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Significant Sesitization of Polymer Solar Cells Utilizing Optical Interference

Masahiko SAITO!, Yasunari TAMAI? Hiroyuki YOSHIDA? Daisuke YOKOYAMA",
Hideo OHKITA? and Itaru OSAKA*

Significant improvement in the power conversion efficiency of organic photovoltaics has been made in the last
decade. Ternary blend OPVs (organic photovoltaics), in which three organic semiconductors are blended to
absorb wide range of the incident light, have shown to be an important strategy for improving the efficiency.
Here, we show a ternary blend OPV system that used a high-crystalline polymer and a fullerene derivative as
the host binary blend system and a nonfullerene n-type material as the third component. It was found that even
with a small amount of the third component, optical absorption can be enhanced by the optical interference effect,
which significantly boosted the efficiency of the ternary blend cell compared to the binary blend cell.
Keywords : Organic photovoltaics, Organic semiconductor, Semiconducting polymer, Fullerene, Optical
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B I OK B Bt (organic photovoltaics, OPV) &7 L %
TTNVTHRE, FEWHTHY, BRI TR Lo TERETEE
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OPV @ T 3V ¥ —Z %)% (power conversion efficiency,
PCE) %M EX€ 570121, TE2720% L 0% WINT %
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Fig.1 (a) Chemical structures,

materials used in this study.

EWRETH D720, FREEOERR) -2 Wb 2 Lt
WIHTH B, — 7% OPV IZBIT A FERE O EEE 1L 100
nm BETH Y, ThULEET 2 &R IEH KT % 7%
DXERIIMETZ 00, WHAKE L %5 20N T
(fill factor, FF) K& {KTF L, PCERREKTT 5. L2 L,
BIZWERY FF+ 7= (PSHT) &S ESEH WD, h
MwbZET200nm BEE TEBILT LI ENTESLY. &
T, BNy FE Yy THOFEENERY) v =2 sh,
300 nm & ¥ 5 ZJE W T PCE A KAL§ % 2 & s %
NT 33010

AEEEAM RO Z N ST d, HEOMETIR
HIN=TELVBRIF 2 AT AW 2 E=Wne LTmAs 2
&b, N AEMKT 2RRMRFETHLY. ZHEOMB
FHWZGRETTIE, o0 pMe—o0n Mk, &
HWE—20 pME oD n M7 EHAGDEIIHA T
HBHY, INHLEBRERTOVREGTHIENS V. ZDLH
B=I0RE, BB p/a B ERERNL L CRET S L%
ALNTEY, [NV LR —F, ZFEOME)
HWHELTREBETLLI R — A MESATWAS. Bl2IE,
P3HT & 75— L ¥ #HEk (PCaBM) OG5k % & A ME
L, BERGELTIIUY T vBHEALED LY BEE
TR 2 b OM R ESRIRINT 5 L, B2 TEKL
ToBAHIEZNZNORA PR 5 2 & TRHRWICHEE
THIEDMONTWARY, Tz [HEA ] LIEs. B
R=ZERFF T, TORERMEDSS, FEWOMEEFA 5T
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(b) UV-vis-NIR absorption spectra,

(c) PTZBT
ALUMO =276
S A ITIC  pc,,BM
< —3,-‘75 -3.87
o :
E Egopt 1.?6 i
Ll : 1.59
v :
HOMO 512 v
_5-68 ——
-6.18

(c) and energy diagrams of the

SZOFNENARAE L, BE=1i45o HOMO (highest occupied mo-
lecular orbital) B X 8 LUMO (lowest unoccupied molecular
orbital) LA ZENZIARA MFORRNCAIE T B H AT —
P L 22 2 @ THLY. LaL, Bz FiEos
SO TIERLEDOGTERIEICHASES Z EPWETH 572
O, WEAMEIIRENTH D Z EAWME =ZILROPETH -
7z.

FL TR, A MEE LTH TV — T TR L 2R
PEEARY) v —CThH 2 PTZBTVE 75— L Vif#ifke LT
PCaBM, =0 LTH 7L R nBMETH 2
ITIC # w7z (Fig.1 (a) & 25, HZWHoaFws D
HTHLICHEDLSTHMO CTHWIBRIENHONDLZ L ER

ML, Z2CARRETIE, ZOWBM=I0RET O M
JERREO VTGS 5.

2. BREEE
2.1 HHEOYE

Figure1l (b) (2 PTzBT, PCaBM, B XU ITIC @ #EIC
BIFBWINARZ MV EI/RT. PTzBT & 400-700 nm (2B IX
WERD, WE» S5RDNY FEY v 7 (E,") 13 1.86
eV Tho7z. F72, PCoBM i 350 nm I 2 50 BT %
RL7z. —7J5, ITIC 1 500-800 nm (XMW a2 55, E," &
159eV Th o7z, L7225 T, PTzBT/PCaBM &~ A 56
RIZITIC 2R 5 2 & THHBMOIZIZETORERINT 5
ENTEL., INLOMBO T AN F -8 ZLE TS
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L O AV F IR T IEE I & ) TREhGE L7z & BIL1:15) RAEMEEEE & ¥ 2 ZI0RK 1 & S M
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TnwbZ

Lo (Figl (o).

22 K&
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Fig.2 (a) EQE spectra and (b) J-V curves of the OPV cells based on PTzBT/PC»nBM (1:2w/w) and
PTzBT/ITIC (1:15w/w) binary blends, and PTzBT/PC»nBM/ITIC ternary blend (1:2:0.2 w/w/w,
ITIC ratio=6 wt%). (c) EQE spectra and (d) J-V curves of the PTzBT/PC»BM/ITIC ternary blend
cells with different ITIC ratios (0-40 wt%). Reproduced with permission from ref 15). Copyright 2020

American Chemical Society.

Table 1 Photovoltaic parameters of cells based on PTzBT/PC» BM and PTzBT/ITIC binary
blends and PTzBT/PC7 BM/ITIC ternary blend with different ITIC ratios.

. Jsc Voc PCE

Photoactive layer (mA cm?) W) FF %)
PTzBT/PCn BM (0 wt%) 118 0.88 0.71 74
PTzBT/PCn BM/ITIC (3 wt%) 125 0.89 071 79
PTzBT/PCn BM/ITIC (6 wt%) 16.5 0.89 0.70 103
PTzBT/PCn BM/ITIC (9 wt%) 155 0.89 0.70 97
PTzBT/PCn BM/ITIC (14 wt%) 149 091 071 96
PTzBT/PCn BM/ITIC (25 wt%) 114 0.93 0.66 70
PTzBT/PC» BM/ITIC (40 wt%) 9.0 0.94 061 5.1
PTZBT/ITIC 117 0.97 061 7.1

#6l% 3% (2022)
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ITIC # T3 71% (Jse =11.7mA cm % Voc =097V, FF= PTzBT OWIE (93%) Wiz R LA 72, 20

0.61) ® PCE /R L7 412, PTzBT/PCuBM EF T3,
670 nm T TL2WRIAE % b 7275, PTZBT Otk
RSN U CH B & 300 nm F21E F CEBELTE 5720, Stk
INEZMHRTHIENTE D,

K2, PTzBT/PCaBM ZtHR% KA b, ITIC =K%
LT AR ETEMERL, FMEiLA (Fig2 (o), (d B
F Tablel). 73, PTzBT/PC,BM & HIIZ1:2 & L,
ITICIEZNIZH L TO01~2 & L7 (ITICEHEAHK :0~40
wt%, %8B wi% FEESHREELT). ZILRET O GRER:
P2 BB &, 700 nm A0 ITIC QWL RIS ¥ — 7 %
B2 En5, ITICAREICHLS LTSI EHRB S
7z. ITIC WLNAHF IS BT 2 4 3#& 1IN (external quantum
efficiency, EQE) 1%, ITIC & A %43 wt% Tlix 28 %, 6 wt%
TIRESICHEHW66% R LA 2o PTzBT W
EQEfiL F%ETHY, ZoL EDITIC DEAFIL PTZBT I
HARTIE AN L &2 2 2 L IEHICHREV. ITIC &
ARPEHICHZ 5 L EQE KT L, &A% 40 wt% Tl
44% Lotz Fiz, ITICEHEEEDITL %25 L, PTzBT W
Ao EQEME BT L7z, ZokE, =i RkETIE, ITIC
BN 6wtk \IZ BV T IR RIL L, 103 % @ PCE %R
L7-.

23 FEVIalL—3ar

Efo X912, PTzBT/PCaBM/ITIC ZItRETICBWT,
6wt% & ITIC OEHEPFEFITENIZD Db 5T, ITIC
W Cld PTZBT W & Bk EQE i s/, 22
T, PTzBT/PCABM/ITIC #E (=1:2:0.2, ITIC ZH 36
wt%) & PTzBT/ITIC ZitR#ifE (=1:15) QWA
M EEEBLORFEE— FICXYlEL (Fig.3). %&b,
BEFE— FICX BMETIE, Ag 2 FZEHE I TRIE L7z
W, EBRE—- FICLAMWETIE, ITIC ORILEE, =
TR BT 24 % & PTZBT OWILER (86%) X 0 b/h
KWy, TR TIZ 73% & PTZBT QWK (78%) &
FfEETH -7z, Thig, HFICHITS PTZBT & ITIC OfF
AREEC—HT 5. —J, KOE—FICL2WETIE, =T
SR B2 ITIC OWIEIE 81% & KiFZm L,

500
400
300

200

PTzBT ITIC

Distance from ZnO/photoactive layer interface (nm)

Wavelength (nm) Wavelength (nm)

ITIC ®WILEEE, PTzBT I35 5 ITICOEHEMN 75 5T
DL REEOZN 89%) T M THo72. T4
b, ZHRFETICBWT, ITIC 258w EQE 2/R L7201,
HHBHTH D AgBICBI DN EOEEN DB L E 2
b7z,

ZIT, SLIMASALETY 7V X MY — (variable
angle spectroscopic ellipsometry, VASE) HIE7I2X Y, RE
MR, HITE ORITES L O ERKE RS, o r
FAWT 0RO S H IS BI 2 HNOKFE Y I 2 L —
Yavaitor (Fig.4). ZItREEOEIEA 120 3 X 08180
nm ® & X, ITIC W 2 A 249 % 700 nm {335 DAL,
PR S H AN CETENE) 25— D2 EAFAET 5 DIt
L, 280 2512430 nm & BENH KT 5 &, [FIGH O ELE
WHo, EHIC=EDEHARLA Tabh, ZXRMEKET
i, ITIC DEHENLLRVL OO, FFIZEROLGAIET
BRI X D RRINDEIE S D 2 EAURIBE N, SnRET

100

80 |

60 -

Transmission

Absorption efficiency (%)

40 {
----- PTzBT/ITIC '|‘
""" PTzBT/PC,,BM/ITIC ‘.l
20 Reflection “."‘.‘
—PTzBT/ITIC '-"n‘
0 ——PTZBT/PC,,BM/ITIC
300 400 500 600 700 800

Wavelength (nm)

UV-vis-NIR absorption spectra of the PTzBT/ITIC
and PTzBT/PCn BM/ITIC (6 wt%) thin films meas-
ured with the transmission and reflection modes.

Fig. 3

Reproduced with permission from ref 15). Copyright
2020 American Chemical Society.

300 400 500 600 700 800 900 300 400 500 600 700 800 900 300 400 500 600 700 800 900 300 400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

Fig.4 Simulated absorption distribution for the PTzBT/PC»BM/ITIC (6 wt%) cell with different photoac-
tive layer thicknesses. Reproduced with permission from ref 15). Copyright 2020 American Chemical

Society.
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Fig.5 (a) Two-dimensional X-ray diffraction patterns of the PTzBT/PCBM/ITIC ternary blend films with
different ITIC ratios measured with the grazing incidence geometry. (b) Dependence on the ITIC ratio of
d-spacings (upper) and coherence length (lower) for the lamellar and z-r stacking orders of PTzBT
and for the aggregate of PCeBM. Reproduced with permission from ref 15). Copyright 2020 American

Chemical Society.

DB ZERALS A2 22X Y, ITIC WU @ EQE fiihs
WMRTLIENGHhoTEY, FEhLIIab—Ta VR
=T 5.

24 EEE X BREFAE

ITIC 5RO 5 ZLREFITOWT, UM AFHEC
X0 X MEHFNEEIT - 72 (Fig.5 (@)%, &8, 75—1
VEFEMRE LT PCaBM 2 WV E T T AEEOMENES
NTWwb7zd, I TIEPCyBM ZHWTHIT L7z, wih
OHMPEBWTH, PTZzBT @5 x5 (lamellar) #3E (200)
WCHET AR EIC ¢ B, -7 A% v ¥ ¥ 7 (stacking)
% (010) ICHRT 2 M2 ¢. i ehZRim Bl s
ez e, RYv—ldaEERL, BB LT TR 7
A AKX VRNERT S LD o7z F72, PCaBM D&
R IR 2 MBI S b oo, ITIC Il 5 [H
I I N o7z, PTzBT DI AT m-n AY v X7
Rk, PCaBM OEHER SO =D ORFEREREICOWT, Tk
BX Y =5 —30 (Scherrer's equation) %5 K& 72k &1
A X% ITICEAEICHLTTFay L7 (Fig.5 (b)). ITIC
DEHBHPEERT B &, PTZBT O F * S i< PCoBM Difi
MBI EA LB LD o720, m-n AY v ¥ 7OMKE
i, ITIC &ARMEVEA (0-14 wt%) 121X 35 A fike %
LBV 0D, GHEFNRKEVEE (25 40wt%) 121

355A LKA 572 (Fig.5 (b) F). —J5, #@T¥4 X1,
WFENOBEREICBWTY, ITIC EAEIIFICRE VWA
2, BHFEIZRAT B ZENYIS L o7z (Figh (b) ).
ITIC HHRAVNE W E 21213 PTzBT B X U PCaBM 134 5
PEMERL, ITICEHFENREL 22 ERREKT T2
Lk, ZRFETOOPV L L —KT5. o oRE
5, ITIC 1Z PTzBT & PCaBM O W AH FE T <2 FE S A L A7
T 20, GHRFOHARE L HITPTZBT B LU PCaBM O
IR ALTWD LSS N5,

25 BREERFAFTIVX
PTzBT/PCaBM/ITIC ZICR MO BPEWILA R 7 ™ v &
WESTHZET, ZRETOBMAERS A F I 7 2200 T
fERT L7210 £9° 700 nm DG % v T ITIC % E4Rhie
L7zE 25, gt (0ps) 12 850-1050 nm 3Lz ITIC @
— RIS, 500-680 nm fF¥Li2id PTzBT OR&EIRED 7
1) —F (ground state bleach, GSB) \ZHIK9 % ¥ 7 F VAl
WaENn7 (Fig.6 (a). ITIC ®—EIEGI#E T X 7 ps FEJE,
PTzBT @ GSB #4 Kk & (ZIF[F UK A 7 — VTl L7 (Fig.
6 (b)). 7z, ITICHIEIZ X Y 980 nm L2 PTZBT O &
—F 8 (polaron) ¥ ZFUPEHIEN/-Z &H» 5, ITIC A
5 PTzBT ~"OF—VEBEI R o TWwEEEZ LN, O
DOMBHEM L T 5 EATRE S 7z, KIZ 500 nm D)

(22) HARM({G345E #61% #3%5 (2022
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Fig. 6 Transient absorption spectra for the PTzBT/PCaBM/ITIC (6 wt%) ternary blend film. (a) Spectra

measured at 0-3000 ps after photoexcitation at 700 nm.

(b) Change in signals for the ITIC singlet and

PTzBT ground state bleach (GSB) over time. (c) Spectra measured at 0-3000 ps after photoexcitation

at 500 nm.

(d) Comparison of spectra, measured at 1000 ps after photoexcitation at 500 nm, for the

PTzBT/PCsBM and PTzBT/ITIC binary blend films. Reproduced with permission from ref 15). Copyright

2020 American Chemical Society.

A HWT PTZBT 2 #JUihE L7 & 2 4, 1050-1500 nm
312 PTzBT O —H BRI 1 Hsk 0 ¥ 7 v 38Hl & h 7z
(Fig.6 (¢)). E512, 0ps BT ITIC »—HEIHFHE
RV BME N2 05, PTZBT 5 ITIC ~ND I H )L
F-BEIREXTWLEEZONS. T/, PTZBT OF—3
aOryrFUNBMENZ EH S, PTZBT 205 ITIC 72
X PCaBM (2T ) ~NEFREHHI I > T I Lt
RIS 7z,

Figure 6 (d) &, PTzBT/PCaBM & PTzBT/ITIC —7t%
M, B X O PTzBT/PCaBM/ITIC =t R M I BT 5
PTZBT #RGhRHE O BIFERINA <R 7 ML (1000 ps) & 7R-T.
PTzBT/PCaBM 3 & O PTzBT/ITIC e R MK D 2R 2 b
Wi, FNEFNPCaBM BLOITICOT =4 Y REZFEL T
W5, ETRBEOARY FLIEIhSOFERASDEERS S
ENTE, ZHRHETIX, PCaBM & ITIC Ol i 087 =%
VIRBBICH B 2 LSRR E NIz, $hbb, PTzZBT %5 PCa
BM & ITIC W A~NE T BB > THY, PTZBT i3 PCa
BM & ITIC W Jj L FEfili L T b EHEZ b5,
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26 HEAHZZL

oA, XMEEE LY, PTZzBT 8 XU PCBM
(PCaBM F 721& PC2BM) 23 MHZ L L T b 2 LAUR
MEhi. F72, BWMERSAF I 2 A051E, PTzZBT 2°
PCBM & ITIC W5 & #HL TWAH I EARBENZZ L H
5, ITIC 12 PTZBT & PCBM O R IZARAE L T 5 Wl gtk s
FWEEZO5NS (Fig. 7). ITIC I3 MO FM T 4 )L F — 73
3lmJ] m %%, PTzBT (27mJ] m? B X ¥ PCBM (33m]
m?) OWEOfiERT I ENSDH, PTZzBT & PCBM @ Fifi
KRIELRSTWHEEEZ DD EF 2 5. RICITIC A8 PTzBT #%
SIS AEAE T B4, ITIC ICEF2EL T, B
D V72D 2 i3 TE 2w, 72, ITIC ¢
PCBM # s AHWNICAFAE S 5 ¥if, TTIC/PCBM [ Tl FE A 45
BEASEE S 5 VT, BMAIE LRz, OPV & ik
FHELTLEY.

L7:%55C, PTzBT/PCBM/ITIC Zt R HETFDFHE A/ =
ALFRD L) ZHHTE D, BRI & D PTZBT 12 Clihie
FAEE5 5 &, PCBM & ITIC @i )5 & o [ T/ BEASE

(23)
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Fig.7 Schematic illustration of the distribution of PTzBT,
PCBM (PC&BM or PCnBM), and ITIC in the ternary
blend film. Reproduced with permission from ref 15).
Copyright 2020 American Chemical Society.

2, ENENANEETBEBHIRI S, PTZBT IZAK L72K
—VIE PTzBT F A4 Y &&FH L CEMANER S NS, ITIC
WCTCHRELZET PTZBT 50T 2 VF—BHb&Th
%) &, PTzBT/ITIC M CEMFHEE NS, WTFNOYEIC
b, ITIC BB L2 11k, PCBM -~ & B8 L Bt~ & i3
Ehd (ITICREAEI DR, 2y PT—rkgdz bk
wiew)., —J7, ITICIEEAEI D LWL D0, FRISEEEH
JEwv ke 213, BT ERERIC X - TRIRINSHIE S, PCE
ORI EI2H5$ 5.

3. bHYIC

AT, BRESER) =275 -1 VFEkEARA b
75— L VR n BIAREEEZR S & LT WK =0
FOPVIZOWTHRMN L., BEZWAOGHEEDIPRLTH,
ST WA R AR 2 2 & TRIEINAHE IR S CHIEA R
T, PEROHEIM =R OPV & ) b &R THETH 5
ZEERHIHBLZ. CNICRBEBEFOEFELSLETH S Z L
5, ERERERY) v — O R A, L EE R OPV mRhEAL
DFHELER D, — MWL ZICRETO L) ICEFEHOME %
SR VLLEDR WD, KaX P TERFRILTELZ LD
METhsb T/ HHITZAWULLTEEZVLOO, A=5E
RETEFA PR ET LD IWAMESH ET 22 L 50
S TW5h. G, FAMEREZRG MR = Rt 52 L
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