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Table 1. Summary of the photovoltaic device parameters for the sub-cells and tandem cell.

Device Voo [Volf] Js[MAcm?  FF[%]  PCE[%]
Front cell 0.83 11.59 68.05 6.5
Rear cell 0.74 14.24 61.68 6.6

Tandem cell 1.57 7.83 66.46 8.2

Table 2. Summary of the photovoltaic device parameters for the tandem cell and semitransparent tandem cell

Ag thickness [nm] Vec Jse FF PCE  AVT
200 1.71 6.91 65.70 7.8 <0.1
10 1.70 5.81 67.40 6.7 39.9
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Figure 1. UV-Vis absorption spectra of P3HT:ICBA films before and after being washed with TCB.
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Figure 2. Optical transmittance of ICL used in this study.
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Figure 3. AFM topography images of ICL used in this study (rms roughness = 0.88 nm). The scan size

was 5 um x 5 um.
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Figure 4. (a) Schematic representation of the device architecture used in this study. (b) J-V

characteristics of the tandem cell.
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Figure 5. Optical transmittance of the as-fabricated semitransparent tandem cell. The inset shows a

photograph of semitransparent tandem cell and its device structure.
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Figure 6. Color rendering index of semitransparent tandem cell demonstrated in this study.
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A Versatile Fluoro-Containing Low-Bandgap Polymer for g
Efficient Semitransparent and Tandem Polymer Solar Cells g’
By Chih-Yu Chang, Lijian Zuo, Hin-Lap Yip, Yongxi Li, Chang-Zhi Li,

Chain-Shu Hsu,* Yen-Ju Cheng, Hongzheng Chen,™ and Alex K.-Y. Jen™

Keywords: bow bandgap polymers, palymer solar cells, tandem solar cells, semifransparent solar cells, organic

electronics

The versatility of aflusra-containing low band-gap polymer,
poly[2,8-4,4-his| 2-ethyhexyl |4 H-cyclopenta 2, 1-b;3,4-b Jdhioohen e }-ai-4, 7-{ S-fluono-

2,1.3-banzothiz-giazale]] (PCPOTFET)in organic phobovaltaics (OPVs) applications =
demonstrated. High boiling point 1,3,5rchlorobenzane (TCB)is used as a sohent to
manipulate PFCPOTFET:[E.4]-phenyl-Cy -butynic acid methyl ester (POr BM) active layer
marphology to obiain high-performance single-junclion devices. i promoies the
crystalization of PGPOTFET polymer, thus improving the charge-transport properfies of
opfimization and device engineening, the single-junction device exhibits both good air
stahility and high power-conversion efficiency (PCE of 6.8%]). This reprasents one of the
highest PCE values for cyclopenta]2,1-b;3 4-b]dithicohane (CPDTHbased OFVs. This
polymer is also utiized for constructing semitransparent solar calls and doubde-junction
tandem solar cells to demensirate high PCEs of 5.0% and 8.2%, respectively.

1. Intreduction

Organic phatovolales (OPVs) have diawn conskisrably at-
tertion aﬁmmmbﬂll}' wiable source of renewabie en-
gy because of thelr potentlal for costefisctive manufaciur-
g, Eght-weight, and mechanical Sewbilty ™1 So far, buk
netero-juncion (BHJ) OPVS based on compugated pofymers
a2t sleciion-conor  blEnded wih [6,6]-phenyl-Cr, -butynic acid
methyl ester (PG, BM) a5 an eleclron-accepior have Teached
high PCE of pver 10% dus fo significant progress made in
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expiciing new materlals (e, low band-gap (LBG) palymens
and fullerene bls-ad ducts) 3. &M oplimization of BHJ mormphol-
ogy throtgh warous freatments (2.9, slow growth and pro-
cessing additve) ™ M 2 improvement of interface characteris-
ficg through Interfacial modications'**1 and development
of device archiectures (eqg. Inerted structure and tandem
structure) ® %" Development of LBG palymers with sbsorp-
ton characleristics that exiand Info the near-nfared reglon
has drawn Inkense attenfion because of the Tallowing reasons
{1} Thay can patential Inmezse the light harvesing abllity and
thus phobocument generation of 0PV (2) They can be com-
bined with @ large band-gap polymer In tandem cells to rea-
Ize complementary ansorption; ™ 79 (3} They can be used In
a semiiransparent 0PV fhat strongly absorbs the light from
near-rfraned reglan while alowing mast of the wislbie lght o
et thirough, =310

A stralghifonwand sirteqy o reducs polymer band-gapls io
Incorparate bath eleciron-ich and eleciron-deficlent moleties
In fhe conjugeied backbone ™ One of the represertatve
LBG polymers |s poiy(4,4-bis2-ethyinesy |-4H -opclopenialz 1 -
bc3 4-b7alm It-2,1,3-penzothiadiazoie-d, 7-
diyl] (PCPOTETL™ which combines fhe electron-rich
cysiopenta(2, 1-0;3,4-H]dihiopnene  (CPOT) buliding  biack
with the eleciron-deficient 2,1,3-benzothiadlazole-d, T-dyl
(BT} unlt. The BHJ devices based on PCPOTFBT-PCrBM
showed a moderale PCE of 5.5%, which 5 predominaiely
lirnitted by the low Ve value (0,52 V) due fo the high-lying
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Flgura 1. {3) Chamizal structure of PCROTFET. Schematic rep-
repeniation of e device arotecture usad Inthls Ell.ljj’. I;D: can-
werional Elngle-junction solar cal, (o) Inveried single-junction
solar cell and () double-jUnclon tangem soiar cell

highest occupled molecular orbial (HOMO) level of the
patymer ™ The Infraduction af 3 sirong electron-withdrawing
fluora atom io the electron-deficlent unit of palymer has
been proven b0 be effecive In lowerng the HOMO level
of polymer, resulling In noeased Ve P2 Moreower,
such F-confaining  polymers can also [OSSESS sUperior
hole moblily and preferable marphology a8 compared
with unmodified polymer, leadng ta e Increased J and
FFF*-FE3zed an this stralegy, a F-confaning PCPOTET
patymer, 2 5-4 Aot -ty Inen - oyl ooendaz, 1
bc3 A-bjimicphene alt-4, 7-(5-fluero-2,1,3-benzpiniadiazole)]
{PCPDTFET, chemical structure shaan In Figure 13), has
been devaioped M=

By adding 1% 15-dlosoociane (DIC) 35 the processing
adilive to the processing soivent o manipuiale e acie
layer monphology, the PCE of the device has been Inereassd
to 6.16% The DID Is saggesied to promoke the formation
of PCPOFTET forlis due to IEs low vapor prassune (and Mers-
fare prokanged evaporation time) ard preferential solubllity
fiar PCnEM, leading to the formalion of interpenetrating bl-
conliruous network witin a SHJ film =

ni this work, we demansirale the verzatility of PCPOTFBET
far ©PVE, Including the spolication of It far single-junction sa-
lar cells, semiiransparent solar cells, and double-juncion tan-
dem solar cells. To achleve high periormance single-{unchion
cells, 1.3 5-nchiarobenzene (TCS) was used 3s the solvent to
manipulate PCPOTFETRC,, BM morphaology without wsing
any processing addives. The high bolling paint TCS profongs
the solvent evaparalon time and promates the crystalization
of BHJ fim, leading 1o Increased hole mobdity and Dalamced
change ransporl. By comblining the morphological manipula-
tian with Interace cptimization ard device enghserng, the
single-junclicn o2l exnioits botn nigh PCE (S.5%) and excek
lent alr stabllity. More Imporiantly, PCPOTFET can be wsed o

whipsl gl nanyoem
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Flgre 2. JV characienstics of the as-fatrcaled devkes (sae
Tatle 1 for descriplions of ihe device byoes).

dernanstrate higniy-eMclent semifransparent solar calls (PCE
= 5.0%,average visiole transmifiance (AVT) = 47.3%) and
doubie-junction tandem solar calls (PCE = 3.2% )

2. Reszulis and Digcussion

2.1. Conventicnal Single-Junction Solar Cells

Initlally, we Investigated the savent efect on the performance
of PCROTFET.FCry BMHISEed single-unchion  &olar cell, with
3 conventlonal sfructure of Indum tn omde (ITO}xEEd
glass/ poly3 £-ethylenedioxythlophens):palyistyrenesulfonats)
[PECOTPSSyactive layer/Ca/Al (Figure 1b). Two salvents
were examined hereln:  orho-dichloraberzene (ODCE) and
TCH. The cureri-vwotage (V) characterislics of the devices
Were shown In Flgure 2, ang the comesponding  device pa-
rameters were summarized In Table 1. The oD =7 |
devica (Device A) exnibied 3 short-circult curment dersity (1)
of 12.35 mA om~?, an oper-circult vollage (Vi) of 0.74 W, and
a fll factar (FF)of 54.19%, with a PCE of 5.0%, while the
TCH-processed device [Device B) showed arelaltve high PCE
OF 5.8%, with aJc of 13.43 mA cm~%, an Ve af .74 V', and aFF
of SE05%. Although both CDCE and TCB are good sdivents
for PCPOTFET (Golubllty = 20 mg mL ~"}, thelr diference in
talling paint (ca. 181 ° C for OOCB and ca. 106 ° Cfor TCE)
can largely Influence  the absoplon  charscterstics,
crystalinity and morphalogy of PCPOTFETACH BM SHJ
fims.

Compared with the Uv-vis absorption spectrum of ODCS-
cast film, & sight red-snift peak at the long wavelengih ragian
(= 650 nm} and a clear vioronlc shoukder at 790 nm were
aneerved In the TCB-cast film [Figwe S1a), which can be as-
crined to siranger interchain Interaction and higher ardering
of PCPOTFET. This distinction |s mare evident In UW-\s 3
sorption spectra of pure PCPOTFET fllms (Flgure: S1bl To
gan mare Insights Into the solvent eMect on the microstruc-
ture of PCPOTFET flims, X-ray dffraction (<RO) analysls was
performed. As shown In Figure 3, ODCE- and TCB-cast Mims

Age Fundt Mater, 2013, 00 2-8
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Darvics Condliona® Vel Julmien-i]  FFP FCE ] < 09 omdy= g7z 8 -t
A Comvertioral,  O.7# 12.38 4,13 =3 ERE Sl 2z=10-3
oooE
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[ rverisd, TCE OTE 1370 57.78 ] - -
o rveriss, TS 0TS 142441355 &1.58 ES - -

WiDyice archBeciure, soivent; 50 Ce— SAM laver;, S iCaiculaied fom the IPCE specta shown In Flgure & @ sdmated by S0L0 mods
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Figue 3. XRD patterns of PCPOTFST fims cast from: (a)
ODCS and (b) TCH.

523" , respeciively, comesponding to the (100} refection of
the lamella struchure of PCPOTFET. The schent-induced
chiange Ini the diffraction peak position shown In Figee 3 &
conslstent with previous studles and may result from the seff-
arnaaling of crystal defects 17 28 The lamelar dspadng and
oystallte slze of PCPOTFET can be cbiamed from the
Infermation of [100) pesk ushng the Eraggs and Schemers
equaton,m respectively. A5 shown In Table 2 compared with
ODCS-cas! im, TCB-cast fim exhibiied 3 shigmly  smaller
lamellar d-spacing (1,07 nm v, 1.12 nm) and 3 larger grain
slze of crystallltes (2069 nm ve. 14.67 nm). These results are
n good agreement with the resuits oblained by U absarplon
spectra Flgure S1) and also provide furiher nsights Ino
efective charge Tanspan of TCE- processed Nim, &% clscussed
below.

The difference In the crystallzalion between ODCE- and
TCE-cast BHJ Mims was also mnifested In the atomic force
mizroscapy (AFK) Images (Figure 47 The Tim cast fram TCE
exhibited 3 rowgher surface and better defined crysialibe fib-
rls structure than the fim cast fram ODCB. The mot-mean-
square (ms) roughnesses are 255 and 1.16 nm for TCB- and
QDCS-cast Thms, respecively. To further ungerstand the sol-
vant efect on the charge- ransparting propeties of the S5HJ
fim, both electnon- and hole-only devices were fabrcated to
eslimate charge moblity by the space charge limited current
{SCLC) modell

A5 shain In Tabie 1 and Figure 32, e TCB-Cast fim ex-
nibis=d an Ircreased hoke mobllity (2, ) by Aimost one ander of
magnitusa {fram 3.1 = 10-4em? =1~ 0 26 % 10~ em V-

Figur= 4. AFW topagraphy (top) and pnase (batiom) magss
of FCPOTFETEC, BM fims cast from OOCE {a,) and TC2
b, ). The M5 roughness of OOCE- and TCE-cast Mims Is 1.16
nmaruz.zﬁrrn,respeﬂ:l'&y. The scan sEels2 -m = 2 -m.

esgentialy unchanged (ca. 1.8 = 10-7em? W-' 51}, leading
ta the mare bal@nce eectrondole moblites that cam effsc-
fively raduce spaze charge bulld-up within the actve layer 130
In view of Increased molecular ardering, aptimlized marphal-
ogy and ennanced hole mobillty, we suggest that nigh barling
point TCE profongs the evaporalion tme fo taciitate e =i
orgarization of *CEOTFST Into an oplimal morphalogy, and
thus Improving device performznce.

22, Inverted Single-lunction Sclar Cells

The Inveried structure device have been coneldersd 36 3 po-
tential albernadve to achlewe higher performance and stabill-
Ity compared to fhe conventional one due fo the removal
of susceplble low-work-function metals." preferabie vertical
phase separaion P and favorabie distrbusion of oplical feid
In the Imwered Sevice ™ On the basls of he a00ve reasons,
we hiawe evaluabed the performance of PCFOTFBT-PCH GM-
based single-juncion device with the Inverted structure (ITC-
coaled glass/Znovactive layer/modiied PEDCTRSS/AGL The

Invertedl devine (device C) exhibizd aJe of 1370 mA o ?, an

i FNIG ISR R0 OBty (24} Of e GRrSR BRI hen) on 8L 15 NeBERANRITE . 270 3PCF of & Rk Tl A
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Table 2. Calculabed d-spacing and size of crystalites for PCPOTFST films cast from COCB and TCB.

Skl Sazedng® [res] 2w of erpaalinea™ [nm]
ancs 11z 1481
= 107 2055

a)Detemined by Sragg's =quation; PDetermined by Scherrer's squation

-:~1 —— Dwsica F
40 S0 A0 00 A 800
"Wawilrgihiem

Figur 5. 1PCE specira of the as-fabncated devices (see Table
1.and Tabie 2 for descrplians af the device types)

Flgura 2). Sy Inssrting & fulersne salf-assemitled manolayer
[Chy-SAM) & ine merface betwsen Zn and the achve Eyer
[device O; cevice siruciure |6 SNoWn In Figure 1c). the PCE can
be further Increased o 6.6%. wiih 3 Je of 14.24 mA em 2, an
Ve=af 0.74 W, and a FFof 61.65% (Tabke 1 and Figure 2). The
Je valuz of Device D 15 In good agreament with e values cal-
culated from Inbegrated incldent phoban-to-cument conversion
effigancy (IFCE) spectra (Table 1 and Flgure 50, which con-
frrs the acoeuracy of the reported PCE walue It s warth noting
that 6.6% represents one of the highest PCE far CPOT-esed
OPV devices

The Improved PCE obtained from the G -3AM rmodied
call ks canelsiert with our previous findings and can be =i
tricuted fo the paseiatkan of surface traps of ZnO ard the
enhancement of electronic coupling at ine Zncyactive layer
Interface!'™ M The effectiveness of the Cep-SAM modification
Is also manifested In Increased shunt resisiance (Le. reduced
leakage currant) and recuced series resistEnce (12 Improved
change camer exracion) of device D compared to thase of
dewle C (Table 51 ano Figure 33). Im additlon, the PCE of
Invened device D |8 superior to that of conyventional device B
[6.5% we. S.8%; Table 1), indicating the PCPOTFET.PC,, BM
BHJ sysiami s deal for uze In the invered struchure.

Kore Impartantly, withou? encapsulafion, device D also pos-
522585 000d alr stablity: more tham 50% of the Initial PCE was
refzired ater more tan 2000 b o ssrage In amislznt alr (Flg-
we 54 PCE= 5.0%, wih 3 Je of 12.22 mA em™2 an Ve
of .74V, and a FF of SE.05%). We suggest that ihis supe-
rlor & stabiliy may be sssociated wih e low-lying HOMS
lewzl of PCPOTFST atorded by e stronger FST electron-
withdrawing strengtn.

whipsl gl nanyoem

40 3013 WILEY-VCH Verlag GnbH £ Co. KGab, Wiishiim

Currant dansiyims cm”

LK1 0z 0.4 0.6 0.4
Bz

Figwe 5. -V characienslics of the asabricaled devices (ses
Table 3 for gescriptions of the device types).

2.3. Semitransparent Salar Cells

Semitrareparent Golar cels have great potential to be used

In many pholowctalc applicallons, such as power-gencrating

windows for bulidings and automotives *+= Consldening the
major absorplion of PCPOTFET locates at e near Infrared
reglon and maost of the visiie light 1s unutillzed (Figure 3b), It
wauld be keal far making semifransparent solar cells. There-
fore, we have also applied PCPOTFETPS,, BM a5 aclive BHU
lEyer In semitrarsparent solar cell, with a configuration of

ITO/ZnCyactive layer/PFEDOT PSS uRra-hin Ag (thickness —

10.or 15 nm). With 2 15nm Ag as Te semitransparent top elec-
frode, device E extiblied areasonable PCE of 5.1% (Table 3 and
Fligure &) with 3 moderate AWT of 39.4% (Figure 7). Interest-
ngly, for device with thinner Ag layer of 10 nm (device F, the
ANVT can be Increased ta 47.3% (Figure 7) without compromis-
ing fs PCE significantly (5.0%:; Tabke 3 and Flgure &), which
represents the highest value reparted for semitransparent cells
with similar rarsparency. This naing 16 associaizd wisn the
good wettabiity of Ag atoms on the polar PEDOT.FSS layer,
which 3lows AgQ aloms to grow homogeneously via Stranski-
Krastanoy growih model P9 The effectivensse of PEDOTRES
zeed layer was manlifested In more homogeneous morphal-
ogy with laower rmis surface roughness (Figure S5), lower shest
resisiance (Tabie 5Z), and higher AVT (Flgure =6} af 10-nm

Ag-cogled PEDOT:PSS flme compared with those of Ag flims

depasited without the PEDOTPSS layer. The photographiz Im-

age of device F was also shown In Inset of Figure 7, where
ihe University of Washington logo cn be visualzed clearty
thiraugh the device.

Age Fundt Water, 2013, 00 4-8
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Taoke 4. Summary of the photowollaic device parameters Tor the sub-cells and tandem cell

|

Dwwsica W ealP¥] FF %] PCE ]
Fromt cell 083 4153 (10.86™ EBOE B.5
R omll 074 44248 713.35 BT EE EE
Tanders czl 187 TES EE4E B.2

*liCaicuiatad from the IPCE spectra shown In Figure & Y Calcwated from the IRCE spectra shown In Figere 814

b ITO-coated glass substates (15 @ om-¥) werne cleaned step-
wise In delergent, waler, acefone, and Isoprapyl alcehol under
ukrasonication for 20 min each and subsequently prefreated by
alr plasma for 30 min. A FEDOTFSS layer (Sayron FYP A1

4033) was spin-coated orta the 1 TC surtace. After annealng at

140" Cfor 20 min In ar, e subsrates were transfemed
Inta an M.-Mied giovebme The acive layer (ca. 100 nm) was
then spin-cast from fhe blend saluions of & mg mL-!
PCPOTFET

and 20 mg mL—! PGEM In ener ODCE of TCH, followed by
annzaling at 120" C for 10 min. A Cz2 layer {20 nm) and an
AJ 1ayer (100 nen} were then depesited under high vacuum <10
~%tom) through a shacow mass, which defined an active area
of
.03 e

The devize archilecturs ofine Inverted Slngle-junctian solar
gall Is shaén In Fl'gIJI'E 1c A ZnD FII'EI:LFEIH'ENLUDH. conslst-
Ing of 20 mg mL-1 Zinc acetylacetonate hydrate In anhydrous
enanol, was spin-cosled onio ceaned ITC-coated giass. ok
Iogeed by thermal arnesling I air 3t 133 ° C for S (=

nmi). Subssquentty, 3 Cpy-SAM layer was depasited on Znc
using a spin-coaling process as previously reportedBMI The
subsirates were washed with THF twice to remowe unbound
Can-SAM malacules. The same proceduns far T2 3cdve laysr
In the convendanal device was used for the Inverted devices.
The modfed FEDOT:FSS layer (ca. 70 nm) was ten spn-
codled from PEDOT-PSS solulon (Clevious P WP A1 4D83)
diuted with equal walume of Iscprapyl aleshal and 0.2 wi of
Zonyl F3O uorasuractant. Aflenward, an Ag ayer (150 nm)
WaE then deposiied under highn vacuum (=10 torr) through
a shadow maszk, which defned an achve ar=a of 0036 cmre.
Finaly, the complele device was thermilly annesed at 140 *
c

far 5min

Semitransparent Cell Fabrication: The fabrication procsdure
was e same 35 that used for the Inverted solar cels, except
miat Ag tickress was contralied o be 10 or 15 nm.

Tandem Call Fabrication: The device architecture of the tan-
dem solar cell 15 Bhown In Flgure 10, ITO-coated giEse sub-

17 mg mL-" ICBA In ODCH, followed by drying the films at
raom temperabure avernight In a3 dosed Febrl dish. The mod-
fied PEDOT:PSS lawer (ca. B0 nm) was then spin-coated from
ihe PECCT.PSS solution (Clevious P WP Al 4063) diuted with
equal volume of Isopropyl alcohol and 0.2 wie of Zonyl F30
flusrceurtactant. After baing arnealed at 120 C for S mim,
PH100D [ayer (ca. 40 nm) was spin-coated from Hs soluflan
{Clevious PH1000} and then annealed at 120 ° © for 5 min.
The

surface of the PH1000 Iayerwas then washad wish methanal ta
mcrease the conoucivity and reduce the surface roughness =
reported elsewners P11 It shoud Be noted that PH100D laver
used hereln can ensure the ohmic contsct bebween the modi-
flied PEDOT.PSS and Zn layers. The device without PH1000
layer usualy exribils 3 S-shaped KInk In Te J-V charactersacs
and thersfore 3 detertorated PCE

The same procedure for 20 Cy, -SAM 1ayers in the botiom
cell was used for e top cell. ARer inat, the acihve layer (-2
100 nim} of the top cell was hen spin-coated from the blend

solutions of & mg mL- ' PCPOTFET and 20 mg mL— ! PCryEM
In TCB. The modified PEDOT-PES layer (ca 7D nm) was then
spin-coated from He salulion (Clevlous P VP A1 4053) diktsd
with =qual wolume of ksapropyl alcohal and 0.2 wits of Zonyl
FEC Nuorosurfactant. Aflerward, a0 AQ layer (250 Nm) was Men
deposited undar high vacuum (=13-F tomr) through a shadow
mask which defined an active area of 0.036 em?. Finally, the
compiede device was thermally annealed at 140" € for S min.

SCLC Modlilty Measurement The single-camiar mobllity <an
o2 extracied from the dark J- characienslcs of the hole-onty
and electran-cniy gevicss by usbg SCLC mogel =™

n
5 ooz
J= oGk ep 0EIC

Where gg I5 the permifitivity of free space, g, Is the
relalive permilttivity of the materdal, - s the change car-

16
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he active area weare gliminaied using Mumination masss with
aperiure slze of 00314 om?. A Hamamatsu sllicon solar o=l
with 3 KES color fifter, which Is traced o the Kational Renea-
Az Energy Laboratory (WREL), was ussd a5 the rafersnca ozl
To calbrate the light Intensity of the solar simulatar, the power
of the xenon lamp was adjusted to maie the Js of the refer-
ence cell under simulated sun light a5 high as 12 was under the
calipration condiizn. The spectral mismalches resuling from
ne tesl cells, the reference <l the solar simulabar, and the
AM1.5 were callorated with mismabch factors (M). According
1o Srvolrtya ef al. [P0 the mismatch factor s defined &

o Ent(3)50(EW08 5 E5l8)57(E)08

1 -
o Ema(B)5(EHE  E(EISENE

where Epa(E} 16 ihe reference speciral Wradiance (AM1.5),
Es(3) I5 the source spectral ITadiance, Sa(E) Is the spactral
responsiviy of Me reference cell, ang S, () 15 ihe spactral
responsiviy of e tzst cell easn as a lunclion of wavekength
[ The spectral Fespansiviies of e st calls and the reference
el ware calouiatad from the comespondng sxtemal quantum
eMizncizs {EQE) by tha relabionzhip

()= E]—: EGE(3)

where ihe constant ferm oMc equas 50555 = 10% o wave-
iengih In units of meters and S(3) In unilts of AW, Tha Hama-
mabsu salar cell was also used as the debector for determining
the speciral Inmdiance of the solar eimulabor. To minimize the
spectral transfommation, the Fradiance Epecinum has teen cal-
brated with the soectral regporshvely af the Hamamatsu cell
and the graling eMelency curve of the manochiramatar (Orel
Comerstane 130). UV-\is absomption specira were recorded
with Perkin-Smer Lamibda-3 sperophotometer at room term-
peralure. The surface marphology of the polymer flims was
siuded using the tapping made AFK fram 3 Veeon Nanosiope
1l eantraller. The X-ray diffraction spectra of the thin fiims
were recorted using a DS DISCOVER [Bruker AXS) as the
CUK source (waweleng®i = 1.541 A} and an cutput vellage of
40 BV at &0 mA (1600 W). Sheet resisiances of the tin fims
were measured by using afawr paint probe sehup with 3 source
measurement unlt (Hetthley 2400).
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Two broad bandgap polymers, poly{(indacenodithieno[3,2-b]thio-
phene)-alt-[2,5-bis(thiophen-2-yl)thiazolo[5,4-d] thiazole-5,5'-diyl]}
PIDTT-TzTz and poly{(indacencdithieno[3,2-b]thiophene)-alt-[2,5-
bis(6-octylthieno[3,2-b]thiophen-2-yl)thiazolo[5,4-d]thiazole-5,5'-diyl]}
PIDTT-TzTz-TT, were designed and synthesized by copolymerizing
the ladder-type indacenodithieno[3,2-b]thiophene (IDTT) donor
with a thiazolothiazole (TzTz) acceptor. Both polymers possess
moderate hole-mobilities of around ~10% em? v=' 5", The poly-
mer solar cells (PSCs) using PIDTT-TzTz-PC71BM as the active layer
showed good power conversion efficiencies (PCEs as high as 5.53%
and 5.90%) in both conventional and inverted devices, without
using any solvent additives. These results demonstrate that these
broad bandgap PIDTT-TzTz polymers have potential to be used as a
front cell for polymer tandem cells.

Tremendous progress has been made in recent years on the
development of organic photovoltaic materials, especially
donor-acceptor (D-A) polymers, which have achieved an
impressive photovoltaic performance of over 9% efficiency,
when blended with fullerene derivatives.'” Among semicon-
ducting polymers, broad bandgap (BBG) materials have attrac-
ted a lot of attention because of their potential applications in
tandem solar cells®*® and semi-transparent materials.*® To date,
regioregular poly(3-hexylthiophene) (P3HT] is one of the most
representative BBG polymers. High photovoltaic performances
of P3HT have been accomplished by utilizing indene-Cg, (or
Cy) bis-adducts as the electron acceptor in bulk heterojunction
(BHJ) devices."** However, the long-term oxidative stability of
P3HT is an issue due to its high-lying HOMO level, as well as
film uniformity and reproducibility when it is used in large scale
roll-to-roll printing because of P3HT's sensitivity to the
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processing conditions. To solve these issues, other alternative
materials have been developed. The approach of using a D-A
polymeris an attractive way to develop conjugated polymers due
to easy tuning of their bandgaps and energy levels. From a
molecular design viewpoint, weak donors are usually adopted in
the polymer structure to ensure a low-lying HOMO level, which
is closely correlated with the open-circuit voltage (V,.) of poly-
mer photovoltaic devices.” Many different kinds of donor
structures have been utilized in BBG polymers, such as fluorene,
carbazole, benzodithiophene (BDT), and indacenodithiophene
(IDT).*** Meanwhile, the incorporated acceptor moieties have
included 4,7-di(thiophen-2-y1}-2,1,3-benzothiadiazole (DTBT),
4,4"-dihexyl-2,2-bithiazole (BTz), or 2,5-bis(thiophen-2-yl)thia-
zolo[5,4-dthiazole (TzTz).***' High power conversion efficien-
cies [PCEs) have been obtained through subtle choices of donor
and acceptor segments and tuning the side-chain structures.****
For example, PCDTBT, with a bandgap of 1.88 eV, prepared by
copolymerizing 2,7-carbazole and DTBT, showed a high PCE
above 6%.'""® Janssen and co-workers further incorporated this
BBG polymer into tandem solar cells, which resulted in a higher
PCE of greater than 7% for their best devices.® Nevertheless,
compared to well-developed low bandgap polymers, BBG poly-
mers remain less explored, especially while considering other
aspects in addition to photovoltaic performance, such as long-
term stability and ease of processing. It is highly desirable to
design and synthesize new BBG materials to fulfil these
requirements.

Ladder-type donors have been widely utilized in D-A poly-
mers.*** These large fused-ring moieties usually result in
polymers with high charge carrier mobilities due to reduced
reorganizational energies and good solubility in common
organic solvents. Amorphous materials are usually obtained
based on ladder-type donors possessing cyclopentadiene rings
because the out-of-plane side-chains prevent ordered packing of
polymer backbones. Therefore, the morphologies of the as-
prepared films of polymers or fullerene blends are not sensitive
to processing conditions according to our previous studies,***
an important requirement for the commercialization of
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polymer solar cells. Moreover, impressive stability can be ach-
ieved based on ladder-type systems according to Cheng's work.”
The stable morphology of polymer films contributed greatly to
the overall stability of the device.

Indacenodithieno[3,2-b]thiophene (IDTT) is a relatively new
ladder-type donor, which features improved mobility and
absorption coefficients of its polymers when compared to IDT-
based polymers.* We believed that this donor would be an ideal
segment for BBG polymers because it will not only enhance the
mobility of the resulting polymers but also its weak donating
strength should result in a deep-lying HOMO level, which is
good for oxidative stability and critical to obtain a high Vv, in
photovoltaic devices.

In this communication, two copolymers based on the IDTT
donor were synthesized and investigated, namely PIDTT-TzTz
and PIDTT-TeTz'TT (Scheme 1). TzTz was chosen as the
acceptor moiety because of its rigid coplanar structure, which
will not only facilitate m-electron delocalization but also
enhance -7 stacking of the polymer backbone. TzTz-based
polymers have also exhibited high mobilities in field-effect
transistors (FET)* and good photovoltaic performances.**" In
these two polymers, thiophene and thieno[3,2-bJthiophene (TT)
were used as w-bridges, which was expected to increase the
effective conjugation length and enhance intermolecular charge
hopping between polymers.*'** However, PIDTT-TzTz-TT-based
devices only showed a moderate PCE (4.4%), probably due to
their poor solubility leading to un-optimized phase separation
with PC;,BM. Encouragingly, PIDTT-TzTz derived devices
showed high PCEs of 5.53% and 5.90%, respectively in regular
and inverted solar cell architectures, which makes it one of the
best performing BBG polymers for PSCs.

PIDTT-TzTz and PIDTT-TzTz-TT were synthesized via the
Stille cross-coupling polymerization reaction with palladium
catalyst, the details of which can be found in the ESLT PIDTT-
TZI'z has moderate solubility in hot chlorobenzene (CB) and
dichlorobenzene (DCB) while PIDTT-T2Tz-TT is only soluble in
hot DCB. The number-average molecular weights of PIDTT-TzTz
and PIDTT-TzTz-TT were 26 kDa and 34 kDa, respectively, with
polydispersity indices (PDI) of 4.18 and 3.91. Differential scan-
ning calorimetry of the polymers showed no apparent thermal
transitions for either of the polymers between 20 °C and 280 °C.

The UV-vis absorption spectra of the two polymers in DCB
solutions and in films are shown in Fig. 1. For PIDTT-TzTz, an
absorption peak at 569 nm was observed in the DCB solution

R REes

\"\k.».‘ PIDTT-T2Tz

Scheme 1
TTz-TT.

Chemical structures and synthetic routes of PIDTT-TzTz and PIDTT-
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Fig. 1 UV-vis spectra of (a) PIDTT-TzTz and (k) PIDTT-TZT2-TT in dichlorobenzene
solution and film state.

700

while its maximum peak in the film was blue-shifted to 531 nm,
probably due to twisting of the polymer backbone when the
polymer chains were forced to pack together. Notably, PIDTT-
TzTz-TT showed the same absorption maxima in both solution
and film states, which can be ascribed to the increased rigidity
and coplanarity of its backbone compared to PIDTT-TzTz.**
Both polymers possess a broad optical bandgap (E;) of 2.0 eV
according to the onsets of film spectra at around 620 nm.

The energy levels of both polymers were estimated by cyclic
voltammetry measurements. The corresponding redox curves
are shown in Fig. S1 of the ESLT The corresponding HOMO and
LUMO energy levels for PIDTT-TzTz and PIDTT-TzTzTT are
(—5.24, —3.21) and (—5.34, —3.03) eV, respectively. Owing to the
incorporated IDTT donor moiety, both polymers possess
reasonably low-lying HOMO levels, which is promising for
achieving high V.. in their photovoltaic devices.*® The even
lower-lying HOMO level of PIDTT-TzTzTT compared to that of
PIDTT-TzTz is probably due to the higher aromaticity of the TT
m-bridge unit relative to the thiophene unit.**** The high-lying
LUMO levels of both polymers guarantee sufficient energy
offsets to drive charge separation at the interface between the
polymer and PC;,BM in photovoltaic devices.

Charge mobilities of pristine polymers in FET devices were
investigated with a bottom gate/top contact configuration. The
corresponding transfer curves are shown in Fig. 82 of the ESIT
and relevant parameters are summarized in Table 1. PIDTT-
TzTz-TT showed a saturated hole mobility of 7.0 x 10~ em® v
s ', slightly higher than that of PIDTT-TzTz (1.5 x 10" "em® v
s~ "). This result suggests that the extended TT bridge in PIDTT-
TzTz-TT indeed improves hole transportation, due to the
increased coplanarity of the polymer backbone and enhanced
intermolecular charge hopping compared to PIDTT-TzTz.**

Photovoltaic properties of both polymers were investigated
initially with a BH] device configuration of ITO/PEDOT:PSS/
polymer:PC,,BM/bis-C,/Ag under the illumination of AM 1.5G
at 100 mA em™* (Fig. $3 of the ESIT).** Typical J-V curves of the
devices are shown in Fig. 2a and the performance of these
devices is summarized in Table 2. The PIDTT-TzTz device

Table 1 FET characteristics of PIDTT-TzTz and PIDTT-TZT2-TT

Polymer Hole mobility (em” V' s™')  Onjoffratio ¥ (V)
PIDTT-TzTz 1.5 % 10" 6.6 x 10° 29.6
PIDTT-TzTz-TT 7% 107" 2.5 x 10" 19.8

This journal is ©® The Royal Society of Chemistry 2013
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Fig.2 (a) CharacteristicJ-V curves for the BHJ solar cells derived from PIDTT-TzTz

(circles for a regular device and triangles for an inverted device) and PIDTT-TzTz-TT
(squares for a regular device) under 1 Sun condition (100 mW em™3). (b) EQE
spectra for the BHJ devices derived from PIDTT-TzTz and PIDTT-TZT2-TT.

Table 2 Photovoltaic properties of PSCs based on the polymers as donors and
PC71BM as the acceptor under the illumination of AM 1.5G, 100 mwW ™2

BH] layer Voo V) Joe(mAem ®)  FF PCE (%)
PIDTT-TzTz-PC;,BM 0.90 10.41 0.59 5.53
(regular device)

PIDTT-TzTz-PC;,BM 0.90 10.99 0.59 5.90
(inverted device)

PIDTT-TzTz-TT-PC7:BM 0.89 9.51 0.52 4.40

(regular device)

showed an impressive PCE of 5.53% with a V,,. of 0.90 V, a J. of
10.41 mA em™?, and a FF of 0.59 without the use of any pro-
cessing additives or post-treatment, while the device made from
PIDTT-TzTzTT gave a similar V,,. of 0.89 V, an inferior /. 0f 9.51
mA cm 2 and a FF of 0.52, resulting in a lower PCE of 4.4%.
Although PIDTT-TzTzTT has a higher hole mobility than
PIDTT-TzTz, the lower Js. and FF of PIDTT-TzTz-TT-based
devices can be attributed to their inferior solubility, which
reduces the polymer composition in the BHJ layer and leads to
an un-optimized morphology. Atomic force microscopy (AFM)
images were acquired to investigate the difference of
morphologies of BH] layers (Fig. $47). A relatively smoother thin
film morphology was observed for the PIDTT-TzTz-based BH]
layer, coinciding with the better phase separation in this active
layer, resulting in higher performance of devices.

Since inverted polymer solar cells have the advantages of
high air stability, preferred vertical composition gradient and
compatibility with roll-to-rell printing techniques, they have
been widely explored using various materials, including BBG
polymers."* Therefore, PIDTT-T2Tz was further explored using
an inverted architecture (Fig. S5 of the ESIT). As shown in Fig. 2a
and Table 2, the inverted configuration led to a superior device
performance compared to the conventional device architecture,
possessing a V. of 0.90 V, a J,. of 10.99 mA cm %, and a FF of
0.59, giving a PCE of 5.90%.

The external quantum efficiencies (EQEs) of polymer—
PC;;BM devices with both regular and inverted architectures
were measured and are shown in Fig. 2b. All the [ values
calculated from the EQE curves under the standard AM 1.5G
conditions match well with those obtained from the J-V
measurements. Notably, the PIDTT-TzTz device has a high EQE

This journal is © The Royal Society of Chemistry 2013

21

of 70% around 550 nm, which ensures the efficient light-
absorbing ability of this BBG polymer.
In conclusion, two BBG polymers PIDTT-TzTz and PIDTT-

TzTz-TT have been designed and synthesized based on the

ladder-type donor, IDTT. Both polymers possess moderate hole-
mobilities of around ~10"* em® V™' s7'. High photovoltaic
performance with PCEs of 5.53% and 5.90% could be obtained
for PIDTT-TzTz in conventional and inverted device architec-
tures, respectively, without the use of any solvent additives.

These are among the highest performances reported for BEBG

polymers. When these promising results are combined with a
large bandgap (E, = 2.0 eV), easy processing, and a low-lying
HOMO level, it makes PIDTT-TzTz an ideal material for incor-
porating into the front part of the tandem solar cells or semi-
transparent solar cells for energy producing windows.
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