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Abstract 

Effect of Solvcnt Additives and P3HT on PDTSTTz/PCBM Based Bulk 

Heterojunction Solar cc lls 

Asegid Ergetc 

Add is Ababa Un iversity, 2013 

The dcpcndcncy o fthc performance of organic bulk heteroj uct ion (B HJ ) so lar ce ll s on 

the nanomorpho logy of the photoactive blend ca n be co ntro ll ed by so lvent additi ves. 

In this work BI-IJ so lar ce ll s based on PDTS'ITz:PCBM (1:1) which processcd by 

us ing a host solvcnt di-chl orobc nzcnc and 2.5% (v/v) different solvent add iti ves such 

as iodobutane, iodoethane, di-i odometha ne. and iodomcthane were constructed. The 

effects of the afore mentioned addit ives on the photovolta ic parametcrs o f the so lar 

ce ll s wcre in vcstigated. Deviccs processed in 2.5% (v/v) of iodobutanc cx hibited the 

hi ghest power convers ion e fTI cicncy (PCE) up to 2.02% as compared to the pri st ine 

PDTST f z: PCBM dev iccs (w ithout add itive) (0.39%). The UY-Yis absorption 

spectra of film s showed the ex istence of red shift in thc prcsence of thcse addi ti vcs 

resulting from thc growth of enhanced loca l structure with d istinct, opt imized phase 

scpa ratcd morph ology. Bcsides, the introduction of P3HT donor into 

PDTSTTzlPCBM system formin g a ternary bl end a lso showed improvcd cfficicncy 

(2.42%) following thc incrcascd sho rt ci rcu it current up to 11.08 mi\/cm' through 

improvcd photon harvesting. 

KEYWORDS - Organi c So lar Ce ll , Additi ve, Morphology, Bulk Il eterojunction 
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1. Introduction 

The modern wor ld is hi ghly energy dependent and dema nding increases in the energy 

supp ly. The increase in the energy demand is due to indust ri alization, urbanization 

and increas ing popu lation. Without energy, no development; and hence, the 

ava ilability of energy resou rces will mainly determine any country's economy and 

standards of living. The finite suppl y of tradit ional fossil fue ls (oi l, natu ra l gas, coa l, 

cte. ) under li ncs the need to look for alternative encrgy sources. It is estimated that in 

another 200 - 300 years [I J, fossil fuels will be depleted result ing in a devastating 

situation. Besides, the usage of fossil fuels is related to environmental issues such as 

cl imate changel and globa l wa rming. Thcrefore, a sustainab le, environment fricndly 

renewable energy source is needed. Renewab le energy resources like so lar energy 

(direct convers ion of sun li ght into energy), hydro, biomass, wind, etc., arc 

particularl y attractive. 

Solar encrgy is one of the promlsll1g renewab le energy sources because it is 

inexhaustible and po llu ti on free. Solar energy is convertcd into electrici ty by means of 

so lar cell s. Effcct ive usc o f thi s encrgy can mitigate future cnergy necds. Mcthods of 

so lar cnergy utili zati on can be broadly class ificd into two catego ri es (i ) phototh ermal 

and (ii ) photovoltaic . Photothermal systems convert so lar radiat ion into thermal 

energy which can be used directly. Photovo ltaic systems (so lar ce ll s) convert sun light 

into direct electri ci ty. Trad itiona l solar ce lls are ma inly based on inorganic 

scmicond ucting matc rial s, crystallinc and amorphous si licon. Howcver, sili con so lar 

ce lls are not widely uscd thus fa r. The reason is that silicon photovoltaie technology is 

very complex. rcsulting in hi gh cost of sili con so lar cc lls. 
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Orga nic sola r cells are being extensively studied worldwide since they have the 

potential to inex pens ive ly produce electricity from solar ene rgy. The ncx ibil ity is 

another important advantage of orga ni c so lar ce ll s. Methods for the fabr icat ion of 

organic laye rs of organic so lar ce ll s may include spin-coating, drop casting, vapo r 

phase deposition , etc. In our work, sp in-coating tech ni que was used for many of its 

adva ntages. The poss ibility to form uniform thin film s, cheap, fa st and si mple to 

operate; arc somc of the bencfi ts of spin-coat ing technique. 

1.1. Historical Background of Organic Photovoltaics 
(OPVs) 

The sing le layer deviec structure ofOPY ce ll s was created in 1994 by R. N. Marks el 

al. [ II us ing SO - 320 nm thickness ofpoly(p-phenylenev inylene) (PPY) sandwiched 

between a hi gh work fun cti on transpa rent ITO (bctter alignment with HOMO of 

donor) and a low wo rk functi on cathode (bette r al ignment with LUMO of the 

acceptor). The rcported quantum cfficiencies fo r this dev ice were around O. 1%. 

This low quantum effi ciency resu lted from intrinsically low mobility of charges 

through semiconducting organic material s. Thc carrier mobility of semiconduct ing 

orga ni cs remains around 10.3 cm2/Vs, while the mobi lity of single crystalline silicon 

is abou t 103 cm 2/Vs ord er. Thi s indicates that the photogenerated chargcs in 

scmiconducting organi cs require more timc to be co ll ected from electrodes. The slow 

charge transport itse lf not onl y lowers the cfficiency of thc OI'Y cell, but also 

increases the recombination chance of charges in the dev ice. The other prob lem that 

causes the low peE of' OPY ce ll s is cxciton formation. Photogenerat ion in organic 

semiconductors docs not directl y lead to free charge ca rri ers; instead co lum biea ll y 
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bound electron - hole pairs of photoexc ited states arc formed 12]. Free electrons and 

holes arc desired as an effic ient charge ca rrier because thc bound exc iton requ ires an 

add itiona l exc iton di ssociat ion step to make fi·ee ca rri ers, which can decrease the 

carri er generation effic iency. In a single laye r OPV ce ll , the only exc iton dissoc iation 

site (into free electrons and holes) is the interface between semiconducting orga nics 

and a cathode. Latcr, it was known that the cxc itons are more efficientl y dissoc iated at 

the interface between donor and acccptor, and a bi laye r OPV ce ll was deve loped by 

insert ing an acceptor layer betwccn a donor semicond ucting organic and a cathode . 

The bilayer OPV cell structu re incl udes an addi tional electron transporting layc r than 

the single laye r OPV structure. This structure was first rea lized by C. W. Tang in 

1985 l3] with a dev icc structure compri si ng indium tin ox ide (ITO)/copper 

phthalocyan ine (C uPc)/ pcry lcne tctracarboxylic dcr ivat ive (PV)/sil ver (Ag). The 

rcported PCE was reached up to I %. The tcn -fo ld PCE increase, than the single layer, 

resulted from improvement in the exc iton di ssoc iati on efficiency via th e acceptor 

matcria l that forms an offsct energy band with hole transporting materi al. However, 

the reported PCE of bilayer OPV ce ll s is stil l signifi cantl y lower than that of inorganic 

based PV cells. One reason for thi s is the intrinsica lly short exc iton diffusion length of 

excitons in organic semiconductors, which are typicall y around 10 - 20 nm [4 - 7]. 

Sariciftc i el al. 18] fabr ica ted the fi rst bilayc r OPV cc ll that used a conj ugated 

polymcr where the hole transporting mate ri al was M EH-PPV and the electron 

transporting material was fu ll erene, C"o. In thi s OPV ce ll, the observed PCE was 

0.04% under monochromat ic incid en t li ght at 5 14 .5 nm, and the performance was 

onl y slightl y im proved comparcd to single polymer laye r PV ce ll s. Hall s el al.[91 
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optimized the thickness of' conjugated polymer and C60 layer and achieved 9% 

quantum efficiency. 

After discovering the conjugated polymer blend OPY ce ll , Yu el a/.l IO] also reported 

improved PCE from the conjugated polymer and C6o-based bulk hete roj unct ion OPY 

cell. Compos ite fi lms of MEH-PPY, and full erenes exhi bited PCE of abo ut 2.9%, 

which is better by more than two orders of magnitude than what has been achieved 

with dev ices made with pure MEH-PPY. The erfici ent charge separation resu lts from 

photoinduced electron trans fer from MEH -PPY (as donor) to C60 (as acceptor) at thc 

large in terfacial contact as a result of mixing. and the high co ll ect ion effic iency resu lts 

from a bicontinuous network of internal donor acceptor hetcrojunct ions. 

Nowadays, organ ic sola r cells based on bulk heterojunction (B HJ ) structure cons isting 

of conjugated polymers as electron dono rs and fullerene derivatives as electron 

acceptors arc considercd as the promi sing; and the ir efficiency exceeded 9% l II , 121 

using va ri ous treatments such as thermal an nea ling, using so lvent mixtures, so lvent 

add itives, etc. Addition ofa 2 - 3% (v/v) solvent add it ive during the process ing of the 

acti ve layer is the most effecti vc means of optim iZing a BHJ device 's morphology 

[12]. It se lecti ve ly disso lves one component of the photoact ive blend and enhances 

the se lf orga ni zati on of the polymer uni ts into ordered crystall ine structu re thereby 

increas ing the na no-scale donor-acceptor interface contact area to reducc the 

interf;lcia l power losses due to rccombination of holes and clectrons. 

The subject of thi s work foc uses on the construction and characterizati on of so lution 

processab le BHJ organic so lar ce ll s, based on PDTSr rzlPCBM donor-acceptor 
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system. The respcctive effects of add ition of solvcnt add iti ves and a second elcctron 

donor, 1'3HT, to PDTSTTzlPCBM system will bc investigated. Here we anticipate 

that so lvent add itives will affect the fi lm morphology; and P3 HT to incrcase the 

absorption coverage. 

pDTsrfz is a low band gap polymer with broad absorption in the longer wavelcngth 

range (desirable for harvcsti ng low cnergy photons); and low lying hi ghest occupicd 

mo lccular orbita l, HOMO, leve l (for extcnded open circuit voltage), capable of 

maxi mi zing the overa ll powcr convers ion effi ciency (pCE). The detailed procedure 

and synthes is ro ute fo r pDTsrfz is in the repo rted li teratu re [1 3]. Solar ce ll s n'om the 

blend of thi s polymer with pC,oBM showcd powcr convers ion effic iency (pCE) up to 

5.59% [ IJ I in an inert atmosphere and using var ious treatments. Herc, PD1'STTz is 

blended with PC6,I:lM (or pCBM) acceplOr with a solc objcct ive o f studying thc effect 

of short chain iodoalkanc so lvcnt additives (for th eir selective so lubility to fu ll erene) 

on thc photovo ltaic paramcters, and the dependency of dev ice performance on alkyl 

chain length. The performancc of PDTSTTz, when combined with other compat ible 

donor (l ike p3H1') as a ternary system, is also investigated. 

2. Literature Review 

2.1. Electronically Conducting Polymers 

Because of the ir light we ight, nexib ility and the greater case of fabrica tion , po lymers 

arc continui ng to rep lacc metals in scveral areas of app licat ions; as often remarked 

'from buckets to rockets'. Polymers havc traditionall y becn tr eatcd as good clectr ical 

insulators and a va ri ety of the ir app licat ions have rcl ied on thi s ins ulati ng property. 
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However, therc are some polymers which bccome elect ri cally conducting when 

treated wit h strong ox idiz ing or reducing agents. The chemical structu re of some 

common polymers is shown in Figure I. A common characteri sti c of all of them is the 

ex istcnce of conj ugated bonds (ex tended rr-conjugati on along thc polymer backbone) 

114]. 

N 
R 

II III 

Figure I. Chemica l structure of some common polymers. (I) polyethylene, or PE; (II ) 

Irans-polyacetylene, or PA; (III ) poly(para-phenylenev inylene), or PP Y. 

2.1.1. The Origin of Semiconducting Behaviour 

Sincc carbon atom (C-atom) is thc ma in bui lding block of most orga nic polymcrs, the 

type o f bonds that its va lence electrons make with other C-atoms or other clements 

determine the overall electroni c properti es of the respecti ve polymer. Polymers can be 

saturated and unsaturated. Saturated polymers arc insu lators since all the four val ence 

electrons of C-atom are used up in cova lent bonds; whereas unsaturated polymers 

have conjugated structure and they are conductive . 1l-conjugated polymers are 

exce llent examples of unsaturated po lymers alternate single and do uble ca rbon-ca rbon 

bonds. 
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The funda mental source of semiconducting propcrty of conjugated polymers stcms 

from the overlap of the moleeular orbita ls fo rmed by the va lence electrons of 

chemica lly bondcd C-atoms. Every ca rbon atom has fo ur valence electrons in whi ch 

two va lencc elcctrons are in the 2s orbital and the other two in two di ffe rent 2p 

orbital s in its grou nd state. A conjugated polymer chai n possesses Sp2 hybridized 

orbital s. As shown in Figure 2, the overlapping of these orbitals resul ts in sigma bond . 

The remaining, the fo urth val encc e lectron is positioned in a 2p orbital that is 

perpendicular to the plane form ed by thc three Sp2 orb itals. Each electron in the 2p 

orbital along the chain interacts wi th a ncighbouring 2p electron and fo rms a IT-bo nd . 

The two e lectrons in a IT-bond occupy the space above and be low the (J- bond [1 5]. 

pi hond 

Figure 2. Illustration of (J- and IT- bonds between two carbon atoms 1. 15]. 

In ana logous to the inorgani c semiconductors, a polymer unit ce ll interacts with it s 

neighbours resulting in the merging of di sc rete sets of molecular clectron ic states to 

form clcctronic bands. Thcse bands are referred as va lcnce band (VB) corrcsponds to 



the highest occupicd molecul ar orbita l (HOMO); and the conducti on band (C B) 

corresponds to the lowest unoccupied molecul ar orbital (LUMO). 

For instancc, polyacetylene, the simplest conjuga ted polymer, form ed from the 

repeating units of eth ylene units. As the conjugat ion chain length increases from left 

to ri ght (see Figure 3), the molecular orbital s progressive ly deve lop into a band 

structu re and the se pa ration between HOMO and LUMO decrease to deve lop a band . 

Fo r shorter polyene chains, I:!. represents the IIOMO-LUMO energy gap (Eg) . For the 

infin ite polyene chains, VB and CB represe nt the va lence band and the conducti on 

band res pecti vely and Ee is thc energy bandgap I" 161· 
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Figure 3. The deve lopment of a polyacetylcne band structure from the molecular 

orbi tals of ethylene. 

As the ethylene units are united and form a larger molecule (shown in Figure 3) , the 

7r-bonding will become more dc localized. and more atomic orbital s arc invo lved in th e 

overall molecular orbital systcm. When two ethylenc molec ules cou plcd to fo rm 1,3-



butadiene. The I-IOMO-LUMO gap of butadienc is slight ly smaller than that of 

ethylcne monomcr. Thi s reduced gap is due to the increase in conjugation in this 7[­

system relative to that of ethy lene. Generally as adding ethylene units is continued, 

longcr conjugated systems wi ll be created. An infinite one-dimens ional polyene cha in 

containing infinite num ber of bonding and an tibondi ng molecular orbitals has been 

formcd. In thi s infinite chain, the bonding orbital s will tcnd to cluste r togcther into a 

tightly bound group, and thc antibonding orbitals will tcnd to c luster into another 

tightl y bound group . The two groups are we ll separated producing a wcll defined 

I-IOMO-LUMO energy gap. Each of the molecular orbita l distributions consi sts of a 

large number of orbitals that are packed ti ghtly together into a fin ite ene rgy intcrva l. 

For most purposes, we can ignore the difference in th eir energy interval as the orbitals 

form continuous bands of energy leve ls. The cluster of' full y occupied 7[-bond ing 

orbitals is rcfe rrcd to as the va lencc band (VB) and the cluster of vacant antibond ing 

orb itals is ca lled the conduction band (eB). Under thi s condition, the I-IOMO-LUMO 

gap is ca lled thc bandgap (Eg) . This gap determines the optica l propcrties and is a 

characte ri stic of a givcn polymer. 

2.1.2. Chal'ge Carders in Conductin g Polymers 

The presence of mobi le charge carr iers is compulsory for charge transport in any 

materia l. Unlike inorganic semiconductors, the charge carriers in conducting 

polymers are not free electrons or ho lcs; instead they are quasi-pa rti cles. The three 

types of quasi-particlcs in conducting polymers are so litons, polarons and bipolarons. 

1. So litons: are defects ofa conjugatcd polymer formed as a rcsult of mis- fit 

com b i nation of cnergctica II y degenerate structu res. 
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II. I'olarons: are combinat ion of charge and the su rrounding deformation 

fo rmed by the combinat ion of non-degenerate ground statc isomers of 

conducti ng polymers that leads to the format ion o f structural defect 

(mi sfit ). 

Il l. Bipolarons: combinations of two plarons. 

2.2. PhotovoItaics (PYs) 

A photovo ltaic cc ll or so lar cell is a device that can convert li ght cnergy into 

electri city direct ly. Becquercl first di scovered the pholOvoltaic effect by placing two 

electrodes in an electrolyte so lut ion in 1839 [17]. Sil icon based so lar ce ll s recentl y 

achievcd 24% efficiency approach ing theoretical limit of 30% [18, 19]. However, 

high product ion cost of these inorgan ic so lar cc ll s, main ly at1ributed to proccssing at 

high temperatures (400 - 1400°C) and the in vo lve ment of expens ive vac uum capital 

equ ipment, is the reason for slow adoption into the terrestrial market. 

2.2.1. Organic Photovoltaics (OPYs) 

Organic photovoltaics can be a potential candidate for developing low cost power 

generat ion that is economically practi cable for large scal e applications. Compared to 

trad itional Si based so lar ce lls, organic materials are less expensive. Easy processing 

through spin coating or dip coati ng techniques is an added advantage, eliminating the 

costl y vac uum processi ng conditions. High absorption coe ffi cients com pared to Si , 

the use of very th in film s, 10 -SO times thinner than Si based devices, is poss ible [20] . 

Thin film s fac il itate thc poss ibility of produ cing thin nexib le devices with hi gh 

throughput. In organi c so lar ce ll s technology, there arc many concepts based on small 
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molecules, conjugated po lymers, conjugated polymer blends, bi-Iayer dcv ices based 

on small molecul es and conjugated polymers. II widely used conccpt in organic solar 

ce ll s is the use of polymer/ fullerenc blends. 

2.2.2. Architecture of Organic Photovoltaic Devices 

The structure of a typical polymer ic photovo ltaic dev ice consists of the photoactive 

layer usually sandwiched between indium tin ox ide (ITO) coated substrate (g lass or 

plastic) clectrode and retlective back metal electrode (usually Alumini um). The two 

elect rodes can be furt her modifieclto improve th e charge injection by the introducti on 

of a PEDOT:I'SS (PolyI3 ,4-ethylenedioxythiophcne):poly(styrene sul fona te)) as a 

hole transport ing layer to be coa ted on the ITO side and lit hium nuor ide (L iF) layer 

depos ited under layer on the aluminium side. The opt imum thick ness of photoacti ve 

layer in most polymer so lar ce ll s is - 100 n111 [21 ). Acti ve layer thiekncss very highe r 

than thi s opt imum va lue will increase the series res istance and the short ci rcuit current 

(I so) breaks down because of th e low mobility of po lymer ic se miconductors charge 

ca rriers typi ca ll y as low as - 10.4 cm' lV.s [22). Such thin laye rs have. of course, 

lim ited absorption cven at the peak of their absorption spcc trum. But because of the 

very hi gh optica l absorption coefficients or polymers (> 10' em") [23], thi s thin layer 

(- 100 11111) can absorb enough photo l1 s to yield hi gh photocu rrent [24 . 25 ]. The 

dev ice architecture of the photoacti ve layer has a strong impact on charge carri er 

sepa ration and transport. Figu re 4 represents a schemati c dev ice structure fo r a typical 

orga nic so lar cell. 
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Sun light 

Figure 4. Schematic layout of a typ ica l organ ic solar ce ll. 

For bctter power conversion erticiency, many attempts had been made by schola rs of 

the fie ld to get photovoltaic devices with different laycred structures as descri bed 

next. 

2.2.2.1. Singlc Laycred Organic PY Cells 

It is the simplest de vice structu re in which a single organ ic material is sandwiched 

betwcen two difTerent conducting contacts. typica lly indium tin ox ide, ITO. and a low 

work functi on metal such as AI, Ca or Mg. Although these ce ll s tend to produce a 

reasonablc open circuit voltage (V", ), the ir photocurrcnt is typica lly vc ry low. Thi s is 

mainly due to thc recombination of photogenerated electrons and holes, and th e 

maximum effi ciency reported with thi s architecture is 1% [26, 27]. Charge carri ers 
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can onl y be dissoc iated at the schottky j unction . Therefore, only excitons ge nerated 

close to the electrode can contri bute to the photocurrent. 

2.2.2.2. Bilayer Organic PV cells 

Thi s design contai ns the donor- acce ptor system, in which the exc iton is dissoc iated at 

their interface, where the holes tran sFer to the donor and the electrons to the acceptor. 

Thus, the diFFe rent types of charge carriers may travel independentl y within separate 

materials and bim olecular rccombinati on is hi ghly minimized [28]. However, the 

short diffusion length of exc itons sti ll limi ted th e power conversion effi ciency to be 

low. 

2. 2.2. 3. Bulk Ilelerojunclion (Bill) Organ ic PV Cells 

The problem of poor exc iton co llecti on (or low Jsc ) was later so lved by the bu lk 

heteroj uncti on (BHJ) structure [ I I] , where the donor-acceptor interFace is distrib uted 

randoml y throughout the vo lumc of the ce ll. Thus, exc itons can cffic ient ly be 

harvestcd regard less of the po int of photo-exc itation Icading to hi gh Jsc• 

Unfortunatcly, thi s system suffe rs from hi gher rccombi nation of thc photo-generated 

carri ers at the increased donor/acceptor j uncti on that reduces its open circuit voltage, 

Yo" and the fil l factor (FlO). 

The bu lk hc tcrojunction (B II./) is thc most widely used structure. because it comprises 

case 0(' process in g. best electron do nor-acceptor in terface and improvcd effic iency. It 

ovc rcomcs the lim itations of the two layc r conce pt where recombinati on of the 

carri ers due to long range donor-acceptor (D-A) interfaci al length is rcduced and high 

surfacc area of D-A intcrface is fo rm ed. The large D-A inte rface sur Face area reduces 

13 



the di stance that exc itons need to trave l to reach the interface, and hcnce charge 

scparation can take place throughout the wholc depth of the photoactive layer [29, 

301. During the preparation of the photoact ive layer of BI-I./ so lar ce ll s by mi xing the 

donor and acceptor material s with a nanosca le phase se pa rat ion, three-dimensional 

interpenetrat ing netwo rk of electron-ci onor (D) anci e lec tron- acce ptor (A) domains 

will be formed 13 1]. Currently used electron acceptor materi als for BHJ organic so lar 

cells are composites of electron-conduct ing fu ll erenes. mostly the derivative of [6.6]-

phenyl-C6J - butyr ic acid methyl este r (PC6J BM) , and hole-conducting conjugated 

polymers such as poly(3-hexylthiophene), P3HT. 

2.2.2.4. TernaJ), B lend BHJ Organic PV Cells 

Ternary blend PV cc ll s can be designed bascd on two donor componcnts and one 

acceptor component, or one donor and two acceptors (see fi gure 5) have exhib ited 

far less attention ; but ha ve been reeognizcd as a potent ial route to increase the 

absorption width at half height and consequently the short circuit current de nsity (J ,,) . 

"""" Donor 1 Donor 2 A~CijptQr 

T T! 'f 

HOMO 
I~H:::OM:;:O-

Donor Acceptor 

Trtna 
""'" Donor Acceptor 1 Accoptor 2 

Figure 5. Schematic diagram for the des ign of BI-IJ ternary blend organ ic solar ce ll s. 
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Ternary blcnd l3HJ solar cell s offcr an alternati vc approac h for maximizing thc 

atta inable J" V", product wh ile retaining the simp licity of act ivc-Iayer processing 

steps. In many cases, large r Jsc is observed relat ive to the bi nary systems. 

Measurements of the photocurrcnt spectra l responsc and the open-circuit voltage 

show that thc HOMO and LUMO Icvc ls changc cont in uo usly with compos ition in th c 

respcct ive two componcnt acceptor or dono r pair, consistent with the fo rmatio n of an 

organic alloy 132J. Ilowcvcr, optical absorption of the exciton states rctains thc 

indi vidual molecular propert ies of the two materials across the blend composit ion. 

This difference is attr ibuted to the highly loca li zed molecular nature of the exc iton 

and the morc deloea li zed intermolecular nature of electrons and holes that renect the 

average compos iti on of th e alloy. 

2.2.3. Working Principle of' BJ-IJ Organic PY ce lls 

The dev ice structure appeMs similar to the ino rganic sola r cells; but the operational 

physics is a bit diffcrent. The proper choice for combining materials in organic solar 

ce ll s should be made based on the energy levcls, such as ionization potential (11') and 

electron affinity (EA) that will he lp to determine the poss ible material s for the desired 

system. Whe n two different materi als with different HOMO, LUMO leve ls are 

brought in contact, band bending will occur depend ing on the relative posi ti on of the 

Fermi levels . This band bending causes charge transfer in the system that wi ll be 

determined by the HOMO, LUMO leve ls. This can be we ll understood when one 

material has a low EA and another hi gh IP where the low EA material will donate the 

electron to the conduction band (CB) of the other and the low IP material wi ll accept 

the hole from valance band (VB) of the other. Energy transfe r will occur in the system 

when a higher bandgap material and a lower bandgap material are prescnt in th e 
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system. Thi s process is termed as Forster transfer [33] where excitation energy 

transfers to the low bandgap mater ial with small losses. 

Creati on of charges is one of the key steps for better photovo ltaic dev ice performance. 

In most organic so lar ce ll s, charges arc created by photo- induced electron transfer. 

Absorpti on of the li ght wi ll create columbica lly bound electron- hole pairs (ca ll ed 

exc itons). I3reak ing these exc itons will result in free cha rges. Exc iton dissoc iation is 

fa ei litatcd by the built-in electric fi cld 1'34,35], The difference in th e work functions 

will crca te thc built-in clcctric fi eld. Exc ition di ssoc iation will take place mainly at thc 

interfaces. The operation principle of I3HJ organic PV ce ll s in volves some 

consecutive fundamental stcps: 

I . Excito n Formation via Absorption of Photons 

First, incident photons with an energy equal to or beyond the band gap of the polymer 

are absorbed by the donor polymcr matcria l and cxc ite the clectrons from the highest 

occupicd molecular orbi tal (J IOMO) to the lowest unoccupied molecular orbital 

(LUMO) leve l, creating co lumbicall y bound excitons (with a cc rtain binding encrgy, 

typically 0.2 - 0.5 eV) [1 4J. The relati vc dielectric constant of organi c po lymers is in 

the orde r of 2 - 4, as compared to the inorganic semiconductors (i.e. 10) [1 5], rcsults 

in such a strongly bound Frenkel-like loca lized cxc itons whi ch are not affected by thc 

thermal cne rgy of room temperature, kBT. 
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11. Exciton diffusion 

Afte r exc itons are formed, they diffuse to the donor-acceptor (D-A) interface across 

the polymer domain in the range of the characteri stics diffusion length (Lu) to 

generate separated free charge carri ers. The diffusion length fo r most conj ugated 

polymer exc itons is typ icall y in the range 5 - 20 11m [1 5]. Since exci tons are neutral 

spec ies that do not respond to any electric fi cld, their motion is relied on diffusion via 

random hoping drivcn by the concentration grad ient wi thi n their characteri stics 

diffusion length range. Those exe it ons that do not reach the D-A interface have no 

contribution to th e pholOeurrent generation and arc lost via recombination. 

Ill. Dissociation of Charge Carriers 

After exc itons transfer to the donor-acceptor interface, and consequence dissoc iation, 

the electrons are locali zed in the electron acceptor (commonl y PCBM) phase whereas 

the holes remain in the donor polymer chain s. Then, the free electrons tra nsported 

through the acccptor pathway towards thc cathode thro ugh which they enter into th e 

external c ircuit to generate e lectri city up on its motion. Holes return back to the 

HOMO of the donor and transported towards the counter electrode (anode) fo r 

regenerat ion. These charge ca rri er transport towards the respecti ve e lectrodes is 

driven by an internal electri c fi eld dri ven from the Fermi -leve l difference of the 

electrodes with effic icncies dcpending on their mobility during thc hopp ing process . 

Such photo- induced charge transfer betwecn electron donor and acceptor is always in 

competition with recombinati on and photoluminesecnee, although thcse competing 

processes take large time sca le (photo luminescence (ns) and recombination (fIS)) as 

compared to the charge transfer which occurs in the range 50 fs [1 6]. For better 

efficiency of a given BI-IJ so lar ce ll. there should be effic ient ca rri crs transport to the 
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respective electrode with less recombination. Thi s is dcpendent on thc fract ion of 

exc itons that reach the D-A interface which is dcterm incd by the exciton diffusion 

length and the locati on at which an exc iton is created with respect to the nearest 

dissociati on center. 

Do or 

( ,r_2 A.node 

.. 
Ca' hode 

Acceplor 

4. Tra ns po rt 0' dissociate::! ca rri ers to 

!~sp£\ctlv e eletl' t<lM 

Figure 6. Schematic diagram showing the ent ire processes fo r the opcration of BHJ 

orga ni c solar cc ll s. 

2.2-4. Criteria for an Efficien t HHJ So lal- Cell Polymer 

A conj ugated polymer should possess favorablc physica l and chemical properties in 

order to ac hie ve reasonab lc device efficiency. Key words such as large absorpt ion 

coeffi cient, low band gap, high chargc mobili ty, favorab le blend morphology, 

environmental stabi lity, suitable HOMO/LUMO leve l and high so lu bility. 
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2.2.4.1. Large Absorption Coefficient 

For an eFficient co llection of photons, thc absorpt ion spect rum of the active laycr 

should ali gn with thc solar spcctrum. Polymers used in so lar ce ll s shou ld have large 

absorption coeffic ient in the film state for a success Ful app licat ion since the 

pre lim inary phys ics related to photovo ltaic phenomenon is photon absorption. 

Acceptor materials li ke, PC608M or PC708M, absorb ineffic iently longe r than 400 nm 

136]. It is thus the responsibility Fo r the polymer (donor) to harvest low energy 

photons above 400 nm . The means to increase the so lar absorpt ion of the photoactive 

laye r inc lude: I) increasing the thickness of the photoact ive layer; 2) increasing the 

abso rption coe ffi c ient ; and 3) matching the polymer absorption with the so lar 

spectrum [371. The first strategy is rathe r limited cl ue to the Fact that the charge-carrier 

mobility For polymeric sem iconductors can be as low as 10'" cm2/Vs. Increasing the 

photoact ive layer th ickness is advantageous for ligh t absorpt ion but burdens the 

charge tra nsport. Thi s is because the se ries resi stance of the device increases 

significantly upon increasing the photoaetive layer thi ckness and thi s makes devices 

wi th thi ck active layer hardly Funct ional. The short-circuit current (Jsc) may also drop 

as we ll because o f the low mob il ity of charge carri ers. With the limitat ion to furthe r 

increase the thi ck ness, large absorption coe ffi cient ( 10' to 106
) in thc film state is 

preferred in orde r to achieve photocurrcnt > I 0 mA/cm2 [38] . Another opti on is 

lowering the bandgap so that thc absorption of the po lymer can be broadened to 

longer wave lcngth and low energy photons (A > 800 nm) can be captured as we ll. 
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2.2.4.2. Low Bandgap for Long Wavelength Photoabsorption 

The so lar irrad iation spectrum at sea leve l is shown in Figure 7 [391. The photon 

energy is distributed roughl y fro m 300 nm to 1000 nm . However. for a typica l 

conjuga tcd polymcr whose encrgy gap, Eg. is - 2.0 eV, only photons of wavelcngth 

up to 600 nm can be abso rbed (8 in Figu re 7) with maximum 25% of the total so lar 

cnergy. Through incrcasing the absorption onset to 1000 nm (lOg - 1. 2 eV) (C in 

fi gure 7), approximately 70 to 80% of the so lar encrgy will be covered. An im portant 

argument with thc low band gap polymcr is that once a polymer absorbs at longer 

wave length, thcre will bc absorpt ion hollow at the shorter wavc length side, which 

consequently dec reases the incident photon to elcctron convcrsion efficiency at that 

rangc. 
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Figure 7. Refercnce so lar irrad iati on spcctrum of AM 1.5 illum ination (A); typica l 

absorpt ion spectrum of a largc band gap polymer (8 ); and typical absorption spcctrum 

of a narrow ba nd ga p polymcr (C) 139]. 

One approach to address thi s issue is to fabr icate a tandem so lar ecll with both largc 

band gap polymer and narrow bandgap polymer and uscd simultaneous ly for so lar 



photon harvesting. The other approach is to use ternary blend BHJ sola r cells which 

can offer a di stinct platform and an altcrnat ive way for increasing the attainable power 

output whil e maintain ing the simplicity ofacti vc layer process ing. 

2.2.4.3. High charge carrier mobility 

Charge transport properti es are crit ica l parameters for em cient photovoltai c ce ll s. 

Iligher charge carricr mobility of the polymer incrcases the diffusion length of 

electrons and holes generated during photovoltaic process and at the same time reduce 

the photocu rrent loss by recombi nati on in the active layer. Thi s improves the charge 

transfer effi ciency from the polymer donor to the acceptor. This charge transport 

propcrty of the photoactive layer is the manifestat ion of the charge transporting 

behavior of both the donor po lymer and the acceptor. Fo r instance, the clcctron 

transport propcrty of pure PCBM thin film has been reported in detai ls and is known 

to be sat isfactory for hi gh photovoltaic performancc (_ 10.3 cm 2/Vs) [40'1. Howevcr, 

the mobility of thc free charge carr iers in thin polymer films is normally in the order 

0[' 10.3 to 10.11 cn,'/Vs, whi ch limits the PCE of many reported devices 14 1J, 

Therefore, it is promising to increase the efficiency by improvi ng the charge ca rrier 

property or the polymer part, since there is huge space to improve. 

2.2.4.4. Stab ili ty 

The ai r stability of the so lar ce ll device has attractcd mo re attention from many 

research groups. Although industry pays more attention to the cost rather than the 

durability of the so lar cell dcvice. a she lf lifetime of several years as we ll as a 

reasonably long operation lifctime are req uired to compete in the market. The air 
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instab ility of solar cell dev ices is main ly caused by polymer degradation in air, 

ox idation on low work funct ion electrode, and the degradat ion of the morphology of 

the photoacti ve layer. Oxygen, fo r its high electron affi ni ty, will ox idi ze the polymer 

fo rming traps to the free charge carr iers; and co rrode the electrode contact via 

formation an oxide Thus, a conj ugated polyme r should have intrinsic stability towa rds 

oxygen ox idation which req uires the IIOMO energy level below the air oxidat ion 

threshold (- -5.2 eV to -5 .3 eV) to achieve long lasting lifetime l42]. Besides, dev ice 

enginee rin g can also prov ide the extrins ic stab ility through sophisticated protcction of 

the conjugated polymer from air and humidity. 

2.2.4.5. App ropriate I-10MO/LLMO Energy Level 

The Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccup ied 

Molccul ar Orb ital (LUMO) of the po lymer should be care full y designed for several 

considerations. Firstl y, the HOMO energy leve l of a material, which determ ines the 

access ibility of the materi al molecule to be oxid ized , man ifests the air stability of the 

material. Secondly. the maximum open circuit vo ltage (Vo,) is main ly rclated to the 

difference between the LUMO energy leve l of I'CBM and the polymer's HOMO 

energy leve l based on experimental ev idence [A3 ]. Therefore, in order to achieve hi gh 

Voe in the device. the polymer donor shou ld have reasonably low lying HOMO leve l. 

Figu re 8 shows optimal HOMO/LUMO energy leve l of a typica l polymcr used in BHJ 

so lar ce ll with PC60BM as acceptor. 

For effi cient electron trans fer from the po lymer donor to the PCBM acceptor in the 

BHJ blend, the LUMO energy leve l of the po lymer materi al must be pos itioned above 

the LUMO energy leve l of th e acceptor with a minimum separat ion of 0.2 - 0. 3 eV 

[43J. As shown in Figure 8, the idea l polymer HOMO leve l should ran ge from -5 .2 eV 
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to -5.8 eV against vac uum level to compromise the air stability, bandgap and opcn 

c ircuit vo ltage. The idea l polymer LUMO levcl should rangc from -3 .7 eV to -4.0 eV 

aga inst vac uum leve l to facilitatc electron inject ion from polymer to acceptor [44]. 
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Figure 8. Optimal IIOMO/LUMO energy level of an opt imal polymcr used in I3IIJ 

so lar ce lt with PC60BM as acccptor. 

2.2.4.6. O ptimized Blend M oqJhology with Fullc rene Derivatives 

The idea that morpho logy of thc photoactive laye r can greatly inOuence the dev ice 

performance has been wide ly acccpted anel ver ified by litcrature reports [4 5, 46]. 

Ilowevcr, it is stilt a ' state-of-a rt" to control the morphology of specific 

polymer/PCBM bl end. In spite of many rcports on di ffercn! techn iques to effi ciently 
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cOl1lrol morphology, the know ledgc of device structure -morphology rclationship is 

still in its embryo nic stage. Ncverthcless, several reliable and efficient methods have 

been deve loped in laboratories to improve the morphology as we ll as the performa nce 

of the so lar cel l devices [47]. 

One strategy is to cont rol the so lvcnt evaporation process by altering the choiec of 

so lvent , concentration of the so lution and the sp inning rate. The slow evaporati on 

process assists in sc lf-organi zati on of the polymer chains into a more orde red 

structure, which results in an enhanced conjugation length and a bathochromie shift of 

the absorption spcctrum to longcr wavelcngth region. It is reported [4 81 that 

ehl orobenze nc is superi or to toluene or xy lene as the so lvent to di sso lve 

polymer/PCBM blend during the film casting process. Thc beller sol ubility of PCBM 

in ehl orobcnzene suppresses the tendency of r CBM moleeulc to form clusters. The 

undesired clustering of r CBM molec ules wil l deereasc the charge carrier mobility of 

elect rons because of the large hopping boundary between segregated grain s. 

2.2.4.7. High Solubility 

A polymcr to be used for so lar ce ll appl ication should possess reasonab le solubility to 

be anal yzed by so lution based characte rizat ion methods. Meanwh ile, polymers with 

poor so lubility may be inappropriate for so lution processi ng and dev ice performance 

norm ally declines due to unfa vo rab le microscopic morphology of the thin film 

prepared by spin coating. Aliphatic chains allached to the po lymer backbone arc 

essent ial to ensure so lubi li ty of the polymer. However, it shou ld be clea r that thesc 

electroni ca ll y aliphatic inactive chains wi ll dilute the conj ugated part of the polymer 

and ultimately may red uce the effect ive mass of the polymer. Some rul es of thumb 
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regarding the usc of alkyl chains include that: I) longer chain is better than shorter 

cha in to so lubili zc polymcr; 2) branch cd chain is bettcr than linear chain to solubilizc 

po lymcr; and 3) the more rigid or planar the po lymer backbone is, the morc or longer 

alkyl chains are needed [49]. 

2.3. Characterization of a Solar Cell Devices 

The fo llowing arc often used to characterize so lar ce ll s: 

a) Open-Circuit Voltage (Voe) 

Yoc is the maximum poss ible vo ltage across a photovoltaie ce ll ; the voltage across the 

cel l in sunlight when no current is now ing. I I' a ce ll is placed in an opcn-eircu it and 

illuminated, electrons and holes separate and now towards th e low and high work 

function matcria ls, respecti vc ly. At some point the chargc bu il d-up and will reach a 

maxi mum equal to thc Yoc. At thc opcn-c ircuit voltage, the nct currelll J is Lc ro. For 

the ideal diode, the Yo, increases loga rithmically with light intensity. and is givcn by: 

V - nl<1'1 (he 1) 
oc - n + 

q 10 
(1) 

Whcre n is the diode idca lity fac tor (typically bctwecn I and 2); .10 is thc saturation 

currc nt density of the di ode (causcd by diffusion of minority ca rri ers from the ncutral 

rcgion to the depicti on rcgion); q is the clemcntary chargc, 1.6 x 10.19 C; k is 

130 ltzman constant of value 1.38 x 10.23 J/K. T is thc Kelvin temperature of thc cc ll 

and.1" is li ght gcnerated curre nt dcnsity. 
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The eq uiva lcnt circu it common ly used to intcrprctthe I-V characteri stics of solar cells 

consists of a photogcnerator connected in parallcl with a diodc, whi ch reprcsents the 

I-V characteri sti cs in the dark. Thi s corresponds to an idea l mode l in absence of 

parasitic res istances (R, and RSh) . Figure 9(b) represents the equiva lent circuit of a 

solar ce ll , where R, is a series resistance, and Rsh is shunt rcsistancc both of which 

depend on e lectrode/organic interface properti es . 

In general , V 00 is limited by sevcral factors inc lud ing interfacial energy levels, shunt 

losses, interfacial dipoles, and morphology of the active fi lm . For donor/acceptor 

based so lar ce ll s with Ohmic contacts, Vo, is mainly determined by the di fferencc 

between the IIOMO of the donor polymer and the LUMO of the acccptor molecul e 

indicat ing how much the e lectron ic leve ls arc crucial in dctermining the effi ciency of 

such so lar ce lls. 

b) Short-Circuit Current (I,,) 

I" is the current that nows through an illum inated so lar cc ll when there is no external 

resistance (i.e. when the electrodes arc simply connected or short-circuited). The 

short-c ircuit current is the maximum current that a device is ab le to produce. Unde r an 

external load, the current will a lways be less than J" . Factors that lower short circuit 

current arc mai nl y due to the spectral mismatc h betwee n the sunlight and th e 

absorpt ion spectrum of the polymcrs and full erenes used, as wel l as the limited 

transport of the sepa rated charge carriers to the electrodes due to the low chargc 

carri er mobility in orga nic mater ial s. 
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c) Maximum Power Point (mpp) 

Thhis is the point (l mpp, V mpp) on the I- V curve where the maxllnum power is 

produced. Power (P) is the product of current and voltage (I' = I V) and is illustrated in 

Figure 9 as the area of the rectangle formed betwecn a point on the I- V curve and thc 

axes. The max imum power po int is the point on the I- V curve where the area of' the 

resulting rectangle is largest. 
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Figure 9. (a) Current- voltage characteri stics of a polymer solar ce ll under 

ill uminat ion (solid line) and in the da rk (broken line), (b) Equivalent 

circuit of so lar cell. 

d) Fill Facto r (FF) 

It is descri bed as the rat io ofa photovoltaic cell 's actua l maximum power out put to its 

theoreti ca l power output ifboth curre nt and vo ltage werc at their maxima, I" and Vo<, 

respecti ve ly. This is a key quantity used to measu re ce ll performance. It is a measure 



of thc squarcness of the I- V curve . The fo rmula for IT In terms of the above 

quantities is der ived from Figure 9(a) . 

FF = Im pp vmpp 

IscVoc 
(2) 

For a high IT . two things arc requi rcd: (i) thc shunt (parallel) rcsistancc of the diode 

should bc very large to prevcnt leakage currcnts. and (ii) the series res istance should 

be ve ry small to get a sharp ri se in the fo rward current [SOl 

e) Power Conversion IWicicncy (PCE, 11) 

The rat io of power output to power input. In other wo rds, PCE measures the amount 

of power produced by a so lar ce ll rclativc to thc power avai lable in the incident so lar 

radiation (I>",). Pi" here is the sum overall wavelength range and is gcne rally fixed at 

100 W/cm2 when so lar simu lators are used. From Figurc 9, the ca lcu lat ion of the 

power conversion effi ciency, 'I, can be dcrived. Only the fo urth quadrant of the I- V 

curve rcprese nts deliverable power from the dev ice. One point on the curvc, dcnoted 

as maximum power point (M PP) , corrcsponds to th e maximum of the product of 

photoeurrent and voltage and therefore power. The ratio between V",pp *J",pp (or the 

maximum power) and Voc*lsc is ca lled the fi ll factor (rF) , and therefore the power 

output is \vri Uen in the form: Pmax = Voc . Isc ' FF. 

11 = (3) 

28 



t) QuantullI Efficiency (QE) 

QE is the effi ciency of a dev ice as a functi on of the energy or wavelength of the 

incident radiation. Fo r a particular wave length , it spec i fi ca lly re lates the numbcr of 

cha rgc carriers co llected to the number of photons shining on the device. Quantum 

effici cncy alone is not the same as overall energy conversion effi c iency, as it does not 

convey informat ion about the fraction of pm vc r that is conve rted by the so lar cel l. QE 

can bc reported in two ways: externa l QE and intcrnal QE. 

External Q nantum Efficicncy (EQE) - a lso ca lled incidcnt monochromatic photon-

to-current conversion cffic iency (I peE). This type of quantum efficicncy includes 

losses by reflect ion and transmission. It is dcfined as the ratio of the number of 

co llected cha rge ca rr iers to thc number of incidcnt photons at a spcc ific wave length. It 

is givcn by the equation: 

IPCE = 12401sc 
AI ph 

(4) 

Wherc J" is sho rt circuit current density ( ~ lA/cm 'l. A the inc idcnt photon wavelength 

(nm) and Iph the incident photon intcnsity (W/m2). 

Internal Quantum Efficiency (IQE) - is thc ratio of the number of charge carri ers 

co ll ected by the so lar ce ll to the number of photons of a given energy that shine on th e 

so lar ce ll from outside and arc absorbed by the ce ll. The IQE is always larger than the 
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EQE. A low IQE indicates that the activc laycr of thc so lar cell is unable to makc 

good use 01' the photons. To measure the IQE, one first measures the EQE of the solar 

dev ice. then measures its transmi ss ion and renecti on , and combines these data to infer 

the IQ E. 

2.4. Methods to Control the Morphology of BHJ PY 

Cells 

The idea of bulk-heteroj uncti on is used to overcome the short exc iton diffusion 

distance. The photoactive film of heterojunction is formed from the donor and 

acceptor material s which shou ld be phase-se parated on the nanometer length sca le, to 

facilitate the photo-induced charge transfer as wel l as create interconnected 

percolating pathways for charge transport to the electrodes. Therefore, the 

nanomorphology of polymeric so lar ce ll s plays a key role for the performance of' the 

devices. Historica lly, thermal anncaling of the f'i lm has been used to induce the phase 

separation between donor and acceptor in bu lk-hete rojunct ion blends l51J. However, 

thermal treatment creates an add itional fabr icati on step in the whole dcvice 

fab rication process. Later, var ious methods have becn tested and employed to control 

the nanomorphology of' the blends, namely use of so lve nts with different boi ling 

points (choice of' so lvcn t), red uction of drying speed (rate of drying and vapo ur 

annea lin g), changing the so lubility of materials, melting of bi layers and the use of 

processing add iti ves. The later method has got great interest as it removes the need for 

post-product ion treatm cnt IVhile at thc same time allowing fine control of th e 

nanomorphology in va rious donor-acceptor blends. The formation and the size of 

nanoscale doma ins of donor and acceptor phases are strongly depencient on the film 

fabr icat ion techniques and conditions. l3eyond the selecti on of suitab le mater ials, 
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there are seve ral paramcters that must be ca refully controllcd whcn fabricating BIIJ 

so lar ce ll s, such as the so lu tion concent rat ion, deposition tcmperature, donor-acceptor 

blend rati o, sp in specds using so lvc nt s with different boil ing points and so lubility. 

Methods, suc h as rcducing the drying speed of spin-coated film s and so lubility 

matching have also becn used. It has been observed that chcmica l add iti ves can 

subst itute the post production treatmcnt of BHJ so lar ce lls [52J. Use of processing 

additives is an att ract ive conccpt due to the simplicity and suitab ility fo r large sca le 

product ion. 

2.4.1. Thermal Annealing of Devices 

Thermal annea ling is based on controll ing the temperaturc and an neal ing timc; and is 

employed to eithcr thc final dev ice or BI-IJ film s in order to improve the nanosca lc 

phase separation betwecn donor and acceptor. Significant improvement in 

photovoltai c performance aftcr anncaling is typica ll y observed in P3HT/PCBM 

blends [24]. Thermal annea ling has the advantage 111 that it can be appl ied 

independently of thc film dcpos ition techn ique. Thermal annea ling has also been 

shown to enhance the crystallinity of the polymer, such as fo r P3HT, increasing thc 

PCE and the photocurrent due to increased carrier mobi lity [39] . Furthermore, thc 

interconnections between thc polymcr/fu ll ercne phases in the interpenetrating nctwork 

are enhanced as a result of phasc se paration betwecn the donor and acceptor on meso 

(> 100 nl11) and nanosca lcs « 20 nm). 
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2.4.2. Solvent Effects 

Postproducti on treatment rcquircs a rathcr we ll controlled environmcnt, it adds an 

additional fa brication costs to the so lar ce ll manufacturing process, wh ich might not 

be attracti ve for large-sca le industri al production. Phase separat ion and molecular 

se lf-organizati on can be innuenced by so lvent evaporation since the so lvent 

establ ishes the film evolut ion environment. Slow drying or solvent annealing 

(creating an atmosphere of the so lvent by confining the system) techniques have also 

been used to control the morphology of the blends by changing the rate of so lvent 

removal. Higher PCE va lues due to improved film morphology and crystallin ity have 

been reached by subst ituting chloroform wi th chlorobenzene fo r P3HT/PCBM BHJ 

so lar cc ll s. The differencc betwcen chlorobcnzene and 1,2-d ichloro benzcne for usc as 

a so lvc nt was shown and chlorobenzene res ulted in film s with highcr roughness 131 J. 

2.4.3. Processing Additives 

Th is method is based on the usage of non-reacting chcmica l addi ti ve or proccss ing 

so lvent additive, to the donor and acceptor so lution. It was demonstrated that thc 

addition of DHPT3 in P3 HT/PCB M thin fi lms induces a structural ordering of thc 

poly th iophene phasc, leading to improved charge ca rrier transport properties and 

stronger active layer absorption [39]. The incorporation of other so lvents into thc host 

so lvent is capab le of controll ing the film morphology. In some cases, changcs in the 

so lvent composi ti on lead to interehain order that cann ot bc obta ined by any othcr 

method. The usc of nit robenzenc as an additivc has bcen shown to improve the phase­

separation between the donor and acceptor (P31IT/PCBM blend), where P3HT IVas 

shown to be present in both amorphous and crystalline phase [41.1 . 
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Though several different bulk-heteroj unetion approaches arc investigated, those 

employing a conj ugatcd polymer such as, OPV processing additi ves, offer an 

attraction over annea li ng processes in that they do not require an additional 

fabrication step . Two general guidelines lo r additive design are as foll ows: (I) the 

boiling point must be signifi cantl y greater than that of the processing so lve nt to 

ma ximizc the interaction time between the additive and the acti ve layer components 

during thin film formation, and (2) one acti ve laye r component must be signifi cantly 

more so luble in the addi ti ve than the other component. Rccent promising add itives 

fu lfi lli ng these guidelines inclu de di(X)octanes, where X is a small , polari sab le group 

such as a halogen. For BHJ systems containing donor po lymers di-iodooctane (D IO) 

affords the largest peE cnhancements obse rved to date. Severa l studies revea l that 

processing additives promote more favourab le BHJ morpholog ies r22], li tt le is 

undcrstood about the microstructural evol ution occurring in the transformati on from 

solu tion-phase BIIJ precursors to thin photoacti ve fi lm s. Figure 10 shows the effect of 

process ing additi ve on BHJ morphology. 
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Figure 10. Schcmatic diagram showing thc effect of process ing add it ive (a-b). 

3. Objectives 

3.1. General obj ectives 

• To study the effect of so lve nt additi ves (l ike iodobutane, d ii odomethanc, 

iodomethane and iodoethanc) on the photovol taic pa rameters of 

PDTSTTz:PCBM bascct BI-I.I so lar celis, and the effect in thc pe rfo rmancc 

afkr the in troduction of P31-1T into PDTSTJ'z/PCBM systcm as a third 

componcnt. 

3.2. The specific objectives 

• To construct orga ni c BI-IJ solar cel ls based on PDTSTJ'z: PCBM conta ining 

each of the so lvent additives (iodobutane, di iodomethane, iodomcthane and 

iodoethanc), 

• To characterizc the so lar ce li s using va nous standa rd charactcrization 

tec hn iqucs such as I-V, IPCE, UV-V is. 



• To compare the relative effec t of each additi ves on the photovo ltaic 

parameters of the BI-IJ solar cel ls. 

• To compare the PCE of deviccs spin-coated with/and wi th out solvent 

additivcs, 

• To qualitati ve ly and quantita ti ve ly exp lain the changes In the photovoltaic 

propert ies caused by so lve nt additi vc s, 

• To charactcrize thc cffcct of introduci ng P31-IT on the pcrformancc of 

PDTSTIzlPCBM BHJ sola r cc ll s. 

4. Experimental 

4.1. Materials 

I. Donor semiconducting conjugated polymers 

The fo llowing conjugated electron donor polymers were obtained from co llaborators 

and used as li ght absorb ing acti ve layer in the bu lk heterojunction solar cell dc viccs. 
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Figure II. Molecular structure of: a) polyr2,6-(4,4' -bis(2-ethylhexy l)dithienor3,2-

b: 2',3' -d]silole)-alt-5.5 ' -(3,6-b is[4-(2-eth ylhexyl)thi enyl-2-yIH-

tctrazine)], PDTSTTz, b) poly(3-hexylthiophcne), P3HT (Rcike). 

ii. PEDOT:PSS and PCBM 

Poly(3 ,4-cth ylenedioxythiophene )/poly(styrcncsul fonate) (PEDOT/PSS) (Baytron 

PH) is uscd as a hole conducting materi al in thc bulk hetrojuncti on so lar ce ll s studied. 

r6,6'I-phcnyl-C61-butyri c acid meth yl ester (PCBM) ([i'olll SOLENE) was used as an 

acceptor in the bul k heterojuncti on so lar cc ll dev ices studied. 
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Figure 12. Chemical s/ruC/ lI r es of aj PEDOT: PSS bj PCBM. 



iii. Other inorganic materials and solvents 

A lumini um mela l and Indium doped lin oxidc (I TO) coated g lass as cat hodc and 

anode, respect ive ly; and slandard so lvc nls such as ethanol, acetonc, isoprpanol, and 

di -chlo robenze ne were used. 

iv. Solvent Additives 

Solvent addili vcs used in this work include di-iodomclhanc (DIMe), iodomclhanc 

( IM e), iodoelhanc (lEt) and iodobula nc (lBu). 
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Figure 13. Molec ular structu re of; a) di -iodomethane, b) iodomcthane, c) iodoethanc. 

d) iodobutanc. 
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Table 1. Phys ica l properti es of the host so lve nt and so lvent additi ves used 1111. 

---- ----
Solven t Mol. We ight lloiling point, Dielectr ic constant 

(g/mol) CC) 

Di-chlorobenzene 146 178 9.9 

Di-iodomethane 268 181 8.9 

lodomethane 142 42 7.0 

lodoethane 156 72 7.4 

lodob utane 184 119 4.5 

----

4.2. Sample Preparation 

For absorption e"periments, th in fi lms prepa red by spin coating on a transparent gla ss 

slides were used. PDTSTTz and r CBM in an optimal I: I ratio r 161 were di sso lved in 

di-chlorobenzene with a concentration of 10 mg/mL. The same concentration was 

used in all absorption measure ments of devices. 

For I-V characteri stic measurements, bulk heterojunction type solar ce ll s we re 

constructed from so lutions which were prepa red with app ropriate mixtu re ratios of 

polymer or polymer/po lymer mixtures to the acceptor PCBM in di-ehlorobcnzcne 

with a concentra ti on of 10 mg/mL (for all measuremcnts) st irred overnight. The 

ind ium tin o" ide (ITO) coated glass substrates were fi rst cleaned by ultra-sonication 

in Ultrasonic bath (Decon, FS I OOb) succcss ive ly with glass acetone and isopropanol, 

and dried in ai r. Fi ltered PEDOT/ PSS (Baytron PH) was spin coated using spin-coateI' 
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(1'6700) on top of ITO with 2000 - 4000 rpm and was baked at 140°C on a hotp late 

for 15 minutes. The active layer (po lymer:PCBM) sol ution contain ing 2.5% (v/v) 

each of the diffe rent additi ves mentioned earli er, was th en sp in -coated on top of 

PEDOT:PSS film at 800 RPM. Then the samp les we re dri ed in ai r. The top electrode 

aluminum metal (- 97 nm) depos ition was done using thermal evaporator (EDWARDs 

306) in vac uu m of abo ut 5 x 10.6 mba r. A dev ices with a configuration of 

ITOIPEDOTPSSIPD7STTz -J'CBMIAL(97 17111), with active area - 4 mm' werc 

obta ined. 

4.3 . Mesurements and Instruments 

The thin film absorption spectra were rccorded using UV-Vis Spectrophotomete r 

(Spectro nic Genesis, 2PC, USA) fro m 300 - 800 nm wavelength ra nge. For the 

photoelectrochcmical so lar cells I-V character istics, an e lectrochemical analyzer 

under il lumination of whi te light 100 mW/cm' (adjusted by Giga hc rtz-Optik -XII 

Optometer) from a lSO W halogen lamp by an Oriel light source (Model 68830) was 

used. For IPCE, a grati ng monochromator (Mode l 77250) placed into the li ght path 

was used to se lect a wave length between 300 and 800 nm . The photocurrent spectra 

responses of the lamp we re co rrected using a standard silicon photod iode 

(Hamamatsu, Mode l S 1336-8BK). 
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5. Results and Discussion 

5.1. UV- Visible Absorption ofPDTSTTz:PCBM 

8ascd on the strong dependency of so lid-state UY-Y is abso rption of conjugated 

polymers on their molecular pack ing, we investigated the absorpt ion spect ra of 

PDTS1Tz: PC13M ( I: I) film s processed fro m short chai n iodoa lkane/ di-iodoa lka ne 

so lvent additives and their effect on the photovolta ic parameters of the dev ices. Here, 

one of the criter ia for process ing additi ves introduccd to control the morphology of 

bul k heteroj unction (BHJ) materials for use in so lar cel ls has bccn identified: se lective 

(diffcrcn tia l) so lu bi lity of the full erene component. A poss ible exp lanat ion is that the 

iodinc atom bears a partia l negati ve charge and PCBM is electro-defic ient, which may 

be the rcason for their relative ly strong in teractions with each other and the enhanced 

solubility of PC8M in the presence of addit ive ["20]. Us ing thi s cr ite ri on, we have 

investigated the class of iodoalkanes (IMe, lEt, IBu) and di-iodoa lkane (DIMc) as 

processing additi ves fo r PDTSTrzlPCBM based BJ-I J so lar cells. 

To mim ic 8 1 IJ so la r cell fabricati on cond itions, th e concentrat ions of the active layer 

components used were th e same as those for opt imized dev ices. Depicted in Figure 

14, is the UY-Y isible absorpti on spectra of PDTSTTz:PC BM fil ms processed in di ­

chlorobenzene containing 2.5% (v/v) of each of di-iodomethane (DIMe), iodobutanc 

(1I3u ), iodoethane (lEt), and iodomethane (IMe) solvent add iti ves and pristine 

I'DTS·IT z: PCBM (witho ut additive). The abso rption spect ra (shown in Figure 14) 

indicated that in the presence of these so lvent add itives, de vices ge nerall y exhib ited a 

sli ght shift in their absorption max imum to th e longer wavc length relat ive to thc 

pr istine dev ices. This might be for the reason that, in the presence of so lvent 

addit ives, PCBM aggregates will di sso lve and we ll segregate throughout the polymer 

cha in . Th is will cause the polymer chai ns to red istribute thereby improving their 

crystall ine orde r [26] . The segregation of the re lati ve ly we ll dissolved PCBM 

molecu les causes twisted polymer chains to be stretched. Bes ides, with penetration of 

the PC8M molec ules. polymer cha ins will get the chance to align together and form a 

crystalline orde r within the fi lm. All these increase the effective conjugati on length 

that red uces th e bandgap with an ulti mate effect of red-shift in the absorption spect ra. 

40 



So lu bi lity effect of additive to PCBM increases with increas ing alky l chai n length . 

One rul e of thumb is that long chai n is better th an short chai n to solubi lize po lymer 

[491· Thi s can also be ass igned to a signifi cant red-shift (by - 14 nm ) in the fil ms 

which werc processed from iodobutanc add itive. Bes ides, strong chain interacti ons 

improve the crystallinity that will increase the facili tati on in the form ation of 

crysta lline PDTSrrz domain with im proved phase separated morphology in the blend 

film [18] . 
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Figure 14. Absorption spectra of PDTSTTz: PCBM thin film s spin coated on 

transparent glass slides at 800 RPM processed from 10 mg/mL of pure 

DCB, and DCB containing 2.5% (v/v) of each of the so lvent addit ives; 

a) IBu, b) DIMe, c) IMe, d) lEt, and e) Pri stine. 

41 



5.2. Current Density-Voltage (J-V) Characteristics of 

PDTSTTz:PCBM 

To directly evaluate the enect of additives on thc overa ll dcv ice performancc, the J- V 

characte ri st ics of all the so lar cell dev ices constructcd were measured undcr 100 

mW/c m2 whi te li ght illuminati on in air. The J- V plots for all devices arc dcp icted in 

Figurc 15. The calculated values of the so lar ce ll parametcrs are summarized in Table 

2. As clea rl y evident in Figure 15, the dcvice fab ricated with iodobutane so lvent 

add it ivc cxhibited high Jsc (6. 13 mA/e m2
) and improved performance (PCE = 2.02%) 

and a fill factor (IT) that increased up to 0.47; compared to the pri stine device with a 

PCE of 0.39%. The im provement is primarily due to the increase in the short circui t 

current and fill factor which was bel ie ved to arise from distinct and separated 

morphology [18'1; and a sli ght ly improved PDTSTTz crysta llinity. The red-shifted 

absorption enablcd to co llect morc low energy photons; and the improved 

morphology facilitated carri cr mobility [18]. These factors, in tu rn, might have led to 

en hanced J" in the blend films. In contrast, thc devices prepared with iodomcthane 

and iodoethanc addit ives yiclded relati ve ly lower Jsc va lucs wh ich led to lowcr PCE% 

(0.5 1 and 0.93, respcctive ly). This is due to the low photocurrent, whi ch is in turn 

might be att ributed to limitat ions in the charge transport and collection. The molecular 

packing o f the conj ugated po lymer turned out to large ly influencc on seri al (bulk) 

resistance, Rs. of the OPV 121 ]. This all ows more effi cient charge tra nsport to increase 

the FF from 0.33 to 0.47 in the presence of lE u. Besides. more interest ingly, in di­

iodomethane processed device with Jsc of 4.90 mA /cm2
, a FF of 0.48 was observed, 

wh ich led to a second highest overa ll PCE of 1.6%. This highly im proved PCE in di­

iodomcthane compared to the corresponding iodomcthane might be because of the 

presencc of cxt ra polarisable iodine atom in di-iodomethane that creates strong 
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interaction to so lu bli ze PCBM aggregates and its high boili ng poi nt (s low dry ing 

effect) than IMe that ultimately led to enhanced crysta ll inity ofofPDTSTTz chains. 

Here we obtained a PCE of 2.02% for PDTSTrzlPCBM system which is lower than 

th e reported va lue of 5.59% [1 3 [. This is bas ica lly because we did all the preparations 

and measurements in an opcn envi ronment (i n co ntact with air) that lowered th e 

effi c iency. Nevertheless, our rcsults could adcquatc ly exp lain the cffcct of so lvent 

addit ives on the PY parameters. 
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Figure 15. J- Y curve of ITO/I'EDOT:PSS/PDTSTrz: I'CBM/AI(- 97 nm) so lar cells 

processed in pu rc DCB, and DCB containing 2.5% (v/v) of so lve nt 

add itives under 100 m W/cm2 whi tc li ght illuminat ion. The concentration 

of so lution was 10 gm/mL, spin coated at 800 RPM. 

In ge neral, wi thout addi ti vc, the PCBM aggrcga tes might be large which hinders 

PCBM interca lation into the PDTST1'z network during fi lm formati on. so that large, 

segregated domains form . However, on add it ion of additi ve, the PCBM aggregates 
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dissolve foll ow in g the se lect ive solubility e ffect of so lvent add it ivcs to PCBM . Thi s 

fac il itates integrat ion of the PCBM mo lecu les into the PDTSn'z aggregates. 

Therefore, the increased e fficiencies must result from an increase in the mobil e­

carri er-gene rati on cfficiency and an increase in the mob ile,carri er lifetime as a result 

o f c hanges in the heterojunction morphology. The strong dependence of the 

absorpti on, the morphology and the dev ice performance on the alky l chain lengt h 

imp lies that long cha in proccss ing additives inOucnce the phys ica l intcractions 

between the polymcr chains and/or betwce n the pol ymcr and fullerene acceptor [ 18J. 

However, the Vee did not essentiall y change which mi ght be due to the ba lanced effect 

o f enhanced ordered crysta lline that ca uses a slight decrease in Yo" ~ and of the 

improved phase separated morphology that has a pos it ive effect on V"". As orde red 

crysta ll ine PDTS'n 'z domain is form ed the e frecti ve conjugation length increascd and 

the HOMO-LUMO gap dccreased Icading to a s light decrcase in V {>c. On the other 

hand , we ll phase-separateu morphol ogy is favou rab le for chargc d issoc iat ion and 

transport that may lead to a slight increase in Voc. When these co unteracting effects 

get ba lanced, the V oc may not show a s igni fi cant change. Then, it can be sa id that 

iodoa lkane so lvent additi ves prov ide an improve ment in J", FF, and hence th e overall 

sola r cel l pe rfo rmance (with no essentia l change in V",,), in two ways: efficient light 

harvcsting by improved PDTSTTz crystalline orde r and enhan ced cha rge tran sport 

and offerin g a better morphology. A fi vc, f'old PCE increase was obse rved for lBu (see 

Table 2). 
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Tablc 2. Summary of the so lar ce ll device pe rformance for the 

ITO/PEDOT:PSS/PDTSTTz:PCBM/AI(97 nm ) active layer conta ining 

different additives. 

Sample 
, 

J " (n1!\/cm-) Vo, (V) FF PCE% 

Pri st i ne 1. 76 0.67 0.33 0.39 

2.5% IMe 2.35 0.68 0.32 0. 51 

2.5% lEt 3.63 0.68 0. 38 0.94 

2.5% l13u 6.1 3 0.70 0.47 2.02 

2.5% DIMe 4.90 0.68 0.48 1.60 

The effect on photovoltaic properties of BI-IJ dev ices based on PDTSTTz: PCBM 

blcnds was also observed in the external quantum effic iencies (EQEs) measurement 

which is givcn in f igure 16. Dev ices, whi ch were processed fro m so lvent add iti vcs 

also showed IPCE improvement in the longer wave length reg ion, when compared to 

the pri stine dev ice (with no add it ives) with sign ificant effect in d i-iodomethane and 

iodobutane as shown in Figure 16. Some devices exhibited a rel ati ve ly low I PCE 

va lue eventhough they ha ve good absorpt io n at longer wave length s, whi ch may be 

due to thc limited charge transport that may be related to the occurrence of 

unoptimizcd phase separation. The profound improvement in the IPCE. with the 

addition of different addi tives is belie ved to increase both the optica l abso rption and 

the charge transport, as we ll as reduce recombinat ion losses due to improvements in 

crystall in ity and fi lm morphology [18] . Therefore, the attained IPCE results are in 

good agreement with the trends observed in the optica l absorpt ion spectra and the 

ca lculated dev ice parameters. 
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Figure 16. Incident photon-to-current conversion effi ciency (IPCE) spectra of the 

ITO/I'EDOT: I'SS/PDTsr rz:PCI3M/AL(- 97 nm) devices processed in 

pu re DCB, and DCB containing 2.5% (v/v) of so lvent addit ives: a) Il3 ll , b) 

DIMe, c) lEt, d) IMe. and e) Pristine . All devices spin coated at 800 RPM 

from 10 mg/mL so lution. 

5.3. Effect of P3HT on Photovoltaic Parameters of 

PDTSTTz/PCBM Devices 

Here the effect on the photovo ltaie parameters was investigated afte r the introduction 

of a second donor, 1'311'1'. into a PDTSTTzJPCBM system. We used the UV-Vis 

spectra (sec in I:igllre 15) of the respect ive P31IT/PCI3 M and PDTSTTzJ PCI3M 

binary blends as a clue to extend our investigat ion. PDTST!'z has a broad absorption 

band predominan tly between 500 and 650 nm, whereas P3HT absorbs at relative ly 

shorter wave lengths, betwee n 400 and 550 nm. The addit ion of P31-1 T into 

PDTSTTzlPCI3 M system was based on the expectat ion of two poss ib le ad vantages: 
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a) To cover thc absorption hollow (as 1'31 IT and PDTSTTz maximally absorb in 

different reg ion), thus both thermali zation and transmission loses ean greatl y 

be minimized. 

b) The compatibili ty wit h the HOMO/LUMO levels ofPDTSTTz and of hole 

transporting laycr, PEDOT, may improve hole extraction. 

Thc UV-V is spectra indicated in Figure 17 has clearl y shown that th e add ition of 

P3HT resulted in the broadening of absorpt ion region. Thi s is du e to the combining 

effect of the two polymers that contribute to increase the absorpt ion coverage (a rea). 
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Figure 17. UV-V is absorption spectra of P3I-1 T/PCI3M, PDTSTf'zlPCI3M and 

1'3HT/PDTSTTzlPCBM films spin coated on a transparent glass slides 

from 10 I11 g/mL so lut ion in pure DCI3 at 800 RPM. 
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The energy leve l of each of the components is dcp icted in Figure 18. 

Vacuum 

-2.74 

·3.67 LUMO 

-3.91 

·4.76 

·5.29 HOMO 

-5.93 

P3HT PDTSTIz PCBM 

Figure 18. Relati ve HOMO/LUMO levels of P3HT, I'D1'STTz and PCBM. 

Then the best performing P311 T/I'DTS1'1'z compos it ion was optimized for the same 

I'CBM leve l in the P3HT/PDTSTTz/PC13M blend as exp lained next. 

5.3.1. Optimization of P3HT/PDTSTTz 

I'hotovoltaie dev ices containing P3HT/I'DTSTTzlPC13M (ternary) blends in the 

conventional dev ice configuration ITO/PEDOT: PSS/P3 HT: PD1'S1'Tz: PCBMI AI(97 

nm) were fab ricated in ai r. In orde r to com pare the dev ice parameters, the 

concentration of al l polymcrlfu ll erene so luti ons was kcpt constant (10 mg/mL), and 

spin coated at 800 RPM . Furthermore, in all cases thc overal l polymcr:fu li ercne 

we ight ratio was maintaincd at I: I. Aecordingly_ compos itions of 25%, 50% and 75% 

(w/w) of 1'31 IT with respect to PDTS1'Tz were introduced to form a blend of 

P311T/PDTSTTzlPCBM so lution in di-chlorobcnzcnc in the presence of 2.5% lBu as 
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a phase separating agent. Then devices were constructed and cha racteri zed for their J­

V response as dep icted in Figure 19(a). Table 3 li sts the va lues of J", V oc, Fr, and 

PCE% obtained under ill umination of lOa mW/cm' as the P31-1T:PDTSTTz ratio was 

va ri ed. 

Also far compari son, bi nary OPVs with P311T/ l'CBM or I'DTSn'z/PCBM composite 

ratio of I: I (w/w) were constructed and characterized under the same conditions. 

Then, it was obse rved that the PDTSTl'z: PCBM binary blend di splayed, Jsc = 6. 13 

mA/cm', VOt = 0.7 V and FF = 0.47, giving an effi ciency of 2.02%, and th e 

P3I-1T:PCBM binary blend showed Jst = 7.0 1 mA/em', VOt = 0.5 V, and FF = 0.45 , 

giving an effic iency of 1. 6%. Combining P3HT, I'DTSTTz, and PCBM (forming a 

ternary blend) could lead to higher Jst fo r all the ternary blends than fo r either limiting 

binary blend as a result of more wider spectral coverage of absorption (as has been 

demonstrated in Figure 17). The corresponding J-V plot for the relati ve comparison of 

binary and ternary systellls is give n in Figure 20. A significant increase in Jsc to 11 .08 

ml\/cm' could cou ple with an intermcdiate Voc of 0.56 V to give an effic iency of 

2.42% at IT = 0.39 . The ternary blend cou ld thus give a hi gher effic iency than cither 

limit ing binary blend as a result of the hi gher attainab le J" VOt product. Combination 

o f P3HT and PDTSTTz in I: I ratio might have led to the form atio n of improved loca l 

structure (crysta lline orde r) respons ible fa r better photon harvest in g, and by extension 

higher Jst, than any o f the possible compositions. Ana logously, a similar observati on 

has been achieved also fo r the pristine (withou t additi ve) resu lts li sted in Table 3. 
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Figure 20, a) J-V plots for ITO/ PEDOT:PSS/p31-IT/ PDTSr rzl PCBM 

(0.S:0.5:I )/A I(- 97 nm) dev ices, and b) UV-V is spectra of the 

p3HT/ PDTSTTzlPCBM (0.5 :0.5: I) film s spin coated on glass slides 

In both cases, so luti on conce ntration is 10 mg/mL in DCB with and 

withoutlBu spin coated at 800 RPM. 
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Thus, as described earlier, the best perfo rming ce ll consisted of 

P3 11T/PDTSlTziPCBM (0.5 :0.5: I) produced the best effic iency of 2.42%, su rpass ing 

that of the corresponding binary ce ll s based on P3HT/PCBM (PCE = 1.6%) or 

PDTSrrzlPC I3 M (PCE = 2.02%). Thc increasc in PCE is by 19.8% with respec t to 

PDTSTrzlPCI3M and by 5 1. 3% with respect to 1'3HT/I'C13 M devices. Thi s obse rved 

enhanccmcnt ori ginated primaril y from imp rovements in J". The increased J" was 

attribu tcd to the broad photon absorption contr ibuted by the two donors. The 

re lati vely lower FF (0.39) of the ternary devicc, however, might be due to a re latively 

un optimized phase separation fo llowi ng the introduction of a th ird component in the 

blend that ult imate ly causes power loss [34 1. However, strong processing addi tives 

still have the potential to improve the morphology of ternary systems (as can be notcd 

from Figure 1%, Figure 20 and Ta ble 3). 
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Figure 21. J· Y plots o f ITO/I'EDOT: PSS/P3HT:PDTSlTz: PCBM/AI(- 97 nm) 

(0.5:0.5: I) dev ices with the corrcsponding binary ones; all processcd 

from 10 mglmL DCI3 so lu tion containi ng 2.5% IBu; spin coated at 800 

RPM. 
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The IPCE spectra or th e tcrnary ccll based on P31IT/ PDTSTTzlPCBM ror 0. 5:0.5: I 

opt im ized rat io showed the contribution orboth polymers to the increasc in photon-to-

current conversion effic iency (see fi gure 2 1) whi ch is co ns iste nt with the absorpti on 

spcct ra ( in Figure 17) . 
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Figure 22. Inc ident photon-to-c urrent conversion c rfic iency (I PCE) or the 

ITO/PEDOT:PSS/ P3 1IT: PDTSTrz: PCBM (0.5:0.5: 1)/A I(- 97 nm) and 

th e correspondin g binary dev ices processed in DCB containing 2.5% 

(v/v) or I Bu as a phasc separating agent. So lution conce ntrati on was 10 

gm/mL, and spin coating speed 800 RPM. 
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Table 3. Summary of' the so lar ce ll device performance lor 

ITO/PEDOT:I'SS/P3HT:PDTST I'z: I'CBM/AI(-97 nm ) films containing different 

compos ition of' 1'31-1'1' and I'DTSTf'z processed from 10 mg/mL in DCB with 2.5% 

IBu as a phase separating add it ive under 100 mW/cm2 white li ght illum ination. 

P3HT :PDTSTTz: PCBM Jsc Yo, (V) FF% PCE% 

(mNem') 

I : 0: I 7.01 , 3.43' 0.50, 0.50' 0.45, 0.32 ' 1.60, 0.57' 

0.75: 0.25 : I 9.21 0.5 1 0.37 1.74 

0.5: 0.5: I 11.08, 6.22' 0.56, 0.55 ' 0.39, 0.33 ' 2.42, 1.1 3' 

0.25 : 0.75 : 8.94 0.62 0.39 2.16 

0: I : I 6.13. 1.76' 0.70. 0.67 
, 

0.47, 0.3 3' 202,0.39' 

• Prist ine (without processing additive) 

Figure 22(a - c) depicts the Jsc. Voc and PCE% variations with composition of 1'31-1'1' or 

PDTSTTz in P31-IT/PDTSTTz/ I'C13M for the samc amount of PCBM in the blcnd. 

Severa l significant obse rvat ions can also be made fro m the data in Tab le 3. 

Importantl y, as is also illustrated in fi gure 22(b), Voc o f the threc-com ponent so lar 

ce ll s showed a gradua l decrease from 0.70 to 0.50 V as the amount of P31-1 T in the 

ternary blend inercased. Thi s estab lishes that in ternary blend BI-IJ so lar ce ll s, V", is 

not necessar il y pinned to the Voc of the corresponding binary blends. 

The slight decrease in V oc can be assigned to the effect of band bend ing duc to 

di sorder in the three-component systcm. Vacuum level ali gn ment with flat bands 

away from the inte rface is fo und when thc interface hole barrier is larger (2 0.6 eV) 
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[481. Thus, band bcnding away from the Fermi leve l occurs when the hole barrier is 

smaller than this va lu e. f ollow ing the addition of 1'31-1'1', whi ch is in ohmic contact 

with the f ermi level of the ITO with barrier (encrgy level difference) - 0.06 eV (see 

Figures 8 and 18 for approxomat ion), interface charges will be injected and exccss 

charge accumulate on the polymer. The resulting field shifts the po lymer leve ls to 

limit cha rge penetration in the bulk of the film thereby to red uce the Vo< [48]. The Voe 

attained minimum value (0.5 V) for pure P3 1-1T/PCBM (greater band bending) and 

maximum va lue (0.7) for pure pDTSrrz/PCflM with barr ier - 0.6 eV (litt le band 

bending) . Besides, the FF a lmost remains constant for P3HT/PDTSrrz/PCBM based 

devices (in the prcsence of P3HT) which might be an ev idence fo r the ex istence of 

bala nced charge carrier transport. This supports our prediction that with this balanced 

free charge transport; band bcnding might be one factor for Voe variation. 

Anothe r way of cxplaining the Vo< variation can be in terms of the relati ve posit ions 

of HOMO le ve ls of 1'3HT and pDTsrrz. PDTSrrz has low lying HOMO leve l 

where as p3HT has shal low HO MO level. I-Ience, maxi mum Voe is determ ined by the 

HOMO of PDTSrrz and minimum Voe by the HOMO of P3HT. Thus, with 

increasi ng the amount of 1'31-11' in 1'3 HT pDTSTTz, the Voe decreases up to thc 

minimum va lue that corresponds to the pure 1'31-11'. 
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Figure 23. a) Jsc. b) Yoc. and c) PCE%; as a function of the amount of P3HT for 

the ternary blend BHJ so lar ce ll s 

Finally, it is important to note (see Tab le 3 and Figure 22 (a-b)) that the Jsc seems to 

govern th e J" Y oc product and henee the PCE regard less of the Yoc change. Thus, Jsc 

improvement is criti cal for essential improvement in PCE of so lar ce ll dev ices. 

55 



6. Conclusions 

We ha ve demonstrated the utility of different classes of process ing additives 

introciueecito see the effect on the morphology ofPDTS ITz/PCBM BI-IJ matcrials for 

use in so lar cells. The control of the BI-IJ morphology by se lective so lubility of the 

full crene eomponcnt in the BHJ blend was dcmonstrated. Usi ng these cri ter ia, the 

cffect of iodomethane, iodoe thane. iodobutane and di-iodomethane so lvent add itivcs 

was invcstigated sole ly on PDTSTr7J PCBM dev ices. The UV -Vis absorption spectra 

of these blend film s processed in di-c hl orobenzene conta ining the additi ves showed a 

relati ve red-shift at the characteri stic pDTSTrz absorpt ion band whe n compared to 

the pristine PDTST rzlpCBM blend, wit h bellcr effccts observed in iodobutane and 

di -iodomethan c. 

From the ca lculated va lues of basic parameters, pDTSTTzlPCB M based dev ices 

conta ini ng iodobutane and di-iodomethane add iti ves exhi bited enhanced Jsc, IT and 

PCE. lodobutane and di-i odomethane yielded J" va lues (6. 13 m/\/em' and 4.90 

m/\/em2
, respect ively). lodobulane processed dev ices gave the hi ghest overcall pCE 

of2.02% compared to the pristine device (pCE = 0.39%). As the chain length of alky l 

iodide additive increased from iodomethane to iodobutane (C, - C,), the relative 

device Jsc, FF, and pC E increased for PDTSTrz/PCBM dev ices. Further obse rvati on 

is that the performance of di-iodomethane (PCE = 1.6%) was beller than iodomcthane 

(PCE = 0.5 1 %) and was an indicat ion fo r the enhanc ing property of di- iodoa lkanes, 

too. Thi s can be attributed to the extra polari sable iodine atom in DIMe that faci litates 

the fulierene solubility its re latively high boiling point of DIMe fa vourable for slow 

fi lm growth . 
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Thus, further improvement of PDTSTTzlPCBM based dev ice performance is poss ible 

by using long chain iodoa lka ne or di-iodoa lkane so lvent additives as a phase 

separating agent for we ll separated, opti mi zed morphology, 

Finally, the addition of a second electron donor (P31-IT) into PDTSTTzlPCBM 

forming a tcrnary blend with two donor system was investigated , Our results showcd 

high improvcment in Jsc (11,08 mA/cm2
) and max imized pCE (2.42%) with respect to 

the single donor systems (p3J-1T/pCBM or pDTSTTzlPCBM) resul ting pri mar ily 

from the increased (wide range) photon harvcst ing, Th is shows th at BHJ so lar ce ll s 

with mult i-donor system are potential and promising candidates for future po lymer 

based PY app licat ions if morphology is we ll controll ed, 
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