BRIV FED M ELTD2AS, Pe 3RO FICFEFEOEENL 74
AT HREMGTHE SiPe6 (FEHR) F3L U SiPeBz (H ) Tldiil A FEARITDO T S wiBFRE ThHD. D7z
REBEF R TITECE H3 RN TETES T, ZOHED EQE L 40%REICLEE LTS, — T, ~
7 a3 SiPeBz6 (IS E ~DRAT N3 @ WD i A2 15 wi% ETHRC 28I IIL, ERsMic ks
(7% EQE 53>60%% Tl L TW5. ZOfE SREMEEIREE Jsc 1T IT0RITHA~K) 30%00]_ESELHZEITHEY)
L7z

3.2 RECE- )

O EAFIET1EE U TR O S FTREChh 5. Figure 1b 1T LI A% &5 7 3SR AT BEZ2 1
BEIR7223727> 300 nm FREEZRD T, AR A RIS 272D AR &5y F AU R vy T 58, S
AT ORI TEZRWITIRINZR | S TECLE). T TEEDLIL, IO IR A 5 vl SEHER
CFE TN A SR PSCs 2B L7210 IR D A% =X L% Figure 2¢ 124, I BRI Tl
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FPHAEWIN T HZETHERLUINE 71, =X —BIICIOVRAU Ry 7 &0 T~ B0, =%
NX =T TS TN RE Yy 7 &5 T8 DN EE ML FRRIZE T 7 727 2 — LD CEMTHEL,
SFEMA T T D, ITARIMERCIXE = Ao O A FR T ISERIUImATL TR U2 b7 dIsxtL,
R CIE A S AFAE T DRI B D BEO LT IZ72oTLEI 20, AFITPNU R vy T H 1R A
ARG CORIT U270 TN 72 5.

4 JRhE F-Hkk

— E A T OFLHU TR b IR Sy 7 123617 2 Forster Bl /L — B # ORI L &L CREfR
HTENTE, WLOMOIES - BIRDFhL FILBE A T2 AL AT HAY72 Forster #ifR 1280 E &AITH I
TEDIEDRINTWD, — 7, & 51 Db IR TR RICH AT, &0 713
AN R D RRDIAZ BT A FDEIR) THLHIZO ARERNIARE =2 B CTHY, &7 T DIBR T2
LEMED AN F RS S IT R RV EMB, mRX—ICARYE)—Thd. L7en>T, i FIc#s A
FIT AT G o1 DR O ZE R DU NI TRV — B AR ) — TR PRI ILD. Mikhnenko Db -k
B AT IV AOIRFEEARAFED D, I & 0 B R DR FIEBUII R ELS DT T O DB HH L%
FRFL TWAID &/ 7 DOIRREZ E (Density of state, DOS) 1= FLF —HITIAL G E L TRY, Z0kH
IR = A R LT i T3 E T RO D XV L E e e B 7 A A LIER AV E 7L T Zh
% downhill FEFIEIFES"D FhEd 125+ opkEfnL, TP B & KL ERIAL T T AN D IR0 8, IRDBE
BEL L CEEMETL Do 7 % 3. Downhill $8F111% exothermic BB D7D IEHAREA K E, =R /LF
—REFNF MWD FIE TR TS 0T 5 L. JEHREICBUICH 5 T201 % 7 = — X Ths
BMEMERS CTHY, ZORHEBRITIER /7 DOS JARIZHEIKFT 5.

S FHE R Lo 137 OIEHUREL D Libke 7 F i c 2 VT Lp = (Dr)' 2 TERIND. LE&EHFO
— BN - OB PEBUR R L b T F X TN E~107 em? 57, ~1 ns 72D THLHBUR X 10 nm R
LanZeus, —J5, IO RIE 100200 nm FRETHL2D, NI —&7 772 —o g Ciiftimni
PHIAER L T2 7 U ERFIC A BRSNS, REHUTILERIBICATEL CLES. £z, PSCs IXE 1K
— LT IR T H =T I A=A — VTR B L T2 SV s ~T a7 as (Bulk heterojunction, BHJ) 1
&% 5. BHI A PSCs 13 S IICIE 1995 4E1Z Heeger & P& Friend & WANMEIE R Z NE UM
B, 20 o724 B IR W CHIRNER 72 T 7 e —F CTh 5. i) ve BHIEEIZ X 138 5 [ w2l
NELSZEMTEDLN, — T CRAN P AZXDNENZETH B BT P ICE S SR ERICiE S, — 5
TR EICRVRIET D, LIciio Tbie 7O R L&A OB Z WS TE DR A A RN b2 6%
WY, EDTDIITIEE - DYIEL A F IV A% AR T 52N EE THD.

4.1 bR E R DR 5 1
JAbE TR ERE ORI TR~ B3, FM72H D% Figure 3a, ¢ (TR $.1)

<<Figure 3>>



RO HEAMLFEIN T —ma g LT 777 —J@ (HEEE, Quencher, Q) 75705 JEBED K HEIH ik
(Surface photoluminescence quenching method, SQ) T % (Figure 3a). N —J@DEIE 24k 4 1228 2 7= g
YRR, SRR A RO E LTl 5Z 8T Figure 3b (R X577y bpi3MGbh, Zhaiiik
T M THT 2 28 ThbiE FIREER 3865, FUEIZ AT/ 07 M O b -4 BE 1 33— 72 D TR
T DILEE D HE R AURXIL, LB RAT T RoERIZ25.

2
an(x,t) _D 0 n(yzc,t) B n(x,t) N G(x) @
ot ox T
ZZT n(x ) TERE x, WA ¢ \ZB T DNE T3, Geolmhit lzkdhi FoA ks Ths. Zo ik

ik Db 1D 3 FRIERONEB ST RN, FEERIZIBWTHZED EH72 255 RIE RIS
U2V B b etk FCITOMEN DD, BERGML L TR F—/7 727 % — FUm Tl - 1308 E HOE AR
ROBEHBENIDIFELL, TALS O T E TR FIXH SN DT LR D EL TAEMEL,
AR EOETHYERIT

j _[ (x,1, Ly, , 0 )dxdr

® (L, L,,a)=1
R j j n(x,1, Ly, )dxds

©)
[asz +aly tanh(L/Ly, ) ]exp (—aL)-a’L3[cosh(L/L,)]!
(1-a’L2 Ji—exp(-aL)]

E720, BRI, i THREGR Lo BEORN T —EOUSLRE o OBITHAONS. 22T merld Q ML
72V B Ol -5 5 T, T2 TIRIETT MO RIE -8 L3 —L{E L TREIE BT 283 1%

®,(L,Ly,)= LTD tanh[f] @
D

AL AL, WICRITRELILER DD ZARAFT 5. B — R & T2 U AN IR OS5 5121

M THY, BAERNTBIARE D/ NSTR BRI DR A I 352 L TR SIS,

TR O ESEE IR Z B WD Tl 7 SR AR BIR W R — 2B 5. ZiUdE S THY,
ZJENEOARRED NS ) LN TE CHHILTH D, RO E T 7787 Z—L L TR 77— D hE
ICHWLNDD, FEOFFE T EE S L7 T7—L O " BIETIEERICB O THL 7 T — Lo 8 8w 4y
FRERICHEER L, “JEBUREEZ R TRV END-> TS, 7787 X —BIEANICEE L TLEYE, 2R
PR R 2 IR I CRHI 9D 28 A TEZRV. Figure 3b (3F O 2R LI BWWITHS.1O 22Tk
(@IXCeo T 7 BT H—LLT, (D)7 T—L o FHERGELIb DT 787 2 —E L THWT PPV OHEH
HHRZREL TNVD. THEREED (@) DIHIEFRITONT A BRI E< e > TIY, Tiud Ceo 23 PPV RNIZ
JERL CLEY, AR R H AR TTORNIEZRL TN,

TR TR ERIC R AL, KOEEICERAIT FIELL CE 7 77—k & 5
EEPNIZ ) — 3 S 7= Bulk quencher (BQ) LD VIS (Figure 3c¢). 2 Cldihid 1 Fam (b L ITHE 6y

ST
H
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WER) I AN O YR FE DRI E U CRHML, Stern—Volmer 7'y M52 L CHEEE %155 (Figure 3d).'? ZD;
BETT 7T —ITROONDFMEL TREMEDMEL, NI 2 BT 22 b 5.

Jihe - IEHR D A F IV AT bk D B CAE SR EDDH RO HZENTED.D Z o Kb 1-1H
K (Singlet-singlet exciton annihilation, SSA) EFFIZILLL FOLHICFKEND.

S, +8S, =S, +S, =S, +S, +phonons )
ZORSFLL T ORRIZBR TE D, IEAZIEEL TODNEE 7235 O b 1- L& 28 90— J7 137 iz ==
NFX—ZZ T ZETRIRREEALRIEL, TR 22T B 7o 3 LD SR Ok RE S, ~&iE
B9 5. ERIDIRAE S 132 D% § S ENEEEHUC LRI IRRE S| ~AIE 5720, Fefsiic SSAICX
DI 7 A3—2Jbid. RILEL T BQ IELEITWA23, SSA Tk 1 B B 0N H LA Hera L7 Itk
EEELTRNOHLH AN IMA LB EPEENEORE DR DD, —J5, SSA PAELLTZOITIT Vi 15
ERETHY, ERILEE T = AND, VAL — % T8I 3 Ytk d DO RS R o il s o 53 b 1
XD TS, SSA & Teihie T ORES A7 ATk A cEEnD.

dnle) _ _@ —%7(f)n(t y

dt
T Ty ld SSA DGR CTHH. 0 & By 70 SSA NTIEHAEE S S 72 D C, y ITJEHR I O B %k
ThD. HIEFD 1/2 1% SSA IZBWTH H O3 KohAZ e EW T2, ZORE kL
n, exp( t/7)
1+/noj Nexp(—1/z)dr' )
L7220, hEE T DORMRY AT A% T 2 O TIRIT T 22 L CHRBURE 2150283 T, Bk 7-phiEd 1
FbLILEEZE T 5. F7o, RISHEERE y (3B IR EANTHE CEHERDHZENTED.

(6)

)= eyl ®
K6 LA 8D
SO exple 1) 0

E720, (OB AT REZ e M PR T D T FE L T AR M D R 0L TED. BRI T 58912 9()
DEFEAFPEIIIL R O R TTIEIC LY 725720, i@IERIAIE IC LGS p() DI O R T Z 7 4
HIENTED.

4.2 bR MR 4 TR BT BRI F A AT IV A

KR Tp L @ o1 Db FHRHUR A Table 1 IR T, EO@Z BN THIBILZ 10 nm 55L78-> TR0,
FFREH R T DGR O 255 /&N 10 19729 7= 72— SO FIAMT SR IED PIHT TH5. P3HT D)
B FHEBERIISCHERIZEY 2.7 nm 775 27 nm EFTHEIC—HTIOMEDHY, SHIZFEMICT~DE SQ HEIZRDHEIE
Tlxiststeda 10 nm LU FOFERDFLNDDITHL,?2D SSA HENDHRDDHE 10 nm LL EOFER A ELN



TS EFLITZONTHOEE PIHT O IEICER T 2LE 272, fdt s o0 I IRy 7 O B
PRSI IRY, BEPNICITRS AE S IR ANRIEL CD. SQ 1A TIZZOMIE FHEN BB IO 22/ F
FORFEIB S NTAFR UG DN TE T, 20T b EAE S ANRIET S P3HT I ClEIEMIC
ARSI IEBS AT I/ AEBHIL CLEIEB 2 BID. LI20d>CP3HT #& SR Ot ki s )37 A%
IERENZ R D72 DI TIT FBRICTRDAME TH S, FEHDIT PIHT OffShAHEIERAR TITRIE RN 5700
ZEEFIML, RSO HARINANhE LTz, 2O, ORI Z R § 228 T downhill #ZF1D
AL PEBRL QWD oA NI CRUG A ERE 975 SSA IEZRINT 228 C, Mo H B A PR

ZLITRREILTZ2 Figure 4a 132D XL CTHIE L 72 P3HT L T DGR SZ A7 ATHD. hkd iR A
FRSIRDIFE T F DI DR IR DT END SSA IS TNDHIEN DM Tz, £ TR 9 VT SSA D
SRR FERREL p(1) & KD DL Figure 4b (33 LOICHE L EB I HFRICE L=,

<<Figure 4>>

ZZ T pOIFHER DR TEVEIC KO BERMRAFIE N B2 D Z LB TS, ZIRTET U H M OSE 1T
R
t)=8nDR| 1+ 10
73D() { \/2—71:Dl‘j (10)

720, RIIE DA RIS ThD. R (¢ >> RY2rD) CIIAANE “HNEH TEDH720 yp =
8TRD L7320 psp()IE—EME~ENRT 5. ZIRITTIER O A

8DR expl— Du
72D() T Io ulj thjlg +Y224R)Jd

720, Jo, YolZENTI 0 IROF—FHIS L O FE Bessel Bt CThD. bl —kTILB DG &

R
TorD: (12)
ThY, RREET % ORFRKAAEMEE R, ISETIGRENSRLIV p()lF O ORFHIKAEEE R L TR
D, —RITCIEET N EIL B L QDI ENDYND. ZhUE P3HT (3R T B8 1 AX 7 LT — R
TL7 47 VIVIRDFESETERL, 1 A%y 27 J MO FT1 > 7V 7 DO JF ISR ENZ L0530 g 25y
7 I NS HHIEBL TV Db DEE R BND. fEdhtED M EEEbIZ PIHT O FILHR 1T &E<72Y
(Table 1), FEfM:D regiorandom P3HT (RRa-P3HT) & fnfED P3HT Tldfic KT 4 (FREED 2N o7 3D
ZOREREDPERIEONTOEDOFRFER THLHESZ 2 HID. FhdHEIERHE TR ICZO IR E
IREVR BN ER EL T, FEEAIZIB W T F R HANELSEIZELAT 22 & TR+ 7V 7 K&
{Ipo7=Z X0, DOS D43 Ai VL 7RV PE B DOTE AL BRERE DMK T L2 N His.

(11)

71D(t):4nDR

4.3 TXX—BEZF AL BSREEFEE
ARFETIL Forster TR/ X—B 81 2R U= @ =R hiE IOV GRS, BEIZ 3 BTl ~7=folc=
VK — YN EAH oy Bl G A U SRR R D & 4y 7 O Forster /L — R 82 LV hiEE -2 A0 40 BIE A

F RN ET DN TED. FtaH% point dipole EITIAL72355H D Forster =3 /LX — B E) O £ E
9



B ke 13 5 TR ORREE r 16U 0 DRI ZRL,

ke (r) = l(&j (13)

THZBISH. ZIT Rold Forster REFEITAL, ZDOWBRRZRERIT = 0L — BBl B ANEhE 10 B 482K
T L LL, TRAX—BEIOBETIERN 50%I2 5 Ch5. EEOEEES TliEEo2Tox
FNR—ZFREDOH T RNNF —BENFAHETHY, L3> T X¥ —BEE L 13 KO T
HG260%. 20863 NF —BBIOEEHKEEDEL (Bl 13X —Z KK B T Ok —
WL —NROB AT 74, E SR TEARIED E R OBREREE T 73 OIRTFMEEZ R T 1), K0
TEHRAX—HHER A RETHD.

PSCs DJiliie 18 (235U T Férster T R/LX — BB E OFRE DR A KT T WWREET AT o7 FB
ZRAN D, SQIETHWD BIEET BN T, Q B~DOT X —BEONREZ I ANLERDISIZ
2% (Q BIIZ TR A BHHETD).

ﬁn(x,t) & n(x,t) n(x,t)

o =D P E—— —kF(x)n(x,t)+G(x) (14)
C,(n\RS
kF(r)=7A(gjr—§ (15)

TITCAEZ QDT /72— ThD. Roahk# B 2 THIERHE L3568 O3 % Figure 5a (IR T
Ro 7% 3 nm LL_ DA ITTE R BB ELTWDOR0M0 5. FEIZ Ry 2 5 nm DA, IHE 10 nm (FEES
DRKBFEMMTIIN AL AX 20 nm ([THY) TIHTIEEBANTHENE 728 R i CHES L TRY, R 20
nm (KA1 A X 40 nm) £725Th 90%3T< DJFHL 1-ZHitE ATRE TH 5.
<<Figure 5>>

ZDXH7p Forster =X —BEVZF MLz E R F iR IR 2N =50 RO AR5 T, 1@k
DDA ¥ A7 L 50D EH7% “FEOR T — @50 17787 % —0 =53 57e5 PSCs IZB W THA R TH
%. Figure 5b |% P3HT O NEART ML ER S RF vy 7 R —E 4537 PSBTBT (benzothiadiazole & Si &4t
cyclopentadithiophene MDAZ H I EAAK) DWINART ML TS, PIHT D JEA~ZMLE PSBTBT OWILA
UMW ELE/R>TEY, P3HT 7°5 PSBTBT ~O Forster 28134 3.5 nm & BAEL 51532 Figure Sc i
P3HT & PSBTBT O & /) a4 (22 LS W72 P3HT/PSBTBT/PCBM =5t DDA 3% - EQE A7k
VD, = TEFEFTIEPSBTBT DY 13T 230 MK CO MBS E DB H T, =X —
B2k D PIHT WHHROHERS fEFRSi15.3) Wang 5% P3BHT-PSBTBT MO =R/ ¥ —BEZFIHT5&
P3HT O ENEZR N FHAEEE 28 30 nm T E TR LT 5282 RNWEL TN A2

5 BRIBE
Wty EBAT 772 — OB OERMBENITET)Z: LUMO ¥ ZAERHIVULT = L b4 —& —TiE

1TTDEHESINRD T, BHE ner lTEE 100% THYERBEN N BB R EFEHTHZLITH IV, BB
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B2 LUMO A7 2 MIRRBRAVIZIZH 0.3 eV RRELE X DI TED, EFHHITFRIT LUMO 47 vh
0.1 eV BEE TR T DILITRIALTERY, MERRETO RELPLETHD. ZOFMIZOVWTIT 8 T
WD, Fio, WEIET TV RETFT 78T Z—=DPREAICHBIN TS, FETT—L U RTI7ETZ—D
MRD =D T =@ R T OHRRLT, Tre 74— TR 5T HEN TELORNETOND.
DA T 7T H— i N R ETRETHET 7172 —HOMO OIEFLARF— &4y D HOMO (2 8)
THIETCT i 12T 5. ZO%EOEMBEIOEEE) /11X HOMO 47y Thd.

6 TR

PSCs DY HEAHFERIEEZE 2D L CTiOEHELRDONEMGH T 0 ATHD. ZNETHRRATEZLD
(ZRF—/7 72 72— FEIC B W CEMB BN Z 5L 5 C CT i+ SD. Z2TCT i o=
FNF—HENL Ecr 1IN R Yy T E JOBIRW D, CT it FIEZ2 D20 T REIO =X —2H LTk
RECAEREND. ZOXVRF=R¥—%2 A L7 CT bkl 1% hot CT bk 1-&FE5%. Hot CT fEhik 1-23 H
B~ EEEET 57 0 AR O i@ NE 2 5153973 — 2 HIT hot CT il TR EI= R —% 55
ANC TRV — EAETURRBET 27 28R THY, Tk hot 7 oBALIES (Figure 6a @ arrow a).
- I3 HLY72 Onsager ffif§ 2 3E-5<H DT, hot CT Jihi 1728 — BAARYIZREFL 724, Coulomb KT 2T /L
(X DTEMEALBEREA X CTREBET 57 EATHY, ZiLk cool 7'RHEAEMES (Figure 6a @ arrows b). ZiLE
T hot 7'mEA, cool 7 mEADB I3 SN TRVKRIZH M DOE LTHLHD, FEHEDEMEL TUTBUEDL
25 hot P AL D m B OME MEROINE NS, ZZTIEmM 7 AT OWTOEE 2w
HEABIT LTz T, EFE O RRONLE ST LB REMHT .

<<Figure 6>>

6.1 Hot 7B RIZ L 2B ARHE

Hot 7't A2 L HMEHEE 7 /L Tl hot CT BhiEe 1258 F19-2& CT Jibd 13 Coulomb FEEEA X HZEHT
EFITRIETDHEEBEALNTNDT20), CT IREEOIREIEDHAIBRLRD. IREFEFII T 72D 2 A L
A=)V THEAT T 5720, ZOIO7REROBEEMIRDF(E T CTEHRLH B A MEEB T 57201007,
hot 7' EAG[FSELL EIZE B TRIFIUZZRB2, L3> THLMNIZ T _RET R o5 TE D LD
R ER R A R AR D0 VD) RIS LD,

KAE, Durrant 51X LUMO YLD ERLFEA ORVF AT 2 27T — L TV RUTERIZ DWW Tl R
IWHEZEATYY, B HEEROEREERFI =T —DRKREZSEOMBI DOV THREFILZ Y ORGSR, b
53 FET7T—L D LUMO MM DN REL2D ( = REITRAF =D REROIEE, A5 B HERED
%8B EE RNEL TS, 2D Durrant HIIARVF AT 217 F7—L 2 PSOT L U RRICOWTh Al
DOIF[A1Z BANZLTRY, ZRDORERICHEE-SEHOIT hot CT b T ORFORF = RN X —NE 7 OES) =
N —E720, hot IRAED S D & H B MARHEZ ERR L TODHEERL TS,

Laquai H(% P3HT/PCBM 7 L > RIEDI@FEWI E I TEM Y A F IV AR AF LN e A wh
11
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HLTND3? Onsager 8 125-5< cool 7aBATIFAEFL CT it 725 H B ICAREET 570121
Coulomb A7 /VIERER 2 DB DHTIDBEMETETH D)3, 15 D% Rl LB iR SN B 1L
F—IIMERNZEA/RLTRY, ZORRS hot 7HE A% FFT 25— K THD.

UT 4, Friend S 20 fs B2 O Wy [ 43 fif 68 & F5 O ) o P W U 43 S 25 8 & AV TS IR
(Electroabsorption, EA) DWEHI5ERAHIE T 5L T, Bt EFEBEREET 2867207 L2 A LT
HTEITIIL T A0 FUEIZ I W TEMRI DM ER T &, Bt EZ OJEI WG IROESZ T 5.
T HL BRI O RIIREE S 1L OESH LY LIRSS LU R RE D = L — R A EA LT 2.
vk Stark BIREMED, ZOREREILFERERINASI MUTDO TR E S 7R, i omeE%
(A B 2B B IGR] 1235V TR AT ML O — RIS AT B 725 4> (BRI, EA) ASBINSILS.
Friend H13 EA 07 ViR EE DN ATt O FEREI AR AF 22 LARIAIL, EA SREEDIRFHEIFE 7O B A AR
DHEAF I AEBRIT-EZ A, 100 fs FLJE DR A — M CEARAREEITE TLCWDIEZALMMICLE. Z
DI m KO ERFHE LT T —L U BREREEMEZ AL TOD 7 LR RICBWTOABLIIS -2 L
b, HHIET T =L EEMICRB W CE T BIFRTE(L T 228 T, BRI N e — L N i %
SNDHERELTND.

— )7, EELIIN T — @01 OREmIERER M XTI OV THREILZH ZZ2TIEFlEL T
PSBTBT/PCBM 7' L > RIEIZI51F 27 = AN R IR E D fE R4 7~ 3. Figure 6b | PSBTBT/PCBM 7 L
Y RIEANE IR 800 nm THIEE LIZBROD Y = AMNDIEBTEWRIN AT ML THS. ZOJihe#E 5 Tl PSBTBT %
BERAYIEEIEE 2. B ER& A DD 1500 nm T ORI AT PSBTBT O HEHZBWTHBIRISN ST
D, vk PSBTBT — EIAJNE T ORI Lt m L7z, — B 7 OWRIRE X2 O%EFESL 0.9 ps T
BOHITIHEEL CVE, fUbYIT 1 ps LABETIE 8001300 nm T OWINHF 2N KL &7~ 7=, ZHUE PSBTBT
DIEAR =T 0 ORI )RR TED. 7TV NP TORNE ORI EIL PSBTBT BT~ ZHiIZ
EHWZEND, ZORTIHAER L HIIRIEETEMBEIL QWD -otz, 7B ARk b
HEDT T FITILEIRRERE (4 (Ground state bleaching, GSB) EFFIEA, JEEHILIZ LW HLECIRAED 4y 738
DU ZEH BT 5.

AT ORI 2R EICT 72225, 800-1300 nm OWLUUHAZIXIHRS A F 7 AD BinZ —FREHOIE LR
—Inr Gl ooz BARRYIZIE 1000 nm A1 A oL ET 2% PSBTBT FEARFRICAE L2 IEFLAR —
> (Figure 6¢, JKHEMR) &, 1250 nm £t .00 E9°5 PSBTBT #&db Al Az pl L 72 IE 4L —F 12 (Figure 6c,
BEMR) THD. MBI ER LT EALR =T A3Z OB DI A ALV IRIE T D2 e bnolz
(nep®™ = 50%). —J7, FhEebFICAER Lo — 7 ATk Bl A 0% 8 A RS, 2 CEMRIEL CH h S
(2B Z Lol (nep™ = 100%) . WA —T 2 ATHIINZIEE 50:50 DR TARKL TWZEND, &
T2 BT RRBE RN R nep™ 13K T5% THHZ LD DD T2, WITHERVED B Dk 2 2R — @D 1577
—L T LURL, EOEMBEE SR FRRICHEL . 5N RE Table 2 (R 4049 F5LR)
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— @5 T O EPED A B HIZE MRS E LU TOBZERHBNE RS T, R —@ 5 T T
LRGN CIEALDSIE SRR LT 52800, EALOIERIELIZEY hot 7 mE AL D EndEfFREAL FTEREICL TWD
LEZOND. AWFFERRE Friend HIZEDRITH 2T HOTHY, Lici3> THEIOREakIc k> TEF/
EFLOWEERIEIERTEAL 2L, EATIZIERDTEBE T4 @R ICEIK S LA TE, hot 7 mERIZLVZhEEL
T EBEFTRE CThHEB 2 HD. —T7 PSBTBT DR CHE /2 IIZIEANOIER A CARR L7 B AL m T
JAEALL T D7D 3 S S IC RV RTIELR3<, FEEE PSBTBT/PCBM 7' Lo RO FEE A CAERR L 72 BAT DAY
50%| 356t G B IZ RV RIEL TS,

6.2 Cool 7 RIZ L BBHTAREE

Cool 7B AIZ LD EATRBERN R AMGEST 2 L THDRFEDO—DLLT, WINLIEFEITRT T 2H0
L7= B DEE Z w9 N IR (Internal quantum  efficiency, IQE) DI FARFEMEZTHRD HIENZET S
o, JEHEHRIUTIEE F 5O HOMO 75 LUMO ~DE FEBIZEIVEZ503, 18D TRk TR A
NIV ERE S D ELA & 5T ORI AT LD Rl R A (kv — M) I CT WU 2B 22 LR T
&%, 2O CT WU 13 364% 5155 70 HOMO 2B 77 7874 —0 LUMO ~DEHE BRI KT 5
(Figure 6a @ arrow ii). L72723>C CT WUUHIZH1T2 IQE %It 54y OV D IQE &l 4524 T,
cool 7B ADEN AT T HIENTED., ZOFIEDTZZ—D, £ L Thd TRIEEZR I CT WA Dl
A TE BN T 2N ITHEL WL Th D, Rl 234 & 53 10 HOMO &7 7t 7 4 —0
LUMO DO ERDDP/NSWNZ LS, CT EAGER OYOCAREUI IR & 57+ D53 IR EU T e~ Tl i 34
it /NS, LTes o T— AR08 J RN 43 Y154 AT CT W OWROL BE 2 TERE ISR 9~ 5 Z &1 TEAR
AHEEE S TH R

Vandewal Dl CT bl 1 DIEIEARTMVINORINART MV AR, i llilE Uiz rIso & &
WINART P LDIREGDEDHIET, CT WIHOPSEE B IOZOMEEIZIITS IQE Z/E EafffiL T\
2.8 ZORER, @y ORI E CT I E T IQE 1ZZE b LN Z&& RNEL TRY, ZofERICESx
51 PSCs ICHBITDHHBHBEMAERIZEHIT cool 7HEAIZEVEITL CWDEREMITIT TWD. 2Dtk
McGehee HIZZDEH72 cool FHERTIZFEIZIIT IR —MENHEEREEIZRIZL TWDHEREL T
%.%) PSCs DR BEEEILE 0 THE A, 77—V U EEHEMAB X OREICBIT IR GO Z OB 5
EEZLNTNWD, ZZ TR B R s b5 24T HOMO, LUMO #1322 & b &5, iz 1E Durrant
BIX77—L U REHETHZELTT7T—L 0@ LUMO #AIHY 100 meV FRERARDHIEARLTNDA Fiz
McGehee HId P3HT 72 & Difii b VER T — @53 F- 235k da k372 2L THOMO HERL N 72 % ZE A SRERIGIZ R ©
TW%.4 L7235 T MceGehee HIF, filidb A EH WD LR HIZ BV TR T oy VAT — RN S
I, REACAERLIZEMXHE, EIRRVZER &S TR, 377 — L BRI S 2L TR
FRBEDSEERR SV TN EFREL TNV,

#3572 PSBTBT/PCBM DIELAHIZIUNT cool 7'z AIZ L DfREEABLIL T 5. Figure 6b DALY
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MVEEBRBIE T 28V 7 F /B HEIBIC B W COERRR —F AR5 — 77, fidtAR—Inr s 7
FIVBREEITHINL TOHZEN 005, I FITER T CSERIEL TWDHIEND, ZORFMIRIZIIT D8
g FHAR —Z v ORI TARBEC R 2b DO TIZRV. B TR ML ENC L > TR —T
BLOKERARR —T 0 O PER IR E DORFFF AT 7oL 25, Figure 6d DEkIZ/e-7o. FEFIER —T1
VOREREERUIT T & I CRY, —J7138 24 ps, 7L 780 ps Thovz. HBFH ORFEEIT BRI
BEVRAFE T, R B Y73 HIEN D AL o7 CT BLORER L —ET22EbInEx
fEEICED RGN EIRIB L., —J7, AiE ORFEERIIAE SR —T 0 ORI IMORFERIZFLL, ZOR R
IR AR Lo AR —Fas O— 03 BB B (hole shift) 3228 TH R B ARV TWDIEEZRL
TV,

L7235 IQE O BARTAEORE R THEE S L ETH 5. Franck-Condon OJFELIZ IV E 7 O i
(253 T O E XL L 72D T, JihL B4 O Franck—Condon IREEIZ8D CT e 11X FHld 1) =R /L ¥ — 43
DRFITFNF—2HALTND. L3> T, CT W2 BRI L 72E L Th hot 7t 2D 52 HEERTX
TUWRWATREME RS DD, EFH DAL ALLTIT, cool 7R AL HBAMREZ T E XLV, (FRoEhR
DHFFIZBNTL) BFRHPEICREREEL 5252 L1300~ A T =T 28R THLIEEZ T0D. KEDE
W3 SEDOMFFERL RS hot 7' AT L2 il A Rl 7 T ADMFAET DT LITBITRFEN LI, Lo
S THEMRTDORHAT hot 7 HEAITIVIRBEL TWHEEZBND. cool 7 mE AT hot 7' HE A THFRETE 727
STFR DT IR ERRE OMEZIREDDHTHY, 2AEM B BHEMMDIE cool 7HEARH THEKLIZEDD
FIEIT L2V, Z DRI ZL D@ #h=E PSCs Tl B H A O A2 i S AN AN B AR AE L RN e
HHITHY, 1ZFRTOHBEMIThot 7B EATHEKL TWVDHEEZHILD. —J5 T, cool 7 mEAIIKITIR
AL EM A CEEREE R T OLBbNDTD, EOFEMA BT LI EEREREF .

7 BB

7.1 Non-Langevin B4

72 MR AFBEL 7= B R U 7 I BRI SIS S AZ E T BT L 72578, BHI i CTIERNF—L7 7k
T H—H<10 nm A7 —/LTIRA LT GEZ -T2, — BAREEL7Z B A BRI I E S e BT
DYE% Coulomb Bl THIESH RS G959 BT 43 T Bl A B S B2 e yi it CivE s s %
4% Langevin A& & &, EORUGNEE EEL pu 1Ty = qulece: THZ2HND. ZZTuldBEECTHSH. A
725G EL T =10 em? V' s7' &L T Langevin FfE G B ER A KDDL y ~107"0 cm? 571 &725. PSCs
N D EE AT FE XA B ACIRBEIZ 38U T~10" em P FREETHHZEMND,Y) B o = V(un)lEBLE 1 ps &
RELOND. 20 FEMAICEDBEEFIREL &) R CEA & I T 572121F, B A7 L CE MR
DENLEREF 23443 BLART UL 72 D7ewy, L L7e 3D OB BN E S K E AU S RN RER S <7 5
23, [RIRHC 3 F ARG HERDOT, B ARG 72Y Langevin 7 /WZHES RVIZIZB B D3 @ <2 o720

TIIZh=RO BWVEM T FEE TER2, ZHUTERE FICBWCRICERE ThD. FEEEE<DPSCs 2B\
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CHETE PRI 100 nm {if% THY, HRINE (= Jso) ZH RS L7 ITTEMEE DR L2 115 & i
[KIF- (Fill factor, FF) M F L, Hlo TEBNRPME T 200 —fREITH 2.

FT ORI (8 Jso) EBATELO & #h#AL (B FF) OWSLAEEBL 95 ECEEL/HD) non-Langevin
B GOBETHS. HBREMPKTEMMICHESND LRIV T CT Bl F2IE 3525, Akl CT
SIS - A3 FF OV E H EE AT I ARBE S D 2 &M TEAUTRIGE N DTENTED. ZOGE A 6 B (L HLA7 Ik
AL TR E XIS Langevin BT HE~_THELS /2D, 24 non-Langevin & & (5 M reduced Langevin £
f6) &5 Non-Langevin B D Ff & 28 8h 27~ 0D PSCs TIFEMREIZ IV TH LAY E FF 27772
EDFIBALTEY, PSHT/PCBM 7 LU RRIRENZDNRERF ThHD. F1NEDRRE 55 1B &2 #filL T
WDIOFAEIZIE, FERIO RSB EFREL prec & Langevin FHAEAHE EHL y LD TH S Langevin TR
% (Langevin reduction factor, { = pre/yr) DS WGALS. Figure 7a X8 6L 7 7/ A i 14 (Transient
photovoltage/photocurrent, TPV/TPC) (Z& V3R 7= P3BHT/PCBM 7 L > K% -3 L O diketopyrrolopyrrole &%
NURFE vy 7 @5y DT-PDPP2T-TT/PC7iBM 7L U R5G1-IZ 31T DA A7 A1 M N O BB LTk L
TTryL7cbDTHL.) ZOFERID 50 1 Bk AR BRI Yree & ree = Vran LU THRIL, BIABEN L)
53RO 7= Langevin B G E EE L EOLENS (ERDDE, EHLLORIZEBWTH=~102-103 72o7-. =
MU0 R B DS A AR SO T LD TARRY 2-3 HibilE< o TN DZ LA EHRL, ZORERELT
ZNHOFRTIIEE 300 nm OFEFIZBNTH RN REMBEIUATRE TH LI LN DT,

<<Figure 7>>

Non-Langevin F5AE DOEJFICOWTIIRIEHEMOIE L THY, $kx 72l RALIL TN, ZDHD—
DELCTREITHZIBIT DR T 2 2 VEREDFAENH 2 B4, Durrant % CT Fht 1723 B H BRI AREET
HZETHROT I —RHE KL, ZOREEAREIRD Gibbs H = F/LF —%EE T 5E Figure 7b 123759
[ZBBLE 45 nm BEOE F—EFLHEREO L& B =315 —3Mg R, £l ECI3REEd 21
DIEH BT RAF =R EMINDIIEERML T D FSERO IITHE SO Bl W86, #
BEDEEN TRt eb (k97228 T HOMO, LUMO A3 2 E(L 3572, HED Gibbs H =R /LF —2ZF 85
BRIZIZ A S ZICRBTDRT ¥ VDR EMDNES B ET DMEN DD, LIzd>TH BT/ —ili#iT
st EEBEANEIO L XTI HIC Coulomb AT L X /W KELEIDAS, BT RS EL /DI 2oy
RO AL DR AN EZE (2700, EATREEL 7R BE D 22 EbS D, 2T (B8HIT hot 7'HEAITEST)
— ELfRREL7- B BRI IR E THY, TALNEHE CT B 12T 2B G AU REE D FAE T
HTEEFRLTWD, LIe> T TR 6 TSNS CT il FIXEMBENZLVERS Db DI
BATESNTNDEEZZHIENTE, ZORMR ARG TERLE CT i HIis S Ic A hE
WE~ETHFRECEDLEZABID.

7.2 BRBERBARFITBIT D55 F B & OB
T 23 VBRREIZ L 57 - Pt & O 2 FERR A E AN U726 2MERS 535 KON Friend HIZ& - TIRRE
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NTNDID D (BELILH CABICIC LD IRE [ ~D By IR AR A+ 528T, 7oF 7T —L
FHEARZ 5 T/17 7= ZJBEO R IR SE L2 LIRS L TnD. EbIT7 vy F b7 T —L BT
L7757 —L @D LUMO HENIZZEERITHZE THRIEICR T VY VA —RE RS T2 24,
TPV/TPC EIZED RO =B Fm Al O _JgBEI0b E<R52La4 AL T\ 5. Friend 513 P3HT &
naphthalene diimide 27 7 &7 ¥ — &4 1 P(NDI2OD-T2) @ —Jg i3 L O —J8 @ # [\ PCDTBT
(benzothiadiazole & carbazole (D28 AILE AA) DM MR (1K)F 1-4 nm) Z4H AL ZJFIICR0 0 01/
FEA A AT I A BWPERIML 7 VB EVRFIL T D, &3k HOMO, LUMO (71X P3HT, PCDTBT,
P(NDI20D-T2) DJEIZEELS 72> THY, @R TIIREITIBNTRT oy VAR —RZ Bl T, 35
& PCDTBT W% & e = IO B AT @ b~ TR 2> T, 34 nm @ PCDTBT JEE T
FKo—Mrom LA BbNTz. WO FIZ I\ T Hf g O ALV EF L IELANZE MBIIERE 4L, CT b
FLf- Coulomb H{E 2 FES e o 7c ZE THEMMAREFMILLIZESZ 2 DD,

FEBED BHI -+ TIIEEDOEMES )OO X N T A —RiEE D Z L IZREETHH A, EHDIX
~T e VB FE BHI £ FIZB W TTRAZERL T 3 TITBR~72&91Z SiPe DELAL -+
ZE ENZERE T 52 & T SiPe 3R 1E P3HT/PCBM DS HNZIEINANTEAS L, i TR —R R DRT
TV EIGRT 5. Figure 7c 14 P3BHT/PCBM O 7t 7 L R #EF B L O 4 OBIEL % FF SiPc A4 E
ALT=Z TV RBZFITBITS PIHT EAR—T0L DS A T30 2~ A 7 afbid IR I oy i1
BUAIL7T-b DO THD. FEA~DRITNEB BT REARLE AL =07 L R R TILIEAAR—TIrr DF
MMELR>THEY, ZHTREDORT oY VI A —RIZEDE AL IEALDEMBNERS I, 55 FHh
BRIHSN TODRER THLHEZEZBND.

ERI~&EZEIIA~TE SiPe ZEALTR TIHBMAAFMOBMELBIZBKEE Voc bRE7m>TD
(Figure 7d). ZZCKE5E OB £ IR B HORRRIC B 1T D8 F L IEFLOBE Fermi MEALE(C
(Figure 8a), LA FOIIIZRIND.

qVoc = Eg, — E,, (16)
Efm, Egp IZENEINE T B I OIEFLOHEE Fermi HELL TH D,
<<Figure 8>>

BAECIRAEIC W TE 1 (IEFL) OB n(p)i XA ZKAEHE & No & Fermi-Dirac D434 B%A H T

E. -FE
n=N, * exp(—f" LUMOJ (17)
k,T

EHOMO _Efp ]

18
T (18)

p:No*eXp(

LEREIND. LIEDB-TR 16-18 DR fETE
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N,
qVoc =E, —kgTln| — (19)
np
Lg%, ZZT Ey lZRF—® HOMO (i b7 2787 Z—0D LUMO YN DOZETH S (ERSICIIRmIcBIT5
Coulomb HFH TR/ —DEBLERITHNIENDY, IRE TR T D). T8 _TEITFEBRICERY T

ZEMNTEDLHMELEIL Eo/qg KBNS D 2B L TRY, ZOHEIIHEMAESHEELMF TS, ZZ TR
RECIIAMEREI S ~ D EFR OB H L2\ Z&0h, RN TO B HEMAEMEE G L0 FHfaIcidk
TERE R = pree np DELVY. L2035 T

np = i (20)
7/7‘60
E720, 19,20 15 pree DV/NELKIRDIZE BN LR T5ZE0300 5. KimllRbHE, AR PSCs
TS NZBLEIED EFIL, ~7 v SiPc OEINIEY 3 1 s G2 S, B AR/ sl

I2le ThHEEZDND.

7.3 RFORLICLLEBREUZRDOET

PSCs DEMMBITITEHEL RO LLebic, FF-ORMZEM R L EETHS. Z2TILPSCs DLk
LU TROIRAI THLHEE AN HAIT OV TIRFI LB ZHE /9%, PSCs (Dotaidife it 4 5Lt
FHRERI<100 h F2EE TR EDME N 320145 1L (Burn-in degradation) “E—RBMFLETHIEMNFNIHILT
WA, Bz IZ ST P3BHT/PCBM I3 T 50 h OGRS THIHARED 40%FEE ETHEREIR T %
ZEEREL TGS EEOITBATRICIT D PSCs DEMAER - Fifb &4 A I A5 KL
AT 5Z&T, PSCs DIHLDERTISH IZFEM Ty 7 DA IDEIN RO T ThHILE BT
LTS (RIS RO AA LA, UL A BB 2485 CEREBA 0|1 BRAEUATE 15
ORI LD THD) Y

Figure 9a |3 P3HT/ICBA (A7 AT 77— ) DIt bRTI LT 45 hadtfe L CHRELURBE L2 FRE L7 1%
DEEE-FEE (J-V) HifRTHD. 45 h OFELRE IS 213 Jsc, Voc, FF OETRHEL THDHIEND
Mm%, ZZTHERFITRERG AT 22 HIINUTZBR O f it 4 B (136 (bR TR RSN En
binole, ZIUTHEFINTAERL TWD B HEMEEITHEATE TEIL TWRNIZEZREBL TS, £2
TET 7 = LMD ERIE 2L IH LT DO ER RS AT IV AERRELTZE A, A A Ao
FRIZIFZE R RO EN DA T=. —J5C, Figure 9b,c 1% P3HT fEdb B L OGS E K L7 P3HT
EAAR—=Fur O~ A7 afhibERIR EOFER THS. #idhtH TIXIEAR—Trr OJES A7 AE
PRLNRNDIZRIL, HEAR TSR ICER OBMEBIE > TNDI LR DI 0Tz, ZORRITIRE O
DR D BIBILER N T v T OEEME B IRL TODHEB 2 BTV, Fiz, TPC IEIZIHIEL-[A#
A IRAE I BT D EAFIEIGEEES H L1 1L Ao TWDZEMNS (Figure 9d), B ICE>THEFHNDOER

17



N7 7 BHMUBIGHEME F LB 20 b. £ CThIy 7 B DOERIRIZ OV TREET D7D @ AR
305 (Electron spin resonance, ESR) I E&1T-72L25, b OFEFCIIHILATIZIT RON/2WEi7-72 ESR
EaHENT. BT VIR E TR R OR R, JAUX P3HT S$ERERIZFEHE L7 Br k3550
ThHEB 2D, LTehi> TS0 DS TIRBRIFTEE DIRT v 7 A MTEM ARSI TVD D
ERABNEIR T, B%RINTY T RO AN =R LEfRAT 58T, ZEMEM LI 7o B a e g4 42
RTCELLDEHFFIND.

8 5 FARBERICK TR AF—HRK

CTNETIEBH IR IR DB I LD OV TR R CTER, RZICHKEERL I
KB EMOD =X — IOV TH AL, 880 T 0RINL 72 T =RV — (32 D%k & 72
BREICED KDDL, &L ER TR —gVoc TN LT SE T =¥ —hy LG L TS
V. Figure 8b (2 PSCs |25 E =¥ —fHKmfEE <. LEE S F 1 F= T —hy ON 15K
5L, ZNLFRBEDTINF—2H T L5 —BHGHE T S* LM T 2. SHITO% TS ERAN R EED
FARARBYRAE St ETHERIL, hy — Eg DT RLF —ZEL L TR, ZO%FREIZIBWCEMBEIL T CT HhiE
TERTHEERNX X Ecr FTIR FT5. 22T E IR T —/7 787 2 — 3 fRim F TR TV & & D
HOMO, LUMO ¥#(\7 7% TéhHDIZxt L, Ect (21 Coulomb AR T L 2 X WL DR ELD T 5N EFN TS, L
e3> TR 19 D Eg IXEMEICIE Eor ICEESEX DMEDNHD. RiZIZEM S ICLDBERIIMDLT0,
PSCs TiX Eg & qVoc D7EN 1 eV LA EIZRBZEE B LR, LTchio T — 3 LDl
ZNHOEFIEREZ TEL RIS T LI HD.

iy

8.1 B X —B LR F DR

PSCs 23R VL KIS perovskite ABGEEMLE LR L T /L X — RN RE W L LT, LUMO
F 7By MEEDBERNRENIENZET D, ZAUIR T —/T 787 2 —[H]D LUMO YEf 742 BRE) /1L T
A 5T BET % PSCs IZ[EHA DM CHD. SV AL LUMO #7y Me/ha Fiud= X —#H%k
MR DB BEEILA LT 2133 THD0, ZAULFRFFICEMNBEEIORE) )2 k)2 ThHD, FEHIIR
Sy ClEAginodz. EEE, @ Voo (baw BFRL THE % 7278 HOMO 4 &5 T 3G R, 7 7 SAARIESIVTETZR3,
Voc D] E&EEBIT Jse DMK T UEN 2B HIFFEZ R T H DITAGHALR) o7z, Janssen HIdkk % 72 36458 &40 %
BRL, PSCs DT R/LF—4HK E, — gVoc & EQE DFMRAFH /=LA, =L F—K7050.6 eV EZHIIZL T,
ZNEVHIRIA KA HE 7Tl EQE BRI F 22L& W EL T L7eh3> T PSCs 12815 Y 1 D
HIEEIZZD 0.6 eV DBEAAR AL Tholo. 7B/ U RE vy E, DR EIR B AR 2 1XB A 132 AR &<
12505, DA RIURS B RALT 2720 @m0 Jse X RIADZRV, ZZTEHEZROILE Jse & Voc Z WAL
THIETHY, ZDOTDITITIA vy 7 (K Ey) SRR — K (Ey — gVoc < 0.6 eV) ZWINLT D
VEDRDHD.

quaterthiophene & naphthobisthiadiazole T X FNRER T — &5 24TV DR L
EHOIT hiophene & naphthobisthiadiazole THERR SN EZNHERN T —m 47 T PNTAT O O HE 4
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FEFRIZEHL T2 PNOZAT Z R —#Ete 3528 T, 0.6 eV OBER X R TR TEahs, Ko L¥—1
KA WIS DT OVERUT I LT ORI B L PSR OWE = Fn 5 564, RIS e/ BURB KT Heo
HFEWFTEICLDRER THD) 27 PNTZ4T & PNOZAT DI N RF vy 71350 1.5 eV TIEFE TH DD,
PNOZAT (3R IR DEF WG IPEICIY HOMO R 72> TD. £ D72 PNTz4AT 2D LUMO 47tk
13031 eV THIIER S O TEIBMBENITL LR LUMO 47 By MR L TV D DT L, PNOZAT 52 T
X LUMO A7 2R3 0.12 eV LRV, FAUTHH 70305 PNOZAT/PC1iBM 3 1- CldE a7 b A ek
%R T (Figure 10a,b) . = A/L —HUROEFRA LV FEAIZ AR 35720 2 b0 RIS OV C B ED
TR AR 2 R L 725 D% Figure 10¢ 123, 219 25 B B E D#a s 52 B ~DAMEE (T ESTE97%)
% Ect D RVRIETHY, F7- ELTERIBTO gVoc DTS A LRITHIET 5. PNOZ4T OB HE T4
S FEFEETHMFTHLEELTIE1.38 eV E ML DT, PNOZAT D E 14 1.52 eV7A2D T, TOZETHT)20.14 eV
LNFEE T, 2OROZXAF—HRITZEHFHBESBERICIVEDENLTVD. ZHRITENDLT
PNOz4T/PC71BM 7L R 7D EQE 13 KT 70%IT\V Mtz 7~ L, ZDfEF PNOz4T/PC/BM 7L RFHE -
DTRVF—HRITH 0.5 eV EERES Y a KEGE T 2/ NSWITH03) 0BT R T 8.9% D E A #L%)
Fhomliz, EHIZZOROBIERIHEEZIT 7oL ZARR VAN TE —ER&O BRI VLKL TEY,
LUMO # 7By b/NEWINZHE b LT, BN+l 2R3 b o7z, ZIvE TORERIIZIZE AT
BENTIE 03 eV BREED LUMO 47ty MAREETHLHEB LIV TEN, AR THOLNIZHAIE 0.1 eV
BREOOTI T RNX—ETOEMENBELERNTRETHHILARLTEY, MEROMERGHES B LD
B BEAT = A BCOWTHEBEZRODLDOTHD, —J7, A& B EILPNTZAT (AR EE D4
WEESILTRY, ZOJRREZEL-HOZNHOT LRI Tt iEZ T 72425, PNOZAT & TIERNA
AP AXPEBIIRESK) 1/3 ORYEF AR ICBZE TEPITRIEL TODIER DI ol S 5%AR B
WEORIEIZ RSB/ 2B FEOUER YIRS ND.

<<Figure 10>>

8.2 —EHEN L DL BRI FAERR

TRNAFX —HHRAEE T D7D DRI LT 7 ra—F LU C—EHIH S % (Singlet fission, SF) &5 H L7-% il
LT AR AN BIURTIR . ZAUTASKRBNIZ I I T ORFI =R F — (hv — Ep) ZFIHAL T — Db & /E
JRLEDETHRATHD., — TS ZDORE FZ2 AR TENLE IR 100%2 8 25 K5 ERE 328
ARETHD. EES, 1Ky LAY pentacene ZFI| L 7= SF AUKESE ML CTlX EQE 23 100%% 8 2 53% 1-H
BEENTNSS®

SF D SUSAF—LIFLL T ORI L L TRl T& 2.

S +S, ' (TT) > T, +T, @1)
AR ZIC LD —HEIBUR BN D —HEURIE~DOEHLE, AL ZEEDRLDIRIEM TOEBE THHIZD A
B ALY, 3 E S IR E R TR KB R Td., —T7, — BB 1253 5 LR g 5y
19



Tl F—2 AL, o0 =EHFE FIZHT D SF TIE 200 F (4 &E ) BEE-T 57202
VU LTS, D78 SFITIEH fs—ps DEFA LA — )V THEAT T DB @R CThh. FDFE % SF 13— &
WL DFMEITE D THELSDL, @RERENOS NI T B> T SF NEILORHHRES
LT, SF I S AYIZIT anthracene D5l s IZ IV THID THUWESHL, £ DS tetracene X° pentacene 72&E
? acene Riwrn COWFZENTLTHS. —I5 T, &2 TIIRT D SE IR EBIANRD THIRWOHELR
Td%. SF TlE—20—EHFhE 720 20 =B HFhE 723 T 22800, =x0F —{RAFRNZID—
HIANE - OFF D= RV F—Es [T ZHER 2% 2Er JOREALTUIRbRW., k&S 30+
B DI EHITILA S TODT2 D SZHAFE 3 DV NS, ARG TR ICH AR AR — B HE —HIHO T R /LF
—7% AEst DY/ INEW, LI D3 TRARBIEL IR BB I B\ TRl O =3 L — LR AF I A5l 72 TR R 238 CRR
EHICTHLIEDRMEF DOVINERDO—D>THAD.

EF D EANZIALATZDIL polyfluorene (PFO)EEIZI51T % SF TH2.°Y PFO | ZAE L —fLEFH AAEH A
fied T/INEL, MR ZEIC LD —HIEA RN R CEH720 SF OBLNZIZAF#E CTh-72. PFO (ZiRINAIZ H
WP TS D L IR A 2R 35723 dilodeoctane  (DIO) D57 @i s INAI 2 I35 & p FHEMIZ NS
FRFFPED @ WA A TE R T 528D b TG,

7 = LMOIE PRI E (2 33\ VT PFO IR CIE TR S fF FIZ 38U TRl 7SV AR T SF I &% = FIH/AERR
NI N=. PFO O = FEIHFNL 7% (TT)D TR /LX —UENL 2E7 134 4.2 eV THY, —HEIEFhE D= %
xR —YENL Es) = 2.9 eV IDIFDMITEmWED, ARBIEIREEN DD ST IV 2720, —J7, SSA XD &k
JEHACIRAE Sy (Esn=5.8 V) MK T DL, SahHOD SE X FAF—[IZAIFETHY, Lizh > TZOR THEH
L7= SF X SSA Z#R M L7 @R IR BN O Z > TNDEZ 2 BID. LnLZeAh, FEdh PFO I Cliis %
Nooy D = HIAFhEL 723 DA LA — L THRIEL TWALZED DD -T2, ZiuE SF OHFRPIREETHS =
ETEFhE -6 ((TT)HS = ETEY I (triplet—triplet exciton annihilation, TTA) (Z&WHEEIRAES LI Sy IRRE~
RoTWATmbThHEZZBND. —J5, p-PFO TIXZDO IO/ 3BIIS T, kU= = EIEhE 1%f

ETHREEL CDZEnboote. UL EDOREREZFEDDE, R DT RICBWTHNERERHRIZE A 7 HE
INFEERD SF TEIVGLIENFGRES I, £ = EIOS OMRBE T = BB - OILEUERD K&V T
BERTHDHZEN DT

PFO TlE SSA #&HTD SF MRS, ZHUT oD T (- >O—BIAFHE 7-) 25 -0 = HIH)
B FA LR L TODITBE S, JERETIEDE N DIXEE TH L PSCs DRI _LITITD7227235720 . PSCs ~
DIEHZRIFIZANTE A, ATRIETO SF OEB N ML ETHDH. Friend HITEHFHITHITLT
poly(3-dodecylthienylenevinylene) (P3TV) % U NTH[EE SF A SEHLL TV 573,00 Zod 434 JHVW T PSCs
EAERL THEN - RIS IR, AT D SF S ATRETHY, 75>D PSCs ~D BB B IZA
NIZHER, FEEDIL DA MR R vy 7 &0 FOFRTIE B LT, PN R vy 7 @51 Tl ki
DTFNF—IME 5728, AEst 25 PFO E[RIFRE Thh o Th AL T Es> 2Er Ziii/c T ZEMMAIRE T 5.
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Figure 11 X PSCs O~ F~—7RF—kChHo PTB R EEHEA T2 PTB1 (28155 800 nm JEhid
(<2Er, panel a) 35T 400 nm JihitE (>2Er, panel b) DB FER LA~ ML Tdh5.%2 800 nm JihiEt Tlid—E b
1 DWRIL D B ARSI 7= DI L, 400 nm BHEE TIXMFEZ] 01238\ CCle— B IEfh kL 1-& — BIAfhE 1-

DRI AR ML DERE D TSI OB EN b -T2, 0w E = FIEA R EHR B I KL
IRNZEMBAED PFO THROALZ SSA #&HI D SF TiE7e<, —4rF#972 SF ICRY) ZHIHIZABSILTVWDHIE
Mool FhEERREEZZEZ )5 SF R AFHEL 7L 2557 620 nm (2 eV) A5 IZZIHIZ SF 2R 0MEK
TLTWZEn b7z, ZORMEIL 2Er LRFRE THDHIEND, PTBI (236N Th hot LR REA IRENE N
EFEALTSF L Qb EEZLND. & E /1% V- SF 5% PSCs [IZRBWTENT L EL N =RITVE
FHIN TRV, BT RICEITD SE DAN=RXLEMFEAL, W72 EH 23524 T breakthrough
PRSI,

<<Figure 11>>

9 BHYIZ

PSCs DA HN=RITIRE 10 M TRHIZM EL, 57 AT 7 ATV ay K EMIZILET 5. ZiET
DB REELWFEITIBHITEIHHHMEIOBRRIZLD AR KEN. L LR DRI 12
BV, Fl-HEET VTR0 perovskite K EEHLIZITKIREL TKEHITHILTWDONBUR TH 2.

—J5 CTPSCs DEMESFRIZ OV TSRS I TR R SRS TS, RO RITARR T
fiFn LT AR % 72 2B OFE A H R IV RON TR T Uy R THY, LIehi> TR FELRIE T2
T TR AN TREIS T BBIR A IR T HZ LT TE RV, S%RILRIEEL KDL, #
TRETHT B EDIN LI TRY, TN e 1RO ERATLLENHD. WIERIL T
IX PSCs ORI AFfET S LTI LN FIETHY, RFIEIZEY PSCs NI CRI > TWHE
BERIIT D LT B BB O et L7225 TH A, R TR LIZEF O FERENED—BhE7e b
ZRAVD D, DV DOFHELIE QL

10 Appendix

10.1 Appendix A: Chemical Structures

<<Figures S1-1,2>>

10.2  Appendix B: Experimental Methods

Femtosecond transient absorption spectroscopy: 7 =MI72HE DDA iy d I ) fE Ik T Z 5 1 4L
FEATHHEFE ORI E 13 1[I L D15 H B TILBBRC &/ o, ARIFFECILT7 = AN VAL —HFIZ K
DR T KT —TEE AN, T2 LML — P ORI — DAV ZTHEIL, — I3 Ei

PEROI ST AN 7 MR & O TFIE Tl S 70 R AU e OB 2R 3 2R 7L L THWS. 65—
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JiiE, B ONAREFRICI AGNICERL Y n—T el 35, T u—T 3 R R A iR o T
(ZEOR T UK U RN 2 /LS5, BRERKICATEIR T — 29524 T, BIERFHIL 0 225 8 ns
FCHFAIE S EDHIENTED.

Microsecond transient absorption spectroscopy: ~ -7 2FMR DA E (X 7E 1[0 IC L DME B ALEE A AT §EZR
T MECH DI, ORI FL QORI T 37 O TR ERIGIEIZIE 107°-107° F2ED
W 28 B FTREZR I E S AT LS BREND, RIFFECTIXT R—T HIREL CHL T AT T2 T oAl
AL, ZELEREZEHTHIETOLEZMEIL TS, IHIZ, REIORIZIC B DS L a Rl iE 3
HZEITEY, AR E DRIEMM I PEFRL T D, BB 2 EE L7 0 —7 Wi, 7A RN A A =R DOk
HEHC VRS %, RIEEBOOOIE BZHT VT ICEVIBIEL, BRI SR SAT L2 %58 LB
WS DAV LT=06, 7 FIZEVEHITHERT 228 T SN A ESE T,

Transient photovoltage/photocurrent: 5 1-BREN S T COX YT Fan a7l 3 5121E, &R T
THALTEF VT RESRMCORENEELY . @ F# ) (Transient photovoltage, TPV) I TiZ, [A]
FEBRBCIR BB F W C A T AN BT 5 2 & CRE R BN AR LI B+ ) 7 IS B ST 2B EE Voc
BT D. TSI VAR BT D2 LIS I A U A NEIE AL AV ORFEI ZE kA e+ 5. — 7,
8 Y T (Transient photocurrent, TPC) JlE CIXEH NI AL =X v U TIZH KT HE A, EHHTE
L 7B EVEAE S RIS O BLII 2. 2 TITEs 7 SV A IR 35 2L CA U DMV INE I A AT OWEHIFE )
M/ VAT KV AL B RmA RO D, xR A A ST ZJEREIZIBWT TPV/TPC JIEEITHZETHE
W, FOSKEBIOE/HAHMEALT2.

E [33

AT D —E 13 Foe Se S AF JE B R S 7 0 /7 A (FIRST) , B2 44T 45 B S (JST) X & 235, CREST
(JPMICR12C4) 36 KOV is i Ik FALEANBRSE 7' 0 77 1 (ALCA), H ARFINIRBLS (JSPS) BHF &, JhNLAT
BUE B =L — - FE SRR B B Z S (NEDO) OBk A 52 1T CEBSLEL . AFZEICBELT, &
LRI TRFZEL ZHR BN IV U R S O FHi i = AR A B, RALse B B LU EE I T
27202 Cambridge K5 Cavendish BFZERTH; 9 {XHT&: Prof Sir Richard H. Friend (ZIRSEEHI L £
F7z, MREMED HIZHT-DT W 1Tl T AR — 5L, IR BUATE L, BB Jek, RIS ek,
NS FnEZldi+, PERZIBYEE, Xu Huajun -+, Wang Yanbin [+, RISEHHE+, HH K, S5
K, WIFEAHRICEHROBERLET.
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Abstract

[Comprehensive Papers]

Exciton and Charge Dynamics in Polymer Solar Cells

Yasunari TAMAI

Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University (Kyoto
University Katsura A3-214, Nishikyo, Kyoto 615-8510, Japan)

Over the past decade, polymer solar cells (PSCs) utilizing n-conjugated polymers have attracted
widespread interest because of their potential advantages such as light-weight, thin film flexibility,
and low-cost manufacturing. Upon light absorption, singlet excitons, i.e. Coulombically bound
electron—hole pairs, are promptly generated in conjugated polymers. As the excitons cannot
dissociate into free carriers due to the small dielectric constant of organic materials, an electron
donor/acceptor (D/A) heterojunction is necessary for photovoltaic application. As a result of the
offset in molecular orbital energy levels at the D/A interface, excitons are separated into electrons
on the acceptor- and holes on the donor-side. The electrons and holes are then transported to each
electrode to be collected as photocurrent. These photovoltaic conversion processes undergo in the
fast and wide temporal range from femto- (107!3 s) to microseconds (107° s). In this paper, I provide

a comprehensive review of photovoltaic conversion mechanisms in PSCs.

KEY WORDS: Organic Photovoltaics / Optoelectronics / Transient absorption spectroscopy /

Exciton / Polaron / Conjugated polymer / Exciton diffusion / Charge transfer / Charge separation /

Charge transport
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Tables

Table 1: Exciton diffusion length reported for various polymers

Polymer Method Quencher Lp/nm
NRS-PPV SQ PF2D 54119
NRS-PPV 6
MEH-PPV SQ PF2D 719
BEH-PPV 6.5
NRS-PPV SQ PF2D 719

MDMO-PPV SQ TiO> 6120
MDMO-PPV SQ PF2D 4.5 (293 K) 2V

PFI2TBT SQ p-PCBVB 112
PCPDTBT BQ PCBM 10.6+0.6 2
NRS-PPV ~3.5%
MEH-PPV ~7%

BQ PCBM
PCPDTBT ~6 29
F8BT 824
mmo e ssas
P3HT SQ Ceo 520
P3HT SQ TiO» 8.5+0.7 27
P3HT SSA — 2741229

P3HT-H* SSA — 20 (1D) 2-3D

P3HT-L* SSA — 14 (1D) 3V
RRa-P3HT* SSA — 4.8 (3D) 3V

*QOur results obtained by femtosecond transient absorption measurements. P3HT-H: higher crystallinity
P3HT. P3HT-L: lower crystallinity P3HT. RRa-P3HT: amorphous P3HT. The number in parentheses

indicates dimensionality of the exciton diffusion. Taken from ref 15.



Table 2: Charge dissociation efficiency for various polymer/PCBM blends

Polymers crystallinity ncp” nepdS*  pep'e
P3HT Highly
w anneal ” crystalline ! (0.69) 0.93
P3HT Modest
w/o anneal 7 crystalline ! (0.38) 0.8
Less 0.51
41)
PSBTBT crystalline I (0.12) 0.75
PCPDTBT Slightly . . 0.7
w additives +? ordered :
PCPDTBT
w/o additives Less ordered — — 0.5
RRa-P3HT ” Amorphous — 0.3 0.3

“Values in parenthesis are the charge dissociation efficiency through the hole shift.

Adapted from ref 41 with permission from the PCCP Owner Societies.

28



Figure Captions

Figure 1: (a) Photovoltaic conversion processes in polymer solar cells: a) photon absorption (exciton

formation), b) exciton diffusion to a donor/acceptor interface, c) charge transfer at the interface, d)

long-range charge dissociation, and e) charge collection to each electrode. (b) The global standard solar

spectrum (AM1.5G, gray) obtained from NREL (http://rredc.nrel.gov/solar/spectra/am1.5/) and absorption

spectra of P3HT (red) and PBDTTT-C (green) films. The broken line represents maximum Jsc calculated

by integrating the solar spectrum assuming EQE = 100%. (c) Temporal domains in which photocurrent

generation and charge recombination processes undergo.

Figure 2: (a) Schematic illustration of photovoltaic conversion mechanisms for NIR dye-sensitized PSCs.

(b) Best performance EQE spectra of P3HT/PCBM/SiPc ternary solar cells: SiPc6 (orange), SiPcBz6 (red),

SiPcBz (blue), and no dye (black). The optimized dye concentration is 5 wt% (SiPc6), 15 wt% (SiPcBz6),

and 5 wt% (SiPcBz). Adapted with permission from ref 9. Copyright 2015 WILEY-VCH Verlag Gmbh &

Co. KGaA, Weinheim. (c) Schematic illustration of photovoltaic conversion mechanisms for visible

dye-sensitized PSCs. (d—f) Schematic energy diagrams of a donor, an acceptor, and a dye in

dye-sensitized PSCs. For efficient NIR dye-sensitization, the NIR dye must be located at the

donor/acceptor interface to form cascade energy landscape while the visible dye must be located in the

donor domain.

Figure 3: Schematic illustrations of (a) surface PL quenching method (SQ), and (c) bulk PL quenching

method (BQ). (b) Relative PL quenching efficiency in NRS-PPV/Cgo (closed squares, a) and

NRS-PPV/poly(F2D) (closed circles, b) heterostructures for different polymer film thickness. Reprinted
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with permission from ref 16. Copyright 2005 American Chemical Society. (d) Stern—Volmer plots of
PCPDTBT/PCBM blends. Reprinted with permission from ref 17. Copyright 2013 WILEY-VCH Verlag

Gmbh & Co. KGaA, Weinheim.

Figure 4: (a) Singlet exciton decay of a P3HT film measured at 1400 nm. The excitation wavelength
(fluence) was 620 nm (2.7 pJ cm?). The green broken line represents the fitting curve with the
one-dimensional (1D) exciton diffusion model. Adapted with permission from ref 29. Copyright 2014
American Chemical Society. (b) Annihilation rate coefficient for a P3HT film excited at 620 nm extracted
from eq. 9. The red line represents the fitting curve using the 1D model. The blue and green lines represent

the annihilation rate coefficient calculated by the 3D and 2D models, respectively. Reprinted from ref 15.

Figure 5: (a) Simulated thickness dependence of the quenching efficiencies for diffusion-only (Lp = 7 nm,
black) as well as diffusion and energy transfer with Forster radii of 2 nm (blue), 3 nm (green), 4 nm
(orange), and 5 nm (red). Reprinted from ref 15. (b) Absorption spectrum of a PSBTBT neat film (black)
and PL spectrum of a P3HT neat film (red). (c) EQE spectra of P3HT/PSBTBT/PCBM ternary solar cells
with different blend compositions: P3HT : PSBTBT : PCBM =50 : 0 : 50 (black), 30 : 20 : 50 (blue), 20 :
30 : 50 (red), and O : 50 : 50 (gray). Adapted from ref 33 with permission from the PCCP Owner

Societies.

Figure 6: (a) Schematic energy diagram concerning charge dissociation. Singlet excitons dissociate at the
interface, forming hot CT exciton with excess thermal energy. The hot CT states rapidly dissociate into free

carriers before thermalization (hot process, red arrow a), or relax to the lowest CT state and then dissociate
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into free carriers (cool process, blue arrows b). Vertical arrows i, ii represent polymer excitation and direct
CT excitation, respectively. (b) Transient absorption spectra of a PSBTBT/PCBM blend film measured at
0 (red), 1 (orange), 10 (green), 300 (blue), and 3000 ps (purple) after the laser excitation. The film was
excited at 800 nm with a fluence of 11 pJ cm 2 The broken line represents the S1—S, absorption band
observed for a PSBTBT pristine film. (c) Normalized absorption spectra of PSBTBT singlet excitons
(broken line), PSBTBT polarons in disorder phase (gray solid line), and PSBTBT polarons in crystalline
phase (black solid line). (d) Time evolutions of singlet excitons (open circle), polarons in disorder phase
(open triangles), and polarons in crystalline phase (open squares) in a PSBTBT/PCBM blend film prepared
from o-dichlorobenzene on a time scale from pico- to nanoseconds. The closed circles represent the total
population of these transient species. (b—d) Adapted from ref 41 with permission from the PCCP Owner

Societies.

Figure 7: (a) Charge carrier lifetimes of P3HT/PCBM (circles) and DT-PDPP2T-TT/PC71BM
(squares) solar cells plotted against charge carrier density. The closed plots represent the charge
carrier lifetimes under 1 Sun illumination condition. Reprinted with permission from ref 51.
Copyright 2016 The Society of Photopolymer Science and Technology. (b) Illustration of the energetics
of electron—hole pairs at a typical donor/acceptor interface, showing calculations of the Coulomb potential
energy, the entropy contribution to the free energy (—7.S = —kgT In W), where W is the electronic degeneracy,
and the free energy (G = H — TS) as a function of electron—hole separation distance. Reprinted with
permission from ref 35. Copyright 2010 American Chemical Society. (c) Transient absorption decays of

binary and ternary blend films with the optimized dye concentrations measured at 1000 nm: P3HT/PCBM
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(black), P3HT/PCBM/SiPc6 (5 wt%) (orange), P3HT/PCBM/SiPcBz6 (15 wt%) (red), and
P3HT/PCBM/SiPcBz (5 wt%) (blue). The broken lines represent the best fitting curves with an empirical
power-law equation n(t) = no/(1 + at)® (d) Best performance J—V characteristics of P3HT/PCBM/SiPc
ternary solar cells: SiPc6 (orange), SiPcBz6 (red), SiPcBz (blue), and no dye (black). The optimized dye
concentration is 5 wt% (SiPc6), 15 wt% (SiPcBz6), and 5 wt% (SiPcBz). (c,d) Adopted with permission

from ref 9. Copyright 2015 WILEY-VCH Verlag Gmbh & Co. KGaA, Weinheim.

Figure 8: (a) Schematic energy diagram at open-circuit condition. Under open-circuit condition, where the
quasi-Fermi levels are flat, the gVoc is equivalent to the quasi-Fermi level splitting between electrons (Et)

and holes (Egp). (b) Various sources for open-circuit voltage loss.

Figure 9: (a) J-V characteristics of fresh (black) and degraded (red) P3HT/ICBA cells in the dark (broken
line) and under AM1.5G simulated solar illumination at 100 mW cm 2 (solid line). (b,c) Charge
recombination dynamics of the P3HT/ICBA blend cell with an active layer thickness of 100 nm: b)
delocalized polaron at 700 nm and c) localized polaron at 1000 nm. The black and red lines represent decay
dynamics in the fresh (black) and degraded (red) cells. The green line in panel (c) is polaron decay obtained
after the degraded cell is baked at 130 °C for 20 min. The excitation wavelength was set at 610 nm with a
fluence of 0.6 uJ cm 2. (d) Time evolution of laser induced voltage rise under the quasi-short-circuit
condition. Adapted with permission from ref 54. Copyright 2016 WILEY-VCH Verlag Gmbh & Co.

KGaA, Weinheim.
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Figure 10: (a) J=V characteristics of PNOz4T/PCBM cells with different polymer to PCBM weight (p/n)
ratios and a PNOz4T/PC7:BM cell with a p/n ratio of 1:2. (b) EQE spectra of PNOz4T/PCBM cells with
different polymer to PCBM weight (p/n) ratios and a PNOz4T/PC7BM cell with a p/n ratio of 1:2. (c)
Temperature dependence of the ¢Voc for a PNOz4T/PC71BM cell and a PNTz4T/PC71BM cell. The p:n

ratio is 1:2 for both cells. Adapted from ref 57.

Figure 11: Transient absorption spectra of a PTB1 film measured at 0, 10, 100, 400, and 7000 ps after the
laser excitation from top to bottom in panels (a) and (b). The film was excited at (a) 800 nm with a fluence
of 10 pJ cm ™2 and (b) 400 nm with a fluence of 20 pJ cm 2. The broken line in panel (b) represents the
transient absorption spectrum at 0 ps after the excitation at 680 nm. (c) Transient absorption spectra of the
long-lived species after the excitation at 800 nm (black circles) and at 400 nm (red squares). The green
triangles represent the absorption spectra of PTB1 polaron. Reprinted with permission from ref 62.

Copyright 2015 American Chemical Society.

Figure S1: m-conjugated materials for PSCs: (a) PPV, (b) MEH-PPV, (c) MDMO-PPV, (d) P3HT, (e)
RRa-P3HT, (f) PBDTTT-C, (g) PCBM, (h) SiPcBz6, (i) F8BT, (j) TFB, (k) PF12TBT, (1) PCPDTBT, (m)
PSBTBT (also called Si-PCPDTBT), (n) P(NDI2OD-T2), (o) PCDTBT, (p) DT-PDPP2T-TT, (q) PNTZ4T,

(r) PNOZ4T, (s) PFO, (t) P3TV, (u) PTBI1.
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