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Organic Photovoltaics: A Chemical Approach

Juan LuiszeIgadofLb Pierre-Antoine Bouit,” Salvatore Filippone? M2 Angeles Herranz? and Nazario
Martin,* ®

s Abstract. The design of new organic functional molecules ablbarvest sun light and efficiently
undergo photon to current energy conversion pra®isat the forefront of chemical challenges
In this review the fundamental contribution of afistry to the multidisciplinary field of organic
photovoltaics is presented in a systematic wayughothe wide variety of organic compounds
synthesized to be successfully used in photovollaidgces.
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and since the former silicon-based device prepase@hapin
in 1954 exhibiting an efficiency around 862 different
semiconducting materials (inorganic, organic, molag
polymeric, hybrids, quantum dots, etc) have beeedufor
transforming sun light into chemical energy. Amotigem,
photo- and electro-active organic materials ararpsang due

charge carriers and hence on the power converdiaieacy

o (Figure 1).

Transformation of solar energy into electricity acs through
a series of optical and electronic processes wihiakically
involves: i) optical absorption of sun light andrrfmation of
the exciton; ii) exciton migration to the donor-aptor

to key advantages such as the possibility of preiogs esinterface; iii) exciton dissociation into chargeslgctron and

directly from solution, thus affording lighter, cyger and
flexible all-organic PV devices. Actually, these ganic
systems have received a lot of attention and aewarof
excellent reviews and special issues have recehtdgn

published® They aremainly focussing on the race to increaseo transformation

efficiency as well as on those aspects mostlgteel with the
understanding of those essential optical and aaatr
processes able to transform photon energy intotraddy,

thus providing a general overview on the stateh# art in
organic PV solar cell$.

Therefore, the aim of this review is to emphasize t

contribution of chemistry to this field by coverinthose
aspects related with the nature and propertieb@de type of
compounds used to constructal-organi¢’ PV devices.
Furthermore, the systematic organization of thasmpounds
used for different purposes and tasks in organiarscells
should help to the chemical community to think abaod to
rationalize further alternative compounds whigventually,
result in a better performance of the PV devices.

Thus, this is not a comprehensive review on the chegniof
the so-calledall-organic¢’ or “excitonic” (absorption of light
results in the formation of excitons, basically @&utral
electronhole pair) solar cells but, on the contrary,
presentation of the most relevant chemical compsumldich
currently define the different classof “all-organic’ PV cells.
Thus, we have organized this review in four maimtgai)
Basic processes in organic solar cells; ii) Bulkenejunction
plastic solar cells based on semiconductingonjugated
polymers and fullerenes; iii) Molecular bulk-hetgnoction

g0 electrodes

holes), and iv) charge transport and collection the
electrodes. All these steps are not totally undediat present
and a number of research groups are currently deslicto
unravel essential aspects in the search for bettergy
efficiencied. In contrast to inorganic
semiconductors which upon light excitation formefrelectron
and hole carriers, organic compounds form excita®se
dissociation into free carriers is not straightfard. Due to
their low dielectric constantst requires reaching the donor-

75 acceptor interface to dissociate into free chargé® driving

force for this exciton dissociation being providéy the
energy difference between the molecular orbitalshefdonor
and acceptor.

The transport of the thus generated free chargesrtb the
represents another important issue. nirga
materials tipically show charge carrier mobiliti€gnificantly
lower (around 18 to 1 cnf V! st ranging from amorphous to
crystalline materials) than those of inorganic ssmductors
(around 16-10° cn? V' s%). Since charge carriers mobility is

s strongly dependent on the molecular organization thod

material, in order to achieve better efficienci@good control
on the morphology of the domacceptor materials at a

a nanometer scale is necessary. Furthermore, anegfficharge

carriers mobility is essential to prevent chargeorebination

%0 (geminal or bimolecular) processes which resultlomer

energy conversion efficiencies.
In summary, an appropriate choice of the donor acckeptor
materials is critical to ensure a good match betwgem in

terms of optical, electronic and morphological prdpes,

solar cells based non-conjugated oligomers or dyes andswhich eventually determine the effective photocotrand

fullerenes; iv) Other carbon nanostructures,
endohedral fullerenes and carbon nanotubes (CNTdualy,
the presence of pristine fullereng€¢, and Gg), or most
commonly a fullerene derivative (namely PCBM: (-
methoxycarbonyl)propyl-1-phenyl[6,6}9),
feature in sections ii) and iii). Therefore, itnst surprising
the recent interest in other available
nanostructures such as endofullerenes and CNTs¢hwisi
covered in iy.

i) Basic Processes in Organic Solar Cells

Organic solar cells are constituted by semiconaigctirganic
materials formed by contacting electron donor amdeator
compounds (p/n type). A further improvement
construction of organic photovoltaic devices (ORdnsists
on the realization of interpenetrated networkshaf donor and
acceptor materials. In such bulk heterojunction JBldolar
cells, the dramatic increasing of contacting aretween D/A
materials leads to a significant increasing of thember of
generated excitons as well as their dissociatioto ifree

in the

namely performance of the PV device. Therefore, the raiaesign

of new materials able to improve some specific dedsa

within the PV device is critical for the successfigivelopment

of competitive solar cells. In the following sect®y we will

is a common 10 discuss those materials mainly used in the prejoaraif “all-

organic¢’ solar cells according to their chemical nature and

related ©arb composition.

105 Figure 1. Basic chemical components for a typical Organic

Photovoltaic (OPV) Solar Cell.

if) Bulk-heterojunction “plastic” solar cells



units.

The term “plastic solar cells” has been coined for those
photovoltaic devices using polymers in their cosion.
Thus, although a variety of donor and acceptor peiys have

s previously beemused for constructing PV devices, the highest
efficiencies have been achieved by mixing electdmmor
polymers with fullerenes as acceptors. Polymerefighe
(BHJ) based solar cefl§? are considered suitable candidates
to obtain low-cost renewable energy from a largeaar

10 flexible, plastic material.
Fullerenes and their derivatives possess imporedettronic
properties like small reorganization energy, higleceon
affinity, ability to transport charge and stabilitthat makes
them (see below) one of the best candidates taselectron

1s acceptor components in BHJ photovoltaic PV devfce&n

the other hand, MDMO-PPV {poly[2-methoxy-5¢3",7’- Ro O
dimethyloctyloxy)]-1,4-phenylenevinylene} and P3HT vOR

[poly(3-hexylthiophene-2,5-diyl)] have been by fdre most N N
studiedn-conjugated polymers as donor components in BHJ S /s\ S
20 devices Actually, both polymers have thoroughly been \ n

studied from a morphological and electronic standpdo
form BHJ devices by mixing with fullerene derivagyy
namely PCBM 19, Figure 4). In fact, the best
fullerene/polymer combination has been obtained hwit
s PCBM/P3HT(regioregular)  mixtures, reaching energy
conversion efficiencies in the range of $%.

X X X A PDBTTT-C
In the following, we will briefly describe the mostlevant 7

achievements both in the chemistry of polymers al as on
the fullerene chemical modifications for PV purpases

R=2-ethylhexyl

30 a) Polymers for BHJ Photovoltaics s OR s
Polymers endowed with fullerenes is a broad inaigiinary F< s/ al
field of interest for a variety of purposgsHowever, ROOC oR
photovoltaics are among the most realistic applcet for PTB7

polymer/fullerene blends. ?

35 The chemistry oft-conjugated polymers has been focused oiFigure 2. Representative polymers for PV devices:
tuning thér energy (HOMO and LUMO) levels in order to 1)Poly[9,9-didecanefluorene-alt-(bisthienylene)
have a good control on the band gap of the polyfisis is a  benzothiadiazole}) 2) APFO-Green 5; 3) poly[N-9"-
key issue to modulatéhe light harvesting properties of the heptadecanyl-2,7-carbazole-al6§4’,7°di-2-thienyl-Z,1’,3'-
polymer [low band gap polymers (lower than 1.5 esorb benzothiadiazole)}?> 4) poly[2,6-(4,4-bis{2-ethylhexyl)4H-

win the visible region] as well as the right enemggtch with ¢ cyclopenta[2,1-b;3,42]-dithiophene)-al#,7-(2,1,3-
the acceptor moiety which, eventually, controls thgen  benzothiadiazole)? 5)  poly{5,7-di-2-thienyl-2,3-bis(3,5-
circuit voltage (Voc) values, and hence the cellwpo di(2-ethylhexyloxy)phenyl)thieno[3,4-b]pyrazinet, 6)
conversion efficiency. platinum(ll) polyyne polymef? 7)PDBTTT-C,* 8), HXS1V
Since n-conjugated polymers constitute an specific fiejd b 9) PTB7*

4s their own right, we will discuss the trends curtgrfollowed ™
in polymer chemistry to improve the performancetobse Among the different electron donor polymers prepase far,
“classical” MDMO-PPV and P3HT. Some of the most W€ want to focus on a variety of polyfluorene copoérs
relevant polymers synthesized so far are shownigurg 2.  Prepared by Andersson et al. known as APFO (altergat
All of them involve the use of alternating donordaacceptor ~ Polyfluorene copolymers)2j, which have allowed a good

s moieties within the polymer backbone since thepwlh fine 7 control on the band gap, covering the solar spettup to
tune of the band gap of the polymer, as well as anl000 nm. Power conversion efficiencies over thato have

improvement of planarity and hence of the mobility the ~ Peen demonstrated with APFOs in blends with PCEM. .
charge carriers. Thus, a variety of soluble eleuttive carbo- ~ 1YPically, m-conjugated polymers are endowed with flexible
and heterocycle derivatives such as fluorene, tisoe, lateral chains to improve their solubility. However, in many cases
ss cyclopentadithiophene and carbazole have been used g0 the §ide chains prevent the polymer backbongs from close
electron rich units, whereas benzothiadiazole andPacking. Recently, a planar polymer conformation has been

thienopyrazine have recently been used as theretegoor ~ achieved in polymer poly(&-(5,6-bis(octyloxy)-4-(thiophen-2-
yl)benzoE][1,2,5]thiadiazol-7-yl)thiophen-2-yl)-9-octyl+9



carbazole HXS-1) bearing two octyloxy chains on the based on the use of a fullerene derivatives as pagcre
benzothiazole ring and an octyl chain on the carbazole ring. Theomponent. Indeed, fullerenes have been dematestrto be
synthesis ofHXS-1 is shown in Scheme 1 to illustrate the the ideal acceptor because of their singular ebedtr and
synthetic strategy followed for the preparation of this kind ef geometrical properties and for the ability of thefremically

s polymers Thus, the coupling reaction of 4,7-dibromo-5,6- functionalized derivatives to form a bicontinous agk
bis(octyloxy)benzo-2,1,3-thiadiazole 1Q) with 4,455- network with n-conjugated polymers acting as electron
tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolanell)( using conducting i type) material.
Pd(PPh), as the catalyst precursor and aqueous Naii@od A variety of chemically modified fullerenes wereitially
THF as solvent, led to compoundi2 in moderate yield. sosynthesized for blending with semiconducting polysne

10 Bromination of12 with N-bromosuccinimide affordedi3 whose (namely PPV derivatives) and to prepare photovoltivices.
further Suzuki-Miyaura polycondensation with 2,7-bis(4,4,5,5- These fullerene derivatives were covalently linkedlifferent
tetramethyl-1,3,2-dioxaborolan-2-yl)-9-octyHScarbazole 14) chemical species such as electron acceptors|ectron
using Pd(PPJ), as the catalyst precursor in a biphasic mixture of donors? n-conjugated oligomer&, dendrimers? etc. (Figure
THF-toluene (5:1)/aqueous NaHg®rmed polymeHXS1 asa ss3). However, in general, the obtained blends resuih PV

15 black solid in good yield® devices exhibiting low energy conversion efficiess?®
Semiconducting polymers based on alternating thieno[3,4-
b]thiophene and benzodithiophene units suclh asd9 show an
excellent photovoltaic behaviour. The stabilization of the quinoid
structure from the thieno[3,4-b]thiophene moiety leads to

20 remarkable low band gap polymers (around 1.6 eV). A furthel
optimization has been achieved with the new PTB7 in which the
presence of the fluorine atom leads to a lower HOMO level, thu
enhancing the ). parameter. With an average molecular weight
around 97.5 KDa and a polydispersity index of 2.1, this soluble

25 polymer exhibits a strong absorption from 550 to 750 nm.
Interestingly, by blending this polymer with RB8M, which
nicely complements the absorption in the visible range, ha
allowed preparing a PV device exhibiting an energy conversiot
efficiency of 7.40 %. This value represents the highest efficiency

a0 reported so far for a polymeric solar céll.

NN
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Scheme 1Synthesis of polymeadXS1.

Since the development of nemconjugated donor polymers Figure 3. Some examples of modified fullerenes bearing
ss for improving the efficiency in BHJ photovoltaic wlees is & different organic addend4%-18) used to prepare photovoltaic
currently a broad and very active field, out of dm®pe of this  devices. .
general presentation, for further details the readeeferred
to some of the excellent monographs available i® th The best known and most widely used fullerene deive as
literature® acceptor for PV devices is [6,6]-phenykCbutyric acid
es methyl esterl9 (PCBM), firstly prepared by Hummelen and
Wudl in 1995% Sinceits first reported application in solar
The most widely used configuration of polymer sodatls is  cells?” it has been by far the most widely used fulletene

40 b) Chemically Modified Fullerenes for BHJ Photovolaics



being considered as a benchmark material for tgstiaw DPM12 is the same as that for PCBM, an increasehfervVoc
devices. of 100 mV for the DPM12 over PCBMalsbeen observeif:®
ss This is currently an important issue for improvitige design
of future fullerene-based acceptors.
Devices based on dihydronaphthylfullerene benzylolabl
benzoic ester3) synthesized by Fréchet et al. reported one
of the highest power conversion efficiency (PCH) ta 4,5%)
so for a non PCBM based polymeullerene solar celf®
19 (PCBM) 20 ([60]ThCBM) 21 (PC74BM) An alternative molecular approach to control bdik tength
scale of polymer/fullerene phase segregation aedethctron
s Figure 4. PCBM and other representative PCBM analoguesmobility in the fullerene network is based on thepdoy of a

involving a thienyl group ([60]ThCBM) or a [70]fullene self assembly fullerene shuttlecock derivativad)( able to
(PG,;:BM). es form one-dimensional wirelike domain within the active

layer®

This has led to the synthesis of many other PCBHil@gues
10(20,21)?% in an attempt to increase the efficiencies of ¢thls

by improving the processability, the stability orVP

parameters such as the open circuit voltage (Vyajding the CrafasO O O OC1Mas

LUMO energies of the fullerene acceptor (Figure 4)

In this regard, only small shifts (< 100 meV) of thMO
15 level havebeen obtained by attaching a single substituent

the fullerene sphere, even by using electron-dagagiroups.

In contrast, significantly higher Voc values haveeeh 22 (DPM) 23 24

achieved through the polyaddition of organic addetal the

fullerene cage( ~100 mV raising the LUMO per saturated Figure 5. Different modified fullerenes used as successful
2 double bond). Recently, an externally verified powe 5, acceptors for PV devices

conversion efficiency of 4.5% has been reported by

Hummelen et al. employing a regioisomeric mixtuf®@BM  Although fullerene dimers are known to exhibit low

bisadducts as result of an enhanced open-circultage,  solubilities® recently a series of soluble hom®5( Cso-Cgo

while maintaining a high short-circuit currenisd and fill and 26: C,¢-C;0) and heterodimers2¥: Cgo-C7o) formed from
s factor (FF) value$? 75 Cgo @and Gy derivatives have been prepared and explored as
The cyclopropanation reaction to superior fullerene form  |ess-known acceptors for PV devicBsThe synthesis of these

PCBM analogues is more complex than fof.dndeed, the  pyrrolidino-pyrazolino fullerene dimers has beenrieal out
less symmetry and the presence of more than ongtivea in a straightforward manner from the formyl-coniam
double bond is often responsible for the formatioh pyrazolino[60] or [70]fullerend® which is used as the
% regioisomeric mixtures. Nevertheless, the lossyofirmetry of 4 aldehyde component in the subsequent pyrrolidinengdion
Cyo induces a stronger absorption, even in the visibgion. by 1,3-dipolar cycloaddition of the respective azthyne
As aresult, PG;BM* is consideed a suitable candidate for ylide with the fullerend! As expected, [70]fullerene dimers
more efficient polymer solar devices. Moreover,fsdevices  showed better absorption in the visible spectruranttihe
performed the highest verified efficiency deternurso far in analogues of [60]fullerene. Interestingly, non apged BHJ
sa BHJ solar cell, with an internal quantum effi@gn g solar cells formed by blending with P3HT exhibitgdantum
approaching 100%. Analogously, P@BM,* has been  conversion efficiencies of 37 %, with a PCE 0 % (Figure
obtained as a mixture of three major isomers. Thenger 6).
electron affinity and the diminished solubility gawise
however, to poor power conversion efficiencies.
40 Although the PCBMs are the acceptor that best perdoices
guarantees to the moment, it does moean that they are
necessarily the optimum fullerene derivatives. Efiere, a
variety of other fullerene derivativéshave been synthesized
in order to improve the device efficiency or to iste a better
4s understanding on the dependence of the cell pammétom
the structure of the acceptor.
Among the different modified fullerenes prepared fao,
diphenylmethanofullereng2 (DPM12) prepared by Martin et
al. is another successful type of methanofullerendowed
so with two alkyl chains to drastically improve thelsoility of
the acceptor in the blend and reaching efficiendireshe
range of 3 % (Figure 5). Although the LUMO energyél for
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28

Figure 6. Homo- and hetero-dimers ofggCand Gq (25-27)
and bis-cycloaddu@8 bearing two indene units.

A remarkable bis-adduct fullerene derivative formed two
indene units covalently connected to the fullerspbere of
Ceo (28) has recently been reported by Hou ahé*
Interestingly, the presence of two aryl groups ioyas the
visible absorption compared to the parent PCBMwall as
its solubility (> 90 mg/ml in chloroform) and theUMO
energy level, which is 0.17 eV higher
Surprisingly, PV devices formed with P3HT
semiconducting polymer revealed PCE values of Soddnder

illumination of AM1.5, 100 mWi/cry thus surpassing to
PCBM which afforded an efficiency of 3.88 % undee same

experimental conditions.
A major drawback in the synthesis of bis-adductfudérenes
is that the products formed are constituted by atumé of

regioisomers which are not separated because of the
experimental difficulties. This fact, however, doeot seem

to have a strong influence on the PV parameters powier
conversion efficiencies. Nevertheless,

multiadducts of fullerenes is still an open questiwhich
should be properly addressed by the chemical conitsnun

Although some of the fullerene derivatives prepased far
exhibit good performances in PV devices, the sysithef
new fullerene derivatives with stronger visible afpgion and

higher LUMO energy levels than PCBM is currently a

challenge for all those chemists engaged in themited
modification of fullerenes for PV applications.

c) Double-Cable Approach for BHJ Photovoltaics

This strategy is based on the appendage of theptarce
moiety to ther-conjugated polymeric skeleton with the aim to

maximize the interface between the two active comegmbs,
thus preventing the phase separation between tidnihe
same time, such approach is expected to pronastefficient

than PCBM.
as

from a cloami
viewpoint, the synthesis of isomerically pure bidacts and

parameters (Voc = 0.83 V; Jsc = 0.42 mA%;nFF = 0.29
ss under AM1.5 conditions) resulted to be quite pramgs*
Interestingly, the realization of effective douldable
polymers brings the p/n heterojunction at the malaclevel,
thus allowing a better control from a chemical vimint**
However, to date, and despite the beauty of thientbal
sodesign, double-cable polymérS®*¢ have vyielded poor
energy conversion efficiencies. One of the reagonasccount
for this finding has been the low fullerene loadin§ the
material. Therefore, new polymers have been synthdsi
such asPTF (29) or PBTC-F (30) with a higher fullerene
ss content (up to 63 wt %) (Figure .7Dther studies involving
polythiophenes followed to this one with slightlyetber
performances and efficiencies around 0.68%%.
An interesting alternative approach is based on the use of well-
defined rodcoil block copolymers consisting 83HT donor and
s Cgo acceptor chromophoresPHT-b-P(SA,)-Cs)) (31) as
“surfactant”. The control of the interface morphology of the
P3HT:PCBM donoracceptor phase domains within the
composite resulted in an improvement of the efficiency with
respect to the analogous solar cell fabricated without the

o5 “surfactant”.*’

29 (PTF) 30 (PBTC-F)

31 (P3HT-b-P(SxAy)-Cqo)

Figure 7. Some representative examples of fullerene-
70 containing polymers used fo the double-cable apgroa

iii) Molecular Bulk-Heterojuntions

Despite the outstanding results obtained from Bélarscells
formed from fullerenes and polymeittie use of commercially
available P3HT displays a number of troubles asgedito its

charge transportto the electrods through a nanoscales synthesis, purification, and inherent electroniogsrties?®®

homogeneous distrubution of the domains of the daal
the acceptor in the blend.

The first example of a PV cell prepared by using tlouble-
cable approach was carried out by spin coating fpmty(p-
phenylenevinylene) and
covalently connected to methanofullerene units. teNitaic

Factors such as polydispersity, regioregularity ammlecular
weight have a strong influence on the final perfante of the
photovoltaic device, which indicates that the cohtover
P3HT structure and purity is an important issuedontroling

polxphenyleneethynylene) s organic photovoltaics. Concerning its electroniopgarties, it

has been calculated that P3HT can only absorb 46%e



a relatively narrow absorption band. A promisindusion to

available solar photorf€,owing to a bandgapf 1.90 eV and Lg
overcome these limitations could be the use of lHelismall 0

conjugated molecules instead of polymerBhis strategy R SN ) /N \S/ /s\ \S/

s would avoid the above mentioned structural probl@mherent s AT Sy 5

to polymers, and allow the use of several well-dedi small

molecules whose electronic properties can be tuned by 36 (SMDPPEH) 21 (PC11BM)

chemical synthesis, in order to obtagnbetter photovoltaic
performance Following this approach, in the last years, a
10 number of moleculéé such as oligomers, dendrimers, dyes On the other hand, conjugated dendrimers constiauteew

and porphyrines have been used as molecular ddrensied ; king of well-defined molecular materials with morisigerse
with pristine [60]fullerene or [60]fullerene deritraes, in structures which are highly controllable due to gise

Figure 9: Chemical structures of SMDPPEH ang-2CBM

order to prepare new and efficient photovoltaicides. synthetic approaches. In this context ktzal® have reported
a) Conjugated oligomers and dendrimers as donors in BHJ- on the photovoltaic properties of BHJ-PV devicegpared
15 PV devices with blends of PCBM and various generations of d#itd

ss oligothiopenes (DOTSs) bearing from 9 to 90 thiopdamits
(Figure 10). Owing to the lower HOMO levels of the DOTs,
the devices showed remarkabigc values (0.93-1.06 V),
which are higher by 0.3-0.4 V in comparison withHI3
PCBM. Other photovoltaic parameters likgc and external

so quantum efficiency (EQE), showed a different treheing
their values increased while increassing the sizéhe DOT.
These photovoltaic parameters lead to a maximum epow
conversion efficiency of 1.72 % for compou®, which is
composed by 42 units of thiophene.

The synthesis and study of new orgamwnodisperse n-
conjugated oligomers is a hot topic in photovolsait
Oligothiophenes are among the most promising oligian
due to their exceptional electronic properties aady tuning
20 Of their properties by introducing functional substnts.
Several substitued oligothiophenes have been destrand
studied for organic photovoltaics. However, most bem
showa planar geometry, which tés to aggregate due to n-n
stacking interactions. Suret al® described recently the
25 preparation of new X-shapedligothipohenes 32-35) as
electron donors in BHJ-PV devices blended with PCBM
(Figure 8). The authors observed that both the ogecuit
voltage ¥oc) and the short circuit currentid) are highly
dependent on the oligothiophene chain length. While
s increasing the number of oligothiophene rings, absorption
was red-shifted and broadened, therefore the lightesting
properties and the PCE increase from 0.008 % t®4.8

Figure 8. Chemical structures of four X-shaped oligothiophenes.

3s Other interesting oligothiophene-based compound,s wa
recently described by Tamayet al®? namely oligothiophene s
diketopyrrolo-pyrrole 36) (SMDPPEH, Figure 9). This Figure 10. Chemical structures of the DOTs contain#igand
appealing oligothiophene is a low bandgap wellwedi  42thiophene units.
molecule that displys intense absorption bands at 650 and

40 720 nm. Blends of this material and RBM were prepared in
different ratios and the results indicated the biggrefficiency ~ Following the use of monodisperse and well defined
described so far for a molecular bulk heterojunt{®CE of 3 7 molecules for the preparation of BHJ-PV devicesthia last
%) being 0.75 V theVoc and 9.2 thelgc Interestingly, the  years a new and interesting approach has emergetthein
presence of the ethyl-hexyl groups increment thietsbty photovoltaic field. Organic dyes are single molesulwhich

ss and procesability and, as a consequence, no migl@ghase  display high absorption extinction coeficients agléctronic
segregation was observed in the films properties which can be easily tuned by chemicalthssis.

38 (42T)

b) Organic Dyes as donors in BHJ-PV devices



Roquetet aP* have described the synthesis of triphenylamine

(TPA) based compound8%41) (Figure 1) bearing several
units of dicyanovinylene. Photovoltaic studies ohege
compounds blended with ¢¢ in bulk and bilayers
s heterojunctions reveal a high value ¥§c in the BHJ-PV
devices due to their high oxidation potential. Ogvito an
intramolecular charge transfer band from the TPAedor the
dicyanovinilene acceptor groups, and to the aboeationed
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Figure 12.42) Merocyanine MD 30443 and 44) Squaralne
derivatives used for preparing PV devices by blending with
PCBM.

high Voc, an improvement of the power conversion efficiency

10 was observed, while the number of dicyanovinyleneeator
units increase in the molecule (0.49-1.17%).
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vinylene groups.

1s Kronemberget al,”* have recently described the photovoltaic
study of blends of merocyanines and PCBM. These dye

exhibit intense absption bands (g up to 1.4 x 10°Mlcm?) at
different wavelengths in  he visible spectral regiéor
several merocyanine dyed2) power conversion efficiencies
20 around 1% were obtained under standard AM 1.5 dandi.
Although the best performance was obtained for M2 8ue
to a higherdscvalue (6.3 mAcnf) and aVocof 0.76 V which
lead to a PCE of 1.74%. In order to harvest lightlie NIR
region, where almost 50 % of the sunlight powedigplayed,
25 Silvestri et af® described the synthesis of twew squaraine

derivatives 43,44) (Figure 12) displaying intense absorption

from 700 nm to 800 nm in solution. Photovoltaicdas of
blends of these dyes with PCBM rexed a power conversion
efficiency up to 1.3%. To the best of our knowledigis is the

x first efficient device prepared using NIR light kasting
molecular dyes. In order to improve the efficicignof
squaraine/PCBM based BHJ, Mayerhoffer af’ studied the
charge carrier mobility of a series of squarainesipearing a
dicyanovinyl unit, preparing OFET devices. The auth

s showed that the most efficient photovoltaic devi¢®CE=
1.79%, Jsc = 12.6mAcm?) presented good hole-carrier
mobility. This remarkable PCE value was attributedwell
packed domain of squaraine and PCBM. Besides t
introduction of the dicyanovinyl moiety favorablhanges the

40 absorption properties of these squaraine dyes, thackfore
the capability to harvest solar energy. This stuitlystrates
nicely the importance of tunning both absorptiomparties
and morphology in molecular BHJ cells, as it hasvpusly
been shown with polymer-based devices.

Borondipyrromethene (BODIPY) dyesi§, 46) are another
so kind of organic dye widely used for their outsdargli
absorption and fluorescence properties in the l@sitange.
Rousseauet aP® took advantage of the ease of chemical
modification on the bodipy core to tune the optipadperties
of the dyes and reaeld 1.3% of efficiency in bodipy:PCBM
ss BHJ devices (Figure 13). Using the same family ydés] these
authors® built BHJ devices with both Bodipy donors which
display complementary absorption properties in thsble
range (Amax= 590 nm, Amax= 675 nm). This strategy has
allowed to solve the problem of the narrow absorption of
e0 these organic molecular dyes. An efficiency of 1.[&6 been
described with this multidonor BHJ, which represeran

TPA derivatives bearing one or more dicyano- increase of 0.4% compared to the best efficiencycdbed

with a single Bodipy donor. This significant inceeanicely
illustrate the importance of harvesting sunlighttire whole
solar spectrum in order to obtain more efficienbfolvoltaic
Systems.

45 Ry=CH3, R,=Z
46 Ry=Ry=Z

Figure 13. Bodipy dyes used for PV devices by blending with
PCBM.

Using a similar strategy, some of us have described a new
organic salt 49) by association of two NIR absorbing cyanine
dyes 47,48), which exhibit a good solubility in organic solvents
(Figure 14)° As a result of the combination of the two cyanines,
the complex is able to absorb light in a broad range of the solar
75 spectrum (650-950 nm) displaying outstanding light harvesting
properties in the NIR region with giant extinction coefficients. |
eprellmlnary experiments, the sun to power conversion efficiency

obtained for the cyanine-cyanine complex:[60]PCBM (PCE =
0.4%) was higher than the efficiency observed for blends of
so PCBM:cyanine47 or PCBM:cyanined48. This result indicates
that the new dye is an appealing system for further studies as light
harvester for photovoltaics
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Figure 14.UV-vis spectra and structures of tyanines blended
with PCBM for PV devices.

iv) Organic Solar Cells with Innovative Carbon

s Nanostructures

As mentioned above, one of the fundamental linotadi of

35
Figure 15. Optimized structures of a ferrocendpRgb,6]-
SGN@ Gy fulleropyrrolidine 60) (left) and the down isomer of
an exTTF derivative of [6,6];YsN@GCgg (51) (Courtesy of Prof.
J. M. Poblet).

40 These positive results have been recently complésdewith
the preparation of BHJ based solar cells consideran
LusN@GCg, fulleroid modified with a phenyl butyric acid
hexyl ester %2, PCBH) solubilizing group and, blended with
P3HTS® In photophysical experiments, the efficient charge

s transfer between P3HT and the ;N@GC;-PCBH were
confirmed. The optimized P3HT/LN@Cs-PCBH active
layer morphology has resulted in OPV devices Withvalues
as high as 890 mV (260 mV above reference devicadem
with C¢-PCBM) and a similar photocurrent and fill factor

OPV device PCEs has been the molecular orbital ebffsso compared to P3HT/(-PCBM reference devices (Figure 16).

between the available donor and acceptor mateti@itswvard
this goal, new acceptor materials systems are beasigned
10 and synthesized to optimize the donor/acceptorg@nkavels
in orden to increase the device photovoltage. Filoenvariety
of nanoscale size shapes with fascinating propertieat
carbon is able to provid&, carbon nanotubes (CNT8)and

The higher overall PCE (4.2%) of the devices faded is
attributed to a better positioned LUMO level thaptures
more of the energy associated with each absorbedoph®
Further investigations, considering comparative lysia of
ssthe film absoption and X-ray diffraction, indicateat the
optimized blend ratio in a P3HT matrix differs from

endohedral fullerené%are of current interest because of their molecular equivalent of an optimized P3HF{®CBM active

15 promising  applications in  next-generation  organi

¢ layer, and this is related to the physical differes of the G

photovoltaics due to their outstanding intrinsic electronic fullerene®’

properties.
a) Endohedral fullerenes

Novel acceptor materials with LUMO energies clogerthat
20 of the donor, such as the derivatives of metalldodredral
fullerenes MN@Gg,, where the choice of metal (M = Sc, Y,
Gd, Th, Dy, Ho, Er, Tm, Lu) allows the fine tunnirg the
LUMO levels, as well as, the absorptive coefficemtf the
fullerene species, offer the possibility of consalgy increase
25 the PCE of OPV devices.
In preliminary investigations, SN@GCg, and Y;N@GCg
shown to be applicable as part of electron-donagptor
systems in combination with powerful
ferrocen& or m-extended tetrathiafulvaleffe derivatives
30 (exTTFs) (Figure 15) 50 and 51 respectively). The
photophysical investigations revealed a
stabilization of the radical ion pair state of ;N@GCsy-
ferrocene when compared to an analogoug-f€rocene
dyad®*

e Although additional investigations are necessaryhe near
future, the potential of endohedral metallofullezespecies to
enable optimized OPV devices is certainly very pising.

-

10

52

donors such asFigure 16. LusN@GCs-PCBH (62) and current-voltaje

es Characteristics of P3HT/LW@C,-PCBH (black) and
P3HT/Go-PCBM (grey). Solid triangles indicate the dark/

significant curves and open triangles indicate the devik&scurve under

solar simulated iluumination. Reprinted from ref7 &vith
permission from Wiley-VCH.

70 b) Carbon nanotubes

Since their discovery CNTs have been a constantcgofor
scientific motivation and in recent years have ggedras an
oustanding class of carbon into OP¥sThe most important
stategies for implementing CNTs in OPV devices arsthe
7s incorporation of single-walled carbon nanotubes (S\Ws)
in dye-sensitized solar cells (DSSC), their combara with



semiconducting nanoparticles in quantum dot seresitisolar
cells (QDSCs), or the preparation of polymer salals by
blending CNTs with different organic polymers. Sinthe
important class of DSS€is out of the scope of this workg i
s this section we will mainly focus mo those recent
achievements whithin the two following type ofllce

i) Quantum dot/CNTs solar cells

Recently, hybrid nanocomposites consisting of CNarl

gquantum dots (QDs) heterostructures have emerged akigure 17. SEM image of the g-complex prepared by

10 excellent candidates for the fabrication of a naslaks of PV
devices because the nanoscale architectures plasera
important role in improving the device performanck PV
cells™™
In a recent example, PV cells were fabricated zitij hybrid

15 nanocomposites with side-wall attached ZnSe co&d&e
QDs onto the surface of oxidized multi-walled carbo
nanotubes (MWCNTs). The I-V  characteristics of
Al/(CdSe/ZznSe) QD-SWCNT hybrid conjugate/PEDOT:PSS
/ITO PV cells were investigated under illuminatianth an

20 ultraviolet (UV) lamp (6W, 365 nnff and the estimated PCE
was 0.34%. Considering the very large energy balréween
CdSe/znSe QDs and PEDOT:PSS, the performance d?\he
cell is expected to be enhanced with structurenoigition.
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ii) CNTs in polymer solar cells

25 CNTs have been usually incorporated into activeetayof
polymer solar cells by the dispersion of CNTs iaddution of

an electron-donating conjugated polymer, such as
polythiophene  or  polyf-phenylene-vinylene) (PPV)
derivatives, and spin-coating the composites

s transparent conductive electrode, typically ITOyecd with
a hole-blocking layef
Friendet al. described the first investigation on the electconi
properties of the composite formed by MWCNTs andvPP
derivatives’ On the other hand, Kymaket al. demonstrated

ssan increase in the cell performance by blending (®ly
octylthiophene) (P30T) with only 1 wt% of SWCNT.
Since their pioneering work, many groups have ex@ibNTs
in bulk heterojunction solar celf§’*"* However, the power
conversion efficiencies of polymer-CNT solar celse as

2 high as ca. 1%, which is much lower than typicaluea of
high-performance bulk heterojunction solar cells§®) with

microwave irradiation. The photoinduced charge safien at
the polymer-G, interface is followed by electron transfer

60 from Cgo to SWCNTs. The SWCNT netwok provides a direct

path for faster electron transport towards the tebee.
Reproduced from ref. 7By permissionof The Royal Society
of Chemistry.

In recent years, several groups have investigaetssibility

of employ CNTs as a flexible replacement for ITOsince
high quality ITO is expensive due to the resourgestraint of
indium. In addition, ITO is not compatible with Feio-roll
fabrication processing in contrast with today’s market
requirements for a full printable solar cell. Foraeyple,
Rowell et al. demonstrated that SWCNts based hole-collecting
electrodes show well above 80% of the performance of
classical ITO electrodes, and allow a significarighler
bending stress than ITO based plastic substrdte3hus,
corrected power conversion efficiencies of 2.5% eaver

7s presented and the slight power loss in comparisoriest

devices using ITO contacts was mainly attributed the
increase serial resistance.
In order to improve the practical applications T in OPV

ONto - Ayeyices, several aspects need to be consider: eharg
so recombination pathways, exciton dissociation, siityband,

which is probably the major challenge, the selectiv
preparation of semiconducting SWCNTSs. In this seise¢he
past year important improvements have been repdowwdrds
the selective separation of semiconductirggmetallic CNTs

s by means of chemical functionalizati$nor microwave

irradiation’®

Conclusions and outlook

The most significant organic compounds preparethsto be
used in all-organic solar cells have been preseriteca

a combination of n-conjugated polymers and fullerenes systematic way. Bulk heterojunction plastic solaells

derivatives including PCBRf or DPMs3*35

When blending CNTs with different polymers, one the
4s Major issues is to properly disperse the CNTs vihittne

polymer matrix. In this sense, the addition of apgpiate

constituted by a semiconducting electron donaronjugated
polymer and a fullerene as the acceptor moietycaeently
the most promising devices for practical applicasio The
most remarkableachievements in m-conjugated polymers

functional groups to the CNTs may result in a formshave been presented as well as those modified rémées

compatible with the conjugated polymer. To this eadGqg-
SWCNT complex has recently been synthesized a
so microwave induced functionalization approach ane@duss
component of the photoactive layer in a bulk hgterction

which, by blending with the appropriate polymersavé

afforded the best energy conversion efficiencigsoreed so

far, reaching values as high as 7.4 %

Covalently connected =-conjugated polymers-fullerene

photovoltaic cell (Figure 17§ When compared to a controkeo forming the so-called double-cable approach reprissan

device with only G, and P3HT, the addition of SWCNTs
resulted in an improvement of both. and FF, with power
ss conversion efficiency, by as much as 78%.

elegant methodology to prepare new materials whigh,to
now, has afforded comparatively very low energyvasion
efficiencies.
Molecular bulk heterojunction

represents an intengs
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alternative to the use of polymers for the preparapf PV 2 D. M. Chapin, C. S. Fuller and G. L. PearsdnAppl. Chem.1954,

devices. These compounds have been classified isetho
systems formed by n-conjugated oligomers or dendrimers and
fullerenes, and the most recent dyes blended witar&nes.
Other carbon nanostructures such as endohedretéulés and
carbon nanotubes are promising materials for PViatsv
Although so far only a couple of examples are knawnPV
devices involving endofullerenes, the high energypwersion
efficiency (4.2 %), similar to that found for the iefént
[60]PCBM make these materials good candidates diothér
studies. Obviously, the main problem of these éultkrenes

is currently related with their availability in iger scale.
Regarding the use of CNTSs, it is important to nibizt the fate

25, 676.

3 For some very recent special issues, see: (a) Spssi @ “Organic

Photovoltaicg, J.-L. Bredas, J. R. Durrant, edécc. Chem., Res.
2009 42, 1689; (b) Special issue on “Renewable EnerdyD. Nocera,
D. M. Guldi, edsChem. Soc. Rev2009 38, 1; (c) Special issue on
“Chemistry of Renewablés R. Rinaldi, F. Schith eds.
ChemSusChem2009,2, 1057; (d) Special issue on “Chemistry and
Energy in the 2% Century, E. Palomares, ed. ChemSusChen2009,
2, 265.

4 For some recent reviews on Organic Photovoltaics,(ag&. Dennler,

M. C. Scharber and Ch. J. Brabéa)v. Mater.2009, 21, 1; (b) B.
Kippelen and J.-J. BrédaBnergy Environ. Sci2009,2, 251; (c) B.
C. Thompson and J. M. J. Fréchahgew. Chem. Int. EQ008,47,
58; (d) S. Gunes, H. Neugebauer, N. S. SariciEtiem. Rev2007,
107, 1324.

of these carbon nanoforms for PV devices depeniasapily 5 For more information on these fundamental steps in thetiuing of

on the separation of the metallic and semicondgctypes of
CNTs which typically are mixed in the commercially
available materials. Although still low efficiensidhave been
reported with CNTs, the huge potencial of thesebesar g
allotropes makes them very appealing in this field. 7
A most important matter in all the above materidits
improving the cell performance is the precise contf the
energy levels of donor and acceptor componentsedisas the
network morphology to maximize the mobility of tltbarge
carriers. In this regard the realization of nanastured
materials by means of a bottom-up supramolecular
organization is currently in its infan®and, therefore, more 8
work is need for improving the materials used fo¥ P
applications. 9
In summary, organic solar cells are call to playimportant
role for satisfying the increasingly energy demandafgour
society. Because of their features of low costxifigity and
ligthness, these new PV cells which should nicely ;
complement the commercially available silicon ceHsare

very appealing for a variety of new practical pwsps. The 12
outstanding achievements obtained so far put teeke cells 13
closerto the market
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