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ABSTRACT

With the rapid devel apmemnwabdfe trlesoecacer
fossidnd uredtsur al gas are being depleted.
devel opment is to wutilize solar energy,
photovoltaic (PV) technology to produce
cells (QOSCsphotrgvaml t aics (OPVs) in the F
more attention due to their advantages ¢

area producitboidlilt yt eushmagl agpy.l They are a

real i zi ngntefntviigmodhimcoahd PVowechnol ogy th
irradiance into electrical power .

I n addition to wutilizing sunlight t hat
supplied indoors can al so be comalrekcetted
for 1oT nodes (such as sensors, watches
and monitors) used in relatively mild
demand for artificial l i ght energy har\
powfear i ndoor environments has emerged.
lsun to dim |ight, the PV technology th
capture |l ayer is called indoor organic |
However, achievi ngeragybrterakn shfreoru géf fiinc ie

indoor or outdoor envifTbpommemtess tHhistilkh
aim of thosi mpuodyeitshe power conversion

system by designing nolviedd mord ccerul e¢isf ft ehra

optimizing processing technology, and

efficiency I mprovement. Il n summary, the
The first part focuses on i mppbvedgudde
both outdoor and indoarnenmélecahmemtes ubby

compromi se absorption spectrum and st ud)\

technol ogideoso ru mdedr i onufo oroaveegl mchatceps or



TB4Cl modi fi ewWladersoingndéd,synt beseatzedfaft o r ad
absorption speappluine dt huantd ecranbobten ar ti fi
Furt hepgrmomaoessing technology .Pwali mieaénor
procemat mgadsy,end i ehreablpub o t-BHHIJnNn @ C sequent i
deposi thieotne rboujl ukB Bl Jweorme® Hi®E®Hr ed t o st udy th
under sunlight and artidfi cPM8F TBrgdhduc elth
PCE of 14. 44% abBHJ 1bnrBHASD frersp€cti vely,
i1l ummadaf AMl-lwx E&D 100@minati on, dev
16. 82% and 2BHJI0O58&nBHJIED €espeBHJi vellgw SLC
compar@add feortmaanBld@inder sHionw ei vgehre,. PCE was
significantly i mBcHJe asan -&HE d2usn%l C€o ra rStDi f i
because of the sdsongtedfdaeacome mdt itoarap:
PCE in the condition of | ow carrriied den
mol ecul e-swiitfhedl s@ectr uBHJf acbarni clad ea f1yo
canditdédat eapplied in the indoor environme

l ight simultaneousl! y.

The secomdepawoin fiomproving the p@geref or ma
systematic modification of mol ecul es to
(i AGQTr)a and intermol ecuCT) icrhaomgaedert rtams & e
PCEs under indloocarafviulrloymmemtessti gated t
sk eolnetandhlhomi nati on on termvabhbatgrogpst
photovoltaic perfor m&idc anahTd nparmeostiveyszsi ensg.
new acceptoDAs st humehideeessi gned and syntt
compare the performance of an asymmetric
At the condiuxi ohl| diimi -E@0 0 aocceptor with ¢t}

end gr oup® x-o,-6Rhyiddcgcl opent afy tdgrde)i op he
mol ononitrile (1), coupled wi-$ hwiPtM® mcm L
hal ogenous-(®wxd,-dir owag; 9 21 opent aylbi]d eén e)p h e
mol ononitrile (2), blended with PM6 yiel

sy mme torliecc u2eT hECTP onl 'y produced@dha 1 ®svulPtCs
i ndicate tha€CTtamdCignptrdore eisstesat hrough r
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ring to form an asymmetric skeleton and
group, basead esn moHe cYd ese i s an &IKCEecti v

of | . OPAmsd our investigation can provide

The final part oftitglae estt lnagapocly ened tage N
properties of asy-mmet erenesk ABNBNMN mo h
mor phol ogy of the active | ayer, and the
photovoltaicTW®OPW)daerevbaedgap ASSHE acce
and-ST®, weyrned hesi zeés.bdhedSdoFt Mok e cAl es h
similar skeletons but dif fsirce twhtizecrimsE n a
weriencor porated into té@9 hastasybhtem Pt
respectively. I nyeOP¥tderygligesalflord ASNEIi &
significamttlhyanhitgheetr o0¢ CQ3 hey PtMEMIBZE®. 9 4 9
0.837 V), however;S1® nil ryt d ntclhoe gpaoa gadt si isnygis vTet
ef fevVoci mdrovement subbei thlddkeoskgydB cascade

energy | evel alignment, a good absorpt
compatibiliteC@&it MOPM6B6VBFPCO-BT&B R MG .NnERATH
filmedhi bdeal interpenetratiOng amred wor k,

enhanced TthoaAgeatrawaisngrdé dieen PCE. 36% ( bi
film) to 18.14% (Sti@rwas yblferd dd d weh@®o TtBh €
sysdem to the @anuwrlenasceo nitinrncsotr,potrka® i on o
and-STIBf ormed an inferior morphology and
resulting in a poorer PCE THi sléwdrl® raemwd
that al koxy sgyurbnettirti ict ib@arc kdro naeo i so rasnt red d t
the third componmemmahoe themMmary organic



PUBLICATIONS

(1)

(2)

3)

(4)

(5)

(6)

L. Xie, A.Lan, Q.Gu, S.Yang, W. Song, J. Ge, R. Zhou, Z.Chen, J. Zhang, X.
Zhang, D. Yang, B. Tang, T. Wu, and Z. Ge, Alkoxy Substitution on
Asymmetric Conjugated Molecule Enabling over 18% Efficiency in Ternary
Organic Solar Cells by Reducing N&adiative Volage LossACS Energy
Letter, 8 (2022)361-371%. (This work is related to the content of Cha@erith
permission from ACS Energy Letter, 8 (2022) 3&11. Copyright, 2023,
American Chemical Society

L. Xie, J. Zhang, W. Song, J. Ge, D. Li, R. Zhou, J. Zhang, X. Zhang, D. Yang,
B. Tang, T. Wu, and Z. Ge, Rational tuning of intermolecular and
intramolecular interactions enabling higfficiency indoor organic
photovoltaics,Nano Energy 9(2022)107414. (This work is related to the
content of Chapteb with permission from Nano Energy 9(2022)107414.
Copyright, 2022, Elsevigr

L. Xie, J. Zhang, W. Song, L. Hong, J. Ge, P. Wen, B. Tang, T. Wu, X. Zhang,
Y. Li, and Z. Ge, Understanding the Effect of Sequential Deposition Processing
for High-Efficient Organic Photovoltaics to Harvest Sunlight and Artificial
Light, ACS AppliedMaterials & Interfaces13(2021) 20405204163, (This

work is related to the content of Chapflewith permission from ACS Applied
Materials & Interfaces 13(2021) 204@9416. Copyright, 2021, American
Chemical Society

L. Xie, W. Song, J. Ge, B. Tang, X. Zhang, T. Wu, and Z.R&eent progress

of organic photovoltaics for indoor energy harvestdgno Energy82 (2021)
105770. (This workis related to the content Ghapter2 with permission from
Nano Energy 82 (2021) 105770. Copyright, 2021, Elsgvier

J. Ge, L.Hong, H. Ma, Q. Ye, Y. Chen,. Xie, W. Song, D. Li, Z. Chen, K.

Yu, J. Zhang, Z. Wei, F. Huang, and Z. Ge, Asymmetric Substitution of End
Groups Triggers 16.34% Efficiency for AAmallMolecule Organic Solar
Cells,Advanced material$2022 2202752.

W. Song, K. Yu, J. Gd,. Xie, R. Zhou, R. Peng, X. Zhang, M. Yang, Z. Wei,

4



and Z. Ge, Entangled structure morphology by polymer guest enabling
mechanically robust organic solar cells with efficiencies of over 1aviétier
5 (2022) 18771889.

(7) D. Li, J. WangL. Xie, J. Ge, R. Zhou, Q. Gu, D. Yang, J. Zhang, and Z. Ge,
Crystallinity modulation of donors by heteroatom stein engineering and
solvent additive achieving 14.3% -glnallmolecule organic solar cells,
Journal of Materials Chemistry ALO (2022) 9639642.

(8) X. Chen, J. Zhang, C. Liu, Q. Lou, K. Zheng, X. Yin Xie, P.Wen, C. Liu,
and Z. Ge, TADF Molecule as an Interfacial Layer with Cascade Energy
Alignment Enabling High Opegircuit Voltage for 3D/2D Perovskite Solar
Cells,ACS Applied Energy Materialg (2021) 111121120.

(9) J. Wang, R. Peng, J. Gao, D. Li ,Xie, W. Song, X. Zhang, Y. Fu, and Z. Ge,
Ti3C2Tx/PEDOT:PSS Composite Interface Enables over 17% Efficiency Non
fullerene Organic Solar Cell&,CS Applied Materials & Interfaced43 (2021)
4578945797.

(10) W. Song, K. Yu, E. Zhou,. Xie, L. Hong, J. Ge, J. Zhang, Xhang, R. Peng,
and Z. Ge, Crumple Durable Ultraflexible Organic Solar Cells with an Excellent
PowerperWeight PerformanceAdvanced Functional Materials31 (2021)
2102694.

(11) Z. Chen, W. Song, K. Yu, J. Ge, J. ZhahgXie, R. Peng, and Z. Ge, Small
molecular donor guest achieves rigid 18.5% and flexible 15.9% efficiency
organic photovoltaic via firkuning microstructure morphologyoule 5 (2021)
23952407.

(12) Z. Xia, J. Zhang, X. Gao, W. Song, J. GeXie, X. Zhang, Z. liu, and Z. Ge,
FineTuning the Dipole Moment of Asymmetric Ndtullerene Acceptors
Enabling Efficient and Stable Organic Solar CeA§S Applied Materials &
Interfaces13 (2021) 239823992.

(13) J. Zhang, Y. Han, W. Zhang, J. Ge,Xie, Z. Xia, W. Song, DYang, X.
Zhang, and Z. Ge, HigEkfficiency ThermalAnnealingFree Organic Solar

Cells Based on an Asymmetric Acceptor with Improved Thermal and Air
Stability, ACS Applied Materials & Interfaced42 (2020) 572767280.



(14) J. Ge, L. Hong, W. Song, Xie, J. Zkang, Z. Chen, K. Yu, R. Peng, X. Zhang,
and Z. Ge, Solvent Annealing Enables 15.39% EfficiencySadialt
Molecule Solar Cells through Improved Molecule Interconnection and Reduced
Non-Radiative LossAdvanced Energy Material§1 (2021) 2100800.

(15) W. Song, Y. Liu, B. Fanady, Y. Hah, Xie, Z. Chen, K. Yu, X. Peng, X.
Zhang, and Z. Ge, UltrHlexible light-permeable organic solar cells for the
herbal photosynthetic growthNano Energy86 (2021) 106044.

(16) J. Zhang, Q. Wei, N. Fdi). Zhao,L. Xie, L. Cao, X. Zhang, G. Xie, T. Wang,
and Z. Ge, SimpkStructured Blue Thermally Activated Delayed Fluorescence
Emitter for SolutioAProcessed Organic Ligiidmitting Diodes with External
Quantum Efficiency of over 209%ACS Applied Materials& Interfaces 13
(2021) 1230512312.

(17) Y. Han, W. Song, J. Zhand, Xie, J. Xiao, Y. Li, L. Cao, S. Song, E. Zhou,
and Z. Ge, Annealindree efficient organic solar cells via an alkylbenzene-side
chain strategy of smaiholecule electron acceptordpurnal of Materials
Chemistry A8 (2020) 2215582162.

(18) K. Yu, W. Song, Y. Li, Z. Chen, J. Ge, D. Yang, J. Zhdngie, C. Liu, and
Z. Ge, Achieving 18.14% Efficiency of Ternary Organic Solar Cells with
Alloyed Nonfullerene AcceptoSmall Structure2 (2021) 200099.



AUTHOR CONTRIBUTION

Lin Xie conceived the expemodnelndtnadch g ,des

cal cul ation by herself. Lin Xie JVid the
test, exciton dissociatsoneeffichange, n
el ectrochemical workstation test, TEM,
surthcekness test, accurate incident | i
and synthesized material with the assist

PhoCG®BLI V were performed by Ling Hong. En
out by Ai wars. t @lsWAeRXIS by -SJIliMSh qu a sZ hpaenrgf,o rTnt

ceshigo Inc.



ACKNOWLEDGEMENT

First, I would Ii ke to express my sinc
BendamRr,ofWu afor om t he University of Nott
Prof . Z i YWingbdGlastituter ob Muaterials Technology and Engineering,
Chinese Academy of Sciences f or gv &l ngbme asnudp eprrvoi vsii doinn
constgguctdianwee andtfhumondigmg@usewmgdr t

Many t hDarn kDsa otbgiDm . Y&Rug x DangCPRPeng, Li u, Dr
Dr . Mengjing Yangs bhepddDtedaclsar sXiien Chi
SciencebBaewmiieonsi ve Kmotwd vedlgteaiods prsnci p
knowl edge t o me

I wish to acknowledge the valwuable adyv
PhD period provided by Jessica Wang fro
Nottingham, Ni ngbo China, and Fang Yang
schlo, Ni ngbo l nstitute of Material s Te

Academy of Sciences.

Addi tional |l yoouts ptecs i faye a glbebadtE oasdpeng Zhan
Jinfehdgrh@e rmasts i sathn@mcevery stage We my P
often discuss the problems related to t
Wit hout t hem, I clanwoou!l o ilniikseh ctboh i tehaagnake sni
i n Chinese Acabllemd/amfLiS,cilkineceWang, Zhich
Meng, ZRmrng Qun Gu, Jiasen Zhdana@,ngSICiaxwi a
Yuf angiHtagn Han, Zi hao Xia, Shuncheng Yan:
Qi nrui Ye, R3h kywnafm®aloi,a ,aanmds peumt ed otgiemér e r
research teamgasMany nt soackalt e eAitilnan an
the from the University of Nottingham,

voltage | oss.

At the ll awtul d | i ke to convey my heart

Haochenzi Zhang, w hoor t eerdc onuer atge d p lamslu es ufy



journey. Il am truly grateful to my pare
support me to chase my dream and al ways

and encouragement are my motivation to



TABLE

A B S T R A G T ettt ettt ettt e e s re e et e e e bt e e e raeeaeans 1
AUTHOR CONTRILBUTLON. e eemre e ree 7
ACKNOWL EDGEMEN.T ...ttt ettt 8
TABLE OF CONT ENT. S e e 10
LI ST OF EL GURE. S et 13
LT ST OF T A B L E S et 17
LI ST OF ABBREMIATL.ONS. e 18
LI ST OF CHEMI CAL.NAMES. ... 24
(O I I = = N PRSP 29
I 0 T S o T o O T o A PO o Y 0 TSP PP TP OPPTPPPP 29
1.1 Backgr . 0Un. e 30
1.2 Opbenoeol taics applied..under..cu8door en
1.3 I ndoor or g.adn.i.c..phot.ov.al.t.ai.cs.....37
1.4 Key .c.hal. .l . eng.e.S. e, 39
1.5 Aim and..Obj.eCl V. B S 42
1.6 Outl ine. . 00 T h e S S e, 4 4
(O I I = RSP 47
Liter at Ul @ N ol Wit e e e e e 47
2.1 Literature..r.eV.d.ew..af...ORMVs..........48
2.1.1 Donor mat er..al.s..f.or.. . bi.nary..d4@vice
2.1.2 Acceptor mat.er.i.al.s....f.o.r....hbi.n. aE g devic
2.1.3 The research prog.r.es.s.. ot l.ebBary or
2.2 The progress of i.nd.o.a.r. Qrganlc .pbotovol
2.2.1 Principles to ac..h..i...e..v..e ...... hi.gh...29ficien
2.2.2 IOPVs Performance Characterization...........ccccceeeveioeeerciiieeeeeee s 6 4
223Li t er at ufr el QEEMSE...8 We.0 i 69
(O I i I = S PRSPPI 81
= A T o o 1o 0 o o Y SRR 81
3.1 I Nt 00 Ul O 82
3.2 Material.s..and..sol.v.enl. S, 82
3 . 3 A PP A B U S e 87
3.4 Materials d.es.i.g.n. nd..sy.nt.hesi.s..90
3.4.1 Understaafli agquha ed&f edepeofsfiitciioenntpr
organic photovoltaics to..harwvest..80nlight
3.4.2 Rational tuning of intermolecular a
efficiency indoor..or.gani.c..phot.ovobRaics
3.4.3 Al koxy substitution on asymmetric
efficiency in ternary orrgdindtci we.l\vB®I tcaedd s
3.5 Device..foabr..cat. . 0D e 104
3.5.1 Understanding the effect -edff isdewndnt
organic phot ovolhttaiacnsd taor..t.hiaf.rivceisatl..1sDubnglhitg
3.5.2 Rational tuning of inmher moladd iulnagr ha
efficiency indoor..or.gani.c..phot.ov.ollOtéai cs
3.5.3 Al koxy suhlgtiict uctoingjnugan eas ynrmecul e
efficiency in ternary orrgdindtci we.lla@8 tcaed d s
3.6 Char actd. e .z.al . 0.0 e 1009
3. 8-Vineasur emessunusidttye ndondi ti on, indoor
(o2 o T o o I TS A o T [ U U PSP U U U UU U RPN 1009

OF CONTENTS

10



ABhOQO>

3.6.2 Exciton di ssoc..at.i.on..ef.f.i.cileln0Ocy c al
3.6.3 EQE (external gua.nt.um.ef.f.i.clilelncy) n
3. 6 .-¥i SAVITEr €.ME.M L. 111
3.6.5 Transient photovoltage measur eme
measur EMENT ME a.S.U.L.eMENLiiiiiiiiiiiieeenenn 112
3.6.6 Charge mo.h.i.l..t.y..cal.cul.at.i.onll3
3. Phbitmduceeg achrarege extraction in a |ineart
(O I VA TSRO 113
3.6.8 Energy ..as.s..meas.ur.eme.n.t....... 114
3.6.9 Electrochemica.l..war.ks.t.at.i.anlldeasur e
3.6.10 Transmission el ectr.an..mi.c.rlolsecopy (
3.6.11 Atomic force mi.r.os.c.aopy..(.AlFIM) meas
3.6.12 Photoluminescence..Sp.ec.t.r.oslclorpy (PL
3.6. 13- Grca diemegng lved yXescattering (QIIWAXS) m
3.6.14 Contact..angl.e..me.as.ur.ement.118
3.6.15 Film t mitc.k.n.e.s.s...me.a.s.ur.eme....119
3.6. 1efTiimgert secondary i 08| M@i)s smespelct & mar

3.6.17 Accurate incident..l.i.g.ht..polwed meas
3.6.18 Flexibility and .me.c.han.i.c.a.ll2s0t abi | i
3.6.19 Gauss..a.n..c.al.cul.at.i.on. ... 121
3.6MH20ucl ear magHeNMB) repeaotnoscé¢py for s
..................................................................................................................... 122
. 6. 2bfTiigeht mass spectrometry.. (.IRQRR MS) f
o PR 1.23
standing the &effect of sediierct ealcy dep g
voltaics to har v.est..s.unl..ght..and.2883rtific
ST 0 0 T o S SR 124
(I T A o T O o Y O o T IR PPRRR 124
2.1 The device applied..under..s.uln2l4d ght a
2.2 The principal to achi ev.e..hilgzh PCE u
. 2.3 Different processing tecBHada)loaynd co
equential depositi-BHJd)b.ul. k.. het.er.olj2Onct i on
2.4 Objectiwe..of..  t.hi.s..wo.rK ... 130
Resul t s..and. . . 0i.S.CoUS.S.l.ON e, 131
3.1 Quant.um..cal.cul.at.i.on. ... 131
3.2 Photovoltaics ..and..phot.oel.eclt3r2i c pro
3.3 MO . phod 0.0 Y 147
LR o T« o O = T O o 1 o F USSP 151
(O I I = = S RSP RRSUPRR 1.52
Rati onal tuning of i ntermol ecul ar-efhidciiemnayn
indoor organ.i.c..p.hot.on.0l.t.@ai.CSa.. 152
S I VA o o TN o T O SO PP 153
2 1 N0 UGl Ot 154
5. Rehyuirement to achi.ev.e..hi.gh...RCE540r | OF
5. BuMmmandyesofgyn principle for..accehbbr appl
5. DedFign .s.tral g Yo 1.57
5. Db4d ective . .of. . . tlhi.s..wo.r.K ... 157
2 Re U IStCU.SEI. 0N 159
5.2.1 Quant.uwm..cal.cul.at.i.on. ... 159
5.2.2 Photovoltaics ..and..photoel.ecltér7i c pro
5. 2. 3 MO phiod 0.g Yo 181
5.2.4 FIl exi.bl.e . lLORMS ., 1.86

11



5.3 COMClilhSud Dl 188
(O T T o T O = T N 190
Al koxy substitution on asymmetric conjugated
ternary organic s eaddiratciedd sv.dlyt.a.ea.ulcak@0 non
LT A S R VAN o o T o N S = PP 191
6. 2 | Nt.r0d U Clod O 191
6.2.1 Ter narl.y. .St .lr.ad .Y . 1.92
6.2.2 Asymmedt.r.i.c...mol.ecul.es. ... 193
6. 2. 3 O Gl 195
6.3 Ra&Eemd|diSs.Coll.S.S 0D 196
6. 3.1 Quant.um..cal.cul.at.i.on. ... 196
6.3.2 Photovoltaics ..and..photoel.eclt9r9 ¢ pro
6. 3.3 MO p.h0l 0 g ¥ 211
6. 4 CONClilhSud Dl 218
(O I i I = = S PRSP 219
Conclusion a.nd..f.ut. ur e . . WO.L K. 219
2 R S T VA o 1o T T T SRR 220
7 . Material desigrand processing optimization for both indoor and outdoor environment
............................................................................................................................ 220
7 . Ndaterial designstrategy viar at i on al tuning of i ntermol e
i nteract ihingl fein@ibdnmny i ndoo....o.r.ganiz2photov
7 . Material desigrand ternanBtrategy..........uu uuurrrerrerereeirrrrsrsnnnnneenneeneene s 222
A = LU= o  EPPRPP 223
Bi Dl i Q.gra Py e 2.25

12



LIST OF FIGURES

Fi

Fi

Sc
Fi
Fi
Sc
Fi
Fi
Fi
Fi
Fi
Sc
Fi
Fi
Fi
Fi
Fi

gur BREL 1mai ntains a charctonoefershenhiefgheéesti e

research cells for a range of photovolte
[T I = o 1 SRS PRR 30
gur(ea)l.i.ngl e | ayer organic solar cells. (|

heterojunction organic solar cel.l.34 (d) b
rehd. Barameters are used to evaBéate th
[ h

gu

gurdalidPesw acquire power from indoor ph
condi®ti €Copyright 2018, Wiley. (b) Electri
application devidesw <wepgd! iuemdebry ia®dboaml i
Copyright 20218 .. Wil .Y, 38

gur ®utlpbta sopfecctlrfferent indoor | ight sour
(orange), CFL (dte€opyrhghogenlpbB8&e)ence
gurMdolledul ar structure des.i.gn..and4d8i med a
gur(ea)X.The working principal of organic p |
heterojuncti cdn.t eicad)u.r.cev.i.ceds...atl.c..49
gurlRolRyt2hi ophen e.....d..o.n..o.r.......ma.t...e.r...t..a.l..s.. 51
gurBD®2. @80l ymer d.o.n.o.r..ma.t.er.i.al.s.....51
gurdoRedul ar structure o.f..f.ul.l.er.eBb@ accep
gurMdolReSul ar structure of...lLTlLC..s.ebBes acc
gurdolRedul ar seruesumnecebhtdr..mat.ebbal s.
gurBhe@ .description of effective third mat
S A = U AU TN o Y PP PPPPRRR PP 56

gur éapPp. 8andgap of active materi al depend
di fferent lighting sources demonstrating
ambient 2o rChiptyiragsht ThOale%, rluBEB. i(nb)order
PCE for il®P¥Yooandkirghting-Feouricdeve(ls) ofhaeac
acceptors under str°d@apymidg wte ak0 1.0 uka tnwar
gur@ommi9ssi on I nternational de | 6Ecl airag
efficiency) famd!ty¥®onsy2rV(dgeh,tSp.r..i.n.g.e.r.6 5
gurd al. The EQE curve and (b) the normaliz
l ux florescent | anmplitoptylrd gdixt a @lleB , r eRfoegyra
chemi stry.phoct)o Dfelruxweand i ntegral current
iIIumit)atCiomn/er(tdad emi ssion power and int e
il 1l umi‘Capyongdpr i20der. . Nat.ur.e.......... 67
hemesyhthesi s-4F.o.u.t.e... t...o ..... I..B ................................. 91
gur®BH3NMR specstClum..of.. . T.Bo. . 91
gurBOB . Zpect4@lm..of.. .. . TB 92
hem&yhthesi s-SCbuba-8d.t.a.BIT.B.eeo. 95

gur® B.8SMR spectr um..o.f..c.o.mp.o.u.nd...6.97

gur® B.MMR spectrum.of..compound..797

gur® B.NSMR spe8Cl.um..af. . . T.B. ... 98

gur® B.EMR speSt.rum.of. . . LB .. 98

gur® B.NMR speetTrhuCih..of. . . BT R 99
hem6y31.t31.eticSrloLatnSﬂOchBr ...... T.Be 100

gur® B.B8MR speS$Si.r.um.of.. .TB. ... 102

gur® B.NOMR speS8i0r.um.of. . . TB. ... 102

gur €rh& . Ima.ss s plc.t.r.um...of. . TB ... 103

gur @h2. Ima.ss spRiOt.r.um..of. . . TB. ... 103

gur da 3t he. di agram of | TOcahibdprased amadk(b

13



i gurgeapnpvvy absorpti-bh ismpesdlrwat iodn TBnd i
t

i gur elfhe. s@.hematoifc rdetBddgirsae....S.D.........c........... 1

in an acti v eéf oarr eeaa cohf....sOu..b0cde.lclm................ 104
gurda) 3thd. fl ow charts of conventional BHJ
O O O T N == T~ PRSPPI 105
gureap.The emission spectra of AM1.5 and
PM6:-A4Bb} e emi ssionhegowkr pawdr.i.ofld12&D.
gurleuUMoOo2and HOMO di-&R.r.i.h.ut.i.a.n..0.f..1T38B2
guréayp. 8V cdwirFve (dbf) TBIMOsamd bHO-M®NndipéE) TB
Mol ecul ar str ucah.r.e...of..PM6..and..THB 33

i m
UWis absorptiondibpesectdr &l endPM6/1 MB wi h d
met hodsVi g cgbdid&rption spectra of PM6 fil m:
Nor mad i-ldVs absorption spectrdak.of. @&t il
r

i gurEaiWcharacteri siFcprotePBdaBddIIDnde

AM1. 5JiVEbaracteri s#diFcsprofceBME d BBBIHISD
under LED i.l.l.umi.na.t i o e, 137

i gur®hd.6orresponding -EREpsepeeBdhdadd PRIDB : T

BHJ under AM1.5. ( H)uxPh.ocoetDo n 3f0l0Wxk )o vaenrd 1t ChCe
integratedidyr rsepric 4da O&IC.s.P.M6.....T.B....1 39

i gur®hdt @dn f | ulxuxovleED 1(030000 0 k) and the cor

current densityFs @pP&ECs.r.a...of....RM6...T.BL 40

i gurkRL 4s®Bectra of pristine films and bl end

at 770 #AMm f(bdrn , TR.e.s.p.e.c.l.i. el Y. 1

(=Y

TOBSI MS depth plo#d¢$F basBeHIh.&DRP.M6. ... 1L

4
i gurEa@4-SAOFS resul t for sequ)ratmeaBIHS(pM)ocessi
B
4

2
2
PheEBLI V curvegtFobaBMe: OBE s -BiHhlb raincdat e d

1
- = T c wc

- Q@Q@O0OO0 = T

e a4d. ID’2e.cay curves from transient photo
tocurrent deddyrinitghed eBagnheldaDddaytcd
m transient photovoltaic spectroscopy.
ht tueSed...of.fat O 146
€l he. WE.pedidimelddifd) on | ight intensity
OSCs and SD-4Gs.Cs....a.f....l P.MG........ T.B...... 146

e( adpEt ér sAIHE ot s of tBHIo @EBdHMISORd M6 :
F OSCs. (b) The <current density (Il og
ti miBHedd a@d SD OS@d funrd éreN&d:dhTeB current

i near fswnacltei)onasofa the volt-dgeufhder (&8r k
Lo I S o T ¢ B O PP UPP PP PTRRPPPPPPRN 147

r @adpph@ddgge AFM hi hi)i noafg eSsD (®SECHJ (@9 Csan d

) of -4PFM6 :TaToBllien dFM pha8¢l )i mdgesSsd OBCs (c)
HJ OSCs (d¥3Fof (BEM62DTBI WAXS i mages of n
and bl end fiGBtsl o0SCED oHFsMEdE ) dT 81 WA X S
ensity propi aere @adongedaifhled men) ( samldi do ul
L o A O o T o O~ ST PPT SRR 149

e apphé&dge AFM hi g2h §d mafgesed 2 PM6 in fil
F in fil amo(dbe) .A FTMVa ppphiangge )i noaf g ense a(t2 PM6 i |
andd eiant fTBL.M..(.0) e 150

€FrEM Tof. SD OSBHI (@S Csan(db XCFEL.o.r......RPING6O: T B
bedul es desi gn..s.t.r.at.egi.es..f.or59 OPVs.
&.R2rontier molecul ar -CIbia-Bad1sBB bt ai n
&doBetical calcul ation of thhaet ifidret r a mo
ule for acceftld ds.phas.ed..on. . BBLIYP/ 6
&.di.pol e moment f or -2tThheCl8ICoTIBa-niwho T&c u

c
e I

S TMWOoCO—0T WEc

QoY aoaTh~ArONmMQ OO0 JQ mQ T T Q NOQ
5D Lo

cocccco@ec
= = = = =

Mo
Bh
Eh
ec
Bh

Q3

14



a
i gur e&IBVAXE. i mages -pThClh) PMBEBWM®amnB -(c) P
n

EV 5t &st -SO®Ir, (-&b) (TERABT BCTIP, and..(.d)68Fc/ Fc+
g a. absorption spectra of neat donor &
i mabgqdr)pti one nsdp efcitirms o2 D hbCIPM6B ®IGPT8&n d

Y G S = SRR SUPRI 169

ur ¢ aBvclulr.v ©P Vef fabri cat-2Th bdly, PEMSG6 ,BTT&n d
M6:-SB (b) EQE curves of..t.he..car.rlefsOpondi n
ur epided2rves of .t.hr.ee..dewxi.ces....171

ur el’s/. 1c3urves of electron (a) and hole (

ureheé&.besults of the®CltafabTBdmment pank
or the asymmetric structures, th®8Ce are
e for syr@metCrli.c WBTHhin erwgpatckpeng, oft hei m
tronger bindin.g..ener.gy..i.s..ado.p.t.eld.4

urgt &moél. BF&ITsh Cd-E§CIT,B &n.d....T.B....ccoiereeeee 165
ureapb. ESP value f-The€lsQlT,Bteédnd lfB BIP ar e
i stribut2TomGI-SCAT,BBEMdd (cB ESP-2ath CP-M6 TBBTF
[ 8B B 166

renédr gy | ev e I2sT hCflI-SEMEB, £EB.A.RP.T.B........... 167

r

r

I

i gureh®et dgorated incident power of 1000 | ux

..................................................................................................................... 174

gur d np.ult5.photon fl ux and i AtEeDgraat e2d0 Oc, u r5r0
1000 lux fo2TlKal, PMBICBFR&GnNTB-$chaPdMéd: ddBvi c
TS T = o B VT 174

gur eT h®vdworves under indoor conditions wit
intensiti ePsM6baBTEHUClon ()| P MG .cTSR.P.M6:5T B
gur e aBy.#lah.d FFber sucantleinghhtOydi (mOA Icumnder sol a
ST MU LB e 0 et 176

gur e( ab. 1T8h.e dar k <current density for the
density (linear sbel v)ol asga fomcbienmnded
(o3 o T I o OO Y O o 1 OO P TP TTT PO 177

gur eNos.nla9-EQEdarsd EL specBS5Ch, ofbSaRMdPMEBT
EQEspectra of the c.or.r.es.p.o.ndi.n.g..dledvi ces.
gur e abh. 2A0hhM hei ght , (b) phas2eThlc) (TdEM AiFn
height, (e) phase, £C).TEM)I maeheofh hPM6
TEM i mages-Saf...PRMB...T.Buiiiieec e, 182

i gure(ab). 2@r.een field

fluorine madThd),
PM6:-§@I , andS PiMBs efrdB f i | ms. (b) green
acceptor PM6mM&BIMMAh Cdf andSCRMé:alsBd f il ms. (

f o
fi

c

carbon map (C) PM6r RWHkCIl ¢ {PiGl6mM TMJdS PM6: T
n

M

r
e
)

B

based fil ms. Red field means...e.l.eneBmt c n
6
p

S. (d) scattering intensity c.ur.v.el8dbf i

i gur 661 BNAXS. i mages of2T(haQl ,/BSM6c,) HEd)).B BB
i gur eTh®vewrve flexible de&viuvmaebadedke ad | VG

(a) AM1.5 -amx (BDJdi@@®P pee f or mance versus
radius) {SormaRMa: TB.ex.i.bl.e..dewv.i.ce..187

i gur@®pti mi. zed mol ecul ar geometry, energy |

of the fr ontiSi e-HBp-SB®Bt sa nf-doGB.TIFB............. 197

i gur€@omwmf @r mati ons of M1, M2, and M3 at t he

A N A 2 D e et ——————— 197

i guwr.ega) Chemical structures of host syst

asymmetric aeSce@tBr sa-5fd@ rTaBTB t he conf or ma

15



r
g
g

i gur@vV 6t &st fc9,
g
g

otamer for MIl...M2.,..... and. . M3. ... 198
6r8he energy IeveSIsS’IBJ-S'ECBofanFHMBB'I[IETEB
6r.& Normali zed absorption .s.pect.r.da96f al/l

(-@)0)581?:5(-31;3)3, TBe) ..F@0 Fc +.
ureheé.&dnergy | eve&l s-IB) -6T®B, o fa nRAMIGB, 2 PTB
ur@ommt 8ct angle test of all neat fil ms b
..................................................................................................................... 201
gbr.® Jcurves of devices-eCabr PEACBEIPHY P M6
PM6 : BTCP -ST1B and -ePQMG-SHEBILP ( b) EQE curves
correspondi JWc udrevvei sc eosf. d(ecv)i c e sS,f aPoM6i:cTaB e d
S1, and-SEM6 :(TdB EQE cruersvpeosn do fivgt( hdep dcaaore s .
(f) depending on the wvariati.on..of20l4i ght i
gur epnégludr.ves o fe COM6 :PBEGRIB-FTPB P Mée:CBOT-PT B
S1, and -ePABE-STRBLL.P.......ooeiiiiiiie e emee e 205
gur el’é/. Iclurves of electron (a) and hole (
..................................................................................................................... 207

gur €T hee. md.r mal i zed ELE Q@K ds @ eécet rnao ref@9 (i az)e dP N
(b) PAMSCB-SB (c) -PGMMB:SBEEP and (@COPIMB: BTP
O TSP O PP PPURTRRRR PO 20

igGré3khectra an&EQEovmaluieseddGq,a)( PIM6P BET:PB T

eC9:SI\B (d) -PMM®:SBBP and (eC9PSMB. BTPg). EQE

values of the devices. (f) TFehG9 PalLn ds pteecrtnraa
device RO -F®BP (Cdh)emaéatic diagram for ener
..................................................................................................................... 209

i gur €T hée. led4v.oNMgedo f o RME&fCOT-8TIB based ternary de

varying the bisda.d.i.n.g..r.at...a..o0f..T.B.210

i pur6( &kh.e PL specQ9-8MB ff iBTAB with different
S0, under 550 nm | ight ex-eC®9aSriBadn .l (nbs) wlihe
di fferent -8bntemdesr 0450Bnm | ight excitati

eCOB-ST films with di-SfevedercdbOenm$lofhT B

i gwr. elABFM hei ght i mageesC9of ((ba))e EANGSET, BBITPE )

P M6 : BTCM -ST1B and (&) C9OPIWBABFT™P phase i mages
PM6: BTCP , (f) ePMEBLBTPg) -PMB:SEEP and ( h)
PM6 : BTCP -STi8. TEM i mages o-eCY,i) (] )-PNrEV6B TBP
eC9:SI\B (k) - % :SBEB P and (-¢C9 BSMB...BT.P213

i gur eGIBWAIX’S. i mages of-Ec(9a) Pavie$ ( (kb)) aBiTBe d f r «

previ ot(sdwdTK)an®1d.e.)....T.B i, 214
gbr a4 8@dptl ane-pamdchei hinecut & teefr nsD f@IrWAXeSa tp ¢
and (b) blended films. -EGCWAXEd)e@dBeBBE &f (
S, (e) PM&CORM®W: BAPd (-¢¢C9 SMB..BT.RP.215

16



LIST OF TABLES

Tabl eBinar.y OPV performanc.e...under...AMl4d 5 conc
Tabl eTez.n2ary OPV perfor manc.e..under..ASB . 5 con
I

Tabl ecu2.I3based | OPV performance..underrl di m | i
Tabl eNo2h.udl.| erene based | OPV perfar.mam8ce und:e
Tabl eTez.nmmry | OPV perfor manc.e..under.. 80 m | igh
Tabl eLi3s.tl.of materials for device f a8b2ri cati c
Tabl eLi3s.t2.0f materials for synthes.i.s83and t he

h
Tabl eLi3s.t3rafmeintsatt i ons and t hei.r..cor.8&dspondi
Tabl eSDBHI. photovoltaic parameters of device
CF solutionf) (wa.sb osamgiendnl at di f fefrentn sCFeed
solution?!) ( Wwa snogapgield at 3000 r pm..oh3%5op of
Tabl eSDBH2. photovoltaic parameters of devic
CF solutiop w&scbosaperdmlat 2500 impmFarmsdl UR
di fferent concemtreadt aon 3W8OP s pimn.dB5t op of
Tabl eCBHI3 .photovoltaic parameters of device
PM6:- 4B at di f fher eemtn creanttiratii.m.nt...0.f..186 mg ml
Tabl eCBHJ .photovoltaic parameters of device
PM6:- 4B at the D: A ratio of .l..l.2.w3ah dif
Tabl eThde. 5t.hi ckness of active materi al based
OPVs proceBHlkdaBddd S D es.p.ec.t.i.v.el.y..136
Tabl eRedv.er 8€lJSPhotovoltaic parameters of de
TB4AF in CF sol %tiwas (fliDostgeymlsapi 000 r pm
substrate and PM6 iYn iOF GFo |lsualiuwtni on7 .vwa smgd

e
[

rpm on #Hdp | @Y. B 136

Tabl eThde. 7Tphot oel ectr i c adlF phaarsaereitbenadtidd fC P M6 :
[V o T A Y/ O 137

Tabl eThde. 8phot oel ectri c adlF phaarsaereitbenadtlidd fC P M6 :
Under ALEMO....l L X e ceeeeceeesnene e e 140

Tabl ePh5o.tloovol taics parameters of t.hé&70OPV cel
Tabl ePtbat2aovol taics parameters of the OPV ¢

di ff@grmanti nlLie.n.s.i. Ll €.S e, 178

Tabl eDett.a2b.t €fdor t he QPRM..deV.i.C.e.S.... 206

Tabl ePh6o.t3o.vol taics par 208Ot-F¥Bs batcetdhéePkar BTE
withedieht doping ratio..under. .., AML.2D6i | | umi

Tabl ewndéfdor al |l bi.nar.y..deVx.i.CES .. 210

Tabl eThée. 5d.i ffraction vector-"fgystaakceesaat &\
crystal correlation |l engths (CCLs) of nea
al ong wiptt mneutd.i.r.e.cl .0 ... 216

Tabl eThée. 6di f fraction vector (gq) values of d
crystal correl anéatn flielnms hand CtChhes )biodary
al ong -pMiarhe idu.r.e.C.l i 0. 217

17



LIST OF ABBREVIATIONS

Abbreviati on Identification

e Wavelength
The charge carrier lifetime

C Light speed

Exciton dissociation /charge

aisd deoll . .
collection efficiency

h Planck constant

A Effective area

AFM Atomic force microscopy

AM1.5 Air mass 1.5

Asymmetric norfullerene/
ANF/ ASNF (A-D1A'D2-A)/ ATNF(A1-  asymmetry skeleton typed non
DA'D-A)) fullerene/ asymmetry terminal type

nonfullerene

Bulk heterojunction, conventional

BHJ/GBHJ
bulk heterojunction
CA Contact angles
CFL Compact fluorescent lamps

CVv Cyclic voltammetry

18



DFT

EOX
EQE

Ered

EFTEM

ETL

ESP

FF

GIWAXS

HOMO

19

Density functional theory
Elementary charge

Light power spectrum
Oxidation potential

External quantum efficiency

Reduction potential

Electron quasFermi levels

Hole quasiFermi levels

Energyfilter TEM

Optical bandgap
Electron transport layers
Molecular electrostatic potential

Full width at half maxima

Fill factor

Grazingincidence wideangle xray

scattering

Highest occupied molecular orbital

Reverse dark saturation current



Intra-CT/interCT

loTs

IOPVS

‘0,0 And Oj

IPV

Pin, Pout, U ,0

PCE

P(E,T)

20

The intramolecular charge transfer

intermolecular charge transfer

Internet of Things

Indoororganic photovoltaics

In plane profiles from GIWAXS

Photocurrent, photocurrents under
AML1.5, indoor illuminance

conditions

Indoor photovoltaics

Boltzmann constant

Input power Output power,
illuminance intensity under indoor
environment, the illuminance powe
of solar spectrum without infrared

region

Power conversion efficiency

Exciton dissociation efficiency or

probability



PET

PhotcCELIV

PL
PSCs

PVs

TPVITPC

0/0 /o /Jph/ Jlight/ Jdard Jsat

Jsc

Jcal

21

Polyethylenderephthalate

The photeinduced chargearrier
extraction in a linearly increasing

voltage

Photoluminescence
Perovskite Solar Cells

Photovoltaics

Elementary charge

Transient photovoltage
measurementfansient photocurren

measurement

Reverse saturation curre
density/current at the point «
maximal output powemaximal
current/ photocurrent/the currer
under AM1.5 illumination/ the
current under dark conditionthe

saturation current density

Tested short circuit current density

Calculated short circuit current

density



LEDs

LUMO

NMR

OOoP

OPVs

OSCs

Rs

Rsh

RMS

SCLC

SD

SVA

TA

TEM

22

The coherent lengths

Light-emitting diodes

Lowest Unoccupied Molecule
Orbital

The idealityfactor (assumption as 1
Photon flux spectrum

Nuclear magnetic resonance

Out of plane profiles from GIWAXS
Organic photovoltaic cells

Organic solar cells

Series resistance

Shunt resistance
Rootmeansquare
Spacechargelimited-current
Sequential deposition

Solvent annealing

Time

Cell temperature

Thermal annealing

Transmission electron microscope



TOF MS

TOF-SIMS

Voc

Veff

Spectroscopy and timaf-flight

mass spectrometry

Time-of-flight secondary ion mass

spectrometry

Photovoltage

Voltage at the point of maximal

output power

Open circuit voltage

Voltage loss

Is defined ad/o-V, whereVo is the
voltage whenJpn=0, andV is the

applied bias voltage

23



LIST OF CHEMICAL NAMES

Abbr evi at i Identification

Al Aluminum
BDT Benzodithiophene
BTA Benzotriazole

2,2~ [[12,13Bis(2-butyloctyl}12,13dihydro-3,9-
dinonylbisthieno[2",3":4",5'Tthieno[2',3":4,5]pyrrolo[3,
BTP-eC9 e:2',3'g][2,1,3]benzothiadiazoig, 10
diyl]bis[methylidyne(5,6chloro-3-oxo-1H-indene
2,1(3H)diylidene) ]]bis[propanedinitrile]

BTR Benzodithiophengerthiophene rhodanine
CB Chlorobenzene

CF Chloroform

CN Chloronaphthalene

Cl Chlorine

Poly(2,5,2' 5'tetrahexyloxy8,7-dicyanadi-p-
phenylene vinylene

CN-PPV

(5z,5'e)5,5%(((4,8-bis(5(2-ethylhexyhthiopherR-

yl)benzo[1,2b:4,5b"|dithiophene2,6-diyl)bis(3,3*
DR3TBDTT dioctyl-[2,2".5',2 terthiophenep",5

diyl))bis(methaneylylidene))bis{8thyl-2-

thioxothiazolidin4-one)

24



ICBA

IDIC

10-4Cl

ITIC

ITIC-4HIT-4F

ITIC-Th

ITO

Fluorine
Hydrogen

IndeneC60 bisadduct

2,2-((22,2'2)((4,4,9,9tetrahexyi4,9-dihydro-s-
indaceno[1,20:5,6-b'|dithiophene2, 7-
diyl)bis(methanylylidene))bis¢®xo-2,3-dihydro-1H-

indene2,1-diylidene))dimalononitrile

3,9-bis[5,6dichloro-1H-indenel,3(2H)dione]
5,5,11,1}tetrakis(4hexylphenyBdithieno[2,3d:2',3*
d']-s-indaceno[1,2b:5,6-b']dithiophene

3,9-bis(2methylene(3-(1,1-dicyanomethylene)
indanone)5,5,11,11tetrakis(4hexylphenyl)
dithieno[2,3d : 2-@;sthdaceno[l,2b:5,6
béd]dithiophene

3,9-bis(2methylene((3-(1,1-dicyanomethylenep, 7-
difluoro)-indanone)5,5,11,1tetrakis(4hexylphenyl
dithieno[2,3d : 2-8 gsBndaceno[l,20:5,6
béd]dithiophene

3,9-bis(2methylene(3-(1,1-dicyanomethylene)
indanone)b,5,11,1tetrakis(5hexylthienyl}
dithieno[2,3d : 2-d @gsndaceno[l,2:5,6
bé]dithiophene

Indium tin oxide

25



MEH-PPV

MgPc

N3

P3HT

P3HOT

PBDB-T

0#" -

o#" -

PCDTBT

PDINO

Poly[2-methoxy5-(2-ethylhexyloxy}1,4-
phenylenevinylene

Magnesiunphthalocyanine

2,2-((22,2'2)((12,13bis(3-ethylheptyl}3,9-diundecyt
12,13dihydro|1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5'|thieno[2',3":4,5]pyrrolo[3,2
gJthieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;6fifluoro-3-oxo-2,3
dihydro-1H-indene2,1-diylidene))dimalononitrile

Poly(3-hexylthiophene2,5-diyl)
Poly(3-hexyloxythiophene)
Poly[(2,6-(4,8bis(5(2-ethylhexyl)thiopherR-yI)-
benzo[1,2b:45b 6 ] d i t h-altd5pp 4 dd-B O

thienyt5 6 sbig(Bet hy | he x vy Ic):bdebn, z
co6] di t HBdiopd)]e n e

[6,6]-PhenytC61-butyric acid methyl ester

[6,6]-PhenytC71-butyric acid methyl ester

Poly[N-9 -Ngptadecany®, 7-carbazolealt-5,5( 4 Mji- 7
2-thienyt2 Nj, -theNgotBiadjiazole)]

3,3%(1,3,8,10Tetraoxoanthra[2,1;8ef:6,5,10
d'e'f]diisoquinoline2,9(1H,3H,8H,10Hdiyl)bis(N,N-
dimethylproparnl-amine oxide)

26



PDTBTBZ-2Fanti

PDTSTPD

PFN

PEDOT:PSS4083)
or 4083

PEDOT:PSS
(PH1000)

PM6

PPDT2FBT

Poly[(5,6-bis(2- hexyldecyloxy)benzo[c]
[1,2,5]thiadiazole4,7-diyl)-alt-(5,5%(2,5difluoro-1,4-
phenylene)bis(thiopheB-yl))]

Poly[2,6-(4,4-bis(ethylhexyl)dithieno[3,:2',3"
d]silole}-alt- (1,3-(5-octyl-4H-thieno[3,4c]pyrrole
4,6(5H)dione))]

Poly[(9,9bis(3*(N,N-dimethylamino)propyk2, 7-
fluorene}alt-2,7-(9,9
Dioctylfluorene)]

Poly(3,4ethylenedioxythiophene)
poly(styrenesulfonate) for HTL application

Poly(3,4ethylenedioxythiophene)
poly(styrenesulfonate) for FTE application

Poly[(2,6-(4,8bis(5(2-ethylhexyt3-fluoro)thiopher2-

yl)-benzo[1,2b:4,5

BO6] di t h-alte(h5H el rodi-Bifdenyts 65 7 6

bis(2zet hy | he x vy Ic):bdebnbzbod[i 1t 6h,i 2
4,8-dione)]

Poly[(2,5bis(2hexyldecyloxy)phenyleneglt-(5-
fluoro-4,7-di(thiophen2-
yl)benzo[][1,2,5]thiadiazole)] (PPDTFBT) and
poly[(2,5-bis(2hexyldecyloxy)phenylene&dlt-(5,6-
difluoro-4,7-di(thiophen2-
yl)benzo[][1,2,5]thiadiazole)]

27



PTB7

PTB7-Th

Si

SiC;

TOL

Y6

Poly[[4,8bis[(2-ethylhexyl)oxybenzo[1,2b:4,5
b'ldithiophene2,6-diyl][3 -fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[34]thiophenediyl]]

Poly[4,8bis(5(2-ethylhexyl)thiopher2-yl)benzo[1,2
b;4,5b'ldithiophene2,6-diyl-alt-(4-(2-ethylhexyl)3-
fluorothieno[3,4b]thiophene)-2-carboxylate2-6-diyl)]

Sulphur

Silicon

Silicon dioxide

Toluene

2,2-((22,2'2)((12,13bis(2ethylhexyl}3,9-diundecy}
12,13dihydro[1,2,5]thiadiazolo[3,4
e]thieno[2",306":46,5"]t
gJthieno[2',3".4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;6fifluoro-3-oxo-2,3
dihydro-1H-indere-2,1-diylidene))dimalononitrile

28



CHAPTER 1

I ntroduction

29



l11Background

As the economy <continues toradewalkle a
resources such as fossil oi l and natur a
newabl e energy sources l 1 ke wind p oV
ot her mal egedgyashavghémerfficient al t

ergy needs and ensur i nSgtivabsh cavph utnldatnt s &

S5 S o O

ergy 1 s interindhaegalonal i ¢r matcionder icehre eragny
rectly wutiwiitzheodutbyr estmamt 0o a.tSiod msf ac i
nergyi mesxhawwesti bhasi deal wike el ntigogngp aar devda n
ith other rendwablseo| domeredigd® hbgleep clalyy adi at
rom sun itso 8tOheemi d\d rstohniwkkii ¢th enoughogfeor tt
al | man2l)hed geogr aphi cal di stwr idiemd i ohs of
util i zadanweniikeshd . s I1339r energy 1s 100% c

- £ ®© o ®© o @

friendly to the envirenmrment and i s sust

Best Research-Cell Efficiencies ] NREL

ells (2-terminal, monolithic)
d

ooerepool

w
]
T

n
)
T

N
=
T

Cell Efficiency (%)

e FOA 220PLS.QD)
| T 1o Lo b e b e b e Lo Lo o Lo Lo T R
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Fi gur eNRE.L1 . maintains a chart of t he h |
efficiencies for research celpllsotftoerd & rroc
1976 to %the present

According to National Renewabl e Labor a
five types: cryswualhti oa SiaAscsel Imsijitlem mal

30



technol ogies, Thlkedgeeet gecibgePVsEeoaent pho
technddoghesn s umngaurriez €ld 1i n

The first gener ati o-baodd,sodmd tcledy sc a
monocrystalline or polycrystalline. The
over 22% and excell ent l ongetvi dgvelfo@2sd
technol ogy c¢Gr rHeonvte vye raavcahi nl easbeddes ucho hi gh

the production of these solar cells call
a thicker silicon absorption | ayer, w h
production expense. As a rr efgiarhsety amaon P
cells are being researched and produced.
Cadmium telluride (CdTe), and copper i
mai n tvypfeisl nofsotlharn cell s that make. up th
These sol ar cell s faomrdasbubestamdi &lalpy b Ime

absorption even with a thin photoactive
increased efficiency and us,s o006 famsthmev h esa v
hi gthenrf orf mangneenxetr ati on PV technebwovgyal Ho
environment al ri sks. Al though CI GS sol ar

much thinner photoactonwneti learearr,i tiyt ansd it

indium and gal l i um.
Te third generation of solar cedhd, whi
perovskite solar <cell s, I's the most rec

cells could eveingeiméeidsytlirbeaplaac es otl taee cel |
mar keMosgenkratdi on solar cells are now
researchers |l ook for the 1ideal combi na
out perform t he Thepata ditvvaon t gaegneesr aotfi dnosw. c o
|l i wkt ght, and roll to roll | arge area pr
to transfer irradinande ?Wiottheitnectrhddé gahep at
of solar cell  (PhE&sbowkhitegheol paer cet mMance
and Icower t han o.r ghharn ci sotlance,el OSCs have
efficiency (PCE) above 18% BG6H &5SC285ha%
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However, the theoreticalQuwadlssE® r ddofdienled
which i s basedf odet diel od ilmxli phee equat i

device to the particle flux (photons o
maxi mum achievabl e-jR@QES | ®fn Awaorbiaadu s gd it reg |
SQ framewor k, photomvyobdtai anabhmecoonduadbts®
energies bel ow their bandgaps (Eg), an
bandgaps also suffer from partial energ
charge <carriers, | eaving afounghdobwvolt
devices. The maxirmumympdssildlye bel ow t hei
recombination is assumed to be dtelve cemrsl vy
may wundergo because doing so is necess
equi |l IAocioumhi ng -Quoe iSshsoecrk Ileiymi t , t he i deal

b
3
b

andgap energy for an AM1.5 is around 1
3.12CG mpared wi trhg areirco yeedisaesahosage t hat
andgaps are t uwdlelca |l Ayl esmddiiadfeysiinges bandg
hat cl| osMorteocO/beC8noe¥.i nuously optimize
0 enhance exciton tdriasngsa ceifamoiobnidi eand v e ¢
ecomb.iThatriecdIoCsay er epl aceabl e advantage
ttentions.

I ndoor artificial I ight can also be ut

tructure useAds ftohre snoalrékrette noef egloyab®d s T(he .ng.)

ensor s, w aatt colress,, rcearoctue contr ol , hear i
el atively mild indoor environment rapi
nergy harvesters to supply continuous
as emehregreedf.or eeffi @R ®onnteleynt not only sol a
rtificialproVvidedeathbeéor pt ioorngasipectnrautne r
ppropr sac¢eorcaivreg i | | .\Rmicreanttwidt s pelcé r a mnt
evel opment an@®PYgttihmi zPaCtEi oonf fsarngl e j un
9 % Wundseurn 1i | 1'd miFroat itchre i ndoor energy h
rganic indoor photovoltaic cell +has ex
ux PED
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To furtherPGBnfpr ONE¥s t hehree | i mitations
active materials do not have suitable ¢
utilization of the emission spectrum of
severe vol t aagrea d eoastsie edouneb itnoa tni oonn ; and (3)
exciton dissociation and free carrier t
and -itrdapced recombinati orf.i riSa vayy e rmod e utl
should be desi gned basnodr bs ytnhteh epsh azteadn st oo ff
spectr a, and narrow bandgap material s

appl i cwhteirwmimsa n dmgatper i al s houhde nb & heearlriig
source iIs switched fr ommsmladnre cio/meldwgi n at
processing technol ogy tomi tiegateaydisatriawva
l oaxnd enhance cewhirtchr canaesapchtritintgat en

mor phahwigys aohit edlgyahg@agedl oasriert2recom
Thirdternary strategy is treated as ea
Thr ought thelpiirndg acti ve materi als drhlea mpded
due to the complementary absorption spec«
the morphol ogyalodg ptdiemii zeed tchamowbgeh dopi ng
so that the extraction of carrierme.and

Thi s cwialplt esummari ze t hel ewsor ko pachicep
per f or macnhcael,l cetnrgdersgani ¢ photovoltaics ap
i ndoor ejrwisrpeenBtasndal yn the briefly intro
t heei m and objective of my wor kswithel i mpr

proposed.
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1.@ gani c phopgmwlviodd adrcesev i nonh oot
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Single active layer /
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Acceptor
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The third
component

Acceptor

Active layer Donor

Binary Ternary

Figurea)l.ingl e |laeglelrs.or(gm)nicowsmlliearl ayer

(c) bulk heterojunction organic solar c¢

Tracing back té&i y9b8,tla®@ ashmwmiwinestin OSCs
structure were made of Maglicchdyradyl Ktesar

during excitons di slsoow iRPAGH .o nQv erre stuhl et innegx

there was little innovation in the fi
breakthrougbrwaPDemagd Qi by Or gafmi Ko dnak er i
I ©®SCs8er e mainl ywiorlyahi ghdyesible I ight
Deng applieldN jbectden of Pnorganic sol at
cell, fabricating a new structure of <ce
Figurg Xodlper phctheldoapamiomer amandd eder y |
as acceptor, which had the PCE approach
stilblehlsagl-basad solar cells, the Dbilayer

whilkrmhowmew hope ebearch of OSCs. Up to no
t woayer heterojunction is st@3Cs one of t

Lat er, Dblaliseeyde ronhetheer oj uncti on structure
as shbwgaikemerged. The concept of dAhybri
ai med at solving the | imitations of e xec

phot oel ectri c ¢ odnovuebrlsei olna ypereoxcseostsa n slcne hah
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separated iegitdhre eawnarertflacegh the interf:
of omparerasala | arge area. Excitons gener
often recombine before they diffuse to

mobility of orrgraingrc wraitcelr i dil sse@iaatl ¢ ai
recombine during movibgngowaftigsitdhre leé reg
carrier |Imaotitl itthesphotoelectric convers
struwhiuwden be bohkeéedr by®8rd)Tihoealsloed A mi xe
het er oj unmwitxihen a oinsort anat er i al and -t he ac
evaporaticomatongsmenhod to make a mixed

form a single regionons phedwmeceadnagt faihyn
di ffuse to the interface in a short di s
i mproving the efficiency of charge di s s«
holes formed at the i ntdeer fianc ea csaoratl esro
compl emehor ttdgearofi droHeno B8 Bit rywcture att
mor e amaesm@Edreahterent i onBHJ craenc ebnet  cyleaasrssi. f
categories: binary and ternargormsgygrstamd.
acceptor material. The donor absorbs |
material, which then transports the el eq
current. Temmadmyeswstdem®r material, an

component , which can be a small mol ecul
functions as a bridge between the donor
di ssociahaoge atemdbermsyf drmproving the effic
OPVs.

As shdowmudi3re the photoelectric properti
four parametwerd.,hewhipem arn, & c(ud urdreehnstv 6yt a
in the conditi &f( offdcdlant, a@inrdc uRQE ,( pow
efficiency).

(1) v is the current densitiwhen extra electric fielés equalto zero. 0 depends
on the number gbhotonabsorption, the efficiency of exciton dissociation, and

the efficiency of carriersd6é transporta
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strategies to improve the is adopting suitable materials of both donors and
acceptors to cover the spectrunlight source.

(2) w is the voltage when current equals zero. In other words, when external
electric field is equal to buiin electric field, free carriers in the active lapee
all recombind.

(3)FF =10 @ /0 @ , which represents the ratio between the maximal
output power and the product of short circuit curgsrisitymultiplied by open
circuitvoltageFFi s deci ded by the competition &
and recombination. Recombination mechanismgomprise bimolecular
recombination and tragmduced recombination (ShockikReadHall). The
tradeoff between thghase separation and crystallinity is an effective way to
generate interpenetrating network morphology and thus increabé€ tfidnere
are sgeral processingnethods to optimize the morphology of active layers,
such as solvent anneali(§VA), thermal annealin@l'A), sequential deposition
(SD), additive type, solution concentration, and dissolving temperature et.al.

(4) PCE describes the maximal output power divided by the input power, that is
PCE=0 ® FF/0 .The better PCE means the higher photon utilization.
The 0 for 1-sun illuminatia is 100 mW cn?.

J, FF:Jm ax* Vmax/(JSC*VDC)

pmax
104

Current density (mA/cm’)

-5 T T T T 1T T T T T T
00 02 04 006 08 10 12 14

Voltage (V)
Fi gur®Bhd.@arameters are used to evaluat e
OPVs.
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he prospects of OSGbsa sseud psacsisa rt rcaedfiltsi oinna
n | aboratory, standard testing conditi
un with an imWtcerissi tynioferisted |y adopt ec
hotoelectr©O8Croperties of

However, photovoltaic technol ogies can
uch as traditional solar plant s, house
ofpaower ed transport atdieon,celsutt oalusta | fi are

ources comprising wearable solar technt

escr iFhegdidacd®° The definition of 1o0Ts i
ommuni cation between unique identifier:
nternet . Real ti me data and digital T

hrough terminalhdmemwvnictesr,s searsdrsqg dre,alu
mart home, factories, retail nuendnidor s al
pplications which hgeredi ndgpendeabuaddnbt
o oper at e.-s &dod crheaprbgpecaelelneEn@es t hat dri ve i

t i nter-a@ai ematsi cnoannd wunintelligent. Th
uppl ement via indoor photovoltaics (1IF
i ghting source is® heNemesrmoysiant adhiceneat

eemrcad heutphotoel ectric properties of

arameter sw ,WwhiFchanmd ePCE, which are exac
expl aseetdi.dgifhe artificial i ndoor- | ight
mitting diodes (LEDs), compact fluor es

37



i ncandescent
Il lRisgautae dthei opti cal
di stributed from 400 nm t

ar e

of

| i ght

human eyes.

rendering and

The

bul bs.

det ai |

intensity.

The spectra o

spectr a

o 750 nm,

spectrum

for i n
whi ct
i s d

(a) (b)
Sensors Wearable Electronics
o A
«\ 10W~t- Tablets
< g o ‘ 1W~1-Cell Phones . :-E:
Internet of Ty 34 S
~ aOWer J, 100 mW—- MP3 Pla 3 >
Things \9”‘ 9\1!50 "doo \ s v -
WN2Ocgis R 10 mW—- Bluetooth 5] 8
Biomedical -
Treatments 1 MW~ Mini FM Receiver K
% o
100 - Hoaring Aid
= Remote Control
10 uW~t=RFID Tag
| wrist watch

Indoor 1 W

100 "W~ Quartz osciliator
10 nW~t- Standby

0
1emv
Calculator ﬁ

' .

Fi gl4.(edevices acquire power from indoor
condi*ti €opyright 2018, Wiley. (b) Electr
application devi’tP¥V sappl usdebyi B8ddaocml i
Copyright 2018, Wiley.

AM1.5G
White LED
g CFL
S:; Halogen
.‘i)
s
£
300 5‘00 7'00 9|00 1 ; 00
Wavelength (nm)
Fi gda%@®ut put spectra of different i1indoor

LED (orange), CFL 3(¢grCoery), ghal @@dam, ( IBlcu e

38



The promising and rising market for |P

from the huge -demamdmd ws amelriggati ons.

mar ket for | PVs was only $ 140 -nmarlkleiton,
for solewvipewer Hdwever, the quickly ris
applications boosts the mar ket growt h,
predicted to be over $ 850 million by 2

the foll%wing years

There are a few sitnugdiiensd ocoofr |10PrVgsa n icco npphroit
33. 3% rystal3i Z@deaSsii tciezlefds, BSC&r 38 | Is] |

compound semi-GaRAS.uOPYs pelslsess outstand
readily tunable chemistry 3dmtifdp tpyegsioors.ki

ceill a*fe more efficiendgentshiatni zerdg acneilcl sa nuc

condi tion but show | ower perfor mance C
condi tions. | ns emnsnttriasetd tmatdyeal, orga
advantages-edff i moeacgaspaodeci bility and

|l ead to an advanced stagdiagdidba |desrt radm

t he ploower requirements for various i ndoc¢
supplied?llPw acellesm which prove that | P\
harvest energy under weak | ight conditi

i's around i3n0p% twiptochwehW ec’in BeBOE1 t he outp

equal t pW ccdwh ilc5sl0 i s adequate to drive m
15

1. £2yKchallenges

Since the fitrhsrte er edpeocratd easb oaugto , OPVs ha
pr omi s ignegn etrhaitridon sol ar technol ogy due t
cheap, f |l @xiodill igrygdurcaidtbli dn g yar eanncdy . s eTnie
mentioned advant ageg tjagset odomp lae@me n to ntah e
However, efficiency, |l i fetime and pr oduc

hindesclahegeroduction and fheloc mdmeresisal
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obst aclgegs,at attentvehopmenosfefif oiha ychye, dse
and -epacsyessieffacdi veASdceocrhdsibnbgo @ime ys s er

l i mithe i deal bandgap for the ideal ban
eVMener amaxgmume3BBCE@f f or an indoor | igh
1. 9pevV¥ducing the maAcomomdiPlCE tod ®©BD&0. | at
maxi mum PCE has‘®urce¢eidletdh éhi9n dt7i%m&9 o # %A M1
under-l AVOOED i%1 uminati on

The extraordinary progress in OPVs dep
material s, i nnovative device fabricatio
among film morphology, mol ecul ar tpackin
further I mpr ovcel oPsEdtotodlU OP ¥ s,e tsod memidahal | e

should be sol ved.

(1) Novel nonfullerene molecule skeleton should be designed. Although Y6 and
its derivatives as key materials have made remarkable breakthrough in
efficiency, the minor changes such as replacing alkyl chain and terminal group
usually results in limited improvement. Hence, radical change should be

provided such as new skelef@uch as asymmetric skeleton acceptors.

(2) Having a comprehensive comprehemsof the interrelatioamong'structure
propertyperformance” is crucial. At present, the discovery of taffltiency
molecules is frequently the result of chanBesidesthere is a pressing need
to develop ternary strategies for material desigarnary strategy is a feasible
way to further increase PCE of OPVs by simply adding the third material into
the host materialdvlost third component incorporated host system result in
reduced PCEONnly by characterizing effective devices can the reasothéor
performance enhancement be inferred. However, the process of screening for
high-efficiency molecules can be tirmmnsuming for researchers. Hence,
providing guidance on the design and selection of appropriate molecules for

the active layer is crucial.

Recenttilyere has b-eewergrofdfsapplIni claotw o n ¢
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connected to the internet, and this has
| PVvsar kets. | n this casntberxan cinsORLV sOmabsc hsn
contender for entering tBheesildRe\s tnmaer kcehta |
OPVs discussed adbeowel, oguumemtea car ¢ o0s o nOP Vs

(1) Lack ofmechanisnstudyon how to achieve highly efficient IOPVs when the

illuminance is switched from-&un to dim light.

(2) Appropriate wide bandgap material desitre maximum theoretical PCE of
IOPVs under indoor conditions is approximately 60%, which is significantly
higher tharthat of siliconbased photovoltaic$dowever, the obtaineBCE
for IOPV so far is only approaching 30%. Therefaveje bandgap acceptor
should be carried osb thathe emission spectrum of light source cannas!
covered by theabsorptionspectrum of active layeand active layer can
generate highwy . Moreoverjess trap mediated recombinat&md mininum
W are also necessary to achieve higierformance under indoor

environment.

(3) Inaccurate measurement of incident pawes recent progress about IOPVs
summarized before, the light sources, illumination, color temperature, and
apparatus thaheter the incident emission power have not been uniformed and
regulated. In other words, there is no generally accepted standards like solar
cells to evaluate the performance of IOPVs. Therefore, it is not easy to directly
compare their efficiency and perfmance. Hence, it is urgent to develop a
standard system to measure the photoelectric properties of IOPVs.
Considering capital expenditure of manufacturers, the economical mode to
produce IOPVs is essential to ensure low cost for production in small@olum
Moreover, as a higher PCE may be achieved under a stronger indoor light
intensity, a large proportion of work about IOPVs adopts an incident intensity
above 1000lux. However, only commercial venues or hospitals use
illuminance above 100ux which is rot common in most of the buildings,

therefore, a lower intensity ranging from 2800 lux is recommended for
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general places and is more suitable for the evaluation of IOPVs.

A m andec®hbh ves

Briefly, to speed up thevcommser pieal ioz &
hould be i mproved to famldfthlke P& 0éqgOPW
e at | east -bcacsnepda rPaViI6 R1¢80.i 5¥ehien gdev el op me
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the thiraetmadred i deévidoei eamggi neeri ng

d
ecltapee, |l ayenr phoit @alakmaornwvege tllraggeag )appr oa
vel mol ecul e design contributes the m

]

mor phol ogy andt hdemnprcoev eenrequitn eiesr i bas
resholpeér for mance pr oducTehde rbeyf oarcet,i vteo n
rformance of OPVs enhancesemtdedihgn aan
thesis of novel mol ecul ldesr eiompl| & ds evii i

mme t-f wlcl emroen,e talce eqatfrosr¥srad mdesgegsned and

S <
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erformanced noversrt @ lgattieadn i s
Th&ai msolajnelcti ves of this research are:

) Novel molecules desigto utilize sunlight and artificial lighta series of
asymmetric notiullerene acceptors, the derivatives ofs¥ries, are
designed and synthesized to achieve fgfjitiency organic photovoltaics
for indoor and outdoor applications, respectivelysefies possess the

structure of ADA'D-A. The modification focuses on central core, donor
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moiety, terminal groups, and alkyl side chains. Herein, 5 novel molecules

based on asymmetric ndullerene acceptors are obtainéshown in

Figure 1.6).
1. Molecular structure analysis
7 genden

Y6-derivative asymmetric molecules

2. Synthesis outcome

FigurMolle&ul ar structure design and

i) The processing technology is conduc«

performanceT o explainthe mechanism of how to achieve highly efficient
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IOPVs when the illuminance is switched frdrsun to dim lighthrough
studying @ , trap state, carrier recombination mechanism, dark current
density and different processing technologissquential deposition bulk
heterojunction (SEBHJ)andconventional buliheterojunction (€BHJ)).

i) To thor oughly under st grogkityp gr ftolrema med a
correlationvia molecular desigm the ternary strategy section.

1.6 Outline of Thesis
The outline of thighesiswill be discussed in brief ahown in the following:

Chapterl introducegshe background anabjectivesof this study. Itbasically
states what is OPVs, why do OPVs have advantages in PV markets, how do OPVs
work, the research gagf this field andaim ofthis researcko readersln the scope
of OPVs, IOPVs is a novel research branch in OPVs, which attracts more and more
attention recently athe market of IoT nodes used in relatively indoor environment
rapidly grows.Therefore, lhis chaptealsobriefly introducesimportance, necessity

challenge folOPVs

Chapter 2 provides a comprehensive review of the literature on OPVs and IOPVSs.
The chapter covers the progress made in the development of OPVs and IOPVs,
including donor and acceptor molecules, binary and tersystems. Additionally,
this chapter outlines the key factors for achieving high performance and discusses a

precise method for measuring the incident power of IOPVs.

In Chapter3, you will find a comprehensive account of the experimental
methodology employed in this study. The primary objective of this chapter is to
furnish adetailedexplanation of the molecule design and device fabrication process.
Additionally, the equipment ahtechniques utilized for the characterization of the

samples are outlined.

Chapter providesdeep insight into the difference séquential deposition bulk
heterojunction (SEBHJ) and conventional bulkheterojunction (€BHJ) based on
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novel small molecul&@B-4Cl to harvest sunlight and artificial lighTB-4Cl was
modified from the star acceptor Y6 bseducing a thiophene fused ring on the
skeletonwith blueshifted absorption spectrum relative to Y6, and aighQE
responsewhich can as OSCs and IOPVs simultaneouStymprehensive insights
and underlying reasaon thenecessity of SEBHJ for highly efficient OPVs under
dim light condition are provided and revealethis chapter discussethat
asymmetric molecule with bleghifted spectrum fabricated by SEHJ can be a
promising candidate applied in the indoor environment to harvest sumligh

artificial light simultaneously.

Chaptel5 discusses strategy adopted for IOPVs to tune the intramolecular charge
transfer (intraCT) and intermolecular charge transfer (in®¥) to achieve high
PCEs under indoor environment in the combination @&nging skeleton from
symmetry to asymmetry and end group from chlorination teaidorination.Two
new acceptorsTB-S and TBSClwith anA-D1A ' 2fA structure are designed and
synthesized to compare the performance of an asymmetric backbone with two
specified end groups under the dim light condition. The influence of asymmetric
skeleton and noechlorination strategies on devices are systematically investigated
in this chapter through thoroughly evaluation of photovoltaic performance

combined with angkis of intraCT and intetCT.

Chapter6 illustrates theernary strategyo enhance the performance of OPVs.
Thefist r petrdroe manced <correlation of t he
deviceare demonstrated cleaflyr om t he as p e c{propertiesiwat er i al
wider bandgap asymmetry skeleton typed-fdlerene acceptors (ASNF), named
TB-S1 and TBS1-O, wae modification fromTB-S. These three ASNF molecules
have similar skeletons but different terminal groups or alkyl/alkoxy side chains are
incorporated into the host system PM6:B@@9 as a third component, respectively.

This chapter reveals that alkoxybstitution on asymmetric backbone is an efficient
method to construct the third component for khigdnfformance ternary organic solar

cells.

A summaryof the current research and proposal of future work are included in
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Chapter?.
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CHAPTER 2

Literature review
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2. Lliterature review of OPVs

Thieul k hetsestoju@hBdigeoosmtdopt ed t o fowmfrm act
OPVwhiichh shewgai am BHJ system, donor and
mi xed and form ratThemabdepha@Gegtsrepattane
consacitni ve | ayers, the mixtur e eolfecetlreocnt r
transfeol ¢ayeaasbdbees,) aged, cat hodes. The
he

—+

erojunction photbvglt@aaTheepdoccagsse of

transfganiao photovoltaic devices typica
are absorbed by the active | ayers, whic
resulting in the production of excitons
attrachedothereby Coul omb forces. (2) ex
donors and acceptors. (3) excitons are

hol es) . (4) free carriers are transport
cathodepicdlheditfyfusi on | ength of excitoc
Therefore, i n order to achieve high ex
separation | ength of the active | ayers s
|l ength of phaseéoesepangti excitons will S
before excitons diffusing to the interl e
cannot be efficiently produced. Mor eove

coll ected bygeheratecthedebketbricity. H
motivated by the -dni el agtfbocceiehdt TTheb
field depends on the difference between
( HOMO) of donor ®cawmpi eldo wEalt e clunl ar Or bi
acceptors. The electhhrofc OP¥$s d Fuer tah sroma
work function met al i's used to collect
adopted to extract el ecrter oenass,i eirn twh ibceh c
the short cTheupder fcommda d ¢ e e p Epnrdoepwet rctei ne s

adopted materi alfsorameadikbage cmopt pholaoady don.

The swift progress of OPVs can be attr

novel materials and opti mi za&®tvieon defcadlees
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resear cher s havesadeds iagsnceedp ¢ meslceqr uidrme o v e d

absorpti,emhapéatt ge atbrignsiyet abpeebandgadp
phase sepamatironm!| wctuhar iintdhegernaettrn atei n
mor phol ogwroparmezed by utilizing alter]
or | mmitemg ternary strategies, whi ch €
di ssociation anfdhusharigte itsrapestenti al t
advancements in main materials and tern

of the host system.

(a (b)

Bulk heterojunction

OMO @ (C)
HOMO =

ITO Donor  Acceptor Al ol

Active Laver +

AL o
T = e sy 3

Figurea)R.The working principal of organi
di agrBHnl of dewclkietecture

2. Dohor mfadrerbianary devi ce

I n the past few decades, the devel opme
1995, A.J. Héetagnedr 0Frsi ehffdédspms ghrpup eported
PPOY#" - /1 TO an®PXI-EMNNE/HS]I DO organic het el
structur es, r enscg @ otni vsetlryu. c t Hlerteeriosj ut hat

acceptor materials are mixed to form an
two types of materi al s i-Mtjeumpcetnieanrsa.t eT h ef
pol ymer materi ailoplmenaea oar rgs@i2aew Piold gd h2 0 0 |
based on the P3HT: PCBM devis&ds Thiilse sRGE

has betmerf ui mproved to maxi mal PCE of
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thickness of anode modi fi c®8t iHomweiveter It

narrowoabgsagetiof P3HT I imits active | ay:
wavelengt h. Besides improving al kyl c ha
moi ety and thiophene vVvinyl i nto pol yttfl

respetlt.i®fledey results revealed that these
i n the absohptihomampedtrman, swde chain ab

respectively. I n the following, Lijun Hu
chain and sul fydryl chain obtaining P3H
|l eaded to the | gf wongeaof PEEMOAY Lt @&bdigh s
enabled down shifting HOMO with broader

guite Il ow (0. 34%).

A big progress wabemadaai thhB DoTphhteunoed @ ¢ i n d
el ectron domateng, maneoi a@lonor mol ecul ar
HOMO | eWs sHiogvh3, ¢ BDT materi als possess
structure, whi“¢mtiac kb enmge fainadi a@alhutso cont ri
carrier transpohuat Honu.6sl mr20P8fi dsa ar
pol ymer doAMost rmuctthur t hat facilitated
i nteraction and effectively tuned ener
spec’r arrh e t ybpaiscead nBaltTe-T°iahli cihs hPaBSDBR he ab
range from 400 nm to 700 nm. This type o

aggregation effect which | eads to mol ec
heatndagresults in fiber aggregation str.
down. This effect conduces the mixing ¢

mor phol ogy and suitable phase separati ot

Besi des adolpmoinegtly@dkZods i azol e @BTA) wa
moi et wucs®> abn J2019, Liming Ding et al
dithiophebasedt poBipmer donor synthesizi:
which fizest oveal t°he I RMCBrafer18% decrease
was adopted to repl atle BHITe n stutciho mtse nPel Be

the quinoid vibration which realize not
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charge transfer efficienbtpl el haakKdoheopn
speci al hal ogen and group can be introd
absorption properties. The F atom-was u:
T resultpPphhgwhiinchPMébt ai ned the high PCE
enhanrceeaoval ent i nteraction. Further mor
withdrawing ability was®>%aclastedbkowedopbed

and thus bathochromic shift

CzH;
C,4H,
o
CgHya
N
fQ N VO
a 3
! i\
$° /n
MEH-PPV PAHT PEHPVT
CgHyp— 7~
5
f FGHH F’GHIS
o
I\ 1\ [\
s n 5 n s n
PTS PIHOT P3HST

Figa2kRol yt hi ophene donor material s.

CoHs

X=H PBDB-T
X=F PM6
C4Hy X=Cl PM7

Fi gga3.BDT pol ymer donor material s.
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21 A ceptorfomateirmaly devi ce

The earliest acceptor materi alFsi gwerree f |
24, As the dissolution ability of fuller
into the fulleBMnendBdPOvbi ahncBRE68 dissol
chl oroformh(&€Fobenzene (CB), and toluert
LUMO and high caO#i"erfdanpuwiided QBRGCB Tagfd 9 .
DR3ITSBFT:-achieved PCE of 9. 6 %. I n addi t|

i ndenaedsd ibtyi on react i®&m, clhCRA uwd s df oawi mend P
a hiVpboefr 0. 84 V and PCE of 5.44%. Howev
fullerene derivatives hinder their devel
the spectrum of indoor and outdoor | i ght
adj ust by emaodisftyiurcg utr ke sf. u ICoenrseemgeu eand d g/p t
guickly devel oped.

Fi ga4®ol ecul ar structure of fullerene ac

The typfiwlallerncome acc®ft eamasir motlt ecel as
Il n t he -O-A pset rofctAur es, the main chain ado
as D moiety and indanone as end groups
I n 20 laSooweX Zhan reported the most cl as
PTBT7h showing t%h? TPhGE eonfd 6g.r8% p of- | TI C

withdrawing group, cyanogroup, whi ch ha
decrease bandgap. Al so, the planarity of
among mol ecul es. Subse guwedn tfliyc,attiloen prf o

focused on the engineering main chain,
main chain, Yanming Sun focused on modi f

asymmetric mol ed¥f e®n e ha s peendgd Thdefe rsiindge
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the common modification was the replace
phenyl | stbh &er | Th€ modification of et
benzene was fr eagndhrnut KothigarSoduc o uF at om
groupbteTHW®Vvhi ch exhi bited wider absorpt
i nteracti ond4d Fantdh et hhuigg WPAP RE ceefntld1 y, Qi ngd
groupoabdndndacene structure and adopt
thiophene ring and furan mawmePD-AiAs mahé m
mol ecul e M8c aept M3k, M3 4 reali2%d the hi

Figads Mol ecul ar structure of I TIC series

However, the series of | TIC molecules h
|l eading to the poor spectrum overl ap ¢
absorption, Yi ngpi agi t hldow wh ehmp tceothieg dl iea 2
i nstead wofbtiandhaangneas,t at mol eRAI'NAZ Yvh,i cthhe
realized the °fi GlasR@Eomf t h®. "PWvel backbc
(BTA) was i nt rboednuzcoetdh ttaod icyaezpolleaecYel 1 wi t h t
16. 84%These results implied twhiet hsdurpaewiinogr
ability. In addition, the side chain enc
devel opment progressceHeofYasn det wdiaa ch tsh
N atom. The resweltthybudhepstyed at kayt 3ide

reali zing better solubility and photoel
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15. 98 %Mor eov edro,u Jdtihamhuwgih adjusting the
BTRC9 which adopted nonaie tayalt ¢ lh ea lt Ky lo pd
on the pyrrole ring, sHowiowegviehe hihegh mk
mol ecul es above are only aimed at t he

mol ecul es applied under i ndoor environm

Tabl eBiznar.y OPV performance under AM1.5

Active layer PCE(%) Voc (V)  Jsco(MA cn1?) FF Ref
P3HT:PCBM 35 0.66 8i 12 50-65 50
J1:IDSeT-IC 6 0.91 15.2 62 55
PTBZ-Th:ITIC 6.8 0.81 14.21 59.1 62
BTR: PG:1BM 9.03 0.9 13.8 72.86 60
PM6:ITIC-4F 12.1 0.85 18.73 76 64
PM6:M34 15.24 0.91 23.63 70.66 65
PM6:Y6 15.7 0.83 25.3 74.8 58
PM6.Y11 16.54 0.833 26.74 74.33 67
PM7:IT-4F 12.11 0.81 23.23 68.25 59
PM6:BTP-eC9 17.8 0.839 26.2 78.3 69
D18:Y6 18.22 0.859 27.70 76.6 56
PTB7:PCBM 7.4 0.74 14.5 68.97 57
P3HT:ICAB 5.44 0.84 9.67 0.67 61
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N3

Figae.Mdol ecul ar

2. Th® research

BTP-eC9

progress of

Seruesumnecept vr

ternary

mat eri al

Tabl eTex2.n2ary OPV performance under

PCE Voc Jsc FF Ref
Active layer

(%) V) (mA cnr?)
DR3TBDTT:PG1BM:PCs1BM 3.04 0.67 10.5 425 70
DR3TBDTT: PG:BM:ICBA 5.11 0.76 14.2 471 70
SM:SM-CL:IDIC 10.29 0.921  16.05 69.58 71
PBDB-T:IBC-F:IE4F-S 15.06 0.887 22.83 744 72
PM6:Y6: PG1BM 16.67 0.85 25.7 76.35 73
PM6:BTReCIMOIT-M 18.5 0.87 27.4 773 74
PM6:BTRH2:L8-BO 19.2 0.892  26.68 80.7 75
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The ternary strategy i s a simple and
performance of the host sysSiteemairy octgamh
through adding the third component i nt
adsorption sangbkbat si aghpbasededs itnhge claipgahbti |
a proven highly &efficient binary heter
component can also enhance exciton sepa
stabldrintayrry organic photovoltaic cells <c
and two acceptorsd systems (D1:D2:A or |
materi al as guest donor and guest acce,
binarylsysdmimson with the binary OSCs, t
or more sever al advantages showing in t
broaden the adsorption range or extend t
photon absorptompon@nt thaen tfhacidl i tate e
free carrier tr awmsapar tt hluesa dhii nggh etr,o ddeivg hcee
the morphology of active | ayer can be i
which can facilitatmoltbdeulfar mani enp ot et
thus minimize carrier recombination. 4)
introducing the third component which f &
Voc Ternary strategyocmeasisntai ndi narey sd eny
contains three materials in active | ayet

‘{ Improving intermolecular interaction, better nanostructure with
interpenetrating networks, improved phase separation
eﬂe?tive Improved crystalline packing and bigger size of ordered
third ] P ” P dnrr?ains 99 Acceptor
component
Donor
—I Complementary absorption I —  The third
component
strategy _| The nanonetwork interpenetrating structure of the host binary
system is destroyed Ternary
_ it":a“d third __I The m°'9‘“'a’|::;:;"ii i‘:t’::r:zt‘::"a’::'r‘::::d LR ternary strategy is a feasible way to
) further increase PCE of OPVs by simply
Poor miscibility of the third component with host system, adding the third material into the host
resulting in increased phase separation and roughness materials.
Figur®h®esrcription of effective third ma

f drernary

strategy.
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For an I deal ternary OoPV, t he foll o\
i mul taneousl vy. 1) The third component
etter phot on harvesting) and aligned
eneficial Ot@andbtff.iihiemi gthree materi al s
nd compl ementary absorption wavelength
pectrum can be broadened to absorb phot
hoton harvesting efUd iWhieemn dy el eanckirmgy tl e
hird materi al anadl ihgporseed maitte re nad bsl easr ee fwfe
et ween the materials which is benefici
nd transport fwor lafchylredveemgé hg gamhernot al
|l ead to energy oss2e)s Tahned itnhtuwso dluccweron o
can r®duceTdi s i s crucdailnfORPV,e nmhaincch nigs
determined by the el ectcydOOni més d erec e ey
8 Many studies have demonstrated that t

(HOMO) or | owest unoccupied molecul ar or
andcceptor could increase hybridizati on
transfer (CT) states, which can achiev
resultingOin d@d:33MmaBnhamcement of excito

S
charge transfer achieved by the format.i
highly correlated0 vaintdlFi n mpeowvamegnOPVs$ n
sever al studies demonstrated that the t

with the donor and acceptor of host sys

mor phdi3tilgwever, it is hard to control
especially in ternary systems. | n ternai
or acceptor materi al can |l ead to a mo

mor phelxdhhgyoi ts anbetpenenmabing net wor k,

addi tional materi al has successfully <c¢r
exciton dissociation, i ncreasing the |1
i n many addestionhef extra materi al can
resulting in a significant decrease i n
I n 2015, 7Puwtrikl igzreodu ptswo ful |l erene acce
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devi ces. The structBMWMeREMo fan ® R 3DIRB3DITBID TP
PeBM: | CBA achieved PCE of 3.04% &ed 5. 1

"'group reported ternary non fullerene
SM: SM : I DI C which obtained the PCE*of 10
obsewvedaried with increasing ratio of

P3HT: | GBM: R@d proposed all oy mode mecha
ofw . T%I wr2013 introduced dye sBrMldndnol e
i mproved PCE to 4.5%, following by propo
two donors. Hub%gpeaddBTENEWom'k@rns 20d17, an
the PCE improved from 9% atwetheedOt B& %PC
13. 7% to 15.06% basedT:orBCtl HS&l Fsltnr u2cOt 1udr,e .
Ge etdmapedBNMNCi nto highly efficient binar
PCE have improved from 15.7% to 16. 67 %.
of Y6, and ft hPeM6s M dRtCutraei noed t h@h ePrnCiEs o f
gr ddgpemonstrated that t-H2, gpurecdtessc agpt
i ntermol etubar andant eamre®®MO off set with doc
enhanced hole trGans.f eAs aardr a =id2utecBe8dP M6 : B
exhibited the high PCE of 19. 2% compar
ascribed to the mor e nbalnan cheo | ie.tawikde eh i tghl
principle of that two compati ble acceptc
strategy was cl ai'fhed nby hZb-Mwapbk ,tdreOdtph i
component di s pnitaayreyd achesnoprlpemeo n and cas
combined with gooe Chi gceishuilltiitnyg wint hp r BT
which produced higherOPCE oafp al &.d5 %i wiht h
binary system (17autd®)’pr sSpuons eadn dt htalte qouaa |
acceptors can be synthesized by sharing
and a single fluorinampti €eér-thh a6 BagnPdo u p
L 8B OF as t he third materi al successful
mor phol ogy, @nd andduded eey realized i m

ternary devi ces.

58



2. TZhe progdeos off ganic photovoltaics

OPY appliedut dedoenrd irttenifeem s t o t he use of
generate electricity from sunlight. | nd
sol ar panels to generate electricity f
' i ghtindg gort ssthat haBhentelratdi @an dhuii g db entg
| OPiVs t hat they wootkh ngs ot penphmse el ect
they are optimized for different envirol
withstanddbtuivdoreed dimarmadi ati, omnwvhs peci ndmor

panels are optimized for | owematdiogfwer ) e
artifi.ci al |l i ght

I n this section, the principles of ach
arummari zed. Subsequentl vy, | OPVs perfo
where the reason why spectrometer i S UuUs
rather than |l ux meter is explained. N e x
show thegbegs pachieved for | OPVs technol

2.2.1Principles to achieve high efficiency of IOPVs

2.21.1Theoretical maximum PCE

According to the detailed bal ance | in

maxi mum PCE of photovoltaic devices by

Queidibsreer siFowmM8ienTheoretical calcul ation
bandgap for indoor wlhieghtass dhrec eo pits maa . b
for AM1.5 P3%. %Bhe lo@Btdi m&// bandgap energy
relative to the range of the indoor [|ig
active materi al wprdddbeitngr!| anyer . Becau:

di stribution ofcdedhe timaomhottomhtofsoiur r ad

utilized by organic material s, and the
6 0%Moreover, t he narrower band of spe.
thermal i z%t i Gemmplaorsesde swi t h i ndoo-ri nmiitght
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cal cul ati ve ef5 idcaeesnnc'yt uenxdceere dA MA10 %. Due
of OPVs based on mol ecular design, the

cl oser and cl oser to the maxi mum t heor ef

silicod.lse¥Yawhi ch tdecer reepstpiomalls kandgap
il 1l uminance-pabedcegegl $§sl caoanachieve i mpr
AM1. 5. On the-bacsedr @arey,| ssiwliithomarrower
PCE for the indoor Ilightinbaseda®®PPVvsons
Al t hough PCE of OPVs is |l ower than that
Ssimulator owing to | ow absorption in th

transferring photons andcdquwinrad| ki dolaenrdga
under i ndoor il l umination conditions wi

On the other hand, compared wiet Jy@t her

sensitized cell s, GaAs) , | ORt\gs rpoolslis etse
producibility, and | arge area solution
materi al should be designed and synthes
the PCE in indoor environment.

(b)

Maximum Power Conversion Efficiency

(¢)

~ Donor

Strong illumination ' Low illumination

Fige8¢éa) Bandgap of active materi al dep

under different | ighting sources demonst
for ambi ef%* Comyriitg lotn Iha %, rlul BE. hi(ebv)er d
high PCE for | PV under i nd&er mii geviehg

donors and acceptors undé&fCosptyrroingght a n2do 1

Nature energy.
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2.21.2 Three Important Rules

I n
rul
spe
ma t

ma X

e mi
wh o
spe
t he
add
t he

Se
t he
sig
we a
Dec
i nc

ad|]

order to achieve a high PCE, t hree

ctr

d

e i s t hpansteheofphtoheorasti ve materi al
um of the indoor | i ghtbamdgape.a dtoir
a

erial is pursued to ext end®tnhde tahbes o |
i mal PCE is apwhemchesgi 1@ %t hese hig

or conditi on, t heir efficiency canr

0
ssion power spectra of LED and CFL r
se intealsligri etsh@A eT smyWedme opti mally
ctra between emission and absorption
i ncident photons into |ight current
ition, a high ext er nane cgeusasnatruym teof fnicti

rmal i zation of°'photogenerated charge:

condly, when the intensities decreas
carrier density dramatically decl in
ni ficantly suppresses el ec%®/o dnd etro
k light intensity, tr&fFbuwtanali¥fpact
reasing the density -soefpatrraatpi osnt actoen twic
rement of domain purity. Through emp
usting the interfaciatornngeleel¢temade ail

and/ or adopting ternary blend system, t

opt
sep
fil

Th
Wh e

dev

si g

mized to decre®seKwbd¥a ateap t htaat d ad e

aration can mitigate interfaces of ac

m and smaller | eakage currents.

e third rul e ist®ouhat behesulppsessked as
n she LIl umination is changeaex offo i nd
il ces decrease wunavoidably, because t

ni fa camst Idyef i ned by Iltehegrueatsmiict 1 ®rv e las

semi conluctors
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@ pfpi 0 O Equatib)n (

Where gq is theOel eameirmtea reyFearhnaiog e&ywed ssi an
i ndi cagedgrseiranlie | evel s .Fi R8O sagpr @ yaerde i n

correlative to the il lumination intensi
i nt erCsisthyiddwan® shidpgwhi ch explains tha
il luminances declinadild¥owetad smiadae t hier a e
i's large in dim |ight conditions that

rel ati onshiop amat weern Otclusg rseAd w #® 3

©w —I1— p — —11— Equatidn (

Whenies the ideality kKiaxtohe (BeslsuInipé mmonc
the cell temperaturejsqthe shenetliesesri e
the reverse dark saturati osgrcaup endn c IBuad
t hat mi niQrmian ncgo ntthrei b wt é°°%t WnwWani mione i t i c

the | eakage current i 8,3 sor ddire mahgmitt u
prtmcrhi s enough ot@&nohaerntdaimn | i ghting cond
density is extremely | ow and the | eakag:ée

t he 1° .198¢t ei mB uggrgoeuspt ed t livato f a 8 i@ GO mu m

anthaxi mdnmf MmOrmare necessary for | OPVs
conditions. Q@nof heémddort rhairgyhe mf mEdh a
or | ower are required to acquire high e

OPV cell s, which ar e uapmwloire d nivnh rmtnte,n ti, |
of 8mM@@GOr hi gh¥of am&dhoa | oFwerrt.her mor e, tt

ofw under room |light is shown as:

Yoo —I1 —— Equati®)n (

h

Wh e 0gg an®j represent the photocurrents

il'lTuminance conditiodbisncrespestwivieh yt h &l
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incident il |l umi lalh@ emPiosvetrhg Pi)l.l umi nance

the suwn, iandhe illuminance intensity un
0 —means the illuminance power of-isol ar
the fraction of | ight corresponding the

l'i mit of the photopquratriegamhhe3)Thwrietf toe r

Yoo —I1 +—— Equatidn (
Hence, 6imobHdateindoor | ighting sources
® ® —1 Equatio)n (

Sod groonppw esloonfe speci fic OPV device unc
wi t hout infrared r-legXx onndadaanar ulnidght tdeur
resulting Yo T o&omprutedher words, when
from sol ar i Illluumminnaannccee ,t oandiand dii ti onal v

i's unavoidabl e:sumori | ORVWS nand@®n) 1ahies e e

from free carrier recommendation | osses
repo®ted the most effi cil.nat eOSCwsrtbiesr tAM
110 i s the offset between the optical
Nowowhich is written as:

0O 0O Nnow Equatié)n (

WherOei s the optical bandgap derif@g=ed frc
12410/ ) . Hence, we can assume tOh arté 6t hve t
under indoor conditions as the extra vo
' i ghting conditi-somnmms taa edicrh alniggehdt s .r oThh €lr e
that @ whndgéedr AM1.5 and @ )s man |i nvdool otra geen vli
are essenti al f or tdeundoePrVsi ndoo oarc he newier ¢
wi de bandgapO omfat &@r Balwoda cmi.ghl V under

|l ights are achievabl e.
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2.22 10PVs Performance Characterization

2.22.1 The description of lighting intensity

It should be noted that the | ighting
radi ometri GomnunmW.sc@uft-sMdionri L1 umi nati on wh
the intensity of2 AMheSeias, 100 emWndmor |

expressed in photometric units of Il ume
spectral l umi nous ef fiicdgielmlcey loifg hhtu maanv ee
il lumination intensity of i ndoor condi t

AM1.5. The -snhenpptyopxbdbmatiellyw?Xeqg3falfhlet o

il 1l umination intensities adopted to test
200, 500 -l amxd red@@Pectivel y, for mo s t 0
il lumination intensities represent the
paces. For -lexxampsepuyse@00for [ i vi-lnugx rioso ms

recommended f or of filuxs isand udltaddreodms;

operating rooms.

Chen et . al indicated that the seéeinsitiyv

di stributed ovelYl?2tlhre otitsdrb |l worsipse,cttriuen ef

a visual response of di fferent wavel enc
human eyes. For otneemesturryi nppasende orh a un
I nternati onal Commi ssion on Il luminatio

curves whichi @@®e Fhewe iame t wo-adiatpu etdi o1
condition (thd Yo6pbontopoonhPd amnddamteedt h
condition (tV¥ ( &dusnccottioopni)c.0 6T M) phheos ompii ce
as good lighting conditions is used for
i nt eiOs( uryi t : l uxy omemiles pertdr um col | ect
spectr omM@Br erwhindh 1 s di(39)! ayed in Equat:i
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o
=

0.6 4

0.5 4

0.4 4

Relative spectral luminous efficiency

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fi g29ommi ssion I nter n@adliB)n aplh odteo pli6cE cal nadi
l umi nous effi d) earcly! ¥ AmnfcyrididgdhstSYE i nger .

2.22.2 Accurate Photoelectric Parameter Measurement

The fixed illuminance intensity 1S use:¢
the certificated standard silicon sol a
specified indoor ITfghmi sgasdardefandtes
order to precisely measure the PGCEs of
standard il |l umination condition, the in
evaluated at each time. aHehceai wWaeeleangt |
sources are universally measured with a
with an optical fiber measures the abs
equi pped with a cosine corr ecstoorn tChoes ienn
of fibers to coéflilelcd ofi gniagw.f rom 180

Both the il lumination intensiPt{yun(iutn:i t :
mW ¢m of the different LIEDd o drl uloirgehstciemg |, ¢
with wvarious <col or rending (e.g. war m W

integrated from the emWs&Enon meoasur s efcr
the spectr cPitne raesdPVeH Js=l FFi s o wtweut od
photovoltaic cell.sl (Puhhmoittonfmim)suk sspattuble
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from |l ight [Dowentixtspfeatf rumhe detail Equat
0 1  %&T® Equation (

Where e i s t heeaied etmteentvaawe lcéhmagtghe,, h corr
constant and ¢ is the 1ight speed. Sub
current deAn sttt yw a(nurbiet &i ntegrated by the

v _ 0 1A& Equat8on (
The il l umin@nhceannbensntgg(ated by the f
O 0 _ 0181 A Equatdon (

Where thelOcegqgthlsi 88 rlemprwesamtds emi ssi o
V) as debBrgikbied limmi nous efficiency fun

Based on the EQE <curve and pnocamal bzeed

calculated from incident integral currei
0 _ 0 1800A&N Equatlpn (

It should be noted that a | ow precise |
conditions wil/ |l ead to great error. [ n

combi naBQBwnr wd and spleetomumflcaxnot be ac

the accuracy of the measurement results.

Furthermore, the spherical probes inst
metering the incident emPssHemceoowam of
PCE is evaluated ascribed to big errors

obtai ned -luunxd eirl 11wWOMionat i ond'3 ested by a | u
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Figutite(a2. The EQE curve and (b) the norr

the -NOOOfl orescent | ampEliooptylrd géit a @plles
soci ety of chepnhiosttor yf.| u(xc )a nDde riinvteedgr al cu
i ncident il 1| urierdateinom.si(och) p@ovevwverand i nt

of incidenrtCdpyruing®patiimg®r, Natur e.

Verification work of overestimated PC
Under tlhuex 1i0Ol0lOumi nati on measured by a | u
the short circuit curredVdatasifA ydm3. He
with the cal culPa} edfifWh@b dande poovrert He E¢

as shéewgreki@and the normalized emission
Figait® the photohRi DB ® <mpeaterspron(di ng th
current density I S i N21ePr.s eNedxetd x ctiden b y
theoretical integral current of incident
is calcul fgthe dc maSu bls&3g.ulently, the emissi
Figeil 8of the | ighting source is obtaine

fut her transformed, andgWtde 1lblowe)g.r akedc &
based oRJPP,.CEHB h#&isehigher than | ux meter
|l eads to the exaggerated PCE. Il n ot her
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i ncident power and results in imprecise

ThédVmeasur ement signals -measurecoudied.
photoelectric properties under differen
|l ighting sources are meapBufFlkdanddPCEmM@a
coll ected, f otludoywendg btyh e udretehpeerr sr easons

described in voltage | oss minimization s
the specified indoor |ightiawngdeoindabl ®n
measurement of the OPV cells is carried
and to verify that whether the integral
0. As dim |l ightin@0@@nmndirtaingghes man & wdrfii d0

visual requireme-rlt¥yg esflnmlcihl laumi mahge 0. tl Boe
varies fr oft ol 000. IfWow ecvira |l uat e & hwersus| opes
light intensity, and0 versus light intensity, respectively. If the slope0 at

weak light conditions is close to 1, the bimolecular recombination is weak. If the

slope of  is close to—, it suggests that the bimolecular recombination is sole.

Hence, through evaluating the slopes at weak light intensities, whether the trap

assisted recombination is serious can be conducted.

According to the BhockkPegpxRgeasednas:

0 OAQ@s—T o Equat2itdn (

WherfYei s seried&% iessbhuancegsi stance to wh

i s r ell atsedpgheonteor at ed Ucusr emtvemnsd satur a:

densi ty. Correspf2omd) ng t'yhder eEauu g €si loinn s ma

under solar il luminance. However, when |
indoor iIIuminAﬁJé—esT tphies sreedliiomiobl e as
dramatically decreases to the | evel t he

EVUM ,erevmul ti pl i"edd. bMNewerltahggleess howa batl
essential t® haetnabhbsp 2tiIBgdecreasamd gh
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PCE can be achieved. The reverse current
which casubdd¥miegsur emedDtuei howamilelr di m
't ght environménhat taei semcrfemasemdl|l arge a
adopt i-enfgf ecmtsitve (PEHDQ@DORS$S t-wo gte pll B@ ee lhe gth
wi || not significantly affect the devic
under indoor <condition is suitable for
processabicloistty saife tiioWi t y

Briefly, a desired PCE can be obtained

| o , hi gh EQE response, relatively 1o
hi gh shunt resistance with | ow | eakage ¢
223Li terature review of | OPVs

2.23.1 Fullerene acceptors

Mi d bandgap donors blended witeBMwi de b

PEBM, | CBA) have been reported in the |
ranged from 13% to Ja®d3dendEheasucéesshul
based on fullerene acceptors arise frol
| ayers and ambient I|lights. Also, the we

AM1.5 avoid causing photodi merrsd tzaiiloint yf c

Il n 2017nt dpioflfyermeer coupled with wvari ous
i nvestigated, i n which P3HT: 1 CBA achi ev
underl ux00i I l uminance of fluorescéé&ntintub
comparison with P3HT: PEBM, aRtBIDa-ESFyIst e ms
PEBM produced | ess PCEs, because of the
of pol ymer donors and ull WM®@ go fi nfHElalweer e nte
performance of device can be maxi mized
bet ween HOMO of donors and LUMO of acce|]

The i mpact of sol vent vapor annealing
etlld1The systvtBvh 8A7mRealPeCd by tefrmhydtres u
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achieved the opti mal PCE of 28.1%. The
the appropriate film morphology in whi
enl arged phase separation wer B Kal anced
S the Weolthaxgiemam power point) was stabl
un varied from 1 to 0. 1,vowhtiacghe immedti hcoadt
uitable to track the maxi mum power poi |
pplications.s Fgurtétiudpd rumdrmre,t edudt hat- BTR
a
h

o 9 0O o

| ogenated solvents exhibits highbyffi

~+

e $aplge nt t ec hdiod ogoatoifng. ot

Il n 2019, SHimésesgrogaped the perfor man:c
bandgap don@2ak.wRPDThBTBiZI | er eBlM wrccerpt @anrt iPf
l' i ghting conditions, i n comparisdn with
PTB7, respectively. Tlhex PCE bLED 28xdée dad
based | PVs (16. 3%) . The good photoel ect
wWd ascribed to |l ow | eakage current, ma t
| ager (0. 817 TUe-diffifnernehamaitni mMeFDTD) met h
adopted to simulate the power absorption
t he | mposrpteacntcreu nofmatch bet ween the | ight
They suggested the spectrumm .ma@wihng atta o
opti mal power absorption rati o0 ooff amon
PDTBTFBREvbiased celdts whischi ggdpreeedShwiimbhs t h
group revealed that tBRBPTBEBEKwWduNnsi ogmt I
deeper than that of hol(es. 2ea\)n swhoircth ncgo u

the depletion of boluensd,esrd riluis!| Il weraidn d oc d.i ¢
due to the | ower carrier dendierimes| eveer
PDTBTFBE.biecame shall ower thanbREDOTCchRSH
mini mum(9%) when switched |light sources

mi x e d wiBtMh (PG HT: 20P6,12PDBDPTB7: 11%) . The
i ndi cated t ha2ti &hneasi nfelguleingciebloef under di
On the @Qomptirmaygreyl, an i mportaht& mwhliehi wad
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reveal ed througémpinrml galmhgquahti g mo f

Tabl3eFu2d.l based | OPV performance under di

. lllumination PCE Voc Jsc Ref
) Light

Active layer

SOUTCE () (%) W) (mA cm?)
P3HT: ICBA FL 500 13.76 0.73 0.05 28
P3HT:PGs1BM FL 500 9.59 0.43 0.062 28
PBDTTT-EFT: PGiBM  FL 500 13.14 0.58 0.063 28
BTR: PGiBM FL 1000 28.1 0.791 0.133 1s
PDTBTBz2Fant:

LED 1000 23.1 0.817 0.1124 115
PCnBM
P3HT: PG1BM LED 1000 9.4 0.498 0.0737 115
PBDB-T: PCiBM LED 1000 15.3 0.669 0.0902 115
PCDTCT: PGiBM FL 300 16.6 0.41 0.0277 96
PTB7-Th: PG:1BM LED 890 11.63 0.62 0.092 116
PM6: PG1BM LED 1000 18.1 0.784 0.0941 117
PPDT2FBTO # " - LED 1000 16 0.587 0.117 18
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PDTBTBz-2F,,y

PBDTTT-EFT

FiguXY¥ a. chemical structures of fullerert

of donors apiplaised idevi clelser ene

I n order to study the influence of thi
il 1l uminations, t heO # "h-ibcaksndedstsp aocft | RFRRD Tl 2aFy/B

increased from 170 nm td ukgO0 PrCrtEsunderatier
13% and 16% withO tamBEEkaletsds whod reer atnlie o0 p
thickness was 390nm. I n comparison with
in | ab, t he -ddhdalckngrsedunt ilcaar gies | ess ac
thickness tolerance pr2dpeH% emafl WOPysolL
demonstrated that one of the r2@GGomm wh
| eading to poor PCE is the accumul ati on
i n i ncreased car filerHowewvembi nwhteino nt hleo s|
dropped fronW M0t hec hdapragdee | i mi t ed photoc
active | ayer of 409 nm decreased becal
proporot itchreall itght i ntéennasliytzye d Woloat st lye otuly
iI's more suitable for | OPVs Yetcmusa&usae tda
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| ower | eakage current without serious c,.
opti mal PCEs with the thickness of 130
nm under dim | i §gHt" -bédesed PPDdEBdt i ve |

Wo o &ss uanpt i on.

2.23.2 Nonfullerene Accepta

The full erenesvilocaéegdomt madhe tUWe bI en
spectrum match well with the LED and FL
LUMO of full erenesndcduwsve albsrogeérance i n
resulted in OGelatMoveldwatabwdmoby of ener
full erene derivatives makes phihtoelfoctr |
noful | erene acceptors alraey edk gibnped f or |

Kwon and ®8wo2@&9%sdemonstrated the effe
TSTab24 . The pol ymer*rT Sdo nRiBS:E |o,f -PRBBICEB

whi ch have tTh werree codupBlDefld with donor |
outdoor condition, chlorination didndot e
However, under, ftlhueo rbeesscte NRCH aonip 21-. 7% wa
THACI based devices, fdFR30Clweldadvegdtdhev iPCE:
and the quitehlowi PGQH Sofb a®&@@®Bdevices (5
summari zed that the per ftoiromma nocfe tihnep rpocov eyr
artificial |l amps were owing to efficier

mor phol ogy with better charge mobility,

ln 2019, Hbldféa bs i d\d bRaM6 : Il T CC,-4 FR M6P M 6T:

PGZBM devices, respectivel yvarea preodcdgs dll
| TEGCased device achieved 1.1V -aud 8n862
10dux LED, respect i vBMbya s ecdo ndpeavriecde woi ft hO
0. 784V-4Hamsled Tdevices of 0.872 V and 0.
based devices sgbBMpasseseddeéewniat e sUfHf &8P d %)

devices (20. 8%)x uLnEdDekr)( .21708000t h o uagshs i sh e d t

recombination became more and more ser.
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frdm0 mWtemO. 12 mW heenediraped charge reco
| TGCased was minooBMbasedtidaHads &d WwPrCder w
il uminati on, |l eading to better perforr

il 1l umination and heat wee eoft hlePVmacienl Irse.a s

to strong il lumination, the devices sho
dim | ight il luminati on. Mor eover, Hou v
measure the indoor | ightingausddnsihe eis
power of il lumination should be accurat

correctly evaluate the performance of de¢

Houo sSfagromer synthesizeflubhl rewnwi decl
-4Cl blended with PM6 which acthie®efved. 26.
V undelrud0o00ODBD (2700 k)P-A Whaes ctomumothd rye aalf
nofmul | eren@®38cThkpsodevice posses4@Ild rem
randgeedm 450 to 700 nm with a wide opti
i nvestigating wt,hea rreadcsioat iofe hrigchd¥mbi nat i
of ca. 0.28 eV, a radia¥Vwhoe cacofmbD@aeV
nomadi ati ve Y% ©odmkcianat0i.o2n5 eV webd% meas.
and% contributed awrel atni veerldzers mad épar ov e
processabOPVsy -Alodevidces t hcrooawgn gb Ipar doec
showed 23.9 % PCE with a ¢tFhigoaXke kgti v
i ncreasing the external additional ser.i
AM1.5 and EDOWwelrex obmpavedon!| wi th al most

under weak il l umination, the photoel ect
decreased obviously, as mentioned befor e
t o eries resistance Al sbabthetgdeundes ¢

s
il lTuminati ofi pp@r8d , 160 ch @emonstrated t
e

i ntensity can better maintain the stabil

Yan €3dml 2020 focused on the influence
the | OPVs wunder weak A |lwansi nbalte nodne d Awi tal

TF which was applied with different el e
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6.21 eV) andb.PFN dWHOMOrespectively. The
el ectrode Al applied different interl aye
spectoryos(cbwPS) . ABi gsur@fvn t he wor k funct.i
downshifted from 4.22 to 3.97 eV when ajy
from 4.22 to 4.11.9 eV when applied wit
reduce the WF of Icadthonadres Aé%Et otal énipdinfyfed ra
bet ween the HOMO of the interlayer and
expressed the hole blocking barrier, wel
t h¥ o f 2.31 eV was | ar geevitcheasn (tlh a4t9 oefV)
i ndicated that the hole blocking abilit
properties of two types of interlayerso
of PEblads@d was 30. 02Brased WLE 22 -1/ und
LED (3000 k). Yandé s grodapsspeted| aeced mb

occurred in PFN based devices with | ow ¢
due to t¥Eecosnmpaalrieedr wi th the PDINO based
influemeseot wo interlayers could be neg

because of their high carrier density.

2.23.3 Ternary Strategfor IOPVs

Ternary BHJ approaches have been test.i
performance of OPVs in both outdoor and

i ncludes t wo structures whi ch ar e D1: D¢

D: A1: A2 ( onnde tdmonoacceptors), where the
broaden the photon utilizatcbar od, thanse
i mprove BHJ morphol ogy, an'd'@®prevent acti
Ternary strategy was applied to i mprove
(29) . PDTSTPD as the ternary ceBiositi
(Tabd5 resulting in the PCE i mprovement i
the-l3I&k0 fl uorescent l amp (2700 k). The t
mobility and passivated shallow traps a:

75



contrast itoedjinbeynary o evi cles8 INawnnidieg h
il luminance, while 0.73V under -Wasned i gh
cell s hadt hhang Hbearmed ycel |l s owed to the co
spectrum of thebehted obmpboment heoemis
Moreover, the ternary films showed narroa

indicating shallow trapg$3ffear the band

PBDB-TS-3CI PBDB-TS-4C|

Figure€Chz.mi cal structures of (a) donors

full erene based | OPV devices.

Ko et3falvestigated D1: D2: A and D=-A1l: A2
T: PFBh: 7BPMC and -TRPBOBhC,BPMCF( g@r3& , yiel ding
of 20012 % .(®3= VI59A 9O9n c&FrFkd 65. 06 % ) and

(O = 0. V2= V157A 9c3m eaFrFd 54 . 43 % )-l wndleED,10 (
respectively. The result showed that b o
cells when referenced to di=mmald.y®ld\¥,nd w
140 .A5Znm &Fd 49. 6%). The ke ul bfiuildhpeh oem ke
acceptdrh, -dagedla@ni zed at the i nterface of
cascade ternary junction can roesand I n
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PCE compared wi3¥hHobowememg,0omp@midson with
additional -Thonfoari,|l edTB7 p tfiominziendg tseerlnfar y
formation, suffering relatively severe
that the third component shoahd pbreftemahb

emerge at interfaces of donor and accept

A newf mlolner eneT ha2c cweapst odre, s iYgn &2 wohyi cYla nly & ¢
a structaicrceedpafrabdalal ac cre2ZDARA L )(.A1Devi ces n
of PM&G2Y Y6 offers the PCE of over 16% u
of 22. 7% -umxdet EROODhe HOMODhandl LYgNMO&dobel
those of binary hositc,i etnhte rceabryr ineary tfraacnislpi

cascade energy |l evel. The bandgap of sy
donor, PM6. Therefore, this acceptor <col
and Y6 in the short wawelpdn@tnh croediforci wi

harvest extra photons.-i Mci €@ waeneg, |-veth gl 1 e
scattering (Gl WAXS), -ex ho il ¢ mtda tmoo re fparc |
compared wi t h PM6: Y6, which ncpolrd ateindhnr
Transmission electron microscapyt{nhbEds
i nterpenetrating networ-Kh3truldbéurepafte:
active |l ayer can be applied in boafh sol :

its excell ent PCE under outdoor and i nd«¢

2.23.4 Molecular design and industrialization perspectives

Lecl er%®swmmaali.zed mol ecul ar deefsfiigcni eme r
| OPVs. The bandgap of NFAs should be i
density of*?@émd dgroemsi ng thé . BXompamedp
with NFAs mixed with donor s, fullerene
w due to worse aligned .edear gy dle@y éla a&md
mol ecul ar design stratwdgyh dofawdeqgr eoaoipreg
A moieDW 1eals to 4% salsi fdte moMA K a tAe¢ & of or

downshifting HOMO | evel of donor IS nec:¢
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Al t hough higher intensitié@sStasedl I hates
i ntensi Hi0Waxofs2mObre practical to eval u:
i ndoor energy harvesters because the | o
i ndoor conditionasisMarwovarfluonresmepnt t
advant ages of l onger me an i feti me, ch
conservation, which should be as the st

measurement . 3pMadohiewwedethal technol ogy an

| P¥ell s. A pewerscomfmsdmwti on protocol s t
ful fi1 1l various application of l oT tecl
harvest i ndoor |l i ght FIguRrdesof HeRYecell
predi ctwge tion btehéh near future, and the ¢

sensors (WS) continues to rise to $ 850
Mat hews predicted that the manufacturi ng
0. 00%%0o 80n$Ficom t he next 5 years. Researcl

materials and production in an economi C:
s masliclal e producti on. Furthermore, they
agreed and dsiformegsabodarng | PV cell s
Tabl4eNozh.ul | erene based | OPV performance und:ée
) ] lllumination PCE Voc Jsc Ref
Active layer Light source
(lux) (%) V) (mA cn?)
PM6: Y6-O LED 3000k 1650 30.89 0.84 0.245 15
PM6: ITCC LED 2700k 1000 22 0.962 0.095 w7
PM6: IT-4F LED 2700k 1000 20.8 0.712 0.113 w7
PBDB-TS:IT-4F FL 500 5.3 0.36 0.0668 100
PBDB-TS-3CLIT-4F  FL 500 20.4 0.64 0.0628 100
PBDB-TS-4CLIT-4F  FL 500 21.7 0.64 0.0649 100
PM6: IO-4Cl LED 2700k 1000 26.01 1.10 0.09 o4
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(a, (b
£ 1 32935 9 90 0o 800 B0
801 W 3 L R e e .
5{; 1-10,000 Q { :n a
w 4 { ey 5 1
e £ ) ILHI B oo
2 Extemal resistor pgyice s
5 4] sV 2 > Vo
E L g 8 o= Jso
201 s o FF
—a— AM15G § 77 4 + PCE
01 —e— LED2,700K, 500 lux &
, , 70
10 100 1,000 10,00¢ o 200 400 600 800 1,000
Extemal resistance () Time (h)
( C — Evac — Evac ( d_q;. A o o
s | /] |/ SO0
Evac —— P Evac — ; N . "
WF=3.7eV | WRA2V  yrg 20y G| Wea22ey 4 OaV, o_\_),q_
[— S~ ] - N
PDINO °
—epte- e sy L
Ah=231eV ! Bh=1.49eV [ i
7 | . o a : N /
""" 7 | CH. -~ N,
N0 A N LA cn"n \
PFN

(e ( f

= IPV Market Size = WS Market Size

10 4

US$ Billion
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Fi g®r3( a) Photovoltaic performance vary
under AM#.-BBUOX0O LED, %%esp(ebc)ti €Eempared wi
photovoltaic peefoe mahceel depee device

under continuous il lumina3dAd@ awvid hhurhied it
40%0% Copyright 2019, Nature. (c) The ¢
and!>AlCopyright 2020, Science Direct. (d
transport | ayers of PDINO and PFN. (e)

modelncorporating the-Thhhasd De@lohmpagl eTA2C iPn
PBDB'3® Copyright 2019, Wiley. (f) The pr
31 Copyright 2019, Science Direct.
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Taba5eTernary | OPV performance under
lllumination PCE Voc  Jsc Ref
Active layer Light source
(lux) (%) (V)  (mAcnm?)
PCDTBT: PDTSTPD: PGBM  FL 3000k 300 20.8 0.73 0.0333 106
PBDB-T: PTB7Th: PG:1BM LED 1000 18.99 0.63 0.158 138
PBDB-T: ITIC-Th: PG1BM LED 1000 26.4 0.72 0.1579 138
PM6: Y-Th2:Y6 LED 1000 22.33 0.701 0.032 95
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CHAPTER 3

Methodology
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B33 Lntroducti on

This chapter provides a comprehensive
carried out 5i nabpChwalpitelh si nvol ved the sy
fabri catdF,nSToBFS@I B-S1T,B a-B8d0. TAHotnt ai ns det a
I nformation about t he material s and e
procedur es used for devi ce fabricati or

characterizati on.

3. Mat erainadl ssol vent s

TabB® LI st of mat effiadblrs cdtoirondeamndet heir
i nformati on.

Mat eri al Specification Manufacturer
PM6 >98% Solarmer Materials, Inc.
BTP-2ThCl >98% Solarmer Materials, Inc.
Y6 >98% Solarmer Materials, Inc.
BTP-eC9 Solarmer Materials, Inc.
PDINO >98% Solarmer Materials, Inc.

PEDOT:PSS (4083) Clevios P VP Al 4083
1.3-1.7% solid conten

Heraeus

Tokyo Chemical Industry Co.

1,8-iodooctane(DIO) N/A
Ltd.
1-chloronaphthalene N/A Tokyo Chemical Industry Co.
(CN) Ltd.
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CS > 97.0%

Theindium-doped tin

. 1.1 mm thick, 15
oxide (ITO)coated

ny square
glass
Polyethylene )
Thickness: < 0.2 mm
terephthalate _
Sheet resistance: n/
(PET)

J&K Inc

Yaoke Inc

South China Xiangcheng
Technology Co., Ltd.

Tab32lLi smaoéri al s

fohesyntbesespandi ng

Materi al n Specification Manufacturer
Petroleum ether analytically pure Sinopharm
Dichloromethane analytically pure Sinopharm
trichloromethane analytically pure Sinopharm
Pyridine analytically pure Sinopharm
Acetone 99 9% Sinopharm Chemical

83
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iso-propanol

triphenyl phosphine

potassium carbonate

potassium iodide

o-dichlorobenzene

N-N dimethyl formamide

phosphorus oxychloride

dichloroethane

miso-propanol

99.9%

wyYp

wyp

wyp

analytically pure

analytically pure

wyp

analytically pure

HPLC
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Sinopharm Chemical
Reagent Co., Ltd.

J&K Chemicals

Sinopharm

Sinopharm

J&K Chemicals

Sinopharm

J&K Chemicals

Sinopharm

Beijing Energy

Engineering
Technologies Co,.Ltd



2-Ethylhexyl bromide

ethyl acetate

11,12bis(2ethylhexyl}1,8
dioctyl-11,12dihydro
[1,2,5]thiadiazol§3,4-
e]thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;2
blindole-2,9-dicarbaldehyde

2-(5,6-difluoro-3-0, kxo-2,3
dihydro-1H-inden1-

ylidene)malononitrile

Tetratriphenylphosphine
palladium

4 7-dibromo5,6-

dinitrobenzo[c][1,2,5]thiadiazolt

tributyl(4-octylthiophen2-

yl)stannane

tributyl(6-undecylthieno[3,2
b]thiophen2-yl)stannane

analytically pure

analytically pure

wyp

wyp

wyp

wyp

wyp
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Sinopharm

Sinopharm

Synthesis by our grou
146

Synthesis by our grou
146

Beijing Energy
Engineering
Technologies Co,.Ltd.

hyperchemical

hyperchemical

hyperchemical



2-(1-chloro-6-oxo-5,6-dihydro-
4H-cyclopenta[c]thiophew-

ylidene)malononitrile

2-(6-0x0-5,6-dihydro-4H-
cyclopental[c]thiophed-

ylidene)malononitrile

2-(6-0x0-5,6-dihydro-4H-
cyclopenta[c]thiophed-

ylidene)malononitrile

11,12bis(2ethylhexyl}1-octyl-
8-undecyt11,12dihydro-
[1,2,5]thiadiazol§3,4-
e]thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;2
blindole-2,9-dicarbaldehyde

11,12bis(2butyloctyl)-1-nonyk
8-(nonyloxy)}11,12dihydro
[1,2,5]thiadiazol§3,4-
e]thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;2
blindole-2,9-dicarbaldehyde

2-(6-0x0-5,6-dihydro-4H-
cyclopental[c]thiophed-

ylidene)malononitrile

wyp

wyYp

wyp

wyYp

wyp

wyp
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hyperchemical

hyperchemical

synthesized by mysel

eFlexPV Limited
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2-(6-0x0-5,6-dihydro-4H-
cyclopentalbjthiophe- wybp eFlexPV Limited

ylidene)malononitrile

2-(6-0x0-5,6-dihydro-4H-
cyclopenta[b]thiophed- wyb eFlexPV Limited

ylidene)malononitrile

3. Apparatus

Tab3d3eLi st of i nst r ucnoernrteastpoomdsi nagn di ntfhoeri ma t
| nstr ument Specification Manufacturer
UV-Vis .
LAMBDA 950 Perkinelmer)nc.
Spectrophotometer

TransmissiorElectron
Microscopy TEM)

Talo£ F200X Thermo Fisher Scientifjdnc.

Atomic Force
Microscopy AFM)

Dimension3100 Veeco Instrumentsnc.

SurfaceProfiler Dektak150 Newport Corporation

J-V Measurement (Solai _
_ Oriel Sol3A Newport Corporation
Simulator)
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J-V Measurement

(Digital Source)

QuantumEfficiency

MeasuremenBystem

(EQB

UltrasonicCleanser

Photoluminescence

SpectroscopyHL)

Cyclic Voltammetry

UV-Ozone Box

SpinCoater

HeatingPlate (With

Magnetic Stirrer)

VacuumDepositionand

GloveBox

Keithley 2440

QE-R

SK8200H

FL3-111

Electrochemical

Workstation

(CHI660Q)

BZS250GFTC

SPIN-1200D

C-MAG HS7

N/A

88

Tektronix Inc.

Enli Technology Cq Ltd.

Kudos Ultrasonic Instrument
Co,, Ltd.

Horiba

Artisan Scientific Corporation
DbaArtisan Technology
Group

Huiwo Technology Cg Ltd.

Midas System CoLtd.

IKA ® Works

M. Braun InertgasSysteme
Gmbh



Contact angle test

H NMR

Time-of-Flight Mass
Spectrometer

Time-of-flight
secondary ion mass
spectrometry (TOF
SIMS)

Spectrometer

GIWAXS

PhoteCELIV,
TPOTPV

Highly SensitiveEQE

Electroluminescence
(EL) And

Electroluminescence

CAM 200

Bruker Dmx400

LC-Q-TOF

OF-SIMS 5 iontof

Maya Pro 2000

D/Max-Ttriii(Cbo)

All-In-One
Characterization

PlatformPaios

PECT-600

REPS
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Biolin Scientific

Bruker Switzerland

Ab Sciex

PHI NanoTOFII

Ocean Optics

Rigaku

Fluxim AG, Switzerland

Enlitech

Enlitech



Quantum Efficiency

(EQE EL

Measurements

Spin coater SPIN-1200D Midas System Co., Ltd.

3. Materialamddesyingrhesi s

3. 4Understanding the effect of -ekfQueinéeé nta

organic photovoltaics to harvest sunl i gl

The newly dptso-glhEB®lasacxcynt hesi ze8 laccor
Compound 1 waefeynimgsitoe®®ur previous w

Take 400 mg of(llchiie@®a y d-b et yol-d)L v 1 2

di hydro[1,2,5]thiadiazol o[ 3,4e]thieno[ 2"
[ -hbRi ndadie ar badme hyde& omgnalw®-( 5-d 6f [-k3uor o

0 X-®,-d3i hyld-kr ndleyn i dene) mailmen obh®0®r imLe f | ask.
evacuate the flask and purge it with a
solution and 1.5 wml eo famdpyerdit Thien énli ea $uurtei or
heat ed aand 6s0t I rfroehte Aw éestl ocwono t o r oo t empe
dr opwaesr used |l owly drop the soluttlme 1 nt
mi xture waer sibigtetdednast f ahREr@B8=1: 3 col u
chromatwags apheptodbd ai n #HFeh g@mnr,0 d@r thaanhdd | m
wer e fuosredtiweefs recrystallizati on, foll ow
chromatography for-hekane bweariden €&ds epduo d her
recryst atld iozbet aiwi eBeD @k o961 bHdue
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O compound 2
Fm
s F \ CN

NS Ne
\ / C.H
S s (3.0 equiv.)

[ /)
OHC—\ N N §P~CHo _

CgHy7 . .
Csz—e S—Csz Pyridine (20.0 equiv)

C4H, C4H
e e CHCl,, 60°C, 4h
80%

compound 1

Sche3d3m&ynt hesi s-4Foute to TB
TB-4F was confirmed byH NMR spectroscopy and TOF MS:

4 nuclear magnetic resonance (NMR) spectroscopy and-dftflight mass
spectrometry (TOF MSgonfirmed that TBAF was successfully synthesizeH

NMR (400 MHz, Chloroforrd) G4 9. 19 (d, J = 16.6 Hz,
Hz, 1H), 7.71 (g, J = 7.0 Hz, 1H), 4.75 (d, J = 7.7 Hz, 1H), 4.55 (s, 1H), 3.23 (t, J =
8.0 Hz, 1H), 2.02 (d, J = 713z, 1H), 1.88 (p, J = 8.1 Hz, 2H), 1.76 (s, 1H), 1.52 (d,
J=8.2 Hz, 2H), 1.4D 1.25 (m, 9H), 0.88 (h, J = 3.7 Hz, 3H).

Fi gBr.BH NMR specdtCGlum of TB
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+TOF MS: 0.6188 min fram Sample 3 (2) of APCFpos-cal.wiff Wax 1.128 cps.
a=5 7353630878 1868 160=-004, t0=2 15838279946308950e+000 (DuoSpray ()), subtiacted {0.856 to 1.037 min)
1311.485
1.14e8 —
1.10e8
1.05e8
1.00e8

9.50e5

w
2
5

@ N oo
a3 2 38 8
L

Intensity, cps

N

o o MoNowow P
e 88 8883838288323 8
8 B KB HHE G K &GS

13J4.4917

1210 20201 3R 4521

I‘ Ll

’ ; u”‘h 1l I i 1l H|“I o .
110 1220 1230 1240 1250 1260 1270 1280 1280 1300 1310 1320 1330 1340 1350 1360 1370 1380 1330 1400 1410 1420 1430
miz,Da

Fi gB8rt.BOF spect4@im of TB

3. 4Rt i onal tuni ng of i nter mol ecul ar ani

hiehficiency indoor organic photovoltai

The newly desi-§Qleda@aeccBdphboheIBzadg ddocCco
Sche3@e&€ompnodu RTTFh ClI  wa's rseyfnetrhreesdi ztdeipor t ed

Compoudnd,d7i br-o@ ni trobenzo[c{lQ,a2p)X5]thi
compoturnidbotty ly ( 4-2y lo)pshtegnh Bwwegrpe wei ghed i nt
mL t-heeked f | asky.dr2o5u0 mloloufensenhsol vent w

while simultaneously evacuating the fl a
Then 0. 3(gs3onmasPdhaddrRRIh)into the flask. The
110AC and shielded from |ight. After 2
| et it cool to room temperature natur a

separatory funnel diaaolk!l ovmacsmew ahsahneed (Wi CtM)
reduce | oss. Theéenti meoproke mabebmwaSof d e
addiedt o t he f |Thek fwiasd lesdhhark ea ivwhi | e unt il

separates into two | ayens. aylree @M soll U
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the bottom of the fl ask. This process v
|l T guid become clear to remove |impuritie
obtained DCM solution was dreiled obwd erro twaa
adde€dl.umn chromatography with a mobil e
di chl or omet hawvaes (UBCGCM)e mov3E: unreact-ed raw
product g, odnd el (CDdmproditnddo t2y | t-Byi )6 en
undecyl tbh]itemiddypBh)ebne nz o[ c] [ W,a3, Dbttt laii amckida av
yi elado oa¥. 50

Compod(8. 2nd) compo budylec§l tbh]itenidy p3h e2n

yl)st@howaaepree wiemtigheBdO0O0O-nmkc ktehdr ¢ ask. Add
uldryg toluend(é&®LhThegrefackPwama itnetnepiened
at 110 for aboutwals2 phe. r fCTahmese detxd mta cwii tom
operation). After removing the residual
powdwa s atlded col umn chromatogr amalsy . T
PE: DCM=3: 1, and oanpdeabnplbi rdeddt bsootlyildt-Bi op hen
yr( @ ndecyl tbh]itemigdypBh)ebne nzo [ c] [ D#A208%=]st hi ad
obtained.

Compabd( 2 agm)d P((8PW)Y e wengbed 1hCcrkledt hr
f | alshken t he fdmeadno dwagwmirmket ufogrenpr ot ecti on
20 mbLdiodhloorwdhe nizrejnect egfdoli indo wa d hlmagnfd a s k
fl usewi th nitr ogFenn dtlhleyefelhdesaknewa satti rl1 8 0
for 36 h. Awacampdhets & leiac awiagsenld iproencdtelry a d «
t he drpkeskr ol e unmvas hikesre dcPoB)u mn chr omat ogr @
odi chl orobenzene and i mpuritwesedwasablwd:
with et hyl acetate, spin dry, and transi
mL t-heeked-bfrlo@mk hyl he@@ardwidiae added i nt
flask t hwdcwamdt pwintglet rrodganm t,hbembdbl ask w;
heedandr satdti r95 for 24 h, foll owedheéoy <coo
mi x twarse piomtr@da 500 mL sepwastiwigshé dert rhe/ll,
acet ataendleEANiIi zed water, and extract rep
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wag el atliewaerl.y After spin waeye nfggsre HFCuVr tahned
extraction. After spin drywansg atdhdee df | a ak
and PE: DWCas@mtdfealr column chr omBBtgogafaphy,
yell ow oddmpoluirdgdub&se(tthy |-hextgyn delcly,-1 2

di hydir,o2, 5]t h-eatdhaeaoabppP3,-8":4,5]pyrrol of
g]l]thieno[ 2" ,-b3]"i:ndg a5$] et phbi t eani on[e3d, 2

04 of c oEwmesumweiitgent @O0 mmle ctkherde ef | a s k 3 (
1,-2i chl ormaonglt hamke wdr e©OMFdded into the fl a
flask wasnadsdiaudathedhf oFrbgewead i my asnit orcien ¢ ¢
andiagddmL odThPeOCH| s katvaldow t emperatur e

wagraduaddy heattQiframdll2t he Thaskt owas c
room temperature amwdhdrbewdsdttadt aosastal at
solution of aontlhseonh ustasonoonatsenoweegdiny ght .
Then W&M used to eXheaetxttrlet pdoagnudod uct
was mi xseidl iwda hge8ulpoagEe eEPAt=I1y0,: 1 as t he m
was adopt esdkeparati on and pur i figi ckhaitg hotn. /
yell ow ceompod@n(@ll -bli2zee(th y |-beextgyin d elcly,-11 2

di hyfdir,o2, 5]t h-eatdhaeaoabpp3, 8'g]lat, Ibi]pryalrd'l ,0F
t hi ed[indadi €« ar bawase hgldtegdi ned

Compoussd|TB

Compoud200amggmp o w4 &-d B c hd-ooxrda-d3i h yld-r o

Il ndleyd i dene) maboO wmperlidliexdds asn WIpligIFe di ne
was added dropwise slowly under nitroge
bl ack. After reCacd  agovapen ®egHtowhty @ r of
solution into wvahincehsteahosyle r sifd g b ts ie awia e n t
filaede®E: CF=1: 3 c olwansn tusheraddmati oig# &ah ypr
4F. Then, CRveardf wgetdhvawm ot i mes of recrys:
by PE: CF=1:2 column chromattdogegxamkrey aimhadr C
weretwsddirther recr yl3tag!l doddzlkeskkiwd.ce t o o

94



ComouhBs:

Compound 200 anmggc ompounz( ® 99 ,-dbi h ydd-r o
cyclopentafyctjdeinepmabo0wemgerdi esosl ved i
Whipyriwldasneadded
t uerdnl

dr opwi se under r
amd telraclkaght nagat dé &mpp etws el owl y
drop the whi ¢ h & evdrieeM éhramilibdg@ h ts.o | u
sediwmestfahtdeP&d C3 wdg otmer ¢ @ Iy tr @ ip
t he pr odllk.ct THaBn, foos e d d wol t i
recrystallization, by PE: CF=1:"

pr odthcetx.anre waemae t@S ddirt herwirceec rtyos toabltlaii zne

sl owly
ue
solution
col
CF wane

f ol

umn
me s

| owed

odabksel id.
C11H23
gH17 s uzSn\ S. ' W/

\ NSN s Cutls NN 1)PPhs, 0-DCB s s

Br Br \M/ s I~S S 11Ha23 )
oN NO, Pd(PPhy, O ! Pd(PPhy) SV W GH
2 2 3)a CgHyy 3)a CgHiz 2)K,CO3, KI ‘X S’ 17
O,N NO, O,N NO, CubBe DMF csz (.
4Hg C4Hg

compound 3 compound 4 compound 5 _cl

compound 6

compound 8

N
C
1) CHCl,

S s_ 0
DMF, POCI; Cyq1Hz;
—_— R N N‘ 4 TB-SCI
CI(CH,),Cl 7S CaH
(CHa), o czHS\e Sfcz 5 i 2)pyridin
C4Hg C4Hy s
5 =

compound 7

o

compound 9

Sched3m&Bynt hesi s-SCbua-8dt dBTB

6, c o HHf i NMiRe d

spectroscopy

Compnod comypacCl nd ash dw ellrBe

TOF MS:

by
and

11 -bli2zee(th y | -bextgyin d elcly,-dli2h y[dlr,02 , 5] t h-i adi az

e] thieno [ 2'-g]3thiderbd[ 2'y 3] o:Indu [053],et26) i ceonnop| 03
1H NMR (400 MHZs06REN3) 7.01 (s, 1H), 4.
4. 48, J = 7.4 Hz, 2H), 2.92 (t, I = 7.6
1.95 (m,i11LH)0, (Im,9 24 H)9, (Im,7 8L H)0, (Im,5334H) ,
i0.33 (m, 38H).
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11 -bliz2ee(th y | -bext@y i d elcly,-dli2h y[dlr,02 , 5] t h##adi az
e] thieno [ 2", 3d]:t4hi5dnop¥'r rod)'liond,ofdBet Bi e
di carbal dehyydee 1H oONMR undbdOoDd M6bz 151GDCI 31)0.
(s, 1H), 4.63 (d, J = 7.6 Hz, 2H), 4.48
1.92=(dtl, 8] 6.1 Hz, 6H).

2,-QC5Z-(b61D) =ty |-hextgyly delcly-dli2hy dr o

[1,2,5]thehtthaerobppR3,8]tH, EHhpyRYpBoO[ 3, B]
b]i ndadi g | ) bis ( me t hcahnl yoloye i-diemydd+)o bi s
cgl opent a[-® }Hilyild pdheenree ) di-8&€1 pnorliHt INMR ((
MHz, CDCB3131d), 9.10 (s, 1H), 4.73 (s,
1.98 (s, 1H), 1.86 (s, 4H), 1.76 (s, 1H;

2,-2Q(5Z(b1D) At hy|-haextgylny dydlcl -1 2

di hydro[ 1, 2, ]thia@adioda206,8[] 3445] pyrrolof
gl]thieno[ 2" -b3]'i:ndd,allilgg Ih) in®[ 8 m2t hamxyl yI| i d
5,6i hydddc g c|l opent a-5][ddi]ytlhiidoepnhee)n)e diSmal onor
1H NMR (400 MHzB3 CDA) 3)9.09 (s, 1H), 8.:
4.73 (d, J = 7.6 Hz, 3H), 4.54 (s, 3H),
AH) , 1.75 (s, 1H).

2,-2(5Z(b1D) Bt hy |-Beliyundecdlidhy dr o
[1,2,5]thebhadiazol ohBeho[2"",3"": 4+ 5"]1t]
gl]thieno[ 2" ,-b3]"i:nt,c8l]etyH i) éon s[(3ne2 h-ahVy-by bi de
6-0 x-®,-d6i hyddc gc|l opent aj @i tyHii dpmene di mal
(BT2PThCl ): was synthesdiztdbdkiHeNBRr ¢d00em
cCbcClu3)o9sp82d), 8.17 (s, 2H), 4.75 (s, 4H
4H) 1.03®6 (m, 48H®,80HBBO.TEHY ,J@, 7HB2H) .
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3. 4AI3KoXxy substitution on asymmetric con

efficiency in ternary omadindtci weol ol tcaed @

The newly desi-Sgln eadnSlaCcTcReeprteo rs yITnBE hesi zed
SchedeCompoudmadd-STBvas synthesized accord
wof k Counmp@od @ nddver e purchased fr oS edrndd x P\

TBS1IO were designed and synthesized as s
Compousd : TB

Compoud(n@2 agm)d c o mf®@u7nddSveg)e di ssolC¥Fed i n
0.5 mL pyridine was dropped under Argor
refluxed for 12 h. Afterwards, the react
which precipitated a solid. Vhesi s$okiad g

chromatography (eluent, petrol egmeemnher :
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sol i d. The

mi Xtur e

solid was
tmo ar 54T B

Compou+dO:TB

Compoadd.

0.5 mL
refl uxed

whi ch

chromavodgreadplent ,

red sol i d.

mi Xture t

compound 7

CoH
ooy Y
B IN N\ /

7 S CoH
° °4“9\X S’°4”99 b

CeH1:CeH13

compound 11

2a8ada gppod qd.

pyri
for 12 h.

precipitated

di ne was

af{fsdr d

compound 9

1) CHCly
—_—

NC 2)pyridine

\

)
o

compound 10

1) CHCIy
CN —_—

NC
\ 2)pyridine
\
S

o

compound 10

com

After war ds, t he

a

e rge) di ssolC¥Fed
dropped

under

d. The sol

petroleum ether:- di
The solid

recr yGRaaldl inzeet ch afnrod

i n

Ar gor
react

d v

c hl

reClaydstmeétd haed .l

compound TB

CeHqz CeHis

TB-S1-O0

Schedm&wynt het i TBSrlo wlatr8IOTBr
TBS1Indh -I§® were colf NMRedplegtroscopy and
Compousd : TB

Compound 7 (0.12 g, 0.129 gmmo0.)3 7a2n dm ntoo
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were di ssolCked .i5n maLO pmglb i di ne waBhamoppe
the reaction mixture was refluxed for 1
dropped to 400 mL methanol which precipi
and puri fied by shy i ¢ &1 werdt , c hp eotnrad logu 1
acetattec1&f flggrde ean dsaolki d. The solid was
vol ume OFRahdomef hanol mi xXtur-81t0. @4foydyi
24%4 NMR (400 sMHp@mCRIGCBS (= 12 Hz 2H, Ar F
4H ArH), 4. 73 ,(MQH,J 4= 572,)6 sHX.,2@,HCH o) ,J = 8
2.00 (s, 1H, OGH) ,1.173B6( 1s ,2H H{, G HA3SH
0.864(mpgl8H,GEINMHS (ARMCE)] MeHd] c d7HE Ms®:Ss, C
1293.4807; found, 1293.4817.

CompoudO:TB

Compound 11 (0.267 g, 0.2558 mmol ) and
were di ssolCked .i5n nmllO pmlpedi nedewasAdgomp g
the reaction mixture was refluxed for 1
dropped to 4@bi omh meebapbtated a solid.
and puri fied by siyic@el geht , chpemadloe
di chl oromethane=rle®)sdloi caf f Dmel swoldiad kwa s
a 3:1 volQRedr met baabl mi xXtur2lt®d®. @6 I og
yiel dH1INMR (400 3MHzihm)BD,CUI H, Ar H),, Ar.H)7, (
7.99 (m, 4H, ArH), 4., 774.(6t9, (Jd,= Jg).74 THz6
4.53 (s, ,2H33 3®BH (M) , 21281 .097 (my) ,4H, 8GH
1.74 (nm, 4H, BTCTH( myp , D68 HW7ZACHmM, 3) 1 8-HRMSH
(AP@l:z [ Me Bl] c biFbBO:SSLC407. 5851; found, 140
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—I +TOF MS: 0.0790t0 0.1535 min from Sanple 2 (XIE-4) of APCl-pos-cal wiff Max. 2.824 cps.
2=5.73414184439519600e-004, t0=1.51823510217211110e+000 (DucSpray (), subtracted (0.005to 0.051 min}

12934817
28ed

2.6ed-
24ed 1294.4348
2.2e4
20ed
1.8ed
4799

1.6ed

1.ded

Intensity, cps

1.2e4-

1.0ed

8000.0

6000.0

40000 126 4837

20000 11545006
5002 1299476 492 4584 1735

0ok T : . — r - r — — b Ml — \
1000 1020 1040 1050 1080 1100 1120 1140 1160 1180 1200 1220 1240 1260 1230 1200 1320 1340 1360 1330 1400
miz, Da

FigB8rd&@Mhe mass spRl.trum of TB

+TOF MS: 0.0743 to 0.1302 min from Sample 2 (XIE-5) of APCl-pos-cal. wiff Max. 7.6e4 cps.
3=5.735110936784 10800e-004, t0=3.17056960007930000e+000 (DuoSpray (), subtracted (0.023to 0.042 min)

1407.5781
~
7504

7.0e4
6.5e4
6.0e4
5.5e4
5.0e4
4.5e4

4.0e4

Intensity, cps

s CgHqz CgHi3
3.0e4 s
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20e4
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50000

)

00 : ; : Y b, v . . . \ . Y \ m'
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FigBrd@dhe mass sp®Otrum of TB
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3. Pevice fabrication

A device consists of a substrate (1 TO/g
an active | ayer, an electron | ayer, and
| ayer. The materials that need to be de
soeld. The spin coating meatolced siadb | es ehttea
as PEDOT: PSS or organic materials disso
|l ayer, hole transport | ayer, and electr
be psoeed in |iquid form can be depositec
the Ag @Abecthidovdgeuit® 3 .T Od @yhh ;atsrsat esmMmposses
wi dt h14amMd mm | ength | TaOsGnre tdreeri mied ploes s@

subcell s.

For this project, the OPV devices were

fabriefat upinntdoependeme s wlel®iincgpdiependent S

simultaneousl! y. To ensure the reliabildi
experimental trials were conduU#EcRel. mmhe
2.5 ™Mmg deviwdda hl anacsikt iIFS gdisyr Bec®rTiplreedv einnt  t |
coll ection ofc htarragres vfelroswe, sepaacche devi ce m

calibrated mask ®witrresad tdmaga inf gho®L td m

each device.

(a ' (b)
¢ | 4 ¢ L4
o | .+'-- LA IAITO ull :|+::|:| O Active area
1465 15

FiguX®a 3dhagram of, | d@eonibcelaadvdd hat ed ma

resul amougdrvema o ff @r. Ogtachm subcel |
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3.5.1 Understanding the effect -eofff isceiqeuretn

organic photovoltaics to harvest sunli gl

For conventional C-BH) kprhed es 0,-udM@Ee raan d (
mi xed in CFcaatedvasat sphe sBRmgdt&MFer as s
the proeeseasntoifal de pSoBBHYa so ns hperivogeBeids i ng  (
PEDOT:wassS f i rcsotaltyeds poinnt o | TO sudottaneg,

neat PM6 dissolved in CF4FSubsesguoénwtldy,
wel |l wasatsegd nonto the bottom do#aBri hbger
the PM6 f ieldmtvwa o ufgdhr mhe swelling of pol:
vertical phase morphol &gy BB s T hoer noepdt ians:
conditi-BAHJfwasS®deter mi ned by M6o nmirtadl Ifii xg

concentration antdraairpynngfthecephors wif

(a

Only D

FigBx&%a the flow charts of conventional

deposition process.

Devi ces wer e fabricated wi t h t he CQ
glass/ I TO/ PEDOT: MB33I/AAcodveOd| gy ass5PBNDSsI
cleaned with detergent and ultrasonicat
propfammol| 20 mi n geuaecnht |-ayn dbedsoulbb y e ni t r ogen.

wer e t hen s uobzjoencet etdr etaot nae nkV st ep for 30

sptast onto the |1 TO surface at 3000 rpm
in air. The sampl esa wekry nihtemogemnglfeve
02 .

SBBHJ:
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For the f aBrHJc dtaisend -of: PDOGe TnBeat PM6 i n
(7.5 Mgasnbecpamed onto -thaet PEDOTbSPSSat es
speeds (2500, 2000-4FICEF@ & orl pum)i oann d)9t, h elrD ,°
with 0.25% ( vooh luamreo nfargaNtwhaasd reneb s(equent |y
coated at 3000 rpmwas wuscedot oPajhéncelcas W args
(30 s) foll oweadn nbeyal3i°@ng na tt h85 ma |

C-BHJ:

For :PIMBFbaseBdHJC devices, D/ A Hatiwhiich Wva:
di ssolved and blended in CF with 0.5% (v
spcoated onto the substrates cecwaserwededy
to proceasmsrnaany vedd s) f-ahhewbkbdChbffat h8b m

min. Then, theoabtdeant washepsubstrates
For the cathode interlayer, PDI NO was d
of 1mfamd -spdtned onto the photoactive | a
all devices. Finally, a 100 nm Al el ectr

through a shadow mask®RadeThea aatciuwen arme
crh

3.5. 2 Rautniionnga |l o f i nter mol ecul ar and i ntr

hiehficiency indoor organic photovoltai

Rigid:device

Devi ces wer e fabricated wi t h t he CQ
gl ass/ | TO/REDOV:ePISXSy e rc/oRaDleNlO/gAla.s sl TsQu b s t
cleaned with detergent and wultrasonicat
propdmaol 20 mi n each a-ddi esdu bbb g guentrlioyg e
PEDOT: PSS-cwags omitm t heO I fM@nrs uerOf asc,e aantd 3b
130 AC for 20 min in air. The PM6:accep!
CFand stirred oveihight gi ova boxrodgée of
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met h

PMBTIBCIP, -8®6; T8ndS PaM6e: TEBh &ngaanli ve | a
ti oncawas astpi?n500 wpms Used30ospr €6es
aling (2 min). For the cathode intel

concentr alandnc@dtndd Somigo mi he phot oac

pimor 1 min for al/l devices. Finally, a

he active |l ayers through &ZPahadbw m
ve aredAwabBoBgHmMsS® mbeen figured out
rior performance under theBHJnidmnor ¢
t,ert he) aim of this work is to demo
ormance andr atohercut aan des,p@BHIi ng
nol ogy was adopted in this work to

| eanofbet isme ed.
i bl e devi ce:

par ati(opnol oyfet REMTenRPHI1O000e phit éail alt € ) t 1
trodes (FTEs) . The PET/PH1000 compo
tion processing method. O0.3vol % Zon
tion and stirred for ~2h athrowgmh ter
syringespiclhser gpamh d 8806 hreve a unifor
substrate then baked at 100 for

anesul fonic acid (99%,0akt&K ®me niihcea ls

of PH10O0On0d frieltnasi need f or-tte@eamed, ft heme twheE

wi t h
mi nu
| ast
we-d |

same

DI water and ethanol for 3 times ¢
tes of 100 t her mal annealing was a
, PEDOT: PSS Ww@lkeswsmpmeth BnvVB #4083pubst
stributed PET/PH1000 composite el ec

with rigid device.
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3.5.3 Al koxy substitution on asymmetric

efficiency in ternary omragdindtci weol ol tcaed @

Devices f erCO9R M&P:SEBT PI B N661O , T BP M6e BIT-ST, B

PM6 : BTCP® -STIBP M6 : BTCP® BS 10 wer e fabricated
conventional device structure of gl ass/
The fabrication-Spret¢esst3ioshn2PctbGatTeBd gl as
substrates were <cleaned with detwwatgent
acet omespor mapfadmro | 20 min each -dndedubgenquen
The PEDOT: P-&E&stwwasenspinhe ripimrs 610f a¢ce aatd
at 130 AC for 20 min in air.

Binary device:

For binary devices, the ratio of donor
therefore the weight of acceptor equale
bl ended soluti-@e@%, OoP-SIG6ER M@ Bd SEMG6: T Be

concentrat i okne potf adtolwo tShwer &wt % of t ot al
for-dili 8dooctane (DI O), t h€hFeftor editshsen | wa
mi xture of donor and acceptors was cal ct
by the concenltTrhaet imim t7u.r5¢ nogf ndlonor and a
i €F n a FAiitlrleegdengl ove box and stirred ov
30min before fabrication.coathed 4d00i0v e plma
30s to obtat+h28af eailmi cwerce sksy of0 mi n3 .t her ma

For the cathode interlayer, PDI NN was d
of 1 mghndmkspdtned onto the phpmoachi me | a
obtain a ~tbhiwdnktrheosust cafny annealing. Final
were deposited on top of the active | ay
about®Plal.10rhe active area?with calibrati

Ternary devi ce:
For ternary devices, the ratio of dono
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(1:1.05:0.15 weight ratio), therefore t1I
PM6 times 1.05 for host acceptor and t
accepttohree bHoernded s odleCOI-H,BsP Mée:CRTEHIBB T P

PM6: BTC® -STi8, the concentration odWwi PM6 wa
O. 5wt % of totalDla&cgt itvheermdtoarei al@Bf arrol u me
di ssolve the miextppitmwme sofwadorwcal cahdtadc by
of donor (mg) by th'e Thecemnxrateoaof 7dan
wer e di €£Hod ve diiithrloegdem|l ove box and stirr
at 40AC for 30min thieerleayarbrs @ladti @nn 4 @&
rpm for 30s t o ~dRt0d iomtm @& wteldi dknd®ds momn t he

at 3100 For the cathode interlayer, PDI N
concentratitandodpdtnendy onbtactti ve plagmr at
for 1 min to o-b% awimt hao utth iacnkyn easnsn eoafl i n g .

Ag electrode were deposited on top of t
under a vacwBm. abbetatiiloe area ?with cal

3. haracterizati on

3. 6JVimeasurwemleartn i ntensitinwdoonaicdindartk o

condition

Once the device has been fabricated, it will beeted conduct the PCly J-V
curveunder the same international standard to allow a valid comparison between

OPVs that produced by different research groups.
1-sun intensity:

The J-V curve of the device was tested by using a Keithley 2400 source meter
under AML.5, 100 nW cm? illumination conditions (using Newport OrielSol3A
simulator). The light intensity simulator was calibrated using a NBétified
silicon solar cell.PV performance of the device (such as, w , FF) was

measured by connecting two electrodes (bottom and top) through the outer circuit.
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Data is automatically collected and recorded for éash The datavasplotted as

current density vs voltage curve, yielding a typi&al characteristics curve
Indoor condition:

TheJ-V curve of the device was tested by using a Keithley 2400 source meter under
artificial light Li ght 80 00K i sghs$ s peédaocidenuppwea nd |

0 was accurately measured byhsep e c t raosmed escr i b3.d6.iln7 s e
(Maya2000 Pr o.PV @doeenmamce @ fhe device fsuch as, w

FF) wasmeasured by connecting two electrodes (bottom and top) through the outer
circuit. Datawasautomatically collected and recorded for each test. The data was
plotted as current density vs voltage curve, yielding a tygidalcharacteristics

curve.
Dark condition:

The test method was similar to thesdn intensity process, but with the Newport
OrielSol3A simulator switched off, resulting in zero illumination. The resulting data
were plotted as a current density vs voltage curve, yielding a tygidal

characteristic curve under dark conditions.

3. BExciton dissociation efficiency calcu

Exciton dissociation efficiency of the device was tested by using a Keithley 2400
source meter undéxM1.5, 100 mw cn? illumination conditions (using Newport

OrielSol3A simulator) to obtain and dark condition to obtaio . Data was

automatically collected and recorded for each test.
0 0 -0 Eqguas8.ilon(
®w VoV Equas.i2on(

wheoveand are the current densiti¥®¥s wunde

was the volbagé wabdue& asms t hoe i &pptlhieed
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saturation currenty dwehnegakGt y2,. OwlVi.actT tsiehso retq u
circaundotibhe maxi mum power oW tamuit?, condi
respectively. Thdi)examnidt ccrh adigses ccaild teican o

can be evaluatedi axcrcth?/di ngespethevel y.

The and were obtained accordibng to th

(sat ur atdeedn pd uaryr eenthte condi ti ons of short

out put .

3. BEQE external quaebsmreinmeinti ency)

EQEwasmeasured using a quantum efficiency measurement system. The system
usal a monochromatic light source to irradiate the device at different wavelengths
and then measul¢he intensity of reflected, transmitted, and absorbed light at each
wavelength. By caldating the device's response to the incident light intensity, the
EQE value of the devicsasobtained. EQE is an important photovoltaic parameter
that reflects the device's response to light of different wavelengths and is a key
indicator for evaluatinghe performance of photovoltaic devicédeasurements
were conducted in a nitrogdiied glovebox without device encapsulation
Quantum efficiency measurement system {REEnli Technology) with a 75W
Xenon lamp source, whose light intensity was calibrated using a reference standard
calibrated silicon probe (RS103011G) from Enli Technology Limited, was used
for measurements. The EQE performance of the device was generajadtted
into EQE and/or integrated .

3. BUMi s measurement

UV-visible (UV-vis) spectroscopy is a widely used analytical technique for
measuring the absorbance or transmittance of a sample at different wavelengths of
light in the ultraviolet and visible regions of the electromagnetic spectrum. The

measurementvas performed by passing a beam of light through the sample in a
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quartz cuvette. A detector on the other side of the cuvette mddasaramount of
light thatwasabsorbed by the sample at each wavelength.

The quartz substrate (1.5x1.5 cm) was cleaned usindtesonic cleaner with a
mixture of detergent, deionized water, acetone, and isopropanol. The substrate was
then dried using MNlow and further treated with UAézone before us@he tested
samplewas spined aio the quartzFor example, to calculate tladsorptiornof the
TB-S1-0O, the TB-S1-O solution wasspinedon the substratdirectlyat4 000 r p m
for 30s followed by 1&.3ubsequenthyeersamgple anne
was transferred for measurement usingLAMBDA 950 spectrophotometer
(PerkinElmer). The resulting datavas used to determine the absorbance or
transmittance of the sample at different wavelengths.

3. 6. Transi ent phot ovoll PNIgrea n Snearstu r epnheontto

measur E mBnetas(ur ement

TPVand TPC tests are two common techn
optoelectronic properties of semiconducH
typical TPOWECEPCEC hteegliteivi c e i Waamourttedentoaf abr i
sample holderA light source such as a lasgasused to excite thdevice TPV
measurements study the photovoltage decay upon a small optical perturbation
during various constant ligimtensity biases and at opeicuit bias conditions.

The device was illuminated at the oparcuit mode within 50 i to allow
photovoltage to reach steady state. Subsequently, the light was swafthed the
charge was extracted at the skortuit mode by applying 100 resistor. The
subsequent vage decayasthen recorded to directly monitor bimolecular charge
carrier recombination. The photovoltage decay kinetics of all devices follow a
monoexponential decayV = A exp(t/t), wheret representghe time andt
representthe charge carrier lifetim&he TPV signal can provide information about
the carrier recombination lifetime and mobility of the devideC analys measure

the timedependent extraction of photogenerated charge carriers. During the
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measurement, the deewasset under shostircuit condition; a 200 i light pulse
wasused allowing the current density to reach the stestaly condition followed

by turning off the light. Under dark condition, trapping pattesreanalyzedThe
TPC signal carprovide information about the carrier transport properties of the

device

3. 6Charge mobility calculation

Spacechargelimited-current (SCLC) measurement was adopted to investigate
the carrier mobilities for all the devicdslectrononly devicesvere fabricated in a
structure of ITO/Ag/Active Layer/PDINNr PDINO or PFNBr /Ag, whereas hole
only devices were fabricated utilizing a structure of ITO/PEDOT:PSS/Active
Layer/MoQy/Ag. The fabrication conditions of the active layers followed the same
procedure described in the sectimirdevice fabricationThe charge mobilities were
determined by fitting the dark current measurement curves according to the Motto

Gurney law:
o -'-- — Eqguas.i38on(

Wherelis the current density; is the permittivity of free space (8.85xt0F cnr
1, - is the relative permittivity of the materials, is the charge mobilityg is
the applied voltage, ardis the active layer thickness. The parameteis assumed

to be 3, which is a typical value for organic materials.

3. BPhoitmducedcacghrdarege extraction i n a

(ph6GEDI V)

The photeCELIV measurements were adopted to test the mobilities of devices,
which was tested by the afi-one characterization platform Paios developed and
commercialized by Fluxim AG, Switzerland. Ph&@&LIV measurements through
conducting the photmnduced chargearrier extraction in a linearly increasing
voltage (voltage ramp rate 203V Wslelay time: 0s, offset voltageM) light-pulse
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length: 100* s, maximum voltage: 2V) were performed at 100 % light intensities

of LED lamp source at 200 m@im? to calculate the carrier mobiliyf the device

The equatiotf® of t —y— was adopted to calculate the mobility,

whereY0O 0 -0 (U is maximal current and is initial current), A is the
voltage rise speed of applied voltage pulse, is the time where the current

reach the maximum, and d is the thickness of active layer.

3. BEnergmebhsessement

The energy loswasestimated by themeasuremesbf electroluminescenceel),
electroluminescence external quantum efficie@EQE:), and highly sensitive
EQE (sEQE). EL measurements were conducted using an external voltage/current
source provided by the OSCs (REPS, Enlitech) that contpaissCCD detector
combined with a monochromatdL measurement system ds highsensitivity
camera to capture the EL image of the device, which allidar the visualization
of the recombination and defect states within the dekiQ&s. performed by REPS,
Enlitech which wasa physical quantity that describes the lightitting efficiency
of optoelectronic devices. feferredto the ratio of the number of photons emitted
by the device to the number of injected electrons under electric current injection.
And it describedhathow much electrical energyasconverted into light energy
by the OPVs ssEQE was measured using an integrated system (FEOT
Enlitech), wherethe photocurrent wastraplified and modulated by a logk
instrument. O  wasdescribed by théallowing equatiorin three partsgnergetic
difference between the singlet excited state and the CT state, radiative energy loss

and nonradiative energy loss)
0O O-ew =(0-Ect) (Ecrew -0 ) YO

= YEct YErd &0 Equagd4) on(
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where O is the bandgap estimated by the intersection point of normalized

electroluminescence (EL) and normalized highly sensitive EQEQE) plots.
YEcrwas determined by the energetic difference between the singlet excited state
and the CT statéct was acquired from the intersection point of fitting@E and

EL curves by dual curve fitting based on Marcus theory as show 3% The

YEct means the reduced voltage because of the CT process. The rest two parts of
'O are radiative energy l0s¥Krad) and YEnonrad YEnonradis defined asyEnonrad

-kT In(EQEeL). Moreover, YE:.q was calculated from thesnergy loss equation.

Thereforegachpart ofenergy losgould bededuced.

3. BEl ectrochemical workstation measur eme

Electrochemical workstation measuremesais used to test the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital)
levels oforganic materialsin the electrochemical workstation, techniques such as
cyclic voltammetry (CV)wasused to obtain data on thedtetion potentialand
oxidation potential By analyzing this data, the HOMO and LUMO levelere
calculated The energy levs for organic materialvere measured by C\étation
which was performed by using Ag/AgCl as reference electrode in anhydrous

CH3CN solution, and ferrocene/ferrocenium (Fc/Fc+) was used as internal

reference. The HOMO and LUMO were calculated accordinthéofollowing

equations:
HOMO=-[E,,+(4.8E-o)] eV EquationB.5)
LUMO= -[E,4+(4.8E-J] eV Equati@®)

WhereEgy is the onset of oxidation and tEged relates to the reduction

potential, respectively.
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3.6 0dransmission electron microscopy (TEN

TEM is a technique used to study the structure and properties of materials at the
nanoscale. The sample preparatsaescribedn the following The ITO substrate
of size 1.5%X1.5 cmwere cleaned using an ultrasonic cleaner with a solution of
detergent, deionized water, acetone, and isopropanol. After drying wétredm,
the substrates were treated with \d¥one prior to use. The sammlasprepared as
an ultrathin specimen thatvastransparent to electrons. Therefore, PEDOT:PSS
was deposited onto the substrate followed by the deposition of sample (active layer).
Annealingthefilm for 5 min until dry, the substrate was soaked into deionized water
to dissolve PEDOT:PSS, resulting in a thin film of active matéoating onthe
surface of water. The separated films were attached to a copper mesh and transferred
for measurement in @alo€ F200X (Therno Fisher). TEM images of the tested

films were generated during measurement.

3. 6 At omic force microstcopy (AFM) measur e

AFM is a technique used to analyze the surface topography and profreiigs
imageand phasémage)of materials at the nanoscale level. The steps involved in
an AFM test are as follow3he quartz substrates of size 1.5%1.5 cm wdeaned
using an ultrasonic cleaner with a solution of detergent, deionized water, acetone,
and isopropanol. After drying withJ\stream, the substrates were treated with UV
ozone prior to useThe active material waspined onto the substrate with its
specified processlhe samplevasthen mounted onto a sample holdébimension
3100 (Veeco Instrumentsp suitable probewas selected based on the surface
properties of the sample and the type of measurement to be performed. The probe
wasattached to a cdilever, whichwasused to scan the sample surfatiee data
obtained from the AFM testasanalyzed to determine the surface properties of the

sample.
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3. 6 Phdtoluminescencme &perced meorstcopy ( PL)

PL isdastmhomctiveclhmiadqye i esaéd to study
of material s. 't involves the measur eme
iI's excited by a |light sour ce. Here are
me a s u r (E m&@ h:AThe quartz substrate.GiXL.5 cm) was cleaned using an
ultrasonic cleaner with a mixture of detergent, deionized water, acetone, and
isopropanol. The substrate was then dried usinfjo and further treated with
UV-ozone before usélhe sample to be tested was then placed tmoquartz
substrate and mounted onto a sample holder. The sample was excited using a light
source, such as a laser, with the excitation wavelength selected based on the
absorption spectrum of the sample. The emitted light was recorded by a detector as
afunction of time or wavelength. The resulting PL spectrum provided information
on the sample's electronic and structural properties, and analysis of the peak
positions, widths, and intensities could reveal details about the sample's band

structure, defecddtates, and carrier dynamics.

3. 6 . GXr A ziinncgi de mmey vea yXescattering (Gl WAXS)

GIWAXS measurement is a technigue used to study the structure and orientation
of thin films and surfaces. The general steps involved in GIWAX8surement are
as follows. Theactive layer was deposite@sh asilicon slicewith the concentration
of 20 mg mt*. The sample is usually thin enough to allowa¥s to penetrate and
scatter.The GIWAXS instrumen{D/ Mda x r i i wds§ebup py)aligning the
X-ray beam and detector, and adjusting the incidence angle of the beam. The
incidence anglevastypically kept small (@05-2 degrees) to ensure that theays
graze the sample surface and minimize the background sldneak-ray beamwas
directed at the sample and scatteredays were collected by the detector. The
scattering patternvas recorded as a 2D image, with intensity as a function of
scattering angle and position on the detedtbe scattering pattemmasanalyzed to

extract information about the sample structure and orientafiom.“ -“ distance

117



wasestimated byhe value of g through the equation-ef andthece o her ence | en

(CCwkadcsal cul at ed fhnvil dhhéa-inghéx!i ureu no f(t WHM)g h
t he e gu-at+d dhis inwlved comparing the experimentasampleto a

referencesampléeo identify the crystal structure, size, and orientation of the sample.

3. 64 o0ont act angl e measur ement

The quartzsubstratesvith size of1.5x1.5 cm, were cleaned using an ultrasonic
cleaner with detergent, deionized water, acetone, and isopropéorelover they
were dried using Ngas and treated with U@zone prior to uséActive materials
were deposited on the substrate respectieiowing the deposition and drying
of the films, samples weliasertedinto contact angle measuremedtu b s equent | vy
contact angles were measur Ehdcobtactaagles opt i
(CA) of water and glycerol liquid drops was carried out to explore the compatibility
between two materialsSt he sur f axe iasnearngayl yze d®by Wu
Contact angl es weceatmed s fuda fetis d dlp maamti anc t
meter (CAM 200) . The surface energy was

equations:

p WEHI T —_— Equatdi)dbn (

o [ r [T
P we+T T

whef erepresents the djsipershee pobmporcen
—andgdare the contact angles of Pur= wat el
72.8 2m) =m 2AImB! nE51. 0% mdl yicex 063.%4 mJ m
' =37.02,mF2mM. 42 mJi smthe surface energy.

Moreover, the degree of molweaeswadwairr end slcy
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the -Auggiyns i nter.dcitsi osnh opvno hi hme W iehneg :

o W Equat3i)dBn (

whef erepr esewnrtfsadedeener gy rdpresngmoine ntt h &

energy of congroenemal Byl amhad hf rom Equati o

3. 6Fi tmmi ckness measur ement

To measure the surface roughness, the Dektak 150 instrument was used. The
Dektak utilizes a stylus thatasmoved across the surface of the sample to record
its height at various points. The collected datas then used to generate a
topographic map of the sample's surface, providing information about its surface
roughnessThe quartz substrates with size of*41% cm, were cleaned using an
ultrasonic cleaner with detergent, deionized water, acetone, and isopropanol.
Moreover,they were dried using Ngas and treated with Udzone prior to use.
Samplewere deposited on the substrate respectiidlye st yl us si ze and
wesel elchee dsmtaypoved across the surface of
of t heweamuercfoarcdeed at eachwap®nalty z eTdh et ch eg &
t he t hoifc kkhnheesssampl e' s surface.

3. 66 mef | i ght secondary i el M$E)S smesapseucrternoe

TOBSI MS experi mentbsy hmehysi calr iEé€@couwtoni c
l'1'l spectromet-8F MSSawmpkeprkepar € €@Fusing t
the active | ayer f olrOBIhMS oirsg aann ca npahloyttoivc
used to analyze the chemicalTheomgasiut ieam
step tOIrMSTAOFhv ol ves tthequartzeubstrates withgizeot e p s
1.5x1.5 cm, were cleaned using an ultrasonic cleaner with detergent, deionized
water, acetone, and isoproparibreover they were dried usingdyas andreated
with UV-ozone prior to use. Active materials were deposited on the substrate

respectivelyA b eam-eonferhgiyg hp wamar ey cit @enist owar ds
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surface. The peadvimahyt h®nat oms er@acthe s al
the emission Dlie sseonndeygy rm@sed from tt}
surface using an el ectri cwefraeed @l e Mdtee & x.
focused iTrhteo eax threaacrh.ediss@®@eandat yod-uced i
off l i ght mass spewetecmétert edhdyi ams el ec
through a f | igkfeort ubhes. i Tomes ttiomd rwaavse!| t h
proportionakt octhar gbmirza)t.maBigerdee toemst ed by
detector at the end of tweear afcaoifgthed dautbae ,
obtai ned tSIoMt tnheea siaCeFe smenwted t o deter min
composition of the sample surface.

3.6 Accuirmtiedent meiaghitr epneewd r

~
5

O is incident Iwihghth poswetrh ed eknesyi tpyar a met
0 shoblmweasur ed cwaarveefluelnigyt hbyr esol ved spe
because there is no staniarsd riorudgohdry Imegl
by an inaccurate | ux meter, I heordsul t
preci sedmi snseitoenr powemo datra@rheed&EDr e ment |
i I 1 umianta tei aocnh) ,Wwdsepd etnrgdrhet er ( Maya2000 P
with an optical fiber e@ui @peapctosudrt ait cal yc
integrate the powlktrabhee@ocThawhobl ewghlb -
are the dethaht Magp Ppot2&e8 Speantrcodmet ¢
comput @rhUetB a btgphee Ocean Opti csw&8peopensddi]
the testf grpreametae r sta nlgleDf ovighi®BtOh ex nmt .30 850
The position of LED | amp was fixed, and
the device was consistent with that bet
l i ght wasThteurmoeoeids endllhit g Tatced wlaisght nevdh son ar

U wameasur ed.

3. 6Fl exibility and mechanical stability

To assess the devices' thevhaeisc awker &t abn
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tbending test. The test was -,aadriwed houwtt
device encapsul ation. I n the bending t
cylindrical surface with a radius of ap;g
the devices were folded. The detWilsds mver
and 109®f trieneeat 8@i bepdit hgtmandewagst est
measured tdfiobisemawnpesdiddrieagsefrom extrerl

def or matmpamed with ooriginal perfor mance

3. 68 GBGaussi an cal cul ati on

Density Functional Theory (DFT) is a qu
to calculate the electronic structure

el ectronic density is the fundament al g
sol ving la, ftume ttiothaal energy and el ectron
can be Démnainydfuncti onal theory (DFT)

performed to optimize the mol ecul es. | n
side chainedwasemeimgli Qroups. The opti
mol eewser e caDETUTI| ataedul ati ons31G(sded)on eB
(functionalalaomndg bwaistihs ssiempl i fi cati on of
et hyl or met hoxy mdihet ioepst iwag at @dni e€dn
mol ecul e sdigpeon eer dntobneednttelal amdg at ed HOMO an
numbTee. rel axed ponte gy t’adcfdadhuo tf acrmadrc wleartee d
based on3BGLYPpbhYy IselaelnisaamggEasc h step rot at

degree.

Mol ecul ar electr,wetatstupdoedntvi 8h* GESP)]
and VIMDe binding energy for neighboring
sewmimpirical PM6 and corrected .byNokaashilsy,:
because of t he asymmet ei ct wet rteygpidusr iem® ¢
conor mgptaickmmhnegn t he binding energy was ca
of di mer packi ng, the one yieldorstror

symmetric structur e,r etsludrte nwga < onrf loy marn e
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3.6.'1H0nuclear magrtNMR) repeatanceesidpy fo

materi al

'H NMR spectrosce4ply0, ( Brrukkeerr [Bmwi -t zer | a

destructive analytical technique that c
chemical environment of protons within
used to confimdmptumet gt odctswmnd ha&si zed m

dentify I mpur iMaiteesr eoaldr ssaewtl ei prrtblday cdase nu n
envirowvmeant24 h taTo emoled MBI s@reREC t r oS coof
synthesi zegowdma tyewais& iaemd f erred into a n

~+

uaerd di ssol vediwiliywedtsthleomr o neremt ed 1 nto a

—

ield and exposed to radiofreceeremayn r a
rovides information about the number, t
ampllhee. spectroscopilld NMRaspéddctai aedopdy ow
erify the -4sR,rSTcBISU@l e-SHB FWBHO ™MB | ecul es.

< ”W ©

3.6.2bfTiimeht mass spectrometry (TOF MS)

TOF MSSI(M%E 5 iontof, PHI NanoTOFI ) i s &

provide valuable intffohamageé onatabou( mt hk
sampl e. Thi sehecabeidque iamabfyze the com
synthesized materi whisonil nedO&ndMSac aels amg

timé |l i ght c¢hambewesewhaerraet etdh ebaisoends on t he
resul ting sgtelddnrf wm mpatboowitd et he i denti ty
ions in the sample. To obtain accurate
materi al was purified and dissolved in
Thi s dcdnhsaur e¢e he rewabneaegf spmcitmtuenr f er enc

represents the composition of the mater.
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CHAPTER 4

Understanding the effect of sequential deposition
processing for highefficiency organic photovoltaics to

harvest sunlight and artificial light
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4. $ynopsi s

As the rising market of 10T, a great number of attentions has been paid on the
development of higlefficient OPVs utilizing artificial light. However, in a real
indoorcondition, the power density contribution of the artificial light cannot exceed
35% in the combination of indoor and outdoor irradiation, which indicates that the
illumination of sunlight cannot be ignored during daytime. Hence, it is urgent to
develop higp-efficiency OPVs in indoor condition taking into account both sun and
artificial light. In this work, a novel asymmetric molecule-#B was synthesized
to trade off absorption spectrum that can be applied under both artificial light and
sunlight. Conventnal bulkheterojunction (€BHJ) has beefigured out that due
to norroptimal morphology some carriers failed to be efficiently collected. Herein,
sequential deposition bulketerojunction (SEBHJ) as an alternative fabrication
method has successfully emicad performance of OPVs, under both artificial light
and sunlight, which was attributed to that favorable microstructure was vertically
distributed in the active layer. Notably, the PCE was significantly increased by 25%
for SD-BHJ compared to BHJ underartificial light owing to the strong effect of
trap-assisted recombination and dark current on PCE in the condition of low carrier
density. Our result indicates that asymmetric molecule with-&tifged spectrum
fabricated by SEBHJ can be a promising rmdidate which can be applied in the

indoor environment to harvest sunlight and artificial light simultaneously.

4. 2 I ntroducti on

4. 2THe device applied under sunlight and

During past few years, as OPVs possess numeahentages such as flexibility,
semitransparency, lowost, and largecale processability?°, OPVs have drawa
lot of attention and obtained rapid development thanks to the molecular design of
donors and acceptors and device engineering, with the PCEL®i&R6'*. The

development ofloT) influences theesearch direction of OPVs. Ig€fers to the
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connection of various physical devices through the internet, enabling
communication and data exchange between the deWRasently, the increasing
market demand for l0T ecosystem with low power regaent ina range of 4

100 & motivates the research interest of OPVs to harvest indoor illumination
These devices include a range of ipawer devices such as remote controls,
smartwatches, Wi devices, and communication devic&s. operate efficiently

and effectively, 10T devices need to have low power requirements to ensure that
they consume minimal energy and can operate for extended periods. Some examples
of 10T devices with low power requirements afEf Remote Controls: These are
devices thaallow users to control electronic appliances remotely. They are designed
to be energefficient and have low power requirements to ensure long battery life.
(2) Smartwatches: These are wearable devices that are equipped with various
sensors and can perfoarrange of functions such as monitoring health, fitness, and
sleep patterns. Smartwatches have low power requirements, and some models can
operate for up to a week on a single chaf8gwi-Fi Devices: These include smart
home devices such as thermostaecurity cameras, and smart locks. They require
low power to operate, and some models are designed to be {patveeyed, making

them easy to install and ugd) Communication Devices: These include devices
such as Bluetooth headsets, wireless earlamswireless speakers. They require

low power to operate and can be connected to other devices such as smartphones
and laptops to enable communication and data transBased on
agreatmarketprospectindoor photovoltaics that can harvest weak illumgeand
produce electricity have dran more and more attentigh3 113 115 118|0pvs are

new type of solar technology that utilizes light from indoor sources to generate
electricity. Compared to traditional silicdrased photovoltaic technologhQPV

offers higher flexibility and lower cosRecent studies have shown significant
improvements in the efficiency and stabilityl@PV through the use of new organic

materials and improved fabrication processes.

Overall, the key to creating an effective loT ecosystem with low power
requirements igo design devices that are enegfficient and can operate for

extended periods without needing frequent charging or battery replacérhent.
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emission spectrum of artificial light sources such asJaghitting diodes (LEDS)

and fluorescent lamps typicgltanges from 400 nm to 750 nth which is similar

to the wavelength range of visible light perceived by huftahs. However, the
irradiation in the indoor environment is complex and variable, and there is not only
one emission spectrum preseBuring the 32day measurement period (from
January to February in 2013) with 15 mto investigate the real illumination
condition in a common roomwith awindow, the measurement was performed by
Ruhl ed group to calculate t hehecommennsi ty
room where the indoor lighting was supplied by both sunlight and artificial light
during daytimeper day The result implied that the proportion of artificial light was
very small with the maximal value of 35% even in winter. Consequently, the
irradiation of sunlight cannot be negligible and should be taken into consideration
in the indoor condition. However, most studies focus on-kijhient OPVs applied
either under AM1.5 or artificial light, which are not suitable for some devices
installedin the specific indoor environment that are illuminated by sun during
daytime and artificial light during daytime and nighttirk®u's group demonstrated
that devices based on PM6:MZ| showed an amazing PCE of 26.01% under 1000
lux LED, but only yielded.8% under AM1.8". Similarly, Yan's group designed
FCC-Cl mixed with D18, which produced a PCE of 28.8% underlGRQED, but

only produced a PCE of 13.1% under AM¥.5t's worth noting that devices with
high PCE under -5un illumination usually generate relatively low PCE under
indoor lighting conditionsTherefore, highly efficient OPVs taking mtaccount

both sunlight and artificial light at the same time to uninterruptedly automatically
power devices applied in indoor environment should be carried out as soon as
possible An example of a highly efficient OPV that takes into accduatih sunlight

and artificial light to uninterruptedly power devices in an indoor environment is a
smartwatch.For an instance he OPV for smartwatchs designedwith suitable
absorption spectrurto coverthe spectra of sunlight and artificial lighensuing
uninterrupted functionality even when the user is indoors for long periods of time.
By using OPVthat can be applicated under both indoor and outdoor environment

the smartwatch can reduce its dependence on traditional power sources and provide
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a moresustainable and convenient solution for users.

As shominguina to maximally wutilize the
bandgap active materi al should be synt/
infrared NI PN rntéeei eminggiacgry,spdetrum of
shoul d -maeg cweldl, thus wide bandg®p.'nfater

However, considering that the indoor aprfr
l' i ght, the absorption spectrnwmbaf aactki ¢
converge of AM1.5 and indoor |ight. He n ¢
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to suitable absorption spectrumgdubegh E
hi gh short deeinrsguiyFocui nefhdédh d®sS TIs@i t al
absorption onset at 800nm. However, i ts
|l ow resulting in |l ow PCE of 8.43% and 16

and artificial l ight, respectively.
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dens’tWith the graduat eFRdieklk emis®e odt |t lygd
and subsequlehtTlye rdefcaree,s Efar nitrad oo m gc dn d
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4. 2Di3f f opreoctessi ng technol ogy: c ocBhWJe)nt i on

and sequential deposiBtHJogn bul k heteroj utl

Di fferent processing temohpblobgigé € s¢camh
in turn affect the photovoltaic proper
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i nt elPf ali@ reemrsor and aBcHJe pptroorc eisns Sar e di s

same so®ohwventpproach is to use the same
di ssolved to swelltehaebteapedepohymen b
into the first depositing |l ayer forming

di stributi bar eavevrerttilceml opti mi zation pr
enabl es each | ayer to be optimized sep
mol ecul ar reorgaPmHJz api ooe sdst’Pfe 84 arSedd taH

conjugated polymer as donor is deposite
structthug ef iimst step foll owed by the amor
by small molecule acckptdopteidamowekliag.

simulation taocapersftairdmg tthegert enteir wi t h t he
reveal -otphatmi geldf mol ecul ar stratificatio
packing was reBHJ zpdodeasgs nfforSDquater nail
coworr%feerpsor t ed t h-BHJ agdoptéessg S® produce
J71:4 TCTC@&Gnd PTQ10: 1 DIC yielded bERHIer p ¢
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respecti velBHJ Qpetviinceel pSbduced PCE of wup
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42 .Objective of this work
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response, was designkd|l bhedesgnabespzed
polymer déhorjn@dM6r enivlilruomiomeantdiise,m drhse ar
combination of sunl i ght and artificial
weat her and atcicmeunaf fday.t hTios, two di ffer
nam&BDyHJI aBHJ Cpr oveases eesnpl oyed t o fabrice
to investigate which t ewrhdheorl olgoyw aihlfileu msi rt
t hasintrder | yi nTgh er eAaislolnssmi nati on was used

irradi attD@umMxxEBnNnHdamp was used as the ind:¢
|l onger mean leifffeetcitmev easnreds sc caotmpaTleae t o

newly desi gneld awvacse psgyamtdhTeBh ez edpeci fi ed

procedure waescBindchluded i n

43Resul ts and discussi on

43. Quant bmutati on

For tradeoff of absorption, reducing a thiophene ring of stat¢he-art molecule
Y6 and changing the alky chain could be carried out to obtain the novel asymmetric
acceptor TBAF. The previous study in our group indicated thash&ped
conformation indaed by the noncovalent interaction between S and O &tbms
The density functional theory (DFT) at B3LYP28g** level was conducted to
study the molecular properties. Its theoretical value of highest occupieduias
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)-&ré0eV and
-3.61eV, respectively, matched well with energy levels of PAéGhown inFigure
4.2, the LUMO and HOMO orbitals are evenly distributaéidng the molecular
skeleton, wheh are beneficial teharge transfewithin the molecular. It is notable
that the LUMO of TB4F does not distribute on the thiadiazotet with electron
withdrawing ability, but on the electradonating pyrrole moiety. Hence, the LUMO
of TB-4F with removing a thiophane unit results irsipfted LUMO in comparison
with Y6. Moreover, TB4F displays a larger dipole moment (1.5196 Deblgaht
that of Y6 (1.073 Debye). Lots of works justified that a large dipole moment can
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reinforce intermolecular interaction resulting in close packing of acceptor molecules
and thus rendering more efficiecharge transféf?1’>. The intrinsic large dipole
moment of asymmetric acceptor not only enhances intermatetd’ stacking

but also enableFF to be improvef* "¢ The calculation indicateghat in
comparison with symmetric acceptor Y&symmetric acceptor FBF with S
shaped conformatiohas superiorities of blugifted absorption andhore efficient

charge transfer
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e
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Fi gd2kUMO and HOMO di-&KE.ri bution of TB

43. Phot ovol taics and photoelectric proper

The energy levels for TBF were measured by GWhich is displayed ifrigure
3.3a. The LUMO and HOMO level of TBIF were measured to b4.13 and5.84
eV (Figure 4.3b).

As shdwmgddae comparded itho CIFB €& utni ame TH

film shows bathochr omiics sahbsfar potfi o/n5 snpne c
i nduced by strong intermolecular aggreg:
Figdd4de | |l ustratesbsbepnioomaspeedra of t

and-4TFB The absorptionageal thlfr, mesd i autm 7%(
with the absorption band r adiegseidr af brloem f5a5r

devices applied under indoor condition t
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and LED | ight
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washi ng  do)y NGsFdm&#Vsz absorption spectra of
TB4 F.

The PMBE TBr oc e sBsHeld aldydJ SCwe r e toepsttiemd zuendd e
the conds$damohnnamédn swe rye dieashd.led.6b BB HiJn

det er mi neds pg-theea toipntg madt e f or 1)domyort ePsM6i r
spin speeds of 1500, 2000, -4aFn d( 1208)0nfg rnplm
was fixaedt 3@GQI ts showecdo atthiantg trhaet eo pf
donor wapmh2e0 0cOpt inmarlatcioonrnceof t he acceptor
sptoating neat PM6 i W GR s205/0WtdiFopnmn(a7@ & T
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PM6 | ayer. The opiUBafalwas nfcenndafibeme f b
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CF solutiolp &7.8i mbhemesnkt isnp eR ss oal hudt i ToBn
h at 3000 rpm on top ofedheh®@tM6t hayept i
rati o was 1:-4F2raThe PM&ENTBAs 1t Ren lopt il
tot al concent-Latand bphelé6pmgmaml D: A rat.i
Furthermore, the total con®emtrati on awa:
and varying the concentr atii omi thhettwee nod
concentrationTadddesgu ninbarmg eml t he t hickne
materi al based on the opti mal f adbFr i cat i
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depi cRiegld4dben it i s interesting that the r
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CBHJ | ead to increased absorption in the

Tab41leSDBHJ photovoltaic parameters of de
PM6 in CF sol®Ntiwascosaptiesd nagt ndi f f-2F eint s p
CF soluti d)n wale osapyierhl at 3000 rpm on top

Spin-coating

Voc Jsc PCE
AM1.5 rate of PM6 FF
(rpm) V) (mA cnt?) (%)
PM6: TB-4F 2500 0. 85 21.95 77.5 14 (148 m8to
PM6: TB-4F 2000 0.861 22.87 77.39 15.2415.14 18t v
PM6: TB-4F 1500 0.851 22.06 77.47 14.5514.23 ™ p
The average parameters and s.d. were cal

otovoltaic parameters of de
| ‘§t iwoansc qsat.ied mayt m2 540F0 irnp nC Fa n
di f f e rceonatt ecdo nacte n3tOrOalt iropnm woans

P M6 i n CF
solution at

Tab42eSBBHJ ph
SO

Concentration of

Voc Jsc PCE
AM1.5 TB-4F FF
(mg mi) V) (mA cnt?) (%)
PM6: TB-4F 9 0. 84¢ 21.79 71.:13.(1297 1
PM6: TB-4F 10 0.861 22.87 77.39 15.2414.99 1@t X
PM6: TB-4F 11 0.855 22.64 71.71 13.871378 @t
The average parameters and s. d. we.re <cal

Tabd43eC-BHJ photovoltaic parameters of dev
of PMBET®8t different ratiolin the concer

. . Voc Jsc PCE

AM1.5 Ratio of D:A V) (MA cnm?) FF (%)
PM6: TB-4F 11 0. 8¢ 21.66 75. 13.(1838 M@ v
PM6: TB-4F 1:1.2 0.849 21.93 77.56 14.44(14.21 &
PM6: TB-4F 1:14 0.838 2151 76.74 13.8513.58 1@ p

The average pweametaelsubated. 8rom more t
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Tab44eC-BHJ photovoltaic parameters of dev
of PMBEFET®8t the D: A ratio of 1:1.2 with ¢

Concentration Voc Jsc PCE
AMLS (mg mi?) V) (mA cm?) FF %)
PM6: TB-4F 14 0.83 20. 67 75.6 12 .(1299 ™ p

PM6: TB-4F 16 0.849 21.93 7756  14.44p & v T14)

PM6: TB-4F 18 0.83 23.39 7225 14.0413.85 ™® p

The average pweametaelsubated. 8rom more t

Tabh®The thickness of active materi al
condition for OBWY pbhlde €ssesdspbyt SDel y.

Fabrication method Component Th(iﬁl::)ess
SD-BHJ neat D 41. 8
SD-BHJ neat A 87.2
SD-BHJ D+A 129
C-BHJ D+A 125

The average pweametaelsubated. 8rom more t

Tabd46eRever 8¢1JSPhot ovoltaic parameters of
the néBti MBCF solytwas {t6ambgdmapi B000 r
the substrate and PM% im CF solutiom ®a.
2000 r pm o4nF tloapy eorf. TB
Vi J PCE

AM1.5 (\7)° m Asccmz) FF (%)

PM6: TB-4F 0.3 0.05¢ 28.95 0. 0(0.805 MINTOo
(reverse SEBHJ)
The average parameters and s.d. were cal
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Tabd47eThe photoelectricd&lF

parseaBelbaasdo T P

BHJ under AM1. 5.
Jsc RsA  RshA
Voc Feal PCE) Eloss
AM1.5 (mA cnt FF (a (q
) (mA cnr?) (%) (eV)
?) cn?)  cnd)
PM6: 14.44
C 0849 2193 2128 7756 3 2182 0.61
TB-4F (p & L TL14)
PM6: 15.24
SD 0.861 22.87 2225 77.39 238 2926 0.598
TB-4F (14.99 1.203)
:bkwas obtained by integrating the EQE s
The average parameters and s.d. were ca
cell s
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LUMO |l eads to absorptiton Bawevdrn,cet hmendu

LUMO resulting in bettdareserm@rghyrl evel wi

As discussed above, the conformation of
moment esalklFéy be enhanedeHdas eHenadevi cTBs
hi gher FF tihamsetthatevotex6 FTlgedbaE QB f s pec
PM6: 4B proce®8#dd abBlHIJSGSDnver e measured and
cur rweenrtes c alvceurliaftye dt tdeVawrcMMemweyv orf , 1t 1 s
to menti-BHJté&howSDetter EQEBHUJsipm ABEM6 (t ThE
4H ndi cat imagr & heftf itdhiemmretr a¢ x oint amd carri e
achieveBHIheSDnt egrnatsedarceur21. mf oand 2¢
PM6:-4B eBfHIJC amBHIJSDrespectively, Owbdfch ar
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0O 12140/ )Q s are O0.61lefVor8m@ @ nBN9 BSeDV
respectivel YO fTdhreeBBDhaadtgeeed with the s

current aondcempamed®Hwith C

Furthermore, we applied the opti mal d
intensity was délco®csmdo f § QR0 ANEIDWS 305

cmM).Based on precisely meteri-nbEDemt seiach
wavelengpbcbyometer (Maya2000 Pro, Ocear
equi pped with tah ec oisn fnedggcaatrarde aitl'dc,edd as 3
(Fi gdri@ he sprmeadureamecnitd efnar @i@weul atnidon

i nt egr aulndceur rtehnet ialrltu rhii @adealpoidcitagletcit m otnh e
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power dRg:s iatriee S 1( 0V2c dwidt 4P QB of 16. 82 %
f oPrM6 :-4B fabri-Bldl edmBiHYySOCrespectively. Th
performances are substantially i mproved
with thsaunurcdedi 1i on, due to the narrow
the term oksdi hgemaeBtHloWPNsSDH i el d better
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of-BEBJ with the increment of 25% ,whi ch
hi GAmai nt ai ned under dim condition, and

0 .

This result -BHIgiestmonde aBrIStDamd er t dhiam |
condition, which can be applied in manu
Becalisiender dim | i gdirtdlceosnsditthaom tiksat3 un
i nacclwuraatiesing frlomiilmprgeécieseri se to a P
Hence, i ntegrated current calcul ated 1in
flux of LED was trhecsesvoark to ensure the
this verification step was absent in so
As shoRnng virenOab48 the integral current
0. 1MmA22an@. 1 mB7¢Emor-BED aBMMaider thiex 1000

LED il |l yumireastpwen evelhycul ated and confir
photovoltaic pertondancenunder indoor
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Tab48The photoelectric#&lF pasaBebeaasdolC P
BHJ underfrLEIDOOO | ux

Jsc Feal RsA RshA

Voc PCE’ Pout Eloss
Indoor (mA (mA FF (q (q
V) (%) (& WPC (eV)
cn?)  cnt?) cnP) cny)
16.82
PM6:
TBAF C 0.674 0.111 0.116 68.66 478 58078 (P @ x 51.02 0.785
T.26)
21.05
PM6:
TBAF SD 0.693 0.119 0.117 77.89 274.6 204161 (201 64.23  0.766
1.43)

% awas obtained by integrating the EQE s
The average parameters and s.d. were ca

cell s.

Notably, the -BaHJ amdrag elsarogelSyD enhanced
i Il umi natae®dt ibfyliot¢ ifaulr tlhiegrhtc.l ari fy t-he und
BHJ can achieve significantly i mproved
transport evaluati on and recombinati c
Phot ol umi nescence (6PL}MMpantdr at hefi r n eatr
bl ended films were measured to study t|
performance of deBH&esAdS abkFl gadaedtidye iISD
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neat PM6 f i [-4nF afnidl PSM6 : WeBr e exci ted at t
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In order to demonstrate the impact of-BEIJ on the carrier transport properties,
the photeinduced chargearrier extraction in a linearly increasing voltage (photo
CELIV) was applied to examine devices as displaying Figure 4.11 1’°. The
mobility of faster carripep@s 6cOmpronent
PM6:TB-4F (SDBHJ), which was much higher than that of PM6:4B(G-BHJ)
with «® p 1 & 6 O . This result indicated that SBHJ was beneficial to
carrier extraction leadm to higher 0 . The trap state characterization was
performed from transient photocurrent measurement (TPC) Kgpee 4.12).
When the light was switched off at 200{ the equilibrium between the carrier
trapped and escaping was disrupted. Urddgk condition, trapping pattern was
stopped and only escaping pattern remained. Consequently, only carriers escaping
from trap state contributed to decay curt€htvhich means that the faster decay,
the less trafassisted recombination center is. The decay rate of PM&FTESD
BHJ) is faster than that of PM6: 18 (GBHJ) which implies that SIBHJ
possesses less trap sta#tkso, the faster rate of charge extract®beneficial to the
enhancement ofh andFF. In the following transient photovoltage measurement
(TPV) was measured to study the recombination mechanism as depiEigdria
4.12, which was deducted by the carrier lifetiniéde device was illuminated at the
opencircuit mode. Subsequently, the light was switcbédand the charge was
extracted at the shecfrcuit mode. The carrier lifetime for SBHJ is 1.83* i and
for C-BHJ is 1.8‘ i. The slower decay of photovoltager SD-BHJ means
bimolecular recombination is less, which is in favothef improvement od  and
FF. Further giving insights into chargearrier recombination for two fabrication
methods devices were also assessed by measuring the dependedce ahd

0 of the devices on the light intensity) ( ). The dependence ofy on
0 is plotted inFigure 4.13a for PM6:TB-4F OSCs. If the slope of the fitting

line closes to RT/q, monomolecular recombination (tragsisted) is dominate.
Whereas, the slope close g means that bimolecular recombination is the main
recombination wal?l. Figure 4.13b shows the relationship betweein and

0 according to the equatioms © 0 , where|  p represents that all

the carriers are effectively swept out prior to the bimolecular recombination and
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monomolecular recombination is st Herein kT/q values equal 1.1684T/q and
1.0904kT/q for C-BHJ and SBBHJ of PM6:TB4F, respectively. This implies that
SD-BHJ possess less trap states or recombination centers owing to superior
morphology®3 which is more suitable for low illumination with low density carriers
and leds to higheFF that has been discussed in the introduction section. Moreover,

| = 0.946for SD-BHJ is closer to 1 than that ofBHJ with | =0.938.This result
indicates that, compared with-BHJ, SDBHJ shows suppressed bimolecular

recombination.

Thecharge generation and extraction properties were studied by the dependence

of photocurrentJ,,) on effective voltageMey). Jon= Jight-Jgare WhereJigyindicates
the current under AM1.5 illumination, ark«represents the current under dark
condtion. Ve is defined a¥/o-V, whereVo is the voltage whed,, = 0, andV is the
applied bias voltage. The charge collection capab#{(T)) can be evaluated by
the equationP(E, T) = J,/Jss, whereJsaiis the saturated current¥és is larger than

2 V**, The plots ofl,, versusVes is shown inFigure 4.14a for PM6:TB-4F based
devices of SEBHJ and GBHJ. The value oP(E, T) = 0.979 for SBBHJ with Jsat

of 23.36 mA cnit is higher than that of 0.974 withaof 22.5 mAcm? for C-BHJ,

implies that SBBHJ possesses ability of more efficient charge generation and
carrier extraction. This also indicates that more D/A interface channels for exciton
dissociation and effectively vertical composition of-ZB distribution for cargr
extraction can be formed in the process ofE). Devices fabricated in SBHJ
show less dark current than that 6BElJ as described iRigure 4.14b in log-sale

andFigure 4.14cin linearscale.

The dark current can be deduced from the current density at the volt@ge \6f

~

(reverse voltage). According to the equationcof —1 T— | it is well known

that the dark current at low bias voltage is related to leakage ctiftamnthile light
current equals that the photogenerated cursebtract leakage current, so thus

impacts 0 . Besides, dark currentD can makew decrease as the increase of
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"O leading to the decline in the section lofi— , thus resulting in the loss @b

Hence, suppressing dark current can also mitigate loss, especially, under low

illumination with weakphotogenerated currentQ . Consequently, theo for

PM6:TB-4F processed by SBHJ is higher than that processed b¥88J under
both sun and indadight illumination. In addition, under low illumination, the effect

of series resistance {Rand Rnis quite different from that illuminated under AM1.5.

As shown in Shockleyésbeq—u—ja—t—i')on

0 Agp—2— p ,where0 represents photgenerated current density and

O represents reverse saturation current den8isyd is much lower than the

thermal voltage ¢ “OIY when illuminated by artificial light, the section of

A @B—=— becomes negligible, which means that the effect Rt so crucial.

Interms of Y'Y ,the larger’Y ,the higher0 is. TheRsnfor SD-BHJ is larger
than that of @BHJ under weak illumination leading to the higher.
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43. Blor phol ogy

At omhioo ce microscopy (AFM) and transmis
were used to investigate theBhrJIceaadt  Cuc
BHJ. As d&dapmiddiee,db it me roughnesBHINadmukesCf c
BHJ f or -4PFM6weerdeBur ed to be 2.54 and 4. 87
SBBHJ] features vertical di st-AFboni o mewit t
of active |l ayer andFrihgedlBeo u ghsenoot dif (Me &
SBBHJ exhi bi t-me assmallalrer ( RM®bY) surface rou
t hatBldJ. CUsually, the surface roughness
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| ay®%r As Bihgdetthe we can deduce that the ci
TB4AF i s weaker than that-4¢f whechl exgé¢a
reason -Bvhhly sSStbows smal l er RMS. I n gener ;
beneficial to charge transfer and all ow
el ectrodes. TRegebase shawt arhrmas (i ner fi
mor phol ogy and | ess pha&@dHe .sdmar asstmadn edo
may be conducive better charge, sewpacéati
makes big difference ilAThPeCET EuM dienra gneesa kb ei
SBBHJ aBldJ Car e mar kidd 17pdAi fnfeetrweorrtk of f i
observeBIHJ ni ntaDge, whi ch macyr ybset aflolrinzeedd bfy
PM6 at the first s4Fpamddt hdheamorxghaowes o
at the sWhremeadaess tceopa.r ser mor piBdllvdid yx hi 3§ svi
probable the re&8Hul.t of overmi xed C

Gr aziinmncgi d e nacneg l-reagXe scattering (GlI WAXS)
study the crystallinity and the mol ecul .
and corresponding bl-BeHhJd afBildIJnC prrecsmescsd dv €
depi cRiegdiben, f The neat-4PMé&Xx RinintT8ai fatati
which is conducive to transpor4F c{fa$Sbi er
BHJ) possesseses askiogg supportednby the
P& VPt (Q o® YY) in the out of pl amleae@OOPl P
direction, the | amel MAanpld® ack@uiHQO0)Thiendi
combination of | P and GOWP oreiaeknt avteiro nf itee
PM6:- 4B {B%D) . It dan bdereumd tho b-ig dif
BHJ aBlHJ,C as-4FMBKIB di $ppawk) K ojot

(=3, 623in OOP directi oin mmg’(a 2105 Blilnar
| P directi onrBHJThcearne fsotriel,| dShbB@m € @rn ines n tpa tei
wi t hout changing the mol ecuBHJr. pMocrkeionvge r
The coherenti hemtpehg 0QO0) peak of OOP di
equatdbion ¢&/Q , where k equals 0.9 that
"Q represenwisdtthheathatitHwepeackal dhleat ed to
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44Concl usi on

We designed and syn4h,eswizteddf fa nad fra aatbespotr op
spectrum ranged from 600 to 830 asnedand
OPVs wer e f éBHJIi @aaBdedh Dbrye sOpheec toipvteilnyal dev
PM6: 4B produced PCE of 1 48B.HU4 Y%a nBRIHAS DL 5. 2
respectivel vy, under the -liux ulmkEDat i bamiord
devices showé&daRGE2a{-BHJI8. aBABAHIID r espect i
SBBHJ shows better performancesDeutnadielre dbo
characteri zat ik-BoHhJs pirnopcleys st hcaatn SO oduce b
active | ayeBHIhpnotthsosr ep &c athrd er s wer e ¢
extracted | emd, ngr am otiagtheerand bi mol ecu
mitigated resbFEtiamg il emakmgreovcedrent was
hi gtbeer The adv aBHJa gweesr eo ff STt her enhanced
il luminated by t he aratsisfiisdieal rleicphmb,i nlad
current can strongiltyi oanf foefctl dPW Ec arnr itehre ¢
this work not only -déembmastrdatOPsVst hmate Rl

candidate installed for devices install
artificial l i ght ar e aBHali lyaibelled s bbuett taelrs
t hat-Bldd, Cespecially under dim [ight il1u
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CHAPTER 5

Rational tuning of intermolecular and intramolecular
interactions enabling highefficiency indoor organic

photovoltaics
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5. $ynopsi s

| OPVs armpea oomesimfg candi dates for transf
power the 1o0T. However, their power con
the fact that odfiuyl arétew aetteptents mnoanm
Her @anaw st raadtogggye di € o tune the int-ramol e
CT) and intermolecuC@)y tbamagédi evandi gh
indoor environment in the combination ¢
asymmetry and end gnoalpl édriomatihdmr i Hilme i g
that, in comparison WITthiCls y mmetnrmed rmocl ed
SCl possesse@BT ar ssnall tl ieom g inidn shairemafTh e n e d
for nei ghboring acceptors resulting in
hi ghEr Mor eovecrh!| otrihenena8polextiulbe t B smal | e
i n€Cdr | eadi ng t o o urutth esfmiEpalmgmort d R
underunl i |l Il umination. When the il |l uminat
mitigated trap state, mi ni mi z-edd il eetaikvaegy
ener gyErbdssen@del e a n-8vegl ehdefafgitcoiregnicB/ r
PCE of 23. 3% wHhSICdh asnudr pfalsesxeisb|1 TeB PCE of ~
of the best PCE for flexible | OPVs. Our

mol ecul e structure modification to pr om¢
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52 I ntroducti on

5. 2Relgui rement to achieve high PCE for |

Recent shygveOPWween reported as one of the
l i ght *& veEsBéemarket requirement for t
electricity is gettingramwidifMBtehddssas t
benefiting from thdutlrakhe bagadgpag afc
flexipjl Il ight wei ght , and its solution
candidates t-@riddilvew veaewerofdonsumpti on
realize i rP&ustt%aBitdteremt with sun si
popul ar |l i ght source are chosen to sim
wavelength froemod4@0spec?7b0mmjis much narr
thatswrf ilntensity fDOhsoadeaotoy tcloatditth e na

utilizing indoor $phattfom usi hazi ogeout |

Nowadays, onl vy a few reported PCE wun
photovoltaic (F0dPVa)c hreala S6uvicdet mhedsddameed r e p o
PCEseanggerated andasipreadaowmette.r HWdarmowd ,d
accurately evaluate wavelength resolved
get the integrated intensity. The combi
derived from spectrometer can cefThefy ¢t}
seci fied measureametbit®.mHe/ws howachheve hig
| OPVs has already been decl‘asedhowmi ¢

following.réefiyesBi ghwf de2pahdgapp!| whagr | o
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l i ght sawmged -§smmbdndi tion to artifici a
demands small | eakage curreht HRAIIP"'s p
(3) FhFugther dim | ight environment °%alls f
°8. A%ual | OP&eavi cef s hdruil tde satbhaodleer ef or e, t

strategyangtmnateshabedcarriedgoaudanoestp

achi evierdd i MiGPVesy

5. 2Su2nmarde sopon nfcaangleed mpl i ed f or | OPVs

I n recentfujydaemrsenenarcceptors were desig
better absorption spectrum overl apped

perspective of molecule design, i n orde
i ndoor envwrdembahdgapeacceptor to bett
should be designed and synisheditzad swietch
The effective strategy to increase the

following: (l1l)oaewgpaks diombrod@dDged to r ef
reduce the intramol €dyl am dhatgeftfreans fv
bandgap of acceptor. Yands group desigr
derivatives of |-ClCtmwmora WeaknamedtFOQ dc
a fluorenedicyclopentathi opihegpeebasi nige 2¢
efficiencyl uxndeED 1b0eOnOef i ted from the de
reducti €it®df( 2)nttrhae | ow el ectronic densi
by high electronic d€E€nsliégdicag UWecsease

shi ft asbpseocrtprtuino.n Houb6s group modi-D-i ed th
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A structu#e€l named evOng 26 %-l aifxf icooifiedn ctyi ou
Their cores are the da&me pobswste stslees ehndy he
density compared with that of I TI' C due
mal onogwigaup,l el eading to the increase of
w because of t heCTdecHewmeswerof diemtirvat i ve

relatively | ow EQEs.

Most reperftfédi bBhngh | OPVisasatdba'f@ dl TWCI| e
deri vmadtvdal€dteptors. However, the |l ack of
of fullerene derivatives, and reblsativel
and inferior FF of 1 TIC series, i n comp
devel opment acf Y& dexPiVwsatutviel i zing dim
mol ecul es, Y6 and -DAGSD deéeriucatireespowistls
absorption ability and hi gh <charge mob
il Il umi nadtuingn baft Wwith broaderl|l apévet yml b
whi ch i s not guite suitable for har ve:
modi fication of Y6 o arsiea@s i med WIPtVisn g hionu |
However, the reported wor ks @a&houtn Y2600xs1,
Yandéds group replaced D wunit from thien
reduci-869 anmdptalk histfst i LnYGMO -s hTihfet ebdl uneo | ec ul
SCP® achieved 25.1% PCE ulnuWerLED.e Bddadni
huge potenti al from the structure of YE€

should be pay on the modification of it.
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5. 2De3si gn strategy

SincesekWbes ®thoalsecbbéen figured out witdt
performance owing to good phase separat
high EQEfyi ¥6 mol ecul e wabeageheodan biert ttehi
utilize the il luminati ofi gtr,Brttwiof iddsailg
strategies arefddescenbgdl OPVshigh

StrateggfWhs designed and synthesized d
2Thi'éWwhi ch pr odd caensd hbihgufedsred spectrum comy
Asymmetric backbone achieved by reduci nc
i nspired by numerous works showing that
asymmetric skel etFoFandi sspireotyneckemonl i agchuelra r

st acdkb nifts 200

Strat eéagyy nmb:di fying the terminal s°? with

removing chlori-hased e¢me ¢&HCOPS diBasm TI
obtained. The det ai FSeCd saySndtahieBs iisl |sucshternaet:
Sectdi4ean2The aim product s -smeage rsgadthiesn «.e
were verHf inadc!| yr magnetic resonance (
corresponding spectra were sh®WhCi nwas p|
synthesized acedrabng to the report

5. 20b4j ecti ve of this work

I n this work, inspired byBTRhTeh!&lt t hatur
can yietbdthagh¥6, an asymmetric framewor
a fused ring Iin the D moiety. Accordi ni

reducing conjugated chain can yietd HOM
shifted absor pti ofnur tMwoerre otvuenre, tihne obradnedrg at

group was repl aced fcrhdnor c hhor sefnuasteidon t
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i ndanone so that -wtihe dweaaw enrgi regy de lge oturpo re
shifted LUMO |l evel. HeraADA dBAswWoumceéwr aca
designed and synthesized to compare the
with two specthei-8@l eadcgptoawmpswi th the ha
2-(® x-9,-6i hyddcgcl opent aytj denephemol)ononit
coupl ed twa tfha PPrM6c aT le® deBtiHtadisognenous end
2-(©® x-®,6i hyddcgcl opent diybj deinephemol ononi t
bl ended wiot hmakM6Tdhevidceetsai | ed synthesi s
fabricati onsipmmareissedw4dotandect3 6.0
comparison, symmeThe€ks modegtue dd e BdT PR 8Db 1t i0
studyeffthkret of mol edhlearpecdiofr onamatei orf t
devices was evaluated under di fAfMAr &nt i
and 3000K LED Ilights with intensities o
their cor rEeséapohd®ibglI PICas been figured o
superior performanceiwmwncemptaheédHdndaditehc
aim of this work ried atoondemept drminsdeca he
mol ecul arBlHd)e stiegcnhnol ogy was adpbéedyiaoft

par amet er soopttihnmatz astavoen | ot of ti me.

The objective of this study was to unc
to form an asymmetric énhaewobng 8Bhd el
density of the end group, based on the

i ni«CiTaande€Ti,ntaemrd hence RPEE umdédr einrccko mm it ll
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Reduce conjugated chain into asymmetric skeleton

TB-sCl

Remove chlorine to decrease electron-withdrawing ability

FigbrMol ecul es design strategies for | OF

BE2Resul ts and discussi on

52. Quantum cal cul ati on

DFT calculation by Gaussian 09 was perf
SCI armsd TBhe optimizati oi#®8ClaodfSIiBmat € ons
calcul at ed. The results reveal that the
when they in the nearly copl3adrGdrd, i)t weetr
executed to opti mal conformation. At omi
program. The binding energy foaBedi ghbo
the theoretical cal cul ation by Gaussian
acceptors appiSiCéd aisyg HBRWYpayToBiIi ng t o th
noomovailretner act i-Oonc beft wemaASodi § g-bo gwuad. i n
5. 2h,e cal cul ation rdewédal $uttheast otnhée hHOMO n «
and the LUMO spr ealdhse o-vOeMO tahned esS@UdMOgl rfoourp .
TBS a5.e6-3263 ebV. 66Bn2db 33 eV, .Coenppe etdi-we It )h
SCl, the wupliSted bENMOfforalTBfor acquir]

For -BTHWCI-SC&mBd -STB i n order to evaluate
symmetric/ asymmetric conformations for
the terminal group<T tamed compamod ecs | afr
(i AGQTe)r f or adj aceinntveadd gmrtt erds fwasn t he
i ntramol ecul arFidgiupdel et hmomght chad-s$cifudeat i n
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mol ecul ebalbssrdght are same), Wh glue emo |
54) , mol ecul ar el ectrbshding poneegyi ahl ¢
was studied wit A>4@au svsMDan ,BiMudlitnigwfenner g
and corrected by basis set superpositioc
asymmetric structures, there were two t
binding energy w8€l|l caisd blliBt iom¢ yf omeTBor
BTRThCI . Within two types of di mer pack

energy was adopted.

(1) Sedion 1: symmetric/asymmetric conformations for skeleton

On the asggéd&ctthbhe bs@Rllheadsatt o Al & ogneno n

strategy adopted in OPV ipal écunlat udesiog
alternatirmnghelaadtertederatt mometi e£LTpupmat i n
photoexcitation. The | arger dipol e momel
i mplies theC€&€nhasuogkdi ngtra that more ne
in A unit and more posintiitye namBlifé exwcn a
The study revealed that a delocalized e

150 fs timescale followed by | 6%%al?®%Zat.
The bandgap bet ween HOMO and -4 WRIMIOt eidn c |
absorption provided |teh arto ntemda idretcrreemcleesc |
Fi gb8shows that the intramolecular dipol
7.951 D2fTorCI BBRCd , TBespectivel T wagges:
weaken by the modifi cagymmetfrrioom tsyy mmea r
thiophene ringhiffeadi apstoo paiinuespectrul
CT for acceptors-2Th€bmp atkdl o upgohshsTeBsTsRe s &
| ower di pol‘e =Po.nlebn t D otf h &nl htCh'a to=f20.f4 8B TCP,
vectors in direction -8CI Xwhnd&clZ&®é&r aady
“*=0.61 D whereas -2EEl ybeer of hfeorveRTRTIr o
mo me nt along packing directi-€isetiwveenons
neighboring molecules due to the trend
mol ecule resulting in%eA%a réfidéimod eceun ef
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i ntermol ecul ar i nteraction among adj ace
calcul ation oft bisndiong@gwemehyy.t hat whil e
i ntermol ecul ar packing for symmetric n
asymmetric MmMbéeemadeswith a higherAsbi ndir
descriFbgd%en he cal cul at e@3 .b2d N dk mg! /emeelr gl
SCI that was str2ohgRl7T( 9 hakcahamobj . BTRe

di st apcepdrsti onal to stronger i ntermol e
st u'd®i ¢8€The stronger intermolecular inte
I's in favor of paclkamgi et weleeac wmlearghbor i

al so benefFIFbecaundanerdi tons can di ffuse
| arger crystalline domali?n,s?!I&rmdbwetdusdyaw

recombination at the interface of over mi

(2) Section 2: with/without halogen in the terminal groups

I't hafsgtdeent that shUuMOedampbédy repl aci
with the higher density ene, nsd hehItermrimse
CT, the intramolecil 417. @i6P0IDé mememial o fer

SCI (7.951 D), i mpl yionrg nteh aitn tthhee eelnidmignr
in decre@%e amdi tuh@&srhihgehemor eFi gabs-es h o wn
5,3 decreased electrostatic poten$i al (1
caused by t he el i mi napbpenesseschdtorrd mge
withdrawing ability, resulting in-incre

CT and nsohrief thddueabsor ption. @dnadgquerntyl
acquire more matched absorptimon Aspéedteru
aspect, in considerat-Conoboofadc¢ &R®Ilo pias ko
stronger t4anathdatheofcaTBul &t3ed 9b ikrcdil i gnc
an®7.43 kcal/ mol e, respectively. -SThi s i
resul ting i ACTdecsr etahsee-dloai @kt eat B dSn dasn do f

CEH. Besides, the smal ['e€. @09 o IDe aOmaobnieln t

D fo-B B the co®&,Plarli sadci maog -GIT@ rBerdiuecfeldy ,i r
i s a-oftfr abdeet ween Wd&akKeeoneadc-gihnttrea d!| spect ru
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streng€h twotemprove nRddwail gl ibretardeki n @.

progressive ,i baunte a&axe eissi v€Twabhkemahgl pf
detri mentianiéerf frectgulotni ng i n inferior car
ESP results indicate that ESP value of

facilkchmagedstrroan dfomrmo P4 . 0’k gd.ebpt ohe surf a
area ESP distSr,i-8B@t | oa2dh@&mMTPFgBadual |l y te
positive ESP valwue, which implies that 1
gradual | 3° i Hocweas®e, t hc depteors e i mMdtoenromo
i nteraction can conduce high charge gene
or overmixed domain and thus <carrier recombinat
recombi nateipoomre *s8hech revealed that t he
interface of donor and acceptor can st
recombi’faTwonextreme cases as complete
domains are both dg¢hameea atardan ©dfueshenk § f |
i nteraction between donor and acceptor
excessi-aec @dptnor i ntermolecul ar interact.i
photocurrent but suffer ionvge rgmniixdkn gr edcoomabi i

impure domains

0] ‘o @' 9.4 ‘* ®
“';.."’:?’:’&. 35336V @B AL ‘;?:‘0

TB-SCI LUMO TB-S LUMO
° .‘. }
v, @ 4y o
Saaligs. 3 )¢ ‘
o9, ’ 5, ¥ ’a %9 w4
‘. e ® Ry .‘s .9, ’4'
5.672eV °* 7 5602eV
TB-SCI HOMO TB-S HOMO

Fi gb2®he frontier molecul ar -9Clbia-md sTB bt
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left side of BTP-2ThCl left side of TB-SCI left side of TB-S

o’
" g 4 O/JO é f’o
? P ,Y,Q ‘
9 J‘“o:o“ 1> o a3 j o 2 e
J -3 d P9 - ? = I =)
0o 9? oo 4 ¥¢ 0dd 5 97O oo
P Q. L3, AN R
) d ‘ ()
¥ ® ,4.=870D Um=7.95D Um=7.37D
Fi gb3Bheoretical <calculation of the intr

ha$ifde molecule fBBLEBAGEépPt Pp)SsS based on

Fi gb4Bhe dipole moment ffor -2ThheCIl\&ICoTIB2 mol
and-STB
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