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ABSTRACT 

Study of C harge Transport Properties of Conjugated Polymers and 

Photovoltaic performance of Bulkheterojunction Solar Cells 

SIRA VE ESUBALEW DEBEBE 

Addis Ababa U"h'ersity, Chemistry Department 

Ethiopia, 2012 

Alternati ve energy source of the world in the future is organic pholoYoltaic, which 

is sustainable and environmentall y friendl y. Among the different organic photovoltaics, the 

class of bulk hetcrojunclion solar cell s required to have 10% power conversion efficiency 

and 10 years of li fe time to be commercialized. 

However, there arc many factors that limit their performance. One of these fac tors 

is the charge carrier mobility. Therefore, the mobil ities of diITerent polymers (A PFO-

Green 6, APFO·Grcen 5 and a novel Phenyl substituted Poly thiophene compound call ed 

PPOPT) have been characterized in order to understand the e fTect of mobili ty in their 

performance. 

Transport of holes in a low band gap polyfluorene, APFO-Green6, was investigated 

by means of admittance spectroscopy in the modu lation frequency range 1-5x 1 0
5 

Hz and 

found to be in the order of 10x.ti cm2y -1s-l . At room tem perature hole mobility of APFO­

Green6 is dependent on the applied electri c fi led, as commonl y observed in disordered 

organic materials. The excess capacitance towards low frequencies provides evidence fo r 

charge relaxation in trap levels. A di spersion parameter of 0.4 was achieved from the trend 

of ho les transit times with the electric field . CELIV technique was also applied, but the 

characteristic signal was not observed. However, it was used to determine the polymer 
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die lectric constant and found to be 3, which IS very common value to many organic 

materials. 

The bulk transport properties of positive carriers in thin films of a low band-gap 

conjugated polymer, ca lled APFO-Green5, have also been investigated with the ac 

Admittance technique. The capacitance response at low frequency gave indication of a 

combination of trapping and double-injection effects, while in the intcnnediate-high 

frequency range was determined by the transit time of injected holes. Hole mobility in 

APFO-GreenS thin films exhibited a Frenkel-like dependence on the app lied electri c fi eld, 

with a field-dependent coefficient of around 8 x 10-3 (Vcm - I) - 112. A hole mobility close to 

2 x 10-5 cm2 V- I S- I was ac hieved at the field of3.5x lOs Vcm- I, in exce llent agreement 

with that already repo rted by using a different bu lk invest igation technique. The 

temperature effect was also studied and the charge transport parameters were extracted by 

analyzing the mobility data by the uncorrelated and the correlated Gaussian Disorder 

Models. D1SCL transien t technique was also app lied and one order magnitude higher value 

to that of AS was achieved. 

Characteri zation of a novel poly thiophene substituted with a 2 ' -pentyloxy-S ' -( 1"'­

oxooclyl) phenyl group (PPOPT) is also reported . Opt ical and electrochemical studies 

were done. The HOMO (-5.49 eV) and LUMO (-3.14 eV) levels have been detennined. 

The bulk transport properties of thin films of PPOPT are investigated by admittance 

spectroscopy. The dramatic effect of the phenyl side chain on the mobility of positive 

carriers in film s of PPOPT is described. The photophysics of PPOPT in both so lution and 

thin fi lm is also investigated and correlated to subst ituent-driven intrachain and interchain 

arrangements. 
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More ovcr two olher polymers were used 10 develop bulkheterojunction solar cell s and 

characterized. One of the polymers that is used in a photovoltaie characterization is a 

nove l family of nuorene- thiophene-benzolhiad iazole containing. poly{[4'-(9,9-bis(2-

ethyl hex ylln uoren-2-yl)-2', I ' ,3 ' -benzothiadiazole-7, 7' -di yl ]-co-[2 ' -(9,9-bis(2-ethyl­

hexyll fluoren-2-yllthien-7,5 ' -diyl]) (PFB-co-FT), random copolymers . The study 

includes se lection of the best solvent, analyzing annealing effects, optimi7..ation of 

polymer: PCBM weight ratio, optimizat ion of the act ive laye r th ickness and studyi ng the 

effect of LiF buffer layer in order 10 gel optimized performance. The effect of the incident 

light intensity was also investigated in order to get insight about the space charge effect on 

the dev ice. The optimum performance is around I % and the light intensity study indicates 

that little or no significant efTect of space charge in the so lar ce ll devices. The other bulk 

heterojunction solar ce ll characterized is Poly{f2,7-(9,9-bis-(2-ethylhexyl)-fluorene)]-ah­

[5,5-(4, 7-d i-2' -thienyl-2 , I ,3-bcnzothiadiazole)]) :PCBM . The solar cells were also 

characterized under different inc ident light power intensities. Charge trapping effects take 

place at low fullerene content in the photoact ive blend; an effic ient polymer fu llerene 

intermixing with formation of continuous phases is reached at a donor: acceptor ratio of 

I :4. For an optimized act ive layer thickness of 100 nm a power conversion efficiency of 

2.57% was obtained. Photocurrent measurements under reverse bias condi tions show that a 

high percentage of the photogenerated excilons do not lead to the fo rmation of free 

carriers; thus representing the major limiting factor for the dev ices effi ciency. 

Key words: Hole mobi lity, Transport properties, Admittance spectroscopy Conjugated 

polymers, Polyfluorene, phenyl subst itution, organic solar cel l, Bulk heterojunction 
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Fu IHbm enlals of eha rge t ra ll sporl :lnd o rg~llIi r phOIO"oll :1 ir 

I.llnlrotluclion 

I)olymeri c materials, in dilTerent form s, have been used by human being since the 

prehi storic tim es. However, the polymc r science on a molecular basi s is the 

deve lopment of the 20 lh centu ry. 

Al l conventional polymers, called plastics, have been used traditionally because of 

the ir attractive chemical. mechanical, elect rica l insu lat ing properties but not for their 

electroni c properties. 

The discovery or semiconductor propertics or simple organi c molecules like 

An lhracene in 1960s III has opened a new window for application of organic 

electronics. Since then, many other organic sem iconductors have been deve loped and 

used in a variety of appl ications includ in g xerography, light emi ll ing diodes. fie ld­

ellect transistors, and so lar cel ls p. Jl. Therefore, there afe many organic 

sem iconductors, whi ch have ;J d ilTerent property as compared 10 common in sulating 

organic so lids Ihat can be used for many clectronic app lications. Parti cularly, thc 

achievement of Alan J. Heegar group [41 in 1977 to improve the conducti vity of 

polyacelylene considered as the biggest tumin g poi nt for conj ugated po lymers 10 be 

used as electronic dc vices. 

Organ ic semiconductors. III genera l. arc anracti ve ror usc in macroe leclronic 

applicat ions for a variet y of reasons. Most importantly. many of Ihem can be disso lved 

in common organic solvents 10 fonn inks which can then be printed over large areas. 

potentially at great speed and low cost. Moreover they have several features which are 

unusual for semiconductors: they arc ex tremely flex ible and can bc semi-transparent or 



colored. This rai ses the potentia l o f in tegrating organic semiconductors inlo entirely 

new formats, such as te .... tile·integrated photovohaics. or scmi -transparent displays. 

Another key ad vantage of worki ng with organic semiconductors is that there arc an 

almost limitless num ber of them. Compared to inorganic semiconduclOrs, they are very 

easy to modify or design entirel y from scratch. T his means that properties such as light 

emiss ion or absorption cou ld be fine luned for specific applications. 

Alongs ide their potentia l advantages, organic semiconductors also pose serious 

challenges that must be overcome before they can be com mercialized in 

macroelectronic applications. The first is a range o f other inorgnnic semiconductors. 

such as amorphous silicon and copper ind ium galli um dise lenide. ex ist that perform 

bellcr than the organic l5J and huge industries already ex ist around them. Therefore, 

organics should have to compele agai nst these incumbent s for a market share. In fact , 

the cost of implementing new manufacturin g processes memlS that organics wi ll 

actually have to perform bener than inorganics to gain substantial market penetration, 

by offerin g either cheaper, better, or en ti rel y novel electronic dev ices. 

A second cha llenge faced by organic electroni c devices is the need to improve their 

lifeti mes. Because organic semiconductors transport charges via an energet ic" lIy 

excited state, molecules arc prone to react wi th surrounding molecules such as oxygen 

and water. These reactions change the chemica l structure and therefore the electronic 

properties of the semiconductor, usual ly with a detrimental efTect on the per/orm"nce 

of the device [61 . As a result, the perfonnance o f the device declines over time. This is 

a particular issue in optoe lectronic app lications where energeliC<ll ly unfavorab le 

reactions can be driven by high energy radiation . These days, the lifetimes are most 

commonly extended by encapsulating the devices with protec ti ve membranes that slow 

Ihe transmiss ion of molecu les like water [7]. 
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Another key chal lenge is the need to improve charge transpon which is very criti ca l 

to elcctronic app lications. 

Finally. it should be necessary to point out that the key factor for com mercia lizal ion 

of organi c devices is not necessari ly needed to match the propenies ( li ke mobi lities) of 

those inorganic ones. The ir nove l properties could be enough to penetrate the market as 

far as their pcrfonnance is well opti mized. 

1.2Chal'J,!l' lnlll'lwrl ill orJ,!ltnk .'i('mi eu ndul·tur, 

Charge transport has been a subject o f interest from the stand points o f both bas ic 

science and technology. J)art iculurl y, understanding of charge transpon properties of 

organic semiconductors is of fu ndamental im portance for fu nher advancement of 

eicctronie and optoe lect ronic dev ices. 

In conjugated po lymers. due to the intrinsic low dimensional ity of the system. 

charge carri ers tend to ha ve a strong coupl ing to the lattice 181. This factor together 

wi th e lectron - electron correlation effect and other molecular structu ral detai ls can 

lead to the format ion of vari ous types of exc itat ions in conjugated polymers. For 

example, solitons (in degenerate ground slate structures like po lyacetylene), po lnrons 

,Uld bi polarons ( in non degenerate grou nd state structures like po lypyrole, etc), bound 

excitons ( in strongly correlated systems), eleclons nnd holes (injected carriers in 

semiconducting po lymer devices) and free carriers (in fu lly doped mctallic conj uga ted 

polymers). 

Excitat ions like solitons, polarons, bipoJarons and excitons arc spread over several 

angstroms along the conjugated segment. Funhermore, morpholog ical factors 

(crysta llinity. amorphous nature, intennolecular interact ion, etc) and the degrce of 

disorder (both intra and intcr-cha in) combinc wit h the ran ge of charge carri er spec ies, 

maki ng the charge transpon mechanism in conducting polymers quite comp lex 
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compJrcd wi th the conventional systems. [n general, the conjugJtion lengt h (the e.xtent 

o f the dclocnlizcd It-c[ectrons in the polymcr backbone), inter-chain interactions. carrier 

density nnd degrees of disorder arc the most significant parameters. playing major ro le 

in the clmrge transpon mechanism in conducting polymers. 

Po lymer chains may e .... tend through a number of crysta ll ite regions. o r they can be 

folded back on themse lves within the crysta[lite regions; in either case the ordered 

crystallites arc interconnccted by amorphous reg ion. A crystalline domain, however, is 

not per fect ly ordered: there arc point de fects such as chai n ends. crosslinks, etc. The 

overall elcctrica l transpo rt is a superposition of in tra-cha in, inter-chai n, and inter-fiber 

charge transport mccha nisms, Figure I. I [ 10 I. 

1 . 2 Intra - ChaIn 
2 - 3 Inter - Chain 
3 _ 4 Intor - Floor 

, 

1 _ 4 Superposihon 0 ' above 

Figure 1.1 Schematic view of the fi bri llar structu re of polyacetylene 19 1· 

In conj ugated po lymers, charge carriers can be c reated by ligh t-induced 

photocurrcnt generation, chemical doping and injection of carri ers from electrodes in an 

electric field. The photogenerutcd and fie ld - induced carriers arc transient with short 

life times, where as the carriers in chemically doped systems arc stabil ized by the 

presence of counter ions. 

The key quantity that used to charactcrize the charge transpon property of a 

materia l is charge-carrier mobility btl. It is used to eva luate the performances of 
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organic sem iconductor devices such as light-emitting diodes (OLEOs). field-efTecl 

tr'Jnsistors (OFETs) or solar ce lls (OSes), etc . 

In OLEOS a balanced mobili ty of electrons and holes is req uired for a beller 

performance I10j. Otherwise, the surplu s electrons or holes will not recombine to give 

Ihe req uired mdiative luminescence. which resu lts in low operation eflieiency. 

In OPVs a low mobility of charge carriers leads to buildup of space charges due 

to accum ulation of charge carriers in the dev ice which may also enlmnce the 

recombinution. Moreover, the di ssoc iation of e.'I(citon to free carriers decrcuses and as a 

result the current density decreases, which in turn decreases the device ellic iency. 

Very hi gh mobility leads 10 the dep letion o f the charge curriers and consequentl y the 

quasi Ferm i level s tend to bend. As a result the open c ircuit vo ltage decrease, which 

decreases the elliciency of the so lar cell. There fore. opt imized currier mobilit y is an 

important condit ion thnt must bc fu lfi lled to obtain high ly ellicient organic solar cells 

1111· 

In OFETs a hi gh mobility of the charge carriers leads to a better performance of 

the device [ 12 j. 

There fore. a prec ise measuremen t of the mobili t ies o f electrons and ho les can 

give insight into poss ible limitutiolls for app lications. I-Ienee. the knowledge about the 

physical processes. such as recombi nation ,md charge carrier trunsport, lind thei r impact 

on the charge co llection in semiconductors is cruciall y imporl<int for an opti mization 

and has there fore been intensivel y studied [ 13-15j . 

The transport of charge carriers could be based on difTu sion orland dri ft 

mechanisms based on the presence and absence of e lect ric field on the system 

understudy. In the absence of any external potcntial. the transport is purely diffusive 

and the mobility is simply descri bed as 
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eD 
p = kT 

( 1.1 ) 

where J1. is mobi lit y, e is unit charge. 0 dilTusion cocllic icnl, k Boltzmann conSlant. T 

absolute temperature. 

When an external electric field is appl ied, il induces a drift of charge carriers 

and the mobility can then be defined as the ratio of drift ve locity \0 the ampl itude of 

electric lic ld : 

" P = E 

where v is drift veloc ity of charge carrier and E applied electric field strength . 

(1.2) 

Drift is Ihe efTeel thaI dominates the migration of the charges across un organic 

laye r in the devices [ 16l ll cIlCC, the drift mobi lity is used to characterize the mobilities 

o f materi als that is to be used in optoelectronic devices. 

1.2. 1 Charge trans port mod e ls 

Dillcrcnt theori es hu vc been proposed to describe charge transport in o rganic 

semiconducting rnatcr;n ls; howevcr, nonc of them can expla in al l experimental 

observations. Probabl y, several Ilu:chanisms occ ur at the same time and depend ing on 

the speci fi c condi tions chargc transport is dominated by one of these mcchani sms. 

Hence, a ve ry brief overview of the model s thm aTC often used to explain charge 

transport in o rganic semiconducto rs wil l be di scussed bellow. 

1.2.1.1 Ra nd trans po rt 

In the ba nd transport model intermolecu lar interactions lead to the formal ion of 

energy bands in whic h electrons and holes can be Ir'dn sported freel y. Band transport 

thu s occurs in delocalized states und in a perfec t crystal. Therefore, in a perfect crystal 

u currier is del ocalized und moves us a plane wave without scuttering, Fi gure 1.2a. In a 
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renl crystnl , there is always Ian ice vibration or phonons that d isrupt the crystal 

symmetry. These phonons scatter the electron and thereby reduce its mobi lity, Figu re 

1.2 b. Since the lattice vibrntions arc increased at high temperatures. the band lransport 

model suggests thai the charge carrier mobili ty decreases with increasing temperature. 

Typicnlly, band transport is observed in inorganic semiconductors. which arc 

highl y ordered with strong coupling bctween the atoms. Most organic semiconductors, 

however, arc characterized by a high degree of di sorder and the weak elect ron ic 

couplin g (Van der Waa ls and dipole-dipolc interactions) between d iOc rent molecules 

can eas il y be broken, causing localized instead of dcloca lized states. Consequently. 

band transport is general ly not the transport mechani sm in organ ic semiconductors. 

Onl y fo r highly ordered molecu lar crystal s slich as naphtalcnc 1171. unthmccnc 1181. 

rubrcnc 1191 and pcntacc nc l20lthis behavior, indicated by an increase of thc mobility 

at lower temperatures. has been observed but not for the polymers. 

Applied voltage + 

u) 
Deloca lized electron 

Lallice vibration 

~f-----=--
b) 

Scattered electron • ~ _ _ __ _ 

Fi gure 1.2 Band trnnsport mechanism in so lids a) I)erfeet ly o rdered crystal b) Real 

crystal that involves lattice vibration. 
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1.2.1.2 Multiple Trapping and nelease Model (MTR) 

The starting point o r the model is a distribution of localized levcis in thc 

vic init y or a de localized transport band edge. Th is model assumes thm charge 

transport occurs through deloca lized. extended states. Transport is. however. impeded 

by impurities. derects, grain boundarics. etc . wh ich create a distribution or traps near 

the transport band. Traps arc. thererore level s loca lized at lattice defects or impurities 

in which Ihc charge carriers arc immobilized. These traps ean be deep traps. which are 

located ncar the center orthe band gap, or shal low traps, which are located close to the 

conduction or valence band, Figure 1.3. 

During charge tflUlSport charge carriers can be trupped . These trapped c:m ic rs 

can then, aOer a certain time. be thermally released to reach the transport bund. where 

they can be trapped aguin . The time the carriers are trapped depends strongly on the 

temperature and on the depth or the trap . The higher the temperature and the shallower 

the trap, the raster the carriers are released. 

E 

x 
Ec 

E, 

----- --- ---- --- -- --
Figure 1.3 Principle or the multiple trapping and thermal release limited charge 

transport, E" is Fenni energy, E. trap energy, Ec conduction energy levcl[2 1[ . 
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The MTR mode l predicts an Arrhen ius-like temperature dependence of the 

mobili ty [22 1. In organic semiconductor films the distribut ion of energy le vels below 

the nominal LUMO or HOMO is to a large extent due to disorder. Therefore, the MTR 

model has been lIsed quite successfull y to describe transpon in some of organic film s 

[23,241 . This model assumes an exponential distribution of gap states. The charges 

injected or the charges which arc al ready present in the organic scmiconductor arc 

trapped into loca lized states wi th a probability close to one and then released through a 

therm<l lly activllted process. 

The drifi mobi lity is given by: 

( 1.3) 

where ~I o is the mobility at the band edge, 0 is the ratio bctw('"C1l the effective density of 

states at the transpon band edge and the density of traps. and E! is the energy of the 

tnlp state. 

1.2.1.3 HOPIJing transport 

If the lattice is irregular, or if the carrier becomes localized on a defect si te. 

lattice vibrations arc essenti al for a carrier to move from one site to another. This 

phonon-ass isted tunnel ing directl y between electronica lly localized centered at different 

position is known as hopping transpon [2SI. It is an acti vated process and the mobil ity 

increases wi th increasing temperature, Figure 1.4. 

In the hopping transpon model , the mobil ity of the charge carriers depends on 

their energy wi thin the density of states di stribution and increases if the density of 

neighboring states (in space) is large, andlor if there are states available at lower 

energy. 
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At elevated tempe ratures, thennal energy is suffic ient to overcome sma ll energy 

barriers. At low temperature, however. transport o nly takes place via tunneling. 

Localize 

/ 
• 

movinl! electron 

• l.IUlICC \ ' lbraIiQll 

• 
Fi gure 1.4 I-lopping due to 1:IHice vibration transpo rt mec hani sm in so lids. 

Organic small molec ules o r po lymer layers o neil huve mi crostructures that can 

be characterized as nanocrystal line, or even amorphous. It is genera lly agreed tl1:l1 the 

mob ility in such di spersed systems is then due to therma ll y assisted tunneli ng 

("hopp ing") between loc:ll ized rno lec ul:lr states 126 1. 

I lopping transport cun also be we ll ilpprox illlated by a random walk o r charge 

carri ers in positionall y and energetical ly disordered Inndscupes 127]. This Iypical 

disorder contro lled transport is chafilcterized by considerable acti vat ion energy. Chargc 

currier mobility in such materials arc electric fi eld dependent and follows I)oo lc-

Frenkel beha vior 128). 

I I(E) = /1" cxp(y E) ( 1.4) 

Where ,.., the mobi lity at zero fi eld and y is the parameter describing how strong is the 

dependence o f mobi lity on electric fie ld. 
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1.2.2 Charge Ca rri e r Disorder fonnailsllIs 

1.2.2. I Gall~sian Disorder Mude l (GOM) 

Th is model was developed by Dass ler 129] and considers the hopping of charge 

carriers in a lattice of loca lized slates, which arc subjected to energetic and positional 

Gaussian disorder. The energetic di sorder. described by the parameter a t ari ses from 

the fl uctuati ons of energy levels. while the pos itional disorder, described by the 

parameter E, ari ses from the fluctuutions of intermolecular distances o r mutual 

o rientations of neighboring 1ll01(,"Cules. These assumptions le"d to the fo llowing 

express ion for the electric fi eld E and tem perature T dependent churge mobili ty: 

( 1.5) 

Where ~ ,nr is the mob ili ty in the limi t T~oo and E~ O. k Bo ltzm;1I1 constant. T 

abso lute temperature, a width of Gaussian di stribution of the energy slates. which 

describes energetic disorder and !: degree o f spatial di sorders, c un empi rica l 

constant und ~lnf is the high temperature limi t o f mobi lity. 

As formulated in the last eq uat ion, hopping transport in Gaussian DOS 

resul ts in In(p) 0( T 1 relationship. which deviates from Ihe Arrheni us behavior 

I n(~) " T However, th e G DM model hus been widel y used to c.xpl ain 

e.xpcrimclltallrnnspon studies in man y disordered maleri:lls. like organic polymers. 

1.2.2.2 Con'e lated Ga ussia n Disorder Model (COM) 

Nov ikov e/ al [30J has proposed a new model cal led Correlated Gaussian 

Disorder Model (COM), in order to circum vent the deficienc ies observed between the 

GDM and the e.xpcrimenlal results. One of Ihe reasons fo r di screpancies ari ses in GDM 
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is thai it work s only in a narrow field range, descri bing experimental va lues only in 

high field range (E > 3 x lOs V/cm). The C DM considers spati ally correlated energetic 

disorder as a necessary requirement for improv in g the GOM mode l so os to occount fo r 

the In().!) oc: E behavior over a bronder electric fi e ld range . The spatial correlations in 

disordered rnmerial s may originate from long-range charge-dipole interactions. The 

strong coupling of phonon and electronic states in organic sol ids rationalizes the 

inclusion of correlation in transport models. 

The new correlated disorder modcl (COM) is expressed as 

30' • 0' {fa /:. 
/ . = I ex - -- +c - - r --{ ( )' [( )'" ]f!} I ( IJM J ,nf . P 5kT 0 kT 0' 

( 1.6) 

where Co - 0.78 and r = 2, a is the interstice spac ing between hopp ing sites. q electron 

charge . 

r characterizes geometric:!1 di sorder and thus should depend upon transport site 

concentrat ion . 

There arc various types of churge carri er mob il ity measureme nt techn iq ues. These 

techniques could be categori£ed into fo ur groups based on the mechanism of charge 

carrier generation 13 I J. They arc Photo-generated, Doping genenltcd, Injection 

generated, and Electric fi eld generatcd . 

Time of Flight (TOF) from photo-generated. Charge Extraction by Linearly 

increasing Vo ltage (C ELlV) from doping generated , Adm ittance Spectroscopy (AS), 

Dark Injecti on sp,lce charge limi ted current (DISCLC) and Space charge limited 

current (SCLC) from injection generated have been di scussed in more dctai ls in thi s 

thesis. However, there arc other more tec hniques like Organic Fie ld EfTect Transistors 
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(OFET). Trans ielH Electro luminescence (E L), e tc that have been used to determine the 

mobili ty o f organic semiconductors. 

In all cases the sample to be characterized should be prepared as () form o f 

device wi th different archi tectures, which wi ll be explained in each respective topic, in 

order to make char:lcteri zatioll s imp le. [n genera l, in the de vice development steps, the 

sample materia l is sandwiched between electrodes. The device architecture could be 

des igned for a s ingle charge carrier tran sport i.e . ho le or electron onl y tran sporting 

device. In some techniques it is possible to charncteril.e both electron and hole mobility 

s imultaneolls ly such that the devices should be developed to allow both carrier 

tran sportat ion. 

For hole o nl y devices, the work function o f hole inject ing electrode and IIO MO 

level o f the semicond uctor should be al igned but its LUMO level should be ve ry deep 

relati ve to the other e lectrode in order to bloc k injection o f electrons. Likewise for 

electrons onl y devices, the LUMO level o f the semiconductor should be aligned with 

the work· function of elect ron injecting electrode but its 1I0MO leve l should be deepcr 

than the work· function o f the other electrode in o rder to bloc k ho les. For s imultaneous 

measurement o f electrons and holes no need of blocking contact electrodes rather both 

electrodes should inject charge carriers. 

There fo re, it is very cruc ial to cons idcr the work ·function of metal electrodes und 

I IOMO orland LUMO Icve ls o f semicond uctors durin g preparation of de vices before 

conducting the measurement . 

1 .3.1 Time of Flight (TO F) 

'1'01' is a we ll known tcchnique and it is widely used to measure thc charge carrier 

trnnsport in vario us low mobi lity (and low conductivity) semiconductors. Charge 
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carrier mobilities in organic material s were first measured with the TOF technique by 

Kepler and Leblanc 132J and st ill used as standard method \\ ilh a lot o f impro\ ements. 

The apparatuses needed for TOF measurement arc LASER light source. 

electrical potential source, variable resistors and an Osc illoscope. Figure 1.5. 

The TOF met hod is based on the mcasurement of the carrier transit time (t). 

namely, the time required for II sheet of charge carriers photo-generated ncar one o f the 

electrodes by pulsed li ght irradim iol1 to drifl across the sample to the other electrade 

under an applied electric fie ld 133 ]. 

The TOF method is II rather direct and ge nera l mcasuremcnt technique for 

determining mobilities o f charge carriers in that it directly visualizes their fie ld­

induced tran sit motion through a sample from the start at one electrode to the arri va l 

at the opposite one. 

As depicted 111 Fi gure 1.5, an organic layer with :1 few microns th ick (d) is 

slll1dwiched between two e,,"'ttrodes. The materia l is first irradiuted at the time to by a 

laser pulse ill the prox imity o f one electrode to generate charges. Iniliull y, both Iypes of 

charge carriers arc generated . Thi s result s un initial current spike on current versus lime 

response o f the measurement as shown in Figure 1.7. 

d 
• 

h 

r-- -.----i oscilloscope 

I 

Figure 1.5 Scheme ofTOF appa ratu s. 



One species insHtntly recombines at the respective electrode. depending on the 

polu rity o f the opplied bias ond the corresponding electric field , while the other starts 

mov ing (II a co nstant ve loc ity (v) through the bulk o f the sumple. This uniform 

movement of the puckuge results in a plateuu region in the transient. When it reaches 

the adjacent electrode, charge curriers from the pucket start to rt"Combine accompanied 

by a drop o f the photocurrent, leading to a tail in the tran sient. The trunsit time t is 

determi ned from the interse<:: tion o f an e,'(trapolatio n o f the plnteau lind a tangent to the 

tail, Figure 1.6. 

spike 

I 
t 

plateau 

I 

' 0 

Figure 1.6. Photocurrent versus time response ofTOF. 

In the case of measur ing a hole drift mobility. lor in stance. Ihe transparent 

electrode is held at a posit ive potent i,, ] wi th respect to the ground, whi le the other one 

is grounded through (l resistance R wh ich has a much smaller resistance tlmn the 

sample. At the beginning, ho les and electrons arc generated by photo-exci tation o f the 

film through irradiation with a short pulse lase r. Immediately the c\eclTons will be 

colh . .'cted by the posit ive electrode and the holes will start moving to the negative 

electrode. When charge carriers start to drift. photocurrents no w until the charge 
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carriers arrive at the other electrode and the response is sho\\n in Figure 1.7. The 

response could be either non-dispcrsi\ e or dispersi \·c typcs based on the tronspon 

mechanism of the charge carriers. A sharp signa l is obtained in the cuse of ordered 

materia ls (non-dispersive transport) while in disordered systems n brolldening of the 

signal (dispersive tran sport) occu rs due to a di stribution of tran sient times ac ross thc 

material . 

Fi gure 1.701 shows a typical transient o f non dispcrsive transport while Figure 

1.7b shows the phOiocurrent response for dispersive tran sport, which is wi thout any 

definite cusp. In the di spersive transport the transi t ti me. t. is dctermined from the 

double logarithmic plots of transicnt photocurren ts as shown in the inset o f Figure 1.7b. 

This shape is due to a charge tmp or dispersion elTeet in II Illlltcrinl. which mcnns that 

some charge carriers arc ho ld in dilTerellt energy leve ls from a transporting levcl for a 

certain timc duri ng trave ling from one elce trode to the other. Therefore, TO F 

measurements clearl y show thc impact on mobili ty of structural defects prese nt in the 

material . 

(a) (b) 

! • 

c c 
~ 

, 
~ Jl , 

• 
~ 

!!. 

~ ~ 't : 
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a. a. log (time ) 

~ 

time time 

Figu re 1.7. Typic:.1 transient photocurren ts: (II) non-dispersive: (b) di spers ive . 

IIlsel double loga rithmic plol. 



The mobi lity of the ho les or electrons is estimated via : 

d d l 

11 =-=­
r£ rV (1.7) 

where d is the distance between the electrodes, E is Ihe elcctric field, T is the 

averaged tnlllsienttime, and V is the applied vo ltage. 

One of the ad van tages of using TOF technique is that the hole and electron mobil ity 

CM be studied sepumtely simpl y by changi ng the polurit y of applied volwge. 

There arc scveral restrictions to the experimen tal practice ill time·of· Oight 

experiments: 

• The fi lm thickness should be very much larger than the thin sheet o f carriers widt h. 

Thi s is corre lated to the ubsorption pro file o f the laser bearn and limits the 

applicabili ty of the method to strongly absorbing mnlerials or very thick layers. 

Therefore, the sam ple size should be arran ged in order to huve the light absorption 

to be withi n 10% of the sampl e size. The thickness of samples is usually in Ihe 

range from 5 to 20 ~lIn . 

• The 'lbsorplion depth of the optica l exc itation is small compared to the fi lm 

th ickness and the opti cal pu lse durution is short compared to the transit time of the 

charge carriers across the surnple . Low intensity optical pu lses arc used so that the 

photogeneruted charge carrier den sity docs not significantl y perturb the spatially 

uniform e lectric field in the structu re 1341. 

• The total photo· injected charge must be very much less than capac iti ve charge 

(CV) . The total number of created charges must be small enough not to distort the 

ex tcrnal electric field. As a rul e of th umb, less tlmn three percent o f the lotal 

amount of charges that aTe stored on thc electrodes should be created. This 

constrains the experiment to low exc itation intensities and low electric fields. 
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• Both ckoctrodcs must be non-injccting. and form blocking contact. 

• Onc of the electrodes should be semitransparent in order to allow the penetration of 

luser light into the sample 

• The laser pulse width should be vcry much Icss than the Iransiltimc. 

• arrier recombination time or trapping time should be vcry much greater than 

transitt imc. 

• The timc constant R has to be at least one order of magnitude smaller than the 

transit time to guurantee ful l time reso lution of the transient signlll (is neccssury to 

prcvcnt the rising time of the signal from being longer than the transillime f ). It is 

determined by the capacit lUlce of th e whole setup and the resistance R. caused by 

the wire connections lind the shu lit-resistor used to measure the photocurrcn t with 

the osc illoscope. 

1.3.2 Chnrgc Extraction by a Llll ca l"l y Incrc:t'ii ng Voltage 

(tEUV) 

Another upprollch to measure charge carrier mobility was introduced by G. 

Juska el al. 1351. called Charge carrier Ex traction by Linearly Incrctlsing Voltage 

(CEll V). There arc two types of CELIV techniques: Dark- ELi V and Photo-CELl V . 

In th is report the fOrTncr is only addressed. 

In Dark CELl V the charge carriers studied arc equilibrium charge elm iers, 

which of course life of great importance for the understanding of slclldy state Ifllnsport 

in optoc lectronic devices. 

The basic idea of this method is illust rated in Figure 1.8. 
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Figure 1.8. A schematic illu51rfttion o f Ihe CELl V techn ique . (a) Process o f charge 

extraction. The region 0 :s x .s 1(1) where al l electrons have alrc:ldy bcen 

extracted is depicted by the shaded urea. (b) Scheme of the voltage inpUi 

and (e) '1l1C current dens it y response with capaciti ve o ITset Jo and a current 

density due to dfi n wilh muximum o f current d J. 

liere, a linearl y increasing volt age. V(I), is applied o n the device that is 

sandwiched between blocki ng elecl rodes, Fi gure 1.8b.Then, the extraction o f charge 

carriers begins and reaches maxi mum at 'rna.. und correspondingly the current density 

al so reaches maxim um. jlnu' Arter I ,"a~ both the cl1:Irgc carrier concentration and the 

external current density decreases since lhe charge carricrs get dcpleted in the sample . 

Thererore, the linearly increasing voltag<: is used to extract equ ilibrium charge carriers 

with density II and mobi lity I' rrom a tHm with a certa in dielectric permiuivil Y c and 

th ickness d. 



In CELI V method there is no injection of charge carriers rathcr than ex trac ting 

the charge ca rriers found in eq uil ibrium in the sample. 

The who le device is represented as n cllpacitor with the film bcmeen I\~ O 

elect rodes at x - 0 (bloc king contact) and x - d . 

The experimental setup o f CELl V involves an osc illoscope and a pulse 

generator, II samp le in the sundw ich confi guration with bloc king contacts. f igure 1.9. 

(a) V L ~i ---11----,---1 t::;==, 
(b) '-

(c) (d) 

Figure 1.9. Schemat ic set up o f CELl V: (a) function generator. (b) samp le sandwiched 

between electrodes, (c) variable res isto r :U1d (d) osc illoscope 

In CELl V method, when the density of curren t as II function of li me measured , 

differentiuti ng RC·eircuit current step j(O) is seen in the beginning, Figure I.Sc 133 1· 

j(O)= Sa'o 
d 

( I .8) 

where, £,14. ure the dielectric constant o f the mutcri:11 and vucuum. respective ly. S is 

the slo pe o f the applied vo ltuge pul se and d is the thickness o f the dielectric. 

The totul current density,j(t), wit h in the sample. due 10 the red istribution o f the 

charge carriers (electric fi eld) is estimated by 135 ): 
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j (/)=-[CC +U/(I __ JlS1')] d 0 2d1 (1.9) 

Where 0 is conductivit), and Ihe olher tcnns defined previously. 

To calculate the mobility based on the Imnsi lion liOle (Ill") is dimeu!! since the 

determination of tile transition time from the current \'crsus lime CUr\C is not SO casy in 

this technique, Figure 1.8c. 'n lcrcforc, a relationship of mobi li ty wi lh l rM~ has been 

deve loped. Based on thi s idea, in order to estimate Irtillspon parameters from CELIV 

measurements we need 10 consider three- cases dependi ng on the condu ctivi ty of the 

malcrial j361: 

I. Low conducti vity case, when Til» lu (or i..\j « j(O»; 

The charge carrier mobility is directly estimated from the c)( lr:lclion mu.-.: imulll 

from CELIV transients: 

2 d ' 
J.I =--,-

3 S/m~x 

2. High conductiv ity case, To « tl, (or .1 j » j(O» 

The cha rge carrier mobility is then esti mated: 

3. Modcrately conductivity, t o ::;: til (or .1.j =:: j (O» 

2 d ' 

I' ="3 S/~, (I + O.36/l.j I j (O» 

where ( I + O.36.6.j/j(O» is the numerica ll y calculated correction fac tor. 

(1.1 0) 

( 1.11 ) 

( 1.1 2) 

Recent ly there is a big debate on the va lue of the correction fac tor that is used in 

Equation 1.12. The debate is based on the consideration of the status of charge carriers 

in the dev ices. Many papers reponed so lar has considered the extracted ca rriers during 
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CELl V measurem ent arc equili brium carriers and homogeneousl) distributed. I 10\\ (."\ <:r 

some scho lars are challenging this idea and suggested Ihal these carriers arc not al 

eq uilibrium and homogenous 114, 371. They poi nted oul that real de\' ices exhibit an 

inho mogeneous distribution o r ell'ttrons and ho les in the device. \\ ith the electron 

concl'ntration bei ng highesl at the cathode and 10\\ e51 at the anode and vicc versa ror 

ho les. 'nlererorc, Ihe correction ractor 0.36 int rod uced by Juskn el (1/ 1381 has ix.-cn 

replaced by 0.2 1 by De ibel el a/ l1 41 and 0.18 by lJunge l'I a1(391. 

Very lately Lo rnnann el al 1401 has come wi th a new rorm ula Ihul helps to 

calcu late Ihe mobili ty that is expected to be valid for all cases: 

d' 
p = 2St1 ." 6.2 [ 1 + 0.002 LV 

J. 

1 

+[ 1+ 0 1241') 
J. 

(1.1 J) 

CEll V is si mple and easy melhod to apply. It o\\ ever. it is dinicul t to 

determine thc type o r carrier under lIl easurl' lIl l'nl. TIll'refore, there should be u 

eornp lirncntnry method thllt could be used to ident ify the polarit y o f charge cMder. 

Frequent ly, the TOF method is used for this purpose . 

'1.3.3 Dark In jection Space Charge Linl ilcd CUITen t tra llsicn t 

met hod (IJ ISCLC) 

DISCLC transient tcc hniquc is one o f the known methods that hu\'e been used 

ro r the measurement o f mobili ty in organ ic e h..'Ctronic materials [34. 41-431. In thi s 

technique the organic layer thickness d is sand wiched betwee n anode and cathode 

electrodes. Here one electrode should be Ohm ic for the charge carrier of interest and 

the othcr blocking elcctrode. A big reservoir o f ch.:l rges for Oh mic injection can be 

achicved by using a metal ek-ctrodc that provides n small energy barrier for electron or 

ho le inject ion and the carriers arc injected by a voltage pulse. Thererore. when a 

22 



step change in voltage is appl ied to the devicc the ti l11c..(!ependent current response can 

be rne'lsurcd . 

Fo r a device ha ving low lrap dcn sity and sha n tmpping limes {or thc complete 

abscnce of traps}, the current rises to a peak above its stcady-statc valuc . Thc idealil.ed 

response of an organic scmiconductor material whcre the mobility is nOI field 

dependent is shown in Fi gure 1.10. 

Vo.age 

J 
.10, -- ,--- Currant denSIty 

'----- -- JSCL 

o 
'--:-~­o 'ill 11m. 

Figure 1.10 An ideal OI-SeL trunsienl. 

If a voltage slep is applied at a ti me t - 0 the mcasured cu rren l densit y reaches II 

peak JOI al a lime I = To.. Fo r t > To., the transient current decays mOl1otonicull y lind 

asymptotically to a steildy-slUte value o f JSCt The chur:lcteristic lime TOI is Ihe urriva l 

lime o f the fastest carriers al the noninjcc\ing electrodc . 

TOI is related to the space-charge free cilrrier transi t ti me TlI by approx imate 

re lationship r44 , 45J: 

Tm = 0.787 Tu (1. 14) 

The mobility and tran si t t ime are related by 

d 
).1 =--

f" E ( 1.1 5) 

And hence 

(1.16) 
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injection. Al ternat ive ly, if the charge injection remains hmic, deviation of th is ratio 

could also be a conscquence of non·negligible charge difTusion or field dependent 

mobilities. 

One of the big challenges in this method is lack of tunic injccting electrodes 

lind encounten.'CItimitcd success. 

1.3.4 Admittance spcclroo<;c0 I>Y (AS) 

Admittllnce spectroscopy (1\$) is 11 powerfu l tool fOf the investigation of charge· 

carrier transport in high resistivity m;lIerial s [471. 

In this method , we consider u \wo·terminul device consisting of an organic 

semiconductor with a dielectri c constant t; and iI thickness d, s;mdwiched between two 

elect rodes. One of the electrodes is assumed to form an injecting contact with the 

organic mate ria l. The other contact is blocking. The instruments used nnd the 

configuration is shown in Figure 1.11 U. 

s , ---.., , ij"i 
h,I ,~tH---f-I,-\-

( ,) 

\' 
DC 

time 

s~ (b) 

Ano<k _ CoIhod< 

v 

+ 

Figure 1.11 (a) the Ac and DC ch..-ctrical \\ (I \ es: (b) A confi gurat ion. 
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driven by a slllall harmonic vo ltage modulation. I'D(". is probed. The amplitude and the 

phase difTerenee of the Ite current. iQo:, arc Illonitored as It function offrequenc).j. and 

the rrequcncydependen t admi ttance, Y(w). can be obtained as roll \\ 5: 

Y(llJ) = i~ I v« = G(llJ) + illJC(llJ) = G('Q) + iIJ(QJ) ( 1.1 7) 

Where w = 2rr/ is angular frequenc) . f is the line:lr rrequenc)'. (j ( (I)) is the 

conductance. ('(N) is the cap:lcitance (lnd /J(N) is the ~uM:ep t ance of the system. 

The real part of admittancc. i.c. conduct:lnce. is rclmed to conduction process 

wi thin the dev ice. such as translati ve 1Il0tion of chnrge curriers in the dev ice. II the 

other hand. the imagi nary par1 . i.e. susceptance. is linl<.ed \\ ith the displncclIlcnt 

process. for exmnple due to reorientation of electric di lx>le:, wi th in the matcrial under 

the electric field . 

In adrnittuncc spl.:ctroscopy. for the clmructeril:llion or lhc m:lteriul nlobilil) the 

c<lpaciwnce lI ga inst frequency resl>onse is neccssnri ly monitored . Figure 1. 12(1 . When 

churgc is injected into u materia l between two ekctrodes it \\ ill result (Ill udditionul 

contribution to the device eapaciwnee und its va lue depends on the mugnitude of DC· 

bius. which injcct the charge 148.5 11. 

Whcn V1X: - 0 V. the capncitonce is frequency independent ond essc lltiall) 

eq uulto geonletricol capacitance. (.',,0. \\hich is shen b) 

A 
C = cc-

I f(} II d 
( 1.18) 

Where CpeI is geomctrical c:lpaei tance. (; dielectric constant of the material. f.., \ 3eUUm 

permittivi ty, d activc layer thickness and A area. 
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is due 10 the finite lransi l time of carriers ucross Ihe device at gh'en voltage thai result II 

space charge lim ited current. Particularl y, Ihe port ion of charge injeclcd due to AC 

vo ltage modu lat ion relaxes into r.."Qui librium space charge and the irtiectcd curren t lags 

behi nd the applied AC-voltage. V AC. (due to fi nite currier mobilil» that reduces the 

phase of Y. As a resull, there is an induct ive eontribtllion 10 and C e'(hibits it s 

minimum. I lowe\ler. if the vollage modulation is 100 fas!. / > r;, '. thc irti~Ir..-d dmrgc 

will not have enough ti me to reach equi li brium and the original ca pacilOnce \\i ll be 

restored. 

I f there arc Iraps and a subseq uent emiss ion of chnrges from trilp Slates 

(d ispersive transport beha vior) exists in the materia l, Ihis result s in (tn addit ion:!1 

pos iti ve contribulion to the capaci tance. The presence of this phenomenon is ob::.ervcd 

at the extreme lower frequcney regions, Figu re 1.12 dushed lines. The capacitance due 

to trappi ng increases and satu rates at low frequencies. Uul at hi gher frequencies the 

release rOle from Ihe Iraps ca nnot keep up \\ ith the \ollage modulution and the 

contribution due to trapping becomes negligible. 

In the case of heavy trapping (h ighly dispersive Iransport) the capacitance is 

larger than C~t(J aI all frequencies and Ihe inducl ive response due to space charge ma) 

be tOla lly masked by Ihe e,,>;cess trapping capacitance. Conseq uentl )' the transi l lime 

can not be resolved. 
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Figure 1.1 2 (n) A theoretical capacilance spectrum C - ImY Iw. An c;\nmplc r 

response due 10 charge dClrapping is plolted by the dashed line. (b) rhe 

correspond ing eh:mgc of susceptance, - 1..\1) 1521. 

The response of capnei lancc liS a function of frequency gives insight about the 

mobility of charge carrier in lhe sample. llowevcr. it is II lillie bit challenging 10 

determine the relaxat ion frequency from cupacitoncc ag;linsl frequency pial. which is 

related to the transit time. 'n lcrcforc, it is suggcstcd to anal>"l.c the data by plolting the 

change in susceptance, - a Bo as a function of frequency. liS it was suggested by Murtens 

ef a/ 153]. Figure 1.12b, which is given by 

- LIB = - w(C - C,~ ) ( 1.19) 

Clearly. -L\B peaks at (l frequcncy 1 .. 1». ' \\hich scales \\ilh thc correspond ing 

transit lime fi r according to an approximate relation 

f~, '" 0.54 r~' ( 1.20) 

The mobil ity can be determined based on the rollo\~ ing relation (541: 
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charges arc injected from the elect rodes and the po l) lller will behave as on insulator. 

However, when V[x:: > Vbl typicnll y a strongly increasing conduc!nnce and slowly 

decreasing capacituncc as a function of frequency IIrc observed ISS). wh ich (Ire 

signatures of relaxation ofpcrmuncll t di poles in a di sordered mate rial. 

Ad minance Spectroscopy can also be used to determine the mobi li!) of 

electrons and holes simultaneollsly on a single smnple IS31. 'I his (l\'oids the possible 

clTcet of differenl preparation condi tions. which may occur whcn ollul)'1 ing t\\O 

dilTcrent structures. This abi lity of AS makcs it more atlructive . III thi s cuse Siluolion of 

the recombi nat ion of carriers should be takcn into accoun t. Thcrefore. the situation is 

more complex and depends 0 11 the interplay bet\\·een carrier transit lime und the 

recombinat ion ti me. 

Simultaneous determ ination of electron and hole mobilities is possible under 

th ree mai n condi tions 1471. First, the Schottky barrier he ights of the ullode und the 

cathode must be suffi cient ly low to allow simul taneous injection of both eleclrons und 

holes at comparable rates, leading to modulution of electron and hole concclltrulions 

inside the organic Inyer by the applied IIC voltage. Second, the recombination ratc 

betwecn elcctrons and holes must be in an intermediate range. Too strong rales lead to 

recombi nat ion close to the electrodes; therefore thcre is no transit time clTecl. Too weak 

rates lead to electron or hole currcnts crossing the la}cr \\ ithout modulation of the 

carrier concentrat ion. Thi rd, trap conccn trations ha\ e to be sufficicntl y \\cak such Ihat 

Ihcir contri bution to the admi nancc curves docs nOI mask the susceptance peak 
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both C'lrrier mobili ties wi ll be poss ible ror rcw organic Illmeriul . 

One or the big advantage or AS over Tor is that it is \<ery erreetive 10 

determine the mobility of carriers in highly di spersive materials [511. The A signals 

remain clear lor mobil ity determination when deep tfll pS are present , while the TOF 

transie nts show highly dispersive characteristics without ony indicmion or Ihe carricr 

transit ti me. The other advantage or AS when compared 10 CELI V techn iques is Ihm in 

the fornler there is no problem in identifying Ihe Iype of charge carrier (hole or 

electron) but in the later case it is very difficu lt to know without u suppon of other 

techniques like TOF. 

1.3.5 Sprlce cha rge limit ed CUITcnl 

Space charge limitc:..,,(! (SCl) techniques nrc a much used way or measuring the 

mobility in organic materials. In such techniques the injection or one carrier species is 

reduced, by carerul selection of the electrode materials. whi le the contacts can inject 

and extract more carriers than the bulk can carry. The resulting current density is 

proponiona l to the charge carrier mobil ity. In the absence or ony trapping errc:..'Cls the 

current density is given by the Chi ld's I..aw [56, 571 

9 V' 
J ='8 P££. d J ( 1.22) 

The mobil ity, therefore, can be ex tracted rrom the J-V plot or Equalion 1.22. 
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electrode and captured by the other. 

3. The carrier mobi lit y and the diek"Ctrie permitt iv ity [Ire con5Hlnt throughout thc 

sample. 

4. The electric field at thc charge injecting electrode is /.cro. 

5. All current is driO current (diffusion ploys no role). 

This technique has been applied to neat and blend materiu ls 1591. lIowcver, lI t high 

app lied voltage the mobili ty increment beyond the quud rutie bchavior descri bed by 

Equation 1.22 is onen observed. The dev iations ore due to n fie ld-dependent mobi lity 

[601· Therefore, by using the Poole-Frankel mobi lity relution, Eq ulIt ion 1.4, 

Murgatroyd has shown thllt the resu lt ing SeL current density is given by 1611: 

9 V' ( V) J,e! =-&,&,,11.-2 exp 0.891r -
8 d L 

( 1.23) 

This procedure makes poss ible the quantification of the app:lrcnt bias dependence of 

the mobility, but ignores Ihe density dependence of the mobi lity and is, therefore, not 

strictly correct. Hence, for a com.oct interpretation of current vol tage duta it might be 

necessary to correct for the series resistance of the substrate and the built in vohugc 

1621· 
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cncrgy sourcc thcsc days is fossil fuc l Ihat compri ses oil. gus and coa l. Unfonunmc1y 

the foss il fuel s arc not chcap, rcncwable and envi ronmentall y friendl y. Thcrefore, there 

should be an alternati ve source of energy which wi ll smisfy these issues. 

The alternati ve energy sources 10 thai of fossil fuels cou ld be h)drock'Clric 

powcrs, geothermal, wind , nuclear power, so lar energy, elC. Except the so lar energy thc 

other encrgy sources arc either too expensive or IIOt cnough 10 slllisfy Ihe high energy 

demand of hum an being in the future. Inlhe coming two d(."Cadcs the \\orld needs aboul 

60 terawalts of energy with satisfactory di stribulion nil over Ihe \\orld. BUI now all 

energy sources arc prod ucing only about 15 tcrawlIns. If \\ c extensively usc nuclear 

energy, the amount of cncrgy that Clln be produced sum up 10 25 lerowans, which is nOI 

even half of Ihe required :U11oun!. lIowever. Ihe sun sirikes Ihe earth with 165.000 

terawatts every moment of every day free ly and wilhoutllny cost 1631. '1l1erefore . the 

sustai nable and suitab le source of encrgy oflhc future \.,.ould be solar energy. 

Even though Ihe so lar energy is a frce source, conversion of il to Ihe required 

form of cllergy (commonl y to cleclrica l cnergy) is a big challenge. There have been 

IlHlIly researchcs attcmpting 10 devctop efficienl solar cell dev ices (pholovoltaic cells). 

which convert the solar encrgy to eh."Ctrical energy 1641· 

A breakthrough in devcloping a so lar ce ll was done in 1954 by I)carson et 0/ 

from Bell laboralory, which produced a 6% efficien t so lnT cell based on crysloll ine 

silicon with /HI junction [651 This technology now is a matured and long established nt 

the industrial sca lc. Thc current efficienc) of Ihe cr)stulline based si licon solar ce tl is 

around 24% 1661 and nowadays, it is the primary solar cel l source \\ orld\\ide. 
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cells. One of these is app lication of th in lilm based solor cells. 

Thin-film technologies. wh ich can usc inorganic semiconductors. organic d)cs 

or organic polymers, arc nanometers to a few micrometers th icl... ond can be appl ied in 

cont inuous industria l production using, for example, vocuum deposition. sputtering and 

printing. Thin lilms also usc fewer raw materials compared wi lh silicon \\lIfers. and so 

cui costs 1681. 

Among the catcgories of thin rillll solar cells. the orgnn ic pholovoltaics gels 

more attention because of thei r case of process ing. Ill eehanieul nexi bi lit ),. li~ht " eight 

and potential for low cost fubrica tion of large ureas 169. 701 . Addi tionally, their 

material properties can be infinitely tni lorcd by modi fy in~ their chem ical stweture 171. 

72]. even tuning of their color is possible, result ing in grenter cu stom j,~OIion tlHlIl 

traditiona l so lar ce lls. 

Today three diOerenl types of organic so lar cell s arc known: small molecule 

solar ce ll , polymer solar ce ll and dye-sensitized solar cell (Grtlv..el cell). Illoll molecule 

solar cells urc processed in vacuum by ph ysical vapour deposition. \\hereas polymer 

solar cell s arc processed by spin-coating or ink-j et printing. GrilI7el cells contain a 

highly porous laycr of tilanium dioxide as electron tmnsport lo) er on "hie h d) e 

molecules arc adsorbed. It is Iypica lly processed by coating of the titan ium dioxidc 

wi th subsequcnt silliering and dying. 

Many years of research ha\'e been done on the organic solar cell s Bnd its 

efficiency remained below 0.1% for a long time. Imlking Ihel11 unsuitable fo r Bn y 
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cells: dye-sensitized solar cells [74] ; planar organic semicond uctor ce lls (bill') ers} 115]: 

and hi gh surface area, or bulk heterojunclion cells 176]. 

Another revolutionary deve lopment in organic photovohllics came in the mid 

I 9905 with the introduction of the dispersive (or bu lk) heterojunci ion. where the donor 

and ilcceptor material ilre blended together. The ult rafast photoinduced electron Imnsfe r 

from a conjugated po lymer as donor to buckminsterfullerene { 6oO} or ils derivatives us 

acceptor was fi rst observed in 1992 by Saricitlci el (II ]77 ]. illce then th is materia l 

combination hus been c.'(tensively studied in bu lk heteroj unction pholovo ltaic cells. In 

1995 Yu el al ]761 fabricated the first fu ll y organic bulk heleroj unclion cel l based on II 

mixture of so luble l' Il V derivut ive wi th u fullerene (lCCCpIOr such us 00 derivative 

PCBM ]78]. In 2001 Shaheen et 111179] obtai ncd the first truly promising results for 

bulk heteroj uncti on solar cells whe n mis ing a conjugated polymer such as IDMO­

PPV wi th PCBM in a 20:80 weight percentage and opt imil.i ng the IUlIlosell le 

morphology of the film, yie ldi ng a power conversion efficiency of 2.5%. 

R(."Centl y, power conversion efficiencies of of 8.3 % (certified) ]80J und over 9 

% (uncerti fied) ]81 J have been reported for bulk helroj unclion orgunic so!:lr cells. 

1.4 .2 A tendency IOw.lrds Uu ll( hClcrojuliction Org.llli c Sol;lr (c ll s 

There arc different architectures of conjugatl-d polymer based organic so lor cells. 

The early attem pts used an organic scmiconductor as a di rect replacement for inorganic 

semiconductor in the conventional solar cell and it is ca lled single la)er phOIO\ oltaic 

cell. Figure 1.1 3a. It can be made by sandwiching a th in film of poly Iller bct\\ccn 1\\ 0 
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Figure!. l ) Different architectures of th in fi lm organic sol:lr cell s lind their 

correspondi ng charge generat ion and transfer. (3) A single- Ia)er (b) Ili-

layer (c) Ilu lk heteroj unct ion solnr cell . 

However. the em ciency of th is single laycr :Irchi tcc ture orgllnic phOl0voitoic 

ce ll remai ned very poor. Therefore, organic solar cells with onl) one semiconductor do 

not work we ll in practice. Th is is because, in organic solar cells. the phOlocxci tl"d 

electron is electrostatica lly bound to the hole len in the vu lance band and togelhcr they 

constitute exciton 1821. The fonnation of cxcitons is Ihe most imponont feature Ihal 

d ist inguishes organic from inorgan ic semiconductor!!. "'nc exc itons arc neutral and 
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4) of organic scmiconductors makes it di fficult for the exciton to dissoc iate into 0 

separated electron and hole, since the Coulomb energy bi llding such loca lil.ed chorges 

is high (- I eV) compared to ksT. The ek'Ctric fie ld provided by the n5) l1unelrical \\ ork 

function of the electrode is not suflicient to break li p Ihese photo-generoled exc ilons 

1831· In compari son, the exc iton in a crystal of silicon has a bind ing energy of around 

0.1 cV, allowing charge pairs to be generated spontaneously at room tempcroture 1841. 

As a result, the exc iton in an organic semiconductor tends not to di ssocimc into churgcs 

bUI rather to decay to the ground slnte wi th in a few ns. The organic pholo\ oltaics arc 

somet imes called exci tonic PVs ]85] since they do 110t produce fn."C charge curriers 

till her gives exc itons. In orgnnic solnr cells this problem is solved by introducing a 

second component and formi ng a hetroj unetion device IIrchiteeturc. This second 

component should act as electron lIeeeptor and hus a higher uflinit )' for electrons lind a 

lower conduction band (73], Figure l. 13b. If the exciton is formed neur the interface, 

Ihe electron can transfer to this s,"'Cond (electron lIccepting) semiconductor und lravel to 

the positi ve electrode. The hole elln Ihen travel in the donor semiconductor to Ihe 

negative electrode. Therefore, the hetroj unction is necessary to separatc the lighl 

genera led exeitons. 

The polymer film typically needs 10 be al least 100 nm th ick to absorb enough 

light. However, Ihe excilons diffusion Icngth is too short (ranges 4-20 nm (86]) and 

they cannot diffuse across a film thi s th ick to find the intcrface. Rather they t) picall) 

deeay when diffusing in a polymer before separalion into free carriers. The useful 

strategy is to interpenetrate the two polymers throughout the film so Ihal there arc morc 
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In bulk heteroju nction the clcclro n donor (conjugated pol)mc:r) and the 

electron acceptor arc randomly interspersed throughout the film . As " rc: ult there are 

poss ibi lities to have dead ends or isolmcd components. \\hich are: nOt in contact wilh 

the respecti ve electrodes in Ihe bu lk. These isolmed components could act as charge: 

carrier tmps or si nks. which decrellses the o\'emJl efficiency of the cell . Based on Ihi s 

fac t an ideal arch itecture of bulk heteroj unction is suggested liS sho\\n schematically in 

Fi gure 1.13d . 

In the idea l device structurc every exc iton formed on Ihe eoruuguted pol)l11er 

will be within a dilTusion lenglh o f an electron acceptor. Addi tionally. in the ideal 

structure both the conjugated po lymer und electron acceptor 'Ihould huve strai ght 

path ways to the electrode 10 minimize the currier trunsport lime and reducc the 

probabi lity of back electron lransfe r. The ideu l struclUre should be des igned SO Ihm 

eaeh phase o f the bulk helerojuncl ion is only in contuct with onc o f the electrodcs. 

which would help ensure a high shunt resistance through the device and prevent carrier 

loss al the wrong electrodes, although to some eXlelil lhis requ irement call be miliguled 

thro ugh Ihe usc o f highly se lecti ve contacts 1861· 

1.4.3 Ua sics of IJulk hClcrojunctioll o rganic phot ovolt~l lc 

Organic solar cell s nrc mude on supporting substrate (glass, pltlstic. ctc.) 

typically coated with a conducting Illatcrial thtll will SCI'\C tlS Bn de trode. This 

electrodc is nonnnlly coated nith B conducting pol) mer (e.g. (poi)(3.4-

cthylcnedioxythiophenc).polystyrenc sulfonatc) I)I::.I)QT·I) ) Bnd then cootcd \~ i th the 
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ind ium doped lin ox ide (ITO). Ilowever, due to the scare it) of indium. onSU!.Ill price 

increases and brittleness of the ITO when deposited onto fl exible ek'ttrodcs il i a 

cha llenge 10 lise in the fUllI re. 

"Illere arc at least fi ve funda ment al steps Ilikes place in organic solar cells [87) : 

( I) photons arc absorb<..'(! in the donor (!lCCeplor) and ex itons arc crellled; (2) c\cit ns 

d ilTuse withi n the donor (acceptor) phase; (3) if the excilons encourll er {In imerface 

wi th the acceptor (donor) be fore decaying, then fasl dissocilltion takes place. lead ing to 

charge generation; (4) charge carriers arc trnnspart <..'(! 10 Ihe electrodes via diffusion 

and/or dri n processes; (5) charge corriers ore eollectcd UI the electrodes. I' igure 1.14, 

• 
. , 
'-.:. .' 

1 .''il~ .. 

Figure 1.\ 4 chematie band diagram of a bulk heterojunction. rilc numbers 

refer to the operation processes explo incd in the tcxt. The dashed 

li nc represents the energy levels o f the acceptor, \\ hile the full 

lines indicate the energy leve l of the donor in the P cell. 

)7 



thererore a layer thickness or just a rew hundred nanometers is sufficient to absorb all 

orthe light <I t the peak absorption wavelength . However, band gaps tend to be relntivcly 

large and absorption bands tend to be relativc ly marrow (compared to in rgani 

semiconductors) and, therefore, only a small fraction of the solar spectrum is absorbed. 

Figure 1.15. Moreover, there is typically a mismatch between the material absorption 

spectrum and the solar spect rum : the photon flu x of the AM 1.5 so lar spectrum peoks ot 

around 700 nm (1.8 eV) whi le most common donor polymers have absorbancc peaks (II 

hi gher energies. 
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Figure 1.15 Sun nux . 
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(c) using an acceptor molecules thal llbsorb in Ihc visible region 

(d) reduction of reflection losses by using different IlH .. 'Chlinisms l i~t coal ing 

anti-rcflcrtancc or structuring the inlcrfllcc. 

It is important to note thut using a thicker polymer is nOt a usefu l strutcgy as thi s 

increases the resistance loss due to the lypical low charge carrier mobility present in the 

organic polymers. 

After absorption of the incidcnll ighl phOlocsciUltion of donor materinl occurs 

I.e electrons excite from the ground slale to the excited S\:I\C Ilnd holes generated n 

ground state. However, the ho le and electron arc generated bound by their oulomb 

attraction but not in free state. These Coulombicully bound electron lind h Ie p:li r:. (Ire 

known as cxe itons. The exciton bi nding energy is higher than the thermal energ), and 

they cannot read il y di ssociate . Therefore another driving force is needed to dissociate 

them. As mentioned above, an efficient electron accepting component ha 10 be 

introd uced into the system in order to dissociate them into rree charge carriers. 

2. Exdton diffusion 

In order to generate separated negat ive and positive charges. the excitons need 

to diffuse to the donor- acceptor interface where they can dissociate. Since e-,<citons urc 

neu tral species, their motion is not influenced by any electric field und they diffuse "ia 

random hops; important ly, they need to reach the interface prior to their decay back 10 

the ground stale. 
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polymcr- fu llcrcnc devices is ultrafast. around 4 S fs 189. 901. and," 1I1i time: 

regime there is no compet ing decay process for the opticall) c\cllcd electron h Ie pair 

The dCla ils o f di ssociation, ho\\ cvcr, nrc still subject 10 debate, nle elemental) 

steps invo lved in the pathway from ph locxcitation 10 Ihe generation ofrree horgc arc 

shown in Scheme 1.1 171 , 911· 

It has been proposed Ihal the exc iton directly di ssociate into free charge 

carriers because the excess photon energy aller exciton dissocl(ui n IS used I scpamlc 

the bound pair 01 \ the interface. On the other hand, there is c ... idCllte thai charge trunsfcr 

forms a bound pa ir (geminate pair). which can then either di soc iatc or r(.."Combmc. 

Scheme 1,1 sleps 3 and 4. 

The relevant factor for the occurrence of step 3 is the alignment of the energy 

levels of the participati ng molecules, Only if the ofTset bet"een the L M ~ (for 

electron transfer) or the HOMOs (for hole transfer) of donor and acceptor i lurge 

enough to overcome the coulombic all rDctiol1 between the charges, charge sejXIriltioll 

will be possible. 

Photogcneratcd excitol1s in the donor side will dissoc iate b) transferring the 

electron to the LUMO level of the acceptor and retain ing the positive charge. \,hile 

those created in the other side will transfer the hole to the II ~ I of the donor \,hilc 

retaining the negative charge. Thi s step leads to the fonoMion of free charge earners 

[92-1, The amount of the energy ofTset necessary \0 dissociate the e.\ eitons is 0.3 0.5 

c V [93 ). 
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P', A I • ~j~ A-I • (J) 

p~ A"-I • I)'" + A'- (4) 
• 

Scheme 1.1 Elcmcntary steps in thc process of phOioindueed charge separation 

for a donor (0) and an acceptor (A): I) Ph tDCxci lntion of the 

donor; 2) diffusion of thc excilOn and form ntion of nn encounter 

pai r; 3) electron transfer within the encounter pair to ~ m l II 

gcminate pair; 4) charge separlltion. 

The generation rate and the extcnt of gcnerutiol1 of free e-Il pairs can be wdied 

by ana lYling the pholocurrcnt density (J ph) under reverse bias condition 183. 941 · 

In thc ~;asc of an ideal solar cell (no T(."Combination and space-charge fommtion). 

the pholocurrcnt can be taken as a direct measure of the phologeneration of free charge 

carriers 183]. In thi s case the internal field in the device is given by 

(1.24) 

Where V is thc applied voltage. VO( is the open-circuit vohage. and d is the thicknes of 

the acti ve layer. 

The photocurrcnt for a charge carrier is then given by 

J pit = eppE (1.2l) 

where p is the mobility and p is the density of the photogencrnted carrier. 
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the device before recombination and thei r li fe time beeo ni h . I cs cqua to I C Intn 11 time:. 

d' 
r =­

I'V 

From thi s the pholocurrcnt through the external circuit is si mpl) 

J",, =eGd 

(I 27) 

(1.28) 

This ind icates that the pholocurrcnt is independent of applic..-d \' IllIge and mobi llt), 

(because the carrier life time is will nlways exceed the tmnsit lime in iltlnlions , .. hert 

there is little or no recombinat ion). 

I lowe vcr, Hughes and Sokel pointed Qullhnt EquAtion (1.28) is nOI vll iid (II low 

bias voltages because dilTusion currents lu"'c been neglected 195 \. nsidcring Ihe 

dilTLIsion process, the pholocurrcnt is given by the following analytical sol uti n: 

J =eCd [ CXP(eV l kT) +1_ 2kT ) 
pit cxp(eV l kT) - 1 ell ( 1.29) 

where cGd is a saturated phOlocurrcnt k Bolzmann constant and I is lcmpcr:lturc. 

Experimentally. the current density is measured in the dark (Jo) and in illumination (h) 

under reverse bias. The e!Tective pholOcurrent is, therefore. gi ven by 

( 1.30) 

Then the J ph will be plotted 011 double logarithm ic scale agai nst the e!Teethe \ oltage 

across the device, given by (Vo.V), where Vo is compensation voltage defined as the 

voltage where J ph is zero (J .. =Jo). The photocurrent increases linearl) \\ ilh c!Tccthe 

vo ltages at low voltages and subsequently tends to salUmle. The linear bcha\ ior at 10\\ 
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AI the vo ltages where the photocurrent saturntcd all bo d h . , un e- pairs arc separated and 

the maxi mum photocurrent is achieved. 

By comparing Ihe photocurrent with the expc:rirnenlall) obscncd J ... 'he 

. , I n CIII Icn )' at short CI Ult dissociation efficiency can be determined The di,soc,',, ' n " . 

condition (V :: 0), for instance, ctln be calculated as the mtio of J 10 J • * . 

4. Charge 1ranslmri aCion 

Following exciton dissoc iation, ek'ttrons arc found in the acceptor phu!tt 

whereas holes remain in the donor phasc. Subsequently. the electrons and hole must be 

transported from the D/A interface towards the resl>cclh'e electrodes to produce 

photocurrent . 

Current density (J) in OPVs is composed of a drift and a diffusion ol1lponcnt , 

Dependi ng on the morpholog)' of the D-A interface reilltivc to the clcclroocs. either 

diffusion or drift might dominate. For instance. in planar bill,)ers diffusion current is 

very important and photocurrent can still be observed even in flat b:md conditions. 

all owing open circuit voltage vulucs thaI can be higher than the difference in \\ rk 

funct ion of the metal electrodes 1961. On the other hand. for II pure bulk·heterojunction 

device, where the donor- acceptor interfaces arc mndoml), distribuu:d in space. thc net 

diffusion current is small and the drift component dominatcs. Obviousl)'. thc rclathc 

importance of the di ffus ion current will strongl y depend on morpholog). \\hieh often 

contains dead-ends and intricate pathWll)S of each component to thc respecth c 

electrode. 
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Efficient charge transpon is imponam as it \\ ill be in eom~itlon ..... th 

interfacia l reeombinalion, and willthcrcrorc li mit devi e thid,ness. 

In terms of the charge transpon mechan ism. hopping is u uall) the ba i of.1I 

proposed models due to the localized nalure of the charge carriers. 

5. Charge extraction 

Once charges reach the electrode they need to be e .... tmeted .... ith minimum loss. 

The simplest pi cture for charge extraction would be a hopping or tunnel ing step. from 

the organic materia l (HOMO level for holes and LUMO level for electrons) 10 the 

Fermi level of the electrode. The latter process dominUlcs for large energy barriers and 

low temperatures; while, at room temperature, therm ionic emissi n o, er the barrier is 

normall y used to describe transpon char.:lctcristics 1971. Ilo\\c\'er. in real device ' 

charge extraction is a much more complex problcm. due to the morphological and 

chemical nature of the organic-clectrode intcrfllce. 

1.4.4 Device performancccharacteri/ .• lt ion 1981 

The photovoltllic ce ll can be modeled liS a current source in parallel \\ ith a 

diode. When there is no light it behaves like a diode . Mostly the eq ui valent circu it of 

organic so lar cells, like the conventionlll p-n solnr cell s. lIpprox illl llted to conUlin 

(A) a diode with a reverse saturation current density. Jo; 

(9) a current source, Jph, which corresponds to the photocurrcnt upon 

(C) 

illumination; 

, 't cc R ,vh ,'ch takes 'Iccount of the fini te conducti"it) of a senes resls an . so ' 

d ' ,nate,,'al , tl,c cont act rcsisumcc bch\CCn the the semiton uctmg 

d the adJ'acc"t electrodes. and thc resistancc semiconductors an 

associated wi th electrodes and interconnections; 
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CD} a shunt resistance, RsII• which lakes into ac a Unt the 10 s of catTiers \ 13 

poss ible leakage paths like pinholes in Ihe film or recombinAtion cemers 

introduced by impurities, Figure 1.16. 

R, - J I Jo,n R, 
V 

I 
Figure 1.16 Eq uivalent circuit used to model solar ce ll . 

Solving fo r th is simple circuit prov ides the fo llowillg IInal)tical expression ~ r 

thc current-voltage characteristics, referred to as the Shockley equation: 

J = J ex ' - I - J ---1 [{ ( V - I N II ) } ( V )] 
I+ R,I R,h Q P n!eT l e pi! R~A (1.J2) 

wherc Jo is thc saturation current. e the elemelltllrY charge. kT the thermo 1 

energy, A thc arca of thc ce ll, II the diode idcil lity factor. V the applied vollllge. R, the 

series rcsistance, R Sh thc shunt res istance. and Jph thc pholOCUrrenl. 

The currcn t - voltage cu rve of lIlI illurnilluted and dark photovolta ic cell has 

becn shown in Figure 1.1 7. 

I. Short ci rcuit current density (JK') 

The short ci rcuit current density corresponds to the short circuit condition when 

the impcdance is low and is calcu lated when the voltage is lero. It is the maximum 

current that can be produced by the cell. 

By ana lYling Equation 1.32 the J..: will be 

J = I [J {cxp(IJ.IN,A)_I}_J,.]._J,. 
" I+ R I R · IIkT l e , ~ 

(1.J3) 
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2. Open circuit ,'oltagc (Vod 

The open c ircu it vahage OCCurs when there i 
no curten! pas ing through the 

ce ll. and il is the ma.'(imum V0110ll( that c be b . 
C> an 0 larned b) the S)slcm. 

From Equation 1.32 the V IX wiIJ be: 

Voc= lIkTln { I +~(I _ V".)} kTI {I J_} e J J R ::II: 11 - II +.....&;;.;. 
• ",. >it A e J • 

(1.34) 

In Eq uation 1.33 and 1.34 the approximotions arc made for Ihe case \\ here R. 

is very small and Rsh is very large so thallheir impacts can be ignored. 

•• •• _ •• a.. .......... 
- ",-,,""j-

" 

f , , 
! , , , 

, ...... .' 
/ , . 

J!: • · . · . · . , .. . . &._------ •. . . 
• -.. -....... 

' . 
• 

Vo kal'" 

Figure 1.1 7 Typical current- voltage chOT(lCICrislics for dark (Iud light current in 

a solar celt. JK is the shan-circuit current d e IlSil). VOl is Ihe opcn 

circuit vollage. JM and VM nrc the current and \'oltogc at the 

maximum power point. 

3. Maximum power (IJ", .. ) 

The power produced by the cell can be easily ealculntc along the I· \\CCP b) 

the equation P "" IV - JVA. At the J .. and V", points. the po\\cr \\ iII be Icm and the 
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maxi mum value for power wi ll OCcur bch\ ccn the h o i h I 
\ . C \ 0 (age and the urrent I' 

this max imum power point afC denoted as V and J . I •. " 
M I'd rt'SpttII\C ) . rlgure I 17 

Therefore, 

(l.3l) 

4. Fill Flldor (FF) 

The fi ll faclor can be calculated by comparing the mnximum po" cr (PM) 10 Ihe 

theoretical power (PT) that would be output at both Ihc open c ircu it \ ollagc and hon 

circui t current together. 

( I. 6) 

The fi ll factor is essentia lly the measure ort he qUlllity r the solar cell , A lorger 

FF is desirable, and corresponds to an I-V sweep thllt is morc squurc-likc. 

S. Power Conversion Efficiency (II) 

Efficiency is the ratio of the electric;!1 power output. I'"",. comJXlrcd to the solar 

power in put, p,n. into the photovoltaic ce ll . The POll! can be taken to be PM (the 

max imum power from the cell). since the solar cell cun be operated up 10 it ma'( imutn 

power output to get the maximum efficiency. 

I~"" 
~ =-

I' ,. 
(1.37) 

I~/ J If VAl _ FI:' J " v;.K' 
:::::) ,,-~ =--;;- =-1'-- p 

'" '~ "' 
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Optimization of bulk helerojunctlon solJrcr llft 

There arc man y factors thm arrett the pcrfonnanee of organi 

1.4.5 

solar ells 171. 
89, 99/. Therefore, in order to get a beller pcr~onn d'm 

Ilnce I erenl pJmmetm arc: 

considered and opt imi zed: proper selection of Do d 
nor an Ae eptor component 

(consideration of clC<.: tronic structure) DOllor to Acc, t • • , p or 1111 10 . IlClt\e In)cr Ihiclne s. 

so lvent and thermal annealing, and using bulTer layer underneath of holclelectron 

co llector electrode. The change of these parameters could bring in irnpro\cmcllI of 

electronic properties, the nanomorphology orland the ek'Ctrieal eon'acts of the device 

under study. 

During improvement of the nanomorphologyof the device \\c hll"' c 10 gi\t duc 

alieni ion to Ihe properties of the excitons and the mobil ity oflhe charge carriers in the 

device . The lifetime of the exciton is shorl and its diffusion length in organic tlllltcriab 

is onl y about 10 - 20 nm. This means thllilhe excilon mUSt reach the OJA interface to 

give the charge tra nsfer without undergoing 10 a radillt ive or nonradiathe dl'CIlY. nlUs. 

the donor and acccptor phases should sclf-organilc to foml nllnodoma ins with 

dimensions comparable to the exciton dilTusion length. To increase the pQ!is ibility for 

the exc iton 10 reach the interface. the donor-acceptor conlOct area must be a.!i large 3S 

possible. In other words. the size of the domains should be (I.!i small as po!.5 ible. 

preferabl y at molecular levcl1771 so that the donor- acceptor interface is lurge 1761. 

Furthennore, once the exci ton is forlll l-d and dissociuled . Ihe hole and the 

electron must drift to the electrodes wi th in their lifetimes. Again. the phase morphology 

is critical to form percolated pathways to the contacts. 

Electronic struclure of components 

Figure 1.18 shows how the eh..'Ctron ic structu res of donor and acceptor affett the 

photovoltaic parameters of devices. The Jtf decrclISCS wilh the increase: of bandgap (less 
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absorption). Whereas the Voc scoles wi th the difference bc,,,ttn II \I k\cI of the 

donor and the LUMQ level of the acceptor. 

It was suggested that for polymcr:P BM solar cells the ma.\lmum Voc \.Iuc 

CUll estimated with 11001 

V =(l / e)(I£'-I-I £'''- ')- 03V oc H()\K) /110«1 I • (US) 

Where e is elementary charge, the acceptor is P IlM with 1. '1 le\elof 01 .3 

eV and 0.3 V is empi rical factor. 

More recently, based on mcasurements of the energ) of chllrie tmn)fer 

stutes and relating to Voc of dilTerent donor: n eptor blends, an equoli n ha been 

developed to esti mate Ihe maximum open circuit \ oltage r. ran)' IlIIJ 11011 

V.= (1 / e){ E, - O.6 cV ) (U9) 

In order to get efficient cxci ton dissoc imion an off:..ct eneri) (6111 1.'0 lind 

t::.EHOMO) of 0.3 - O.5eV is required 11 02 1. 

In general, a proper combination of donor and ncccptor haS to be: ht))(n 10 

max imize the power conversion efficiency. 

L....", 

h~_ ' LIMO, 

I I CIt Voe , 
HOMO. 

Figure 1. 18 Energy level diagnun of solar ell components. 

DOll or to Acceptor ratio 

a w',de runge of diITerent onJugatcd pol)mers and 
As for el cctron donors. 

. , for ncccptorS. fullerene art the bench mar 
oligomers ha ve been studIed. I-IO\\C\ cr, 

of 
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these days organic solar ce ll s. Pan icularly 16 61. h 1 c.. . 
• . p cn) t, 'V\,II)rlC ~Id mnh) I e\1t'f 

(!'COM) and [6.6 1-phcnyl·Cw butyric acid methyl t'stcrlP(701)\1) , . , 1 19 c. 
' \ • IgUrt . • na\ C 

been extensively used. 

Figure J .19 
~"' t~ ...... ) 

Molecular structures of [6,61-phcnyl. 61 -bul ) ric It id mClh) I c~ lcr 

(PC60I3M) and [6.61-phcnyl·C71·but ),ric acid rncth) I ester (I 700~1 ). 

FuJlcrcncs have a sct orlmly un ique characteri stic such as high electron amnl'Y as 

wel l as high ck:clron mobi lity that make them vcry good acceptor components in BIIJ 

solar ceJls. Importantl y, the photoinduced cl(..'Ctron transfe r from exc ited donors is 

orders ofmagniludc fasler thun back-transfer or exciton decay. 

The addi tion of ful lcrencs assists the ck'Cl rons tTansfer. In the olher hand. 

increas in g the concentration of fullercne decrcases the absorption coemcien t of thc 

polymcr/ fuli crcnc blend, leading to lower photoinduced charge gCllcnttion and hencc 

lower device eOiciency. Thereforc. the rulio of Ihe electron donor 10 thc eh.'ttron 

acceptor must be optirnizL'<I to obtain ma.l(imu1l1 poI\er convcrsion cfficicnc), of thc 

system. 

T hickncss 

The thi ckness of the composi te fil m lIlust al so be optimi/cd. Thc 

photoinduced carrier gcneration in a th in film is low due to 10\\ absorption by the 

compos ite. A th ick fi lm prov ides high photo- inducl'<l carrier gcnerution due to the high 

absorption by the composite but low efficiency due to the hi gher resistance of the 

layer. The photoinduced charge sepanHion also depends on the mobilit) of the 

charge carrier in the polymer material . 
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Ann Cli linl:! 

An ncal ing, In general. improves the nanomorphology or the (k\ k:C The 

annealing could be donc either with solverrl 0 I d h r 8n t erma I annealing_ 

Solvelll allnealing 

Solvent annca ling is done by exposing the solar cell dc\ i e berore: the top 

electrodc deposition on the (jIm of the octi\'c layer to less \ olalile sohent \ apor It IS 

believed that so lvent annealing induces the polymer self orgllnllLlllon 11110 ordered 

struchirc, resu Iting a bellcr absorpt ion and holc mobi lity 1103). 

When the acti ve material is exposed to solvent vapor. the soh·ent molecules can 

penetrate into the (jIm and increase the space bcl\\cen pol) mer ha ins. the chllin 

become more mobile and se lf organization can occur to form ordering. A 4 re ult the 

Jsc increases and conseq ucntl y the power conversion efficiency increases. 

Thermal annealing 

Therma l annenling is heat ing of nctivc material nb(he the glu.)s trun!lilion 

tempernlure and it is usuu lly done us post production process. 

Optima l post-production nnnea ling provides t\\O ma in morphological effects: 

enhancement of polymer crysta llinity, leading to increased obsorption nnd 111lpro .. ed 

charge carrier transport, and diffusion orthe components (like P OM) leading to an 

increase of the phase separalion 1104 ,105). 

As a result of heating, the morphology of the organic: acli\ e In)er can be 

improved by reducing the free volume and the density of the defects al the interface 

during the evaporation of lhc solvent 11 06 1 and by enhancing intcn:hain interaction 

[ 107 [. 

It has also been also reponed on the positi\e innuenec of subject'"i the 

po lymer (jIm to heat treatment to enhance the quantum efficieoc) of Ihe charge 
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generation due to the change of morphology at the Intcrfi e oo\'ottn pol)mtr 

and clcctrodel I 08]. 

It was observed that annealing lead to II considerable impro\cment In the tolar 

cell paramcters. However, there is on opt imum combinat ion of anneahna lime .nd 

tcmperat ure beyond whie h the device parameters rapid I) degrade 

The improvement in the device is due 10 the formmion of II tructuroll) 

better ordered donor phase with (t stronger inlerchain reaction 1109. 110) Jlc:)ond • 

certain temperatu re there could be a reduction in the \3lues of J ~. and Vue. fhi 

deterioration can be attributed to Ihe fuct thut at high tcmperoturcs the fullcrcne: 

molecules can difTuse much easier with in the pol) mer mutri~ fonnll1& lurae 

nanocrystals. At hi gher annea ling tem peratures. there is al §() (t probabili ty of 

degradation of the contacts. Besides this when the devices !Ire annealed :al hi&her 

temperatures, the excess solvenl llnd water is released \\ hich may ruplure the tOp 

aluminum contact layer thereby further dcgruding the cantuc!. 

Durrcr layc rs 

The odd ition of a buffer layer at the lTO-polyrner/fullcrcnc compo 'Ite interface: 

and the po lymer/ fu llercne composite-AI interface helps in irnprovina the device 

enic icney [ 111 1. 

PEDOT: PSS is known as a p-typc semiconductor. It good holc tTilnsport 

materia l. and assures a beneT hole collection frolll the pol)lllcr/fullcrcnc composite 

layer on 10 the ITO eleclrode. The PEI)QT: P S spin cooted on 10 Ihe I roo 

smoothens its surface and therefore an y possible short circuiting due to Ihe PI~y 

roughness orthe surface is prevented. 

A thin LiF layer bet\\cen the pol)1ner/fullercnc blcnd and Ihe aluminum la)cr 

increases bolh the 
, " ol'ngc nnd the fill factor of Ihe de\icc. )icldin& open-clTcul v 
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increased power conversion cflicic S 
ncy. cveral mechant mt ha\c been iUuntcd 

including lowering orthe effective wo k fi . 
r uncllon orlhe IllumlOum, d. SOCliltOf'loft.hc 

LiF and subsequent chemica l reaction (do · ) f . 
pmg 0 the orgllnl la)n-; form'llOn of. 

di l>O]c layer leadi ng to a vacuum level offset bel h 
\'oCtn 1 c orgonlc III)er and the AI; and 

protection or the organic layer from the hal At I d · 
n Oms urmg Ihennal deposition OUI all 

of them arc under debate. 

1.4.6 Errect of ill ul1li n31iol1 In tensi ty 011 shOri clr{ul! 

curren t and open circuit voltage 

The study of light intensity dependence of short circuit current and open Circu li 

vo ltage of BHJ solar cells could help to understand the loss mechanisms or the dc\ icc 

II ) Intensity dCI)Cndcn cc of J sc 

Several au thors have rcportl.-d a power la w dependence of Jsc upon liahl In,,!n!lll),. I. 

11 12- 118) i.e. 

( 1.40) 

where u' ranges Iypicall y from 0.85 10 1 for polymer/fullerene based solur ce lls (1191 

The in terprctat ion of the exponent u' vnrics in li lcruturc. I he: dcviution from u' 

has becn conjectured to ari sc frolll n slllull 1055 of carriers via bunolcculnr 

recombination 188, 11 7, 1181. In the contrnry Koster el al has dcmonstruted Ihul 

bi molecular recombination docs nOI uceount for the observed vutialion of u' from onc, 

but that the true cause lies in the buildup of net space ehurge due to Imbalanced 

transport of charge carrierslI 19J. However, Heeger el 01 has cmphasi7cd Ihat (l' 

when all carriers arc swept out prior to recombination and collected a II cumnt in the: 

ex ternal circuil. Thus, measurements nl short circuit, \\here the internal fie:ld 15 high and 

the charge carriers arc efficient ly swept QuI , arc not ideal for the: 5101.1) ofrecomblntuion 

11 201 · 
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b) Intensi ty dependence or Voc 

The light intensit y dependence of Voc provides indcptndent and eomplcmcntar)' 

infonnation on Ihe details orthc recombination proccssc from that obuuncd from J 

Under open-circuit cond itions, the currcnt is ICro; all phocOjcncralcd amcn 

n:combi ne wi thin the ce ll. Thus, recombination studie nc r open CircUi t are 

particularl y sensi ti ve to the detai ls of the rec mbination mechanism 

The study of light intensity dependcnce of open ircull \ oltaBe helps 10 

di stinguish between trap assisted recombination (rnon m leeular) or I anBC\in I)pe 

recombination (b imolecular recombination) (1 20). Thc villue of the slope: of oe \CI")U 

natural logarith m of the light intensity depends on the strength of the recombinmion 

wi tha siopeofPI1 2 11 i.e . 

( I 41) 

If the slope P - kT/q, the tmnspon is Imp free and a ilU1Bc\' 1Il t)pe: 

recombination is a dominant lose mechanism (where k 

absolute temperatu re, q elementary chargc, lind I intensity). 

!loll/man c n~lant . I 

If p > kT/q, a trap assisted recombination (monomolecular) is dominllted o\er 

bimolecular recombinat ion 
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J.5 Ohjccli\ es of Ihe Slud) 

The gcneral objective of this study is to siudy charge carrier lranspon propcr1lCS of 

intrinsic conj ugated polymers. develop and characlerize bulk heteroJunction organic 

solar ce lls and to get insight on the performance ohhe polymers. 

The speci fic objectives arc: 

I. To study Ihe hole transport property of pristine conjugated pol)mm by usina 

difTerent techniques in ordcrto get insight in Ihciroplocl«1 nic perC! nnan e 

2. To study the eleclric fie ld and tem perrllure effects on mobilily in order 10 

pred ici the charge transport mtthanism in the pol)'lllcr. 

3. To compare Ihe admittance spectroscopy wilh othcr Icchniques for 

measurement of charge Iransport property of polymers in order 10 eMliblish for 

futu re usc. 

4. To characterize the optical, electrical lind trnnsport property of Ii IlC" Iy 

synt hesized conjugated polymers in order 10 pred ict its performallce in orGanic 

solar cells. 

. . I I oltaic tllld characlcri/c IhClr S. To develop a Bulk HetroJunct lon p 10 OV 

perfo rmance of organic polymers. 

6. To study light inlcnsity effect on the pcrform:mce of orHanic photo\ olta ic 10 

order to get insight about the lose mechanism of the device. 
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2 Ex pc rimcnfHI 

2, I Cenera l 

All requ ired chemica ls were bought from S' Ald ' 
Igmo- nch and most of them "ere 

used as received except poIY(3 4·cthylcnediox th ' h y 
, Y lOp cne poly t) rcnc sulfonic acid 

(CLEV IOS P VI' AI 4083, H.C. Starck) (C H ) NCIO (FI . 
, • 9 4 4 uka. tr)stalh/oo from 

CI-I )OI-1 and Vacuum dried), and CHJCN(Mcrck sto _.. d 
, rl..-U un er argon pressure and 0 \ cr 

molecular sieves 3 A activated at 400 °C for four hours), 

In all cases a patterned Indium doped Tin O,xide (ITO) glass "as used (I 

supporti ng substrate. The ITO was rirst cleaned by sonication for 15 minutcs \\ ith 

acetone then wi th another 15 minutes in isopropanole. consecuti\cly. I~ inully it \\115 

treated in Ozone·UV chamber for another 15 minutes. 

The J·V characterizations were made wi th Keilthy 2400 source- meter, 

AMEL5000 electrochemical work station was used for eit'Clrochemical 

characteri zations. UY·Yis absorption s(X.'Clrum was rt'Corded with II Perk in Elmer 950 

spectrometer and Photo luminescence spectrum with S(X.'C Fluorolog II I 81 

spcctronuarameter. Solartron 1255 Frequency Response AnalYler \\ ith 0 olanron 

1294 dielectric interface was used for admittance measurements. SR (tanfurd 

Rese<lrch Systems inc.) OS 345 funclion generator was used us a sourcc of function in 

the measurement of CELlYE experiments. Hi> 214A was used us II sourtc of 

rectangular function in OISCL transient characterization. Tencor AlphaStcp promo 

meter was used far thickness measurements. 1'1 100 thcrmoresislor \ \IIS used 10 measure 

the temperature of the devices. 

Solar cells were ill um inated by using 3 so lar simu lator ( U 2000, Abet 

Technologies) and the light power intcnsily was calibrated using a ccniricd sil icon solar 

56 



cell. For light-intensity dependent mea 
surements 11 S t f , e 0 quartz ncutrol filters ""Cft' 

used to vary the incident light power intensity. 

2.2 11oll' mobility rn('~s urc lll eni -fA I' I' O . o - (.1"4.'('11 6 

2.2.1 Hole mobility measUI'emclI1 of APFO Gr 6 1 . een w 111 A 

The devices used in thi s study we 
rc prepared in the sand\\ i hed structure 

ITO/PEDOT:I)SS/APFO-G recn 6/AI Figure 2 I h .. 
• . , \\ ere ITQ IS indium 110 o,.de and 

PEDOT: PSS is po ly(3,4-clhylcncdioxyth ioph " 1 en(',..po YSlyrcnc sulphon. nCId (" orl.. 

function 5.0 - 5.2 eV). The po lymer HOMO/I UMO I 1 
~ eve 5 arc til - S.2 cV and III lS 

cV respective ly. 

AJ 

APFO·Green6 (380 nmJ 

PEOOTPSS 
ITO 

Figure 2.1 Device structure of ITO/PEDOT:PSS/APFO·Grccn 6/AI. 

The polymer layer was spin-coatcd with 800 rpm from II chloroform so lut ion (20 

giL). The thickness or the po lymer film was 380 nm. Berore the deposition or the /\ 1 

cathode on Ihe top or the fi lm, the polymer film was annealed al 1350 ror 25 min to 

completely remove the so lvent. The top AI electrode (70 nm) was IhennalJ) e\aporated 

at a base pressure or 4 x 10-6 mbar through a shadow mask giving !In active device area 

0.24 cm2 in Argon atmosphere glovcbox. 

The complex ad minance was measured al room temperature and under d) namlc 

vacu um (10.5 mbar). The amplitude orlhe ac modulation \ ohage \\as 80 rnV. v. \\as 



va ried in the range 0 - 10 V with a voltage Sle of I 
P V. and a frC'quC'nC) s~«p l"lII&e of 

1- 5 .x lOs Hz was lIsed. 

2.2.2 Hole mob ility mcasure mcnt of API'O G . rccII 6 \\ith CI:UV 

The device structure was Ihe same as that of AS, ITOfPl:DOT:1 APr 

Green 6/AI. With this structure two devices were p c cd . h . r par WIt e"perlmental 

condit ions indicated in Table 2. 1. 

Tab le 2. 1 Devices tested with CELt V techn ique 

Device Solvent Conc. Spin coat ing Th ickness Acti ve Anneall ng 

code lIsed (giL) speed (rpm) (nm) area (cml) 

A CHCI, 40 700 420 0.081 I No anne uli ll& 

Il CHCI, 20 800 l80 0.24 Ill' C ( 25 mln) 

-

The annealing was made in argon fill ed glovc box. The CEUV mcl1Surclllenl ..... l~ 

done under dynamic vac uum in homemade chamber lit room tcmpcnlturc. 

2.3 I I o It- mobili! \ Ill ca\urr lllcnl of AI'FO·(;rcl'lI ~ 

2.3. 1 Hole mobi lity measurement of AI'FO·Grccn 'i with A\ 

Thc dev ices used in this study were prepared in the s.'Ind\\ iched structure 

ITO/PEDOT:PSSfAPFO-Grcen5IAI, Figure 2.2 . The pol)mcr lu)cr \\US spin<oated at 

760 rpm from a chloroform solut ion (10 gil). The thickness of the pol)mer III)cr \\IIS 

260 nm. 
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APFO·G~ClI5 (Z60 run) 

00 0 0 0000 

• 
Figure 2.2 Device structure ITO/PEOOT:PSSlAPFO.Grcen5/AI 

Before the depos ition of the top electrode the polymer films \\crc anncalrd al 135 

for 25 min . The top AI electrode (70 nm) was thermally eva poratcd IU II base pressure 

of 4x I 0.6 mbar through a shadow mask giving an active device area of 0 26 cml 

The electri ca l characterization of the devices WIIS carried out In homemade 

chamber under dynamic vacuum (0.5 mbar). The amplitude of the ac modulation 

vo ltage in Ad mittance measurement was SO mV. the forward de bias was \aned In the 

range 0 - 10 V with a vo ltage step of I V, and a frequency sweep rnngc of I 5 x 10' 

li z was used. 

2.3.2 Hole mobility measurement of APFO·Grcen 5 wllh 1)11)(1 

transien t 

The dev ices used in thi s study were prepared in thc and\\ khcd structure 

ITO/PEDOT: PSS/APFO.Green SIAl. The polymer la)er was coated on thc subSlrale 

wi th doctor _ blad in g technique from a chlorobcnzenc !)olution (16 gIL) lind dned for 24 

hours. The thickness of the po lymer layer was 2.33 ~un . The lOp AI elec trode (70 nm ) 

f 4 :dO~ mbar through a shado\\ mas~ was thermally evaporated at a base pressure 0 , 

, 
giv ing an acti ve device area of 0.24 cm . 



The elec trica l characterization of the d . 
. CVlces was carried out under d)nlmlc 

vacu um (0.5 mbar). In this c;o;pcrimcnt il rc t t 
• c nngu {lr "ollage pulse (Imphludc S 40 V, 

pulse duration 10 illS) was applied 10 the sa 1 . 
mp c usmg pulse generator 

2ATr:ln~po rt IlI'operh' of :! 1I0\ ('111h(' 1I 1 1 . 
. ~ \ U 1 ' lilUl ctll )f) l ~ Ihiophl'nl' 

0-110PT) 

UV- Vis absorption and PhOiolum incsccncc (Ill ) petlrum " cre retOfdcd In 

solution and in th in film on quartz substrate. Quantum yie lds of III for solul ion " Crt 

obtained as relati ve va lues using Ru(bipy))C I2 in (lcralcd \\a!cr solul ion II Ihe 

reference, and an Edinburgh Ouoromclcr equipped willi 0 Labsphcrc intcgrnling sphere 

was used to measure absolute PL quantum yields of solid films I J 22) . 

Cyc lic vollammctrics of PPOfYf thin films. spin -coal<.-d onto I rO-co.1tcd glass 

substrate (15 mm x 15 mm) from a chloroform so lut ion, \\crc recorded A three 

electrode system was used, consisting of a platinum wire as auxiliury electrode. 

aqueous Saturated Calomel (SCE), whose potential resulted - 0.392 V \'5. 

ferrocel1c/fe rricenium internal reference 11 231 and ITO us working electrode. 'I he three 

electrodcs were placed in an electrochemical ce ll consisting of three compartments 

separated by glass fri ts. A 0.1 molL" letrabulyhlln moniul11 perchlorate ( . II ~ ).N 10. in 

acetonitri le (eH3eN) was used as supporting electrolyte. Argon gus was bubbled for 20 

min utcs in the working compartment before the measurement. During the 

measurement, argon gas was nushed into the working electrode compartment. 

Adm ittance spectroscopy tcchnique was used to churoctcri7c the transpon 

property of thc polymer. The devices used for admittance spcctro5COP) measurements 

were prepared in the sandwiched structure ITO/PEDOT: P S/PPOPi /Al , The la)er of 

PEDOT: PSS (around 40 nm) was spin-coated 31 4000 rpm onto ITO/aiMS subslratcs. 

and then baked in an oven at 120°C for 10 min . The polymer layer \\l'lS splIl-co:ucd at 
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850 rpm from a chlorofonn SO lution (22 g L·I) d 
an thennally annealed at 120- for 2S 

min in argon atmosphere before the top electrode deposition. The Ihi kne 
of the: 

polymer layer was 260 nm. The top AI clcctrod (70 ) 
c IIIn \\ a5 thermall), C\oporated at I 

base pressure of 4 x 10-6 mbar through a shado k · . 
w mas ' glvmg an acti\c de\ i e area of 

The electrica l characterization of the devices ' 'cd "as earn OUI at room Icmpenuure 

under dynamic vacuum (5 x 10.5 mbar). Adm inance WIlS me, d . h 1 f sure "11 amp lIude 0 

Ihe ae modu lation voltage 50 mV, the fo rward de billS vllried in the range 0 10 V "Ith 

II voltage slep of I V, and a frequenc), swecp range of 1- 5 x lOs III \\3S used. 

2.5 Bu lk - hctcro jUllctio ll so la r l'CIJ of r:lntlolU ('o' fl (j l ~ nl(' r (1'1,,( 0. 1 I ) 

UV- vis absorption spectra of films spin-coated onto qU(lrt~ subslratc " cre 

recorded. From electrochemical characterizat ion of the polymer Ihe II ~'I and LUM 

levels arc reported r 124 1to be - 5.6 1 cV and - 2.87 cV, resp<.'ctive ly. 

Solar cells were fabricated on patterned ITO·coated glass. A PI:.DO 1:1' lu)cr 

was spin-coated at 4000 rpm resu lting a thickness of around 40 nm. then bilked in an 

oven at 140°C for 10 min . PFB-co-FT and PCBM were dissolved in a ghen JOh cnt 

(chloroform, chlorobenzene{CB), diChlorobenzene (IX B) or in rn j"cd 1.2. 

dichlorobenzene/chloroform solvent in I: 1 v/v). The so lutions (25 g L·I ) \\cre stirred at 

40°C for three days. The blend solutions were spin ,coaled in air onto the 

ITO/PEDOT:PSS substrates. Then the samples wcre tl'3I1SfCITL'(lto on Argon glo\ c·box. 

where the dev ice structure was completed with the thennal c\'oporot ion of the top 

electrode (AI or Li F/AI) at a base pressure of 3 x 10-6 mbar. The act i \l~ area of the 

device was defined by the shadow mask used for the cathode deposition. I he solar cdl 

characterization was carried oul at room tem perature in an Argon glo\ ('·box. 
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2.6 BisE I I- PFIlTBT: "eBl"1 solar ('ells' a fO . . . 
. • II1Jl O~ 1I10 n :l 1. IIlId .. ne\\ , :and 

light intensity dependence stud) 

The synthesis of the polymer reported elsewhere 1125) UV · . 
. - VIS absorpllOn and 

photolum inescence spectra of fi lms spin-coalcd onto quanz s b t u 5 roles \\crc recorded 

for the stud y of blend weight ratio effect. 

Solar cell s were fabr icated on patterned ITO-coated glass substrates on \\h ich a 

PEDOT: PSS layer was spin-coated at 4000 rpm that result a thickness of around 40 

nm, then baked in an oven at 140°C for 10 min . BisEH-i>FDTBT and P OM \\cre 

dissolved in mixed 1,2-dichlorobenzcne/chloroforrn solvent in I:l( vlv). The solut ions 

(25 g L" ) wefe stirred at 40 °C for four days. The blend solutions were spin-co:m.'<l in 

air onto the ITOIPEDOT:PSS substrates. Then the samples were transferred to un 

Argon glove·box, where the device structure was completed with the thennal 

evaporation orthe top electrode (AI or LiF/AI) at a base pressure of) x I O~ IIlbnr. The 

active device area, de fined by the shadow mask used for thc cathode deposition. "as 8 

The dev ice electrical characterizat ion was carried oul at room tcrn pcrulufC in an 

Argon glovc.box. Solar cells were characterized by using solar simulator and the light 

intensity dependence was studied by using a sct of quartz neut ral fil te rs. 
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J. Res ilit a nd Discllss ion 

3. 1 "ole llIohili ty IlIcaSurr nJ Cllt fA. I' F() . 
II . . (. rc('n (j 

APFO-Grccn6 (1 26) is a family f 
o group of polymers called allcmating 

polynuorene copolymers. II is a low band I . 
gap po ymer wh ich absorbs 400 nm 10 800 

nm, Figure 3.1. 

1.0 Ji APFO G"" , 

! 
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Figure 3. 1 Absorption spectra of APFO·Green 6 and its molC(ular rormuill. 

ne polymer HOMO/LUMO levels, estimated by the onset or its mddlll ion/rcduction 

potential s, afC at - 5.2 eV and at - 3.5 eV, respect ive ly 11 27] . 

The APFO.Grecn 6 has been tested ror bul k.heteroj unction (13 I-1J) solllr cells in 

which il was used as the absorber and electron-donor mllterillI1l26]. Thc pol)mer \\35 

blended with pe BM fullerene derivative, acting as the eleclron·acceptor. and the 

related so lar ce ll s exhibited a power conversion efficiency or 1.4%. 
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Gaining insight into the mechan ism of charge Iranspon of acthe materials of solll 

cells is necessary for optimizing device performance. Therefore, its mObilil) h bttn 

studied with AS and CELI V techn iques. 

3 .1.1 Hole mobility measure ment wit h Ad mittance Spectroscopy (1 2" 1 

The absorption spet:trum of the polymer film before and after thennal annealing 

were recorded resulting a similar pattern that may indicate the annealing docs not 

degrade the polymer film due to thermal annealing. 

Based on the HOMOfLUMO level of the polymer film and the \\ ork function of the 

electrodes, Figure 3.2, the PEDOT:PSS has a negligible energy barrier und used as hole 

injecti ng electrode while AI used as electron blocking electrode. 

PEOOT:PSS j 
- 5.2 eV 

LUMO·3.5 i:V 

HOMO -5 .2 cV 

APFO-Gnon. ~ 

"'" l eV 

Figure 3.2 Energy levels of ITO/PEDOT:I'SS/APFO·Grecn 6/AI 

. ted to be nearly 1 V by taking the 
The built in potent ial (Vb,) was approx lma 

difference of the work function of PEDOT:PSS and AI electrodes. 

. cc as a function of the modulll.1ion 
Figure 3.3 shows the conductance and capacltan 

ITOIPEOOT:PSS/APFO-Green6lAI ho1c-onl) device 
frequency measured on an 

. V 0 - 10 V. lIere ITO was 
dc-bias voltages I.e. de structure fo r different forward 

positi vely biased. 
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AI zero bias the ]ow·frequency conductance is J ' d h 0 0 

0 \0, an I e capacitance IS nearly 

frequency independent, Figure 3.3a. If a relati ve dielectric COnStant of around 3 is 

assum ed fo r APFO-Green6, the value observed for the capaci',ncc , bO ( 
a zero las - 1.7 

of) is consistent with that expected for the geometrica l capa 0, C r 
Cl ance. ._ 0 the 

POlymer film . The same behavior fo r capacitance and only a , IO'gh, 0 r h I Increase 0 I C 0 \\ -

freq uency conductance was observed fo r Vd~ = I V, ind icating no injctlion of carriers, 

As the bias was increased we ll above the built-in VOltage, the behavior changed 

drastically due to the beginning of hole injection. Towards high frequencies the 

capacitance agai n tend to C"". while a slow decrease of C, wi lh respect 10 C .... is 

observed at intermed iate frequencies ( 103 
- 104 Hz), due 10 charge injection, Figure 

3.3b and 3.4a. In the same intermediate freq uency ran ge, the conductance shows a 

small dip, Figure 3.3a, other than increasing by orders of magnitudes by increasing Ihe 

applied bias up \0 10 V, The behavior of capacitance spectra at low frequencies is due 

to trapp ing and subsequent detrapping of charge carriers 152, 129, 1301. leading to II 

positive contri bution to C in the low frequency range. 

As alread y demonstrated [131]. it is more convenient to infer Ihe average transit 

times of carriers from the frequcncy,J....,., at which the negative differential susceptance 

shows its max imum valuc. rlr can be evaluatcd from the position of the ma. ... imum in 

.dB plot through imw. Peaks in - LlB plots versus frequencies were clearly obscrH.-d for 

V <k of at least 4 V. Figure 3Ab. The peaks increase and shift towards higher frequencies 

as Vdc increases, The hole mobil ity va lues were calculated by using Equation 1.21. 
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Figure 3.3 Frequency dependence of conductance (a) and capaci tance (b) for an 

ITO/PEDOT:PSS/APFO-Grccn6/AI dev ice at different dc bias voltages 

(values in Vb,as indicated in the figure). In the bottom figure the broken linc 

indicate the intermediate frequency range at which capacilllncc is lo\\cr 

than the geometrical capacitance. 
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Figure 3.4 Variation o f capacitance (a) and negative differential su cplancc (b) \\ ilh 

frequency in the intermediate rn.'qucncy range. at different de bin \olloge 

(values in V indicated in the figure). 

The hole mobi lity (j.q,) calculated from the maximum frequencies arc sho\\" in the 

semi~logarilhm ic plol of Figure 3.5a as a function of the square roOi oflhc clcCltic field 

E. 

The rough linear trend indicates that the experimental data folio,," the Poole-

Frenkel e.xpression. 
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Figure 3.5 Electric field dependence o( a) hole mobilit ies and (b) hole lransill imes for 

an ITOfPEDOT: PSS/APFO·Green6/AI device. The dotted linc represents 

the linear fit to the experimental data. 

The parameters for the Poole-Frenkel fi t to mobil ity data of Fig. ).5a urc Jlo· 

The square root fi eld dependence of mobility, frequently observed in disordered 

mo lecular materials [1 32], is expected in the case of Inlpping effectS. The 
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immobilizati on of carriers fo r li me periods by trapp' " d" , 
mg sites ISln bulcd In eocrg) leads 

10 a broad distribution of transit times hal is to a d,'s ' , pcrSJVe transport. 

It has been shown [1 33] that, in a multiple trapping od 1 h " 
me , I c tranSit lime of 

carri ers exhibit the electric field dependence of 

(3.1) 

where a is a dispers ion parameter (0 < a < ]', a • 1 ' lor non dispersive transport) 

introduced by Scher and Monlroll [134] in their model for the descript ion of dispersive 

transport in amorphous solids. 

The electric field dependence of hole transit times derived rrolll admittance 

measurements are reported in Figure 3.5b in a double logarithmic plOL From the slope 

of the line repres4~nti ng the li near fil to the experimental data a value of 0.4 \\US 

obtained for the d ispersion parameter a, comparable 10 other polymers 155 1. In the 

case of an ex ponential di stribution of trapping sites a is related to ils characteristic 

temperature To by a = TITo , T being the absol ute temperature . The oblllined value of 

a gives a c haract4~ri stic temperature for the energy distri bution of tmps of 754 K. 

3.1.2 Helle mobility measurement of APFO -G rccli 6 with CEI.IV 

Figure 3.6 shows a typical CELIV measurement of this polymer. Unfonumltely 

the devices did not give the characteristic signal s of CELl V and it was not possible 10 

determine the mobility the po lymer with this technique, which could be due \0 high 

degree of dispersive carrier mobil ity in thi s polymer. However. from the cap:lCili\c 

peaks, the relative permittivity of the polymer was ca lculated by usi ng Equation 1.8 and 

h' h . non value for most organic the average va lue was found to be 3.2, w IC IS very conll 

polymers. 
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Fi gure 3.6 CELIV measurement of ITOIPDOT:PSS/APFO.GreenlAI , Dc\ic~ 0, 

Thickness of PEDOT:PSS 40 nm, Polymer 380 nm, AI 100 nm. Insci is the 

ramp with A of 102 kV/s. 

3. 1.3 Conclusion 

The mobility of holes in a film of the alternating polynuorene APF()"Grccn6 \\:15 

investigated by adminance spectroscopy. Mobilities of the order of 10" em! v·1 5'\ 

were calculalcd al room temperature from the peak positions of the negative different ial 

susceptance in the electric filed range 5xJ04 
- 2xJO~ Vern" , '-Iole mobili,) was found 

to be strongly fie ld-dependent and, as evidenced by the behaviour of thc lo\\·(rcqucnC) 

capacitance spectra, carrier transport is affected by trapping cfTt'(IS. A dispersion 

paramete r of 0.4 was achieved from the trend of holes transit times \\ith the electric 

field. 

The measurement of hole mobility of APFO-Green 6 was tried using dark 

CELIV. But the characteristic CELIV signal was not obscn'ed. nhich could be 10" 

charge carrier concentration and high dispersive transport. I·knce, photo-CEll V could 
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be appropriate, which generate more charge carriers. However Ih I ' . 
, ere all\<: pcnmlll \II )' 

oflhc polymer was determined to be 3.2. 

Therefore, Adminance Spectroscopy could be suitable 10 del . h h conme t ee Brie: 

carrier mobi li ty of thi s class of compound compared to dark CEllV. 

3 .2 lI ole Inm spo rl property or APFO-CrcC-IlS 

The low-bandgap conjugated polymer called APFO·Grccn 5 belongs to a large: 

family of alternating poly fluorene copolymers (A PFOs) [1 35 [. APFO·Grccn S is an 

alternat ing copolymer based on fluorine and donor- acccplor.<Jonor scgmcnls of 

thiophene and electron accepting groups. APFO·Grccn 5, duc 10 the alternat ing 

electron-rich and electron-poor units in its molecular structure, Figure 1 7. exhibits II 

bandgap of 1.6 cV, whi ch makes it suitable for absorbing long-wavelength photon . 

The synthes is and properties of the polymer is reported elsewhere 11361· 
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d b tion of APFO-Grecn5. 
Figure 3.7 Molecular structure an a sorp 
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The polymcr HOMO/LUMO Icvels 11 361 . as d 
clenn incd b) C) lie 

voltammctry, arc at - 5.0 eV and at - 3.4 eV, respect ively. 

APFO-Green5 has already been Proposed as elcct ... 
ron"\Jonor component In 

pclymcr/fullcrene bulk heleroj unclion solar cells Showing' h 
, P OIOrcsponsc C'tended 

up to 800 nm and an overa ll power conversion efficiency of 2.2% 11 36). 

The hole mobility of APFO-Grecn 5 has al ready been investigated by FE" and 

CEU V techniques [137]. The two different methods gavc hole mobilities differing by 

one order of magnitude, those extracted from CE LIV (around 2 X 10" cm1 V" s I for an 

applied fie ld I OS V cm- I
) being lower Ihan FEr. 

In this study, the hole mobility of APFO·Green 5 is investigated by A and 

DISCL transient methods and compared to Ihe values previously report t-d with H~ I 

and CELIV methods. In order to get more insight of its performancc of the pol) Iller. the 

effect of temperature on its hole mobility has al so been invcstigated. 

3.2.1 Hole mobility measurement of APFO·Grccn 5 with j\ (hllit\aIl(C 

SI)ectroscopy [1 :W, 1391 

Based on HOMO/LUMO levels of the polymer PEDOT:PSS (work function 5.0 

5.2 eV) is expected 10 form an Ohmic contacl for emcicnt hole injcction, \\ hile Al 

(work function 4.2 eV) should acl as a blocking contact for electrons under fOf\\urd 

bias (ITO pos iti vely bias), the energy barrier for electron injeclion al Ihe AUAP,·Q· 

r· 3 8 The mobility of the pol)mer wa Green 5 interface being around 0.8 eV, 'Igurc .' 

done at room 
. . d h th temperature effect on the 

temperature at the begmnmg an t en e 

mobility was studied in the tem perature range of 4·64 °c. 
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Figure 3.8 Device structure and Energy level diagram of ITO/PEDOT:PS IAPI'O. 

Green5/AI. 

The exact calculation of the electric field (1:.1 applied to the 

rrOfl>E DOT:PSS/APFO·Grecn5/AI struct ure requires the evaluation of the devIce 

buil t- in potential (Vbl). 

Since a po lymer can be assumed to be completely depleted of charges At 10 .... ' 

voliagcs, the electric field inside the polymer is spalillily uniform and the energy bands 

remain rigid. In thi s case the built-in potential is expected to be given by the difference 

in the work funct ions of the electrodes. However, due to the crclit ion of interfnce 

dipoles, chemica l reactions between polymer and electrode. or churge (tccumu l(tl ion 

neur the electrodes, the bui lt- in potential could significantly deviate from the dilTerencc 

of the two electrode work functions [1 39,140). From the va lues of the electronic \\ or~ 

functi ons of PEDOT:PSS (around 5.0 eV) and AI the V.; is expected lo\\ cr than I V 

The va lue of Vbi was evaluated from the current-voltage (1- V) curve of the device. for 

forward bias Vb;," in the same range used for the admittance e.'<pcrimcnts (up to 10 

and found to be 0.7 V. 

l 'h J V h "f th !'rOIPEDOr'!)SSIAPFO-Grcen SIAl device ". e - c araetenstle 0 e . 

fitted by using the formula of Murgatroyd [61J in the space-c harge limiled current 

regime, Equation 1.23, where the electric field is given by (1' ..... - V.,)ld. 



By assum ing a va lue of 3 fo r the pol . 
)'ITIcr re/allve permil1ivily 1141 1 , a good iii 

was oblained for Vb; "" 0.7 V, as shown in Fi ure 3 9 . 
g . t and Its value was used for the 

determination of the applied electric field in Ih d . 
e a mJttance experiments. The fit oflhe 

j.V data also provided the mObi lity parameters =: 6 5 ·1 l . I . , 
Po . x/O em V s and y- S.hIO·' 

(V cm- 'r ' 12 • 

,,' 

,,' 
,-
E ,,' u 

" ,,' 
,,' 

0 2 • • • " V_tV) 

Figure 3.9 Current density as a function of forward bias for an 

ITOIPEDOT:PSS/APFO-Grecn SIAl device. The line is II fil to Ihe 

experimental data by using the fannula of Murgalroyd. The th ickness of the 

polymer layer was 260 nm. 

3.2.1.1 I~oom Temperature Hole llIobi l ity 

The admittance experiments were performed by using a V .... up 1010 V. \\ ilh a 

voltage step of I V. The conductance. very low for V._ = 0 V, increased by orders of 

magnitude by increasing the dc bias, Figure 3.10. A small dip in the conductance 

spectra was observed in the intermediate frequency range ( I O~·tOj I-Iz). shifting 10 

higher frequenc ies for higher va lues of Vhi",. These features are an indicalion of the 

OCCurrence of charge injection. 
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Figure 3. 10 Frequency dependence of conductance for an ITOIPEOOT:PS IA PI~O· 

Green SIAl device, for de bias (Vb;as) values in the range 0 - 10 V and with 

a step of I Y. The arrow indicates the direction of increasing VbllI' 

The capacitance was found to be almost freq uency-independent when the de 

bias was not applied (Vb i(U = 0 V), as expected in Ihe casc of no injl'Clion of charge 

carriers, and its value (around 2.7 nF) is consistent with the geometrical capuc1tanCc of 

a sam ple with an area of 0.26 cm2, a thickness of 260 om, and a relative pcnnitlivilY of 

3. The capacitan ce spectra greatly changed upon applying the bias. mainly al low 

frequencies, as shown in Figure 3.1 1. For Vb,as up to 3 V, C increased wilh increasing 

V bj()$ and decreasi ng f up to its minimum value ( I Hz). The capacitance excesS at low 

frequencies provides evidence for charge relaxation in trap level s [52,1 29.1 30\. other 

than indicat ing charge injection. 
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Figure 3.1 1 Frequency dependence of capac itance for an ITO/PEDOT:PS APFO. 

Grecn SIA l device at diffcrenl de bias values (va lues in V arc sho\\11 in the 

figure) in the all range of the mod ulat ion frequency in log - log scale. 

[t has been shown that in the case of an exponential distribution of Ililpping 

siles, very common in di sordered organic semiconductors (134, 142 1, the charnctcrislic 

temperature of the distribut ion, To, can be derived from the slope of the double-

logarithmic p lot of C vs /. Equation 3.2. Indeed. for T < 1~ T being the absolute 

temperature, the capac itance is expected to follow a power-law expression. in the 10\\ ' 

frequency region 

(3. 2) 

h / 
(0 < ... < 1', Cl - J for non dispcrsi\c 

w erc a = T To is a dispersion parameter ..... 

transport) 
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This fOnllalism is introduced by Scher and Montrolll1 341 in their model for the 

description of dispers ive transport in amorphous solids. 

The capacitance measured at room temperature (T " 300 K) and in the: 10"­

frequency range (f> 40 Hz) for the ITO/PEDOT: PSS/APFO-Green SIAl dc\ icc: is 

shown in Figure 3. 12 for two different values of Vbia.< (2 and 3 V). From the slopes of 

the lines representing the linear fit to the experimental data, values for a of 0.40 and 

0.4 1 were obtained, for VbiaJ = 3 V and VbiDs "" 2 V respectively. The two values for a 

correspond to characteristic temperatures of the trapping-sites distribution of750 K and 

732 K, respectively. 

Figure 

10' 10' 

f (Hz) 

d d e of capacitance for all 
3. 12 Low-frequency range epcn enc 

. V or 2 V (ci rdes) and or 
ITO/PEDOT: PSS/APFO-Green SIAl deVice al boas 

h r ar filS to the experimental 
3 V (squares). The dotted lines represent t e me 

arc shown in the figure. 
data. The values of the di spersion parameter 0. 
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When V.1<lI was funher increased (V. . > 3 V) 
/<II , a more complex beha\ ior of 

capacitance was observed at low frequencies if < 10J H ) 1" 
z. awards low /. capa itanct 

first increased, reached a max imum, and thcn 
rapidly decreased anaining ncgatht' 

values. The frequency range in which C showed th is bch' . 
BVlor was strongly dcpcndcnl 

on the dc bias, shifting towards higher frequencies as v· d ." 
6/<11 Increase . bgurc 3.1 1. Ill(: 

frequency at which negative va lues of C were attained changed from 3 H1. for ".... 5 

V to 280 Hz fo r Vbial = 10 V. These features of the capacitance spect ra ind icate double. 

injection of carriers [142] that is thc aluminum contact allows for a weak un in tentional 

injection of negative carriers. 

For V.'UI > I V, a minimum in the capacitance spcctrn was observed in the 

intermediate-high freq uency range, Figures 3. 11 and 3. 13a, expected in cond itions of 

high injection. The position of that minimum, determined by the transit time of the 

injected carriers, shifted towards higher frequencies by inc reasing the dc bias. It is 

convenient to infer the average transit ti mes of carriers from the frequency, 1-.. Itt 

which the negati ve differential susceptance shows its ma.xirnum vuluc 153). r" can be: 

eva luated from the posi tion of the maximum in - LlB plot through 1-.. I'enks in l.18 

plots versus frequencies were clearly observed for Vb,.! highcr than I V, Figu re 3.13b. 

The peaks increased in magnitudc and shi fted towards higher frequencies as 

Vb,as increased. It is wonh not ing that susceptance spectra do not show two relaxation 

pcak ~, C"xpectcd for dual -carrier injection. Th is indicates the occurrence of onc or mOrt 

of the fo llowing cond itions (143]: (i) charge-transport is hole-dominalcd in the 

ITO/PEDOT:PSS/APFO-Green 5/AI structure for the investigated range or VIaa,< so a 

. ···s not visi ble · (ii) t\\ O peaks second peak related to the transit tImes of negat1ve carners 1 , 

cannot be reso lved in the susceptance spectra because the mobi lities of posili\e and 

" (" "") h tribution of trapping erfcclS to 
negati ve carriers do not meaningfu lly d1ffe r; 111 t e con 
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capacitance curves obscures th e susceptance peak 
corresponding 10 the SiD,", tsl 

carriers. We believe that, in the investigated ITOfPE I.XY 
. '. r:PSS/APFO-Grct'fl SAl 

devIces, transpon IS dommated by posit iv ' .. 
e earners Injected from the n 'OfPEDOT I) 

elcctrode, so the peak observed in the su 
SCcptance spectra is relaled 10 the transit I 

effect of holes, as discussed hereinafter. Imc 

4>< 'O .. r-c--::-. ----------­,., .. 
·. 

f (HI) 

,,' ,,' ". 
f (Hz) 

,,' 

Figure 3.13 (a) Frequency dependence of capac itance for an ITO/PEDOT;I'S APrO· 

Green 51AI device at different de bias values (values in V are sho\\n in the 

figure) in the frequency range at which C is lower than the geometrical 

capacitance. (b) Variation of the negative different ial susceptance "ilh 

frequency at different de bias vollages (values in V indicntcd in the figure). 

In the bouom fi gure, the lines are shown to guide the eye. 
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The transit limes, deri ved from the . 
maxImum freq 

ucoer of - 1.1B plalS ate sho"n 
in Figure 3.14 as a funclion oflhe applied el . fi 

eClnc reid with V .. ., 0.7 V. 

From the linear fit 
to the experimental data of the double 

logarithmic plot 
shown in Figure 3. 14, a va lue of 0.39 was bl' d 

o ame for the dispersion parameter 0. b) 

using Equation 3.1 , leading to a characteristic Ie 
rnpcrature for the energy distribut ion of 

lraps of 769 K. The val ue of a is in good agreem t . h h . 
en WIt I ose derived from the 10" -

frequency capacitance spectra, Figure 3.12. 

10· a = 0.39 

~ 
• -

10· 

10' L..~~~ __ ,-;-______ _ 

10' 

E CI/ em" ) 

Figure 3.14 Electric field dependence of chargc-.(;arricr transit lime . Thc line 

represents the linear fit to the experimental data. The value of lhl' dispersion 

parameter (l is shown in the figure. 

Charge transport in most conjugated polymers. and in geneml in disordered 

systems, usua lly occurs as a series of hops between localized st<ltes. lead ingto a strong 

dependence of mobility on temperature and electric field (1 61 thus the in\(~stigalion of 

mObility with temperature and field provides insight into the mechanisms of charge 

transport in these materials. 
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The ca lculated values of the charge . -carner mobilities arc sno\\n ,. h n I e seml-

logarithmic plot of Figure 3. 15 as a function orthc square rOOt orlhe electric litld The 

nmenta data follow Ihc Poole-Frtnlcl good linear trend indicates that the expe ' I 

urve. lie parameters for Ihc expression, Equation 1.4, as expected from the \-Vel 

. arc Po "" 1.44 X 10'7 cm1 V·I 5" and r poole-Frenkel fit to mobility data of Figure 3 15 

, east lor r. wilh those derh ed :< 8.0 X 10-3 (V/cmr l12
, showing a good agreement at I ' 

from thc fit of the 1-V data. 

10' 

-
w 

-> 
" E 
;< , 

10' 

200 300 400 500 .00 100 

Fi gure 3. 15 Square-root field dependence of chargc-carricr mobility for lUI 

ITOfPEOOT:PSS/APFO-Green SIAl device. The line represents thc linear 

fit to the experimental data. 

3.2.1.2 Effect ofTemperaltl re on Hole mobility 

The dependence of the hole mobility of APFO-Grecn 5 \\tIS studied \\ ith 

temperatu re range of 4 _ 64 0e. Figure 3.16 shoWS the conductance as 11 function ofthc 

modulation frequency for different values of temperature ,nd at the for"'"' bias of 6 

v. 
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As expected, conductance was also I 
great y enhanced by increa ing the 

temperature, changing by more than one order of . . 
magnnudc In the tcmpcrulUft rangr 4 

- 64 °C, indicating strongly Ihennal ly-aCli vated charge 
carrier mobility, In the 

intcmlediale frequency range 104 
- lOS Hz the c d 

, on uctanec spectra sho" "ery small 

dips, Figure 3.16, moving toward higher frequencies Ii h' h 
or Ig cr temperatures. Those 

dips are an indicat ion of charge injection. 

10·'1-------___ _ 

, 
: , 

64 ·c :l ./:. _ '___ ... ". . ... .J N' 

44 .C ._ ... ",.~. ______ ~../..:r 

24 ·c .' 
" : . ......... ............................. : 

.-
4 ·C ..... .. ', '; ./; 
- ---- _ .. '" 

10' 10' 10' 10' 

f (Hz) 

10' 10' 

Figure 3.16 Frequency dependence of conductance for an ITO/PEDOT:PSS/APFO· 

Green SIAl device at different temperatures and for a de bias of 6 V. 

In the capacitance spectra the typical minima were also observed in the same 

frequency range, Figure 3. 17a. Hence. the negative differential susceptance. ·M. Is 

plotted based on these results, Figure 3. 17b, for Vbial::: 6 V and the average trnn~il time 

of carriers were inferred from this plot. The peaks increased and shifted towards higher 

frequencies as temperature increases. 
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Figure 3. 17 Intermediate-frequency spectra of capacitance (a) and negali\'c diffl'rCnl ial 

susceptance (b) fo r an ITOIPEOOT: PSS/APFO-Green SIAl device at 

differen t temperatures and for a de bias of6 V. ln the bottom figure. the 

lines are shown 10 guide the eye. 

The average hole mobi lity values obtained al the considered temperatures arc 

reponed in the semi- logarithm ic plol of Figure 3.1 8 as II func tion oflhl' square root of 

the electric field . A good linear trend of the experimental darn was obtained. \cry 
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common for disordered organic materials and ' d' . 
rn ICatrng that mobility in APFQ-Grttn 

5 obeys, in the in vestigated range offield and t 
emperature, a Poole-Frenkrl beha\ ior . 

.•... ~ ... 
• .. ... . .. ...• •..... 

~ ...•.. •... 
10· 

... ... • ••• • . ", •... , ••• •• 00 .. . .. -s. ..•. • • " •• E ..... •• ~ • < 
~ • • • ·c 
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, .. • 2' ·c • 44 ' C ... • .. ·c 
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E'12 {V cm"l,a 

Figure 3.18 Square-root field dependence of the average hole mobi lity for an 

ITO/PEOOT:PSS/APFO-Green 51AI device at different temperatures. The 

lines represent the linear fits to the experimental data. 

The data of Figure 3.18 can be analyzed within the disorder formalisms for 

hopping transport in disordered organic solids. According to the we ll-knO\~n Gaussian 

Disorder ModeJ (GOM) [1 44] for the hopping conduction of charge carriers among 

localized sites with a Gaussian profile of the density of states, mobility can be 

expressed with the semi-em pi rica l equation, Equation 1.5. 

The behavior wilh temperature of the zero-field mobility, obta ined for each 

temperatu re from the fits of the experimental data of Figure 1 18 10 Poole-Frcnl.el 

equation is reported in Figure 3.19. 
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Figure 3. 19 Zero·ficld mobi lity as a function of Iff. The line represents the linear fil s 

to the experimental data. 

Figure 3. 19 shows an exponential decreasing trend with In J, as predicted by 

Ihe GDM mode l. The slope of the plot of Po versus Iff yielded u ., 0.14 cV and its 

va lue was used to build the plot of Figure 3.20, in which the parameter r is reported us 

a function of (CFlkT) 1. Aga in, ywas derived, for each temperature, from the fit s oflhe 

mobility data shown in Figure 3.18 to Poole-Frenkel, Eqation 1.4. 

According to GDM, Equation 1.5, the x intercept of the plol of Figurc J. 19 &II\C 

5 I V·I . I d 
1:= 3.86. The values detennined for the olher parameters arc P,n! - 0. 1 em s an 
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Figure 3.20 Poole-Frenkel r parameter as a function of (afk1') 1 (GDM). The lines 

represent the li near fits to the experimental data. 

Figure 3. 19 results were also analyzed by the Correlatcd Gaussian Disorder 

Model (CDM). The ma in difference between GDM equation, Equation t .5, and cm.-I 

equation, Equation 1.6, is the different temperature dependence of paramcterr, 1Ip-1n a 

slightly higher va lues for the energetic di sorder a, with respect to thc GDM model. 

Hence, a 0.16 eV was calculated for a from the fit of data of Figure 3. 19 to Equation 

1.6 (CDM). 

The va lues of y were ploned against (a1kT) 311, Figure 3.21, and a vcry high 

value for the average site separation, a '" 4. 1 nm, was extracted from the linear tit 

according to Equation 1.6 (CDM). 
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Figure 3.21 Poole·Frenkel r parameter as a function of (a/krill (CDM). The lines 

represent the linear fits 10 the experimental data. 

The values of the charge transport parameters obtained by IIlIing the mobi lity 

data using the GDM and CDM models are summarized in Table 3. 1. All lhc parameters 

arc rather high, justifying the moderate transport properties of the investigated polymer 

film s. 

Table 3. I. Va lues of the charge transport parameters obtained by filting the mobil ity 

data using the GDM and CDM mode ls. 

Parameter 

Model )1"'1 " Co !: " 
(cm2 y.' 5.1) (eV) (V cm-1r"1 (nm) 

0.14 4.8x 10 3.86 . 
GDM 0. 15 

0. 16 . . 4.1 
CDM 0.15 
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3.2.2 Hole mobili ty measurement of APFQ-G 
.ree ll 5 h uh 015(1 

trans ient 

As mentioned above the PEDOT:PSS forms an Ohmic co • . h n act WI! the polymer 

and used to inject holes while AI blocks the injection of electrons ',n' .h o e system. 

Fi gure 3.22 shows the OISCL transient signals for bias voltages from 10- 40 V in step 

of 5 V. 

For bias potentials between 20 ·35 V the DISCL signals riches a pcok at \~ e l l 

defi ned time, t lr , and decays to reach a steady slate current at long time. But below bios 

potential of 20 V and after 35 V it is difficult to see the characteri stic DISCL signals 

may be due to poor injection in the lower bias potentials and short transit lime a1 high 

potentials. In the regions where the characteristic DISCL signal were observed i1 is 

simple to extract the parameters that aTe necessary to calculate the hole mobility dala. 

40 V 
1.6 

~ 

~ c---
I'----:: 

o 40 

. . lied bias from 10 - 40 V in step 
Figure 3.22 Room temperature 0 1 transient s under app _ 

. TOWEDOT: I'SS/AI'FO· 
of 5V of APFO Green 5 with devIce SIrUcturc of I 

Green 51Al. Active layer th ickness was 2.33 ).lm. 
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The DISCL transient time extracted from F' 3 
Igure .22 as a function of applied 

electric field is shown in Figure 3.23. 

4.5E-6I-;::---________ ~ 

3.5E-6 
a = 0.77 

3E-6 -~ 
• 

.. 2.5E-6 

2E-6 

9x10' 1.05xl0' 1.2x10' 1.35xIO' 15.'0' 

E IV em-') 

Figure 3.23 Electric field dependence of charge carrier transittimc. The di spersion 

parameter value a. is 0.77 and shown on the plol. 

As shown in Figure 3.23 the transit time decreased with the increase of appl ied 

field as expected fo r a dispersive transport. The dispersion parameter in DI CL (0.77) 

is much higher than AS (0.39), which could be the result of thickness and morphology 

difference due to the solvent difference of film formation process in thc two tcchniques. 

The characteristic temperature for the energy distribution of traps in DISCI. is 

ca lculated to be 399 K which is very lower than AS that may be thc reason for the (1151 

transition in this measurement. 

Based on the transi t li me the mob ility of the polymer has tx'Cn dctermined by 

using Eq uat ion I . I 6. The calculated mobility as a function of square root of applied 

field is shown in Figure 3. 18 and analyzed based on Poole-Frenkel relations. Equation 

I ' F' " 24 lA. The good linear fit indicates that it fo llows the pool-Frenkel rc allOn, Igure J . • 
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Figure 3.24 Semi-logarithm plol of sq uare rOOI field dc""ndcncc f h ' 
y~ 0 c urge-climer 

mobi lity for an ITOIPEDOT:PSS/APFO-Green SIAl. The line indicates the 

linear fit of tile experimental data. 

J .2.J Conclusion 

The mobi lity achieved for APFO-Green 5 in AS at the highest field (3.5 x 10' V 

em"'), close to 2 x IO-s cm 2 V-I 5.1, is in excellent agreement with Ihal alrclIdy rcporecd 

by Andersson and coworkers [145] for Ihe hole-mobil ity orthe same polymer CVahUI!cd 

by using CELIV technique. For these reasons, we believe !hlll charge Irnnspon in Ihe 

investigated Siruclures is hole-dominated and the peak observed in the susceptance 

spectra are re lated to the transit limes of positi ve carriers, though the occurrence of a 

weak electron-injection at the AI electrode, affecting the admittance low- frequency 

response. Th is suggests that bulk techniques should be more suitable for the 

invest igat ion of transport properties of organic materials to be used in applicat ions 

requiring sandwiched device structures, such as solar cells or light-em itting diodes. 

'I · . h· fi lms of APFO-Grc-cn S The electric fie ld dependence of hole mobl lty m t In I 
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has been investigated with temperature by admittance 
spectroscopy. Mobilili 50fdlC 

0-6 10- 5 2 V- I - 1 
order of I - em s were calculated al rOOm temperature from the pt 

positions of the negat ive differential susceptance. Transport r .. , 
o poSitive charges Cllrnl:f1 

is strongly field and thermall y activated. 

In the investigated field range, the mobi lity is enhanced by hi roug y one order of 

magnitude by increasing the temperature from 4°C 10 64°e. Using the GDM 

fonnalism, a value of 0. 14 eV was found for the width of the Gaussian distribw ion of 

energy stales and 3.86 for the positional disorder. The parameters c:<traeted by fitt ing 

the mobility data accordi ng to the di sorder formalism indicate thll t charge transport in 

spi n-coated thi n film s of APFO-GreenS is greatly affected by high energeti c: and 

positional disorder, j ustifying the moderate mobility values. 

The mobility values determined with DISCL technique is one order of 

magnitude larger than the AS and CE LI V techniques. From !·oole-Frenkcl ti l 10 

experimenta l data, the ~ = 3x IO-4 em2 V-IS·I and y = 1.8x IO·} (V em·lrlll \\crc 

dctcrmined. Hcre the Poole-Frenkel constant is in the samc order of magnitude with 

that of AS. 'f can be considered as measure of the sensitivity of the mobility with 

respect to the appl ied electric field {14S]. Therefore, the hole mobility is eq ually 

sensiti ve to electric field in AS and DISCL for this polymer. 

In conclusion the DISCL measured values are onc orders ofmagnilude higher than 

AS and CELIV techniques. Moreover its potcntial window is very narrow. Therefore, 

. . d f h polymer materials as that of thiS technique may not be sUitable for the stu y 0 suc 

AS. 
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3.3 Tnlllsporc flro pcrt~· 01' ;1 no\' l'I phcnyl-subsfl I . 
t 111 (,( 110 I ~ Iinoflh r ll e 

Polythiophene and its derivatives constitute one of til . . 
e mOSt prOmlslng lasses 

of conjugated polymers and have been widely used in SOIUlio . cd 
n process polymer solaf 

cells 192] and field-effect transistors [146] , as well as in the fabricat' fl · h .. 
Ion 0 1& H:mllling 

diodes [147). 

In order to tune their electronic properties to meet the request for different 

applications, chem ical modifications of polythiopcnc derivatives have been pcrfonncd . 

One method to tailor the electroni c properties is the introduction of SubSlilUcnts on the 

thiophene rings (148). Substituents can influence the elcttrical, electrochemical, ond 

optica l properties of the resulting polymers, other than modifying their proccsSlIbilit)' in 

organic so lvents. Depending on their nature, size and position, substituents can afTect 

the interaction between polymer chains or induce a di stortion of the polymer bnekbone, 

resulting in the vari ation of the 1Honjugation of the aromatic system. 

Phenyl-substituted polyth iophenes have been already reponed in the literature, 

showing how the phenyl substituents affect the electrochemistry [1491, the light 

emission properties [1 50], as well as the photoinduced charge transfer behav iour 11511, 

Howeve r, the effect of the phenyl-substitution on the transpon properties of th is class 

of polythiophenes has not been thoroughly investigated , 

h . t' of a novel polyth iophenc Therefo re, in thi s section the c aracteTiza Ion 

derivati ve, pol y[3-(2 ' -pentyloxy-5 ' _( I '" -oxooctyl) phenyl)thiophene I (PPOI)'I). Figure 

3.25, is di scussed. In add ition to the optical and electrochemical charaCleril.alion, the 

. . 'ers in thin films of PPOPT is 
in vesti gation of bulk transport properties of positive cam 

described [l52J. 

92 



Figure 3.25 Molecular formula of poly[3-(l ' -pcntyloxy-S' -( I'" "",ooct}l) 

phenyl)thiophene] (PPOPT). 

3.3.1 Optical study 

The optical properties of PPOPT were investigated by UV-Vis absorption and 

PL spectroscopy. The normalized spectra, in a diluted chloroform solution (10" mol L 

I) and in thin film spin-coated onto quartz substrate, are shown in Figure 3.26. l11c 

polymer exhibits absorption maxi ma at 487 nm and at 501 nm, in solution and in th in 

fi lm, respective ly, leading to a red-shift of 14 nm in the solid state . An opt ical energy 

gap of 2.0 eV was estimated from the absorption onset of the film . In IIddit ion. "hile 

the absorption spectrum in so lution is structurcless, the appearance of a relatively \\cak 

shoulder at - 580 nm is visible in the solid Slate. This fea ture, !llong with the modcmte 

red-shi ft of the spectru m when going from solut ion to thin film, is an indication of 

moderate interactions between the polymer chains in the solid state [1 53 I or a larger 

overlap of 1t orb itals on the polymer backbone due to an increased coplanarity of the 

thiophene rings in the so lid state induced by alignment of the alkyl chai ns (154). The 

narrowing of the PL band in the solid state (full width at half maxi mulll is 0.25 eV in 

fi lm and 0.36 eV in solut ion) seems to support a well ordered solid state induced by the 

substituents on the phenyl ring [155J. 

.' . d ' fiI (038 eV in solution and 
Stokes shifts are low and simIlar In solunon an 10 1m . 

. . f the exci tcd state rcspc..'Ct to the 
0.35 eV in film), suggesting a moderate dIstortIon 0 . 

. Id ' solution (0 I I) is rclathcly 
ground stale L156J. Photoluminescence quantum Ylc 111 • 
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high pointing out a good planarity or the polymer backbone, accordingly, sol id $la1 PL 

t m yield is high (0.11) and this must be due to a well ordered polymer backbone quan u 

thai is separated from neighboring chains, making the intcrchain interactions small. 

This is achieved with anachment of two side-groups on thc opposite ortho and melD 

positions of the phenyl ring which will force Ihe phenyl out of Ihc backbone plane. and 

thereby separate the polymer chains from each other [1 55, 157). 
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3.3.2 Electrochemical study 

Electrochemical cyc lic voltammctry measurements \ . vere earned out on J>I~I)T 

films spin-coated onto ITO/glass substrate d . 
,usc as workmg electrode As .OO . . ~n In 

Figure 3.27 a quasi-revers ible oxidation wa . h 
ve, WI! the onset potential of O.SI V \ 'S 

SeE, and a quasi-reversible reduct ion wave w'th h 
, I t e onset potential of - 1.5 4 V IS 

SeE, were observed . 

OA 

0.3 

0.2 / 
0.1 

0.0 

~ -0.1 
, 
() -0.2 

~.3 

.0.5+-~~~~~~~_~~~~~......j 
-2.5 -2.0 -1 .5 -1 .0 -0.5 00 05 10 1 S 20 25 

Potential (V vs SeE) 

Figure 3.27 Cyclic voltammogram of PPOPT film «a), first scan) and background (b), 

spin-coated onto ITO/glass electrode, in (C4H9)NC IO~/acCI0l1i lrilc 

supporting electrolyte at a scan rate of 100 mV 5.
1
, 

If compared to a similar phenyl-substitued pol)1hiophcnc. poly (3-P', 

pcntyloxy-S '-(octyl) phenyl]thiophene) [1491, the relevant shill of the reduction \\0\( 

toward less negative potent ials (of around 0.5 V) could be attributed 10 the cOI~uglllion 

of ketone in mela.position of the phenyl side-group. 
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The energy levels of the highest occupied and Ih I ' . 
e O\\eSI unoccupied mol« ulill 

orbitals (HOMO and LUMO, respectively) were calculated 10 be 5 49 
- . eV nnd - 3.14 

eV, respecti vely. from the onset oxidation and reduction potent ' 1 • 
1ft s. assum mg the Ci-

leve l at - 4.68 eV [IS8}. As often observed for conjugated pol)mers. the 

electrochemical energy gap was found to be slightly higher Ihan the opt ical encrg) gap 

This could be related to structural differences in the thin film due to s\\ell ing by the 

solvent. or to the exciton binding energy for conjugated polymers [1 591 . 

3.3 .3 Transport study with AS 

Admittance spectroscopy was used to investigate the bulk average hole mobility in 

thin fil m of PPOPT. In an admittance experiment, the charge relaxation drivcn by II 

small harmoni c vo ltage modulation is probed and by superimposing a forward dc bia . 

Vd •• to the harmonic vo ltage, free carriers can be injected into a sample having a diode 

structure. Dev ices with the sandwich structure ITO/PEDOT: PSS/F'IJOPT/AI " ere 

prepared for thi s purpose. Under forward bias conditions (ITO positively biased). 

ITO/PEDOT:PSS electrode is able to inject holes inlo the HOMO levcl ofthc polYlller. 

while an energy barrier for electron inject ion of around I eV is expected at the 

AI/PPOPT interface, Figure 3.28. So the aluminum top contact acts as an C'lectron· 

blocking contact in the investigated hole·only devices under forward bias. 

. j 

LUMO."." . v 

..... 20." 
• 

-s 2O .V 

J>EOOT:J>S$ 

b) 

I"PQPT (260 n"'l I 
40 M J, !, ,; 

F't!DOT.PSS 

o,,~ 

. . I nl devices used in Ihis study. 
F1gure 3.28 Energy diagram and structure of ho c·o Y 



Upon injecting charge carriers, b y applying a de bias V 

d 

. h .x 10 the sam I 
ramatlC c anges are observed for ad . pc, mlUance Y. As ex . peeled, conductnn . 

by increasing V
dc 

as sh . ce IncreaS(s 
, own In F' 19ure 3.29a for the samplC' 

ITOWEDOT:PSS/PPOPT/AI , however, ch arge injcction also affects capacilan('c 

spectra. 

7.0x 10,g '" 00 b) 
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·u 4 .0x10·' ro -",~ c. 
ro 
U o V .. . , ..... 

3 .0x10·' 
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Figure 3.29 (a) Conductance spectra for an ITOfPEDOT:PSS/PpOPT/AI device. for de 

bias (V
dc

) va lues in the range 0 - 10 V and with II step of 2 V. The arrow 

indicates the direction of increasing Vd~' (b) Capacilllncc SPCClr1I for an 

ITOfPEDOT:PSSIPPOPT/AI device at de bias of 0 V and 5 V. 
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Whi le at zero bias (no injection) capacitance is nearly frequency indcpendcJlI. 

under high-injection conditions and fo r onc-carrier devices, C usually sho\~ s a light 

. ' •• n in the intermediate frequency range. As an example, the capacitance mln lml 

obtained for an ITO/PEDOT:PSSfPPOPT/AI sample at V ... '" 5 V is sho"'n in spectrum 

. 3 29b and compared with that at Vdc:: O. Figure . 

Figure 3.30 
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The posit ive contribution to C in the low frequency . h range, 1\'11 respcCllO zero-

bias condi tions, is often observed for disordered materials and h, "-- .b s U'I."\:n allrl uted 10 

trapping and subsequent detrapping of charge carriers [52[ 1'L " . . lie minima 10 1M 

capacitance speclra are betleT displayed in Figure 3.30a and the figure also sho~ s their 

shift toward higher frequency as the dc bias increases. The average transit time f , Til' 0 

charge carri ers can be easily evaluated from the negative differenlial subsceptanec .tlIJ. 

Figure 3.30b. 

It has been demonstrated that rlr is related to the frequency f-.. al \ ... hich - 8 

exhibits its maximum value through!"' .... Peaks in - L.1B plots versus frequencies " crc 

clearly observed fo r PPOPT·based devices for Va.- of at least 5 V, Figure 3.30b. Thc 

peaks increase and shift towards higher frequencies as Va.- increases. 

The values of P. calculated by assuming Vb; '" 1 V, arc displayed in I:igurc )J 1 

as a function of the square root of E. Mobilit ies between 2. 1 x 10.
1 

and 5.6 x 10 ' em
l 

Vol S· I were obtai ned at room temperature for PPOIl']" thin film in the electric field 

6 .0)(10" .e 
•• 5.0)(10" 

• 
-> 

4.0)(10" 
" E 

.e • • 
~ 
~ 3.0)(10" 

2.0x10·/ •• 
.50 500 550 600 

E1I2 (Vern" )'''' 

Figure 
vera 'e hole mobility for an 

3.3 1 Square.root field·dependence of the a g 
. nlS the linear til 10 Ihe 

ITO/PEDOT:PSS/PPOPT/AI device. The hne represc 

experimental data. 
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These values are orders of magnitude lower than that rcec II 
n Y rcpoM d for another 

phenyl-subSlilule pol)'lhiophene [1 60]. poly [J-( 4-n-OCIYI)-phcnylihiophcnc[ (POI'1) 

[J6Ij . lndeed, a bulk hole mobil ity of 1.0x 10-4 cm2 V·I S·I ha . _ .. d 
s UI.-cn cmOnstmtcd fOt 

POPT fi lms, comparable with that measured for regioregular poly (J h . I h· h 
. ex) t lOp ene) 

(P3HD in the same experimental condi tions. This ind icates that the subS1ilution of the: 

solubi lizing al kyl chain of P3 HT wi th the phenyl.alkyl group of po,"r leads to II 

similar organization of polymer chains in the solid state, profi table for charge transpon 

Differently, the 2' .pentyloxy·S'-(l ''' ·oxooctyl) phenyl substituent in PPOPT likely 

prevents in teractions between adjacent polymer chains duc to its sterle elrcet. resulting 

in II strong negative effect for charge transport. The rough linear Irend of the plot 

displayed in Figure 3.3 1 indicates that hole mobility in PPOPT thin films follo" s lhe: 

Poole-Frenkel express ion [28, 162]. 

The parameters for the Poole·Frenkel fit to mobility datil of Figure DO urt J4 . 

1.77 X 10.3 cm2 V· I 
S·I and y= 6.0 x 10') (V cm· lr"2. The value of y is nu lieT high. 

indicnling a strong dependence of hole mobility on electric fi eld . 

3.3.4 Conclus ion 

A nove l phenyl-substituted polythiophcne has Ix.'en synthesilcd und its 

. ..' I d PI'OPT shows an optical energy electrochemical and optl ca l propertles mvcstlga c . 

. . antum yicld in the solid SIDle gap of 2.0 eV and its relati vely hi gh photolumlscence qu 

, . d' I S small inlemctions bcl\\etn (0. I I), eq ua l to that measured in diluted solullon, m lea e 

Ik J h in of the 2··pcntylox)·5'-{I'''· polymer chai ns. This is anributed to the long a y --c a 

.' f the phenyl ring out of the plane oxooctyl) phenyl substituent which causes tWlstmg a 

. . f lhe thiophene chains. and leads to poor electronic IIltcractlon 0 

. . alion of the bulk Iranspon propcnics of 
This picture is confi rmed by the IIlvcsllg 

fi d 10 be moderale (of the onter 
PPOPT. Hole mobility in thi n films ofPPOPT was oun 
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of 10,7 cm2 V'l 5,1 fo r an electric fie ld of JOS Vern") and strongly lic:Jd-3Ct;\ lllcd. IS 

indicated by the rather high value (6 .0 x JO') (V em·'),IIl) of the Poo'e.rren~d 

parametcr describing the field dependence of mobi lity. The present study demonst~les 

the importance of substituents for the n-conjugation of the aromatic system of poi)meT 

materials and how dramaticall y they can affect the electronic propenies. 
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_'A Bulk·h('tcrojullclion so lafcell s ofa . I 
r .ll1( 0111 {' o -pot~ lIlt'r (PI' It-ro- t I J 

Several groups have devoted to designing . . 
new opllmlzed conjugated polymt'fS. 

improving effic iency, and decreasing the cost of proc . r . 
essmg lor device fabrication. '",", 

band gap conj ugated polymers wi th main chain alte f d 
rna mg onor/acceptor (D _ A) 

SlniClure are promising, which can broaden the absorplio 1 h d 
n o t c rc and C\cn 10 the 

ncar lR region and result in higher PeE [163J, 

Functiona l groups such as fl uorene ( 164 - 168J, carbazole 1169, 170(, 

silafluorcnc [1 7 1], cyc lopentadith iophene [172 - 1741, N-subslilUlcd dilh icnop)fTole 

1175.176J and dithienosilole [177J, have been U" " d 
::>1..'\1 as onor moieties: "hercas. 

functional groups such as bcnzolh iad iazole [1781, quinoxali ne (179). 

dikctopyrrolopyrrole [180], thienopyrazine [181], fluoranlhenc [1821 and SO on \~Crt 

usua lly used as acceptor moieties. 

The rigid conjugated polymers arc usually required to carry flexible side chains 

to ensure that polymers have certain sOlubility in organic solvents. The Icngths of alk) I 

chains play an importan t role in molecu lar weights, energy Icvcls of conjugated 

polymers, morpho logies of blend film s, and therefore the photovoitaic performance of 

devices [1 83, 184]. Moreover, the position of alkyl chain on each D·A repeat unit is 

also a key po int in tai loring polymer structures [1 85 . 187]. Recently a benzothiadilllo!c 

moiety demonstrated a PCE of 5.4% [1881· 

In this study, a pholOvoltaic characterization of a novel fami ly of f1uorene ­

th iophene.benzothiad iazole contai ning, poly{ [4 ' _(9.9.bis(2.cthylhexyl)fluoren.2 .) 1)-

2' , I ' ,3' -benzothiadiazole. 7.7' -d iyl]-co-[2 ' _(9,9.bis(2-ethyl.he;.;yl)f1uoren-2-) I)thien· 

7,5'-d iyl]} (PFB-co-FT, Figure 3.32), random copolymers is described (1 89). Inc 

. r g effectS optimization of 
study includes selection of the best solvent, analYZing annea In . 

. ..' f . I 'er th ickness and studying 
polymer: r CBM weight ratIO, opllmlzatlon 0 the actIve a) 
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the effect of LiF butTer layer in order to get optimized fI 
per ormllncc. The efTt'Cl of the 

inciden t light intensity was also investigated in order to get ' . h 
mSlg t about Ille SP3Ct' 

charge efTect on the device. 

, .. 

Figu re 3.32 Molecular structure ofPFB-co-FT. 

3.4.1 Olltica l s tudy 

The absorption spectru m of th in film of PFD-co-FT is shoM .... il ll Ihe 

background orsolar irriadiation spectrum at ai r mass 1.5 (AM 1.5) in Figure 3.33. The 

peak pos it ion of the film indicates that the polymer material absorbs in Ihe ma.~i rnum 

intensity pos it ion but very narrow region of the sun spectrum and hence Il poor 

performance is expected as it was confirmed below. One of the reasons could be its 

large band gap, 2.74eV. 

1 .0 

:,Jri '7peC11um.t AM 1 S 

0 .8 PFBoi;O- FT 
U aosorplion .pec1ru 

<1J 
.!::! 0 .6 
CO , 
E " , 

~r'r\ 
~ OA 0 

, 
Z , , 

0 .2 , , 

0 .0 1000 , 500 
500 

A (nm) 

r d) fthin film PF13-co-IT \\ ilh Ihe 
Figure 3.33 Absorpt ion spectrum (norma Ize 0 

background of sun emission spectrum al AM 1.5. 
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When the UY·Yis spectra of Ih I 
. .. e po )'mer film blended \\ jlh pcn~'1 ..... lh 

diffe rent weight rat io IS analyzed there . '. 
, IS no significant peak .. 

. . POSlliOn hange as 
compared to the prist ine polymer, Figure 334 Th ' . . 

'. ]S ind icates thai Ihc prcscnct' of 

peBM does not have a signi ficant influence h 
on l cpolymer " t h " 10 cr-c !lm Inleraction and 

no significant effect on the packing of the pol . 
ymcr In thc film formation . 

Figure 3.34 Absorption spectra of PFB-co·FT:PCBM IiIms spin-coalcd on qUlIrtl 

substrates for different D:A weight ralios compared wilh PFIl·co-Fl 

pristine film . 

3.4.2 Photovoltaic prope rt ies 

Photovohaic propert ies of these polymer was investigated in dc\'iccs \\ ilh thc 

structure of ITOIPEDOT:PSS/acli ve layer/LiF/AI. The active layer is a blend of PFO­

CO-rr donor and peBM acceptor. Solar cells were fabricated from chloroform. U. 

DeB, or the mixture of ch lorofonn and DCB (I: I v/v) solution . The ratio of donor to 

acceptor and the thickness were opti mized. Optimum pcrfonnancc was 01"(1)'5 

achieved with a mixture of chloroform and DeB (I: 1 v/v) soh·ents. 11 ratio of pol)mer 
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10 PCBM of 1:2 (w/w) and an active layer thickness in the range or 90 
nm to 100 nm 

and the summary of the result is shown in Table 3.2. 

3.4.2.1 Se lectio n oF solvent 

The effect of three different so lvents was studied: chloroform (C IICl
l
). 

chlorobenzene (CB) and dichlorobenzene (DiB), and in a mixture form. According to 

the literature the CB and DiS are good solvents For PCBM. Howe\'er. II solubility lest 

of PFB-co-IT polymer indicated that the best solvent among CI-ICh. CU, and Die n is 

CHCb as deduced from the morphology of the resulting film. The PV invcstigation 

also confi rmed thi s. As shown in Figure 3.35, the lowest efficicncy was obscn·ed in 

CI'ICl3 due to the poor solubil ity of PCBM in chlorofonn. Likewise the efficicnc) in 

CB was also low due to the poor solubility of the polymer in this solvenl. The beSt 

efficiency was observed among the studied solvents in the I ; I (vlv) mixture of I I h 

and CB. 

Figure 

0.20 

0.16 • 
0.16 • • 
0.1. 

~ • • ij:' 0.12 
W • 

0.10 

0.08 • 
• 

,06 
CHell CB CHI,. DiC B CHC~'CB 

Solvent 

FT. r CBM (1 ·1 wlw) solar cells with 
3.35 Effect of solvent on PFB-co- . . 

ITO/PE DOT:PSS/active layer!t\! . Thickness of 
different solvents. 

. m values and circ les indicate 
around 130 nm.; squares indicate ma;·umu 

average values on eight cells. 

105 



3.4.2.2 Study of annealing effect 

The effects of thermal and I so vent annealing were studied for PI' Il-co-

FT:PCBM solar cell s. 

The effect of thermal annealin . . g was tested on complete device by appl}ing 

different temperatures m Argon atma h sp erc-glove bo .. 30 x lor min. Ilo .... c\cr the 

thermal annea ling has shown a negative efTi . II " «:1 In a cases, hgurc 3.36. 
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02 0 4 •• • • ~' 
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Figure 3.36 Effect of thermal annealing on PFB-co·IT: I'CBM (1:1 w/w) solDr 

cell s - 130nm; annealing time 30 min . 

The solvent annealing is also bel ieved to increase the aggregation of the 

polymer and improve the morphology of the fi lm of the active layer. Therefore. a test 

was done on dev ices in chlorobenzcne environment for 30 min, be fore thc tOP AI 

deposition. However, it did not shoW any significant change in efficient) of the 

devices. 

106 



3.4.2 .3 Donor to Acceptor weight I' lIlio 

In order to choose the best blend compo " . Sit lon, aCIIV( layers \~ith O'A 
. \\ Iv. 

rat ios I: I, I :2, and 1:3 were studied. Figu re 337 Th . 
. . e ma:< lmum value or CUTTcnt 

density and corresponding efficiency was observed w'th I" O' . . 
I ·_ .A weight rallo. 

Figure 3.37 Efficiency verses Donor to Acceptor weight ratio ror PFIl·co- FT;P B~'l 

solar cells. Act ive layers (- 120 nm thick) deposited rrom CIICI} 

IChlorobenzene (I: I vlv) sol utions. Circle average values (on II num ber or 

ce lls between 4 and 8) and square dOls maximum values. 

3.4.2.4 Effect of LiF buffer layer 

Complete devices without LiF and with 0.6 nm LiF were de\'eloped with 1:2 

donor to acceptor weight ratio in order to study the effect of Lil: buffer la) CT 

underneath of AI metal electrode. 

F' 338 I)mclicall) The presence of LiF buffer layer has increased the JSt, Igure . . 

the presence of LiF buffer is expected to faci litate the electron transport to the 

collect ing electrode resu lting the increase in current density. 
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Figure 3.38 Effect of LiF buffer layer for a PFB-co-H: IlC BM solllr cell (1 :2 " I" ). 

deposi ted from a CHChl Chlorobenzcnc ( I: J v/v) solution to Ii Ihicknes of 

- ]DOnm. 

3.4.2.5 Thickness optimization 

Different devices with different act ive layer thickness \\crc dCH:lopcd and 

characterized. From Figure 3.39, the oplimallhickncss to achieve the best efficienc) is 

around 100 nm. ,-r-------------------, 
035 •• 

,~ 

'" 

• • 

Figure 3.39 . . ~ PFB- fi :PCBM (1:2 \\1\\ ) Efficiency versus active layer thickness or co-

solar ce lls deposi ted from CHCly Chlorobcnzcnc (I : I v/v) solutions. 
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3.4.2.6 Illumination in tensity stud y 

In order to get insight about the Ii 
per ormance of the rv of Ih ' I 

f
" d I' h IS po ymtr, the 

effect 0 mel enl 19 I intensity on the be r. 
SI pcrJormmg cell wa ' , 

S m\CSllgated, hgurt 

3.40. 

a) 
IE· ] '" (b) 

0.' :00.91 
IE·. 0 

0 .• -", ~ .-OCD7 • < 
, 

::~ lE·5 
.( > om 

/ 

~ om • , .. 
.. • ., • • .. '00 

p. (mWlcm1
) "'" f{dMm) 

Figure 3.40 Short-c ircuit current(a) and Open circuit voltage (b) as 11 function of the 

incident light intensity fo r a PFB-co-IT:PCBM (1:2 w/w) solnr cell. deposited 

from a CHCI3 /Chiorobenzene ( I: I v/v) sol ution 10 a thickness of - 100 nm. 

As shown in Figure 3.40a, the phOlocurrent analyzed as a function of incidcnl 

light intens ity the slope remains around 0.9, which indicate thal lhcrc is no sign Hicwll 

space charge effect on this polymer soJar cel l (for free space charge effect (J' . I) 11901. 

Likewise, when th e V ~ versus natural logarithm of power intensity plot is on:!ly/cd the 

slop (P) is above 25 mY, Figure 3.40b. This indicates that the recombination type in 

this system is accounted to be trap ass isted bimolecular recombination. "hich Irad to 

loss of iii I faclor [ 19 1]. 
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Table 3.2 Summary ofpholovoltaic parameters f PI'B 
o -co-FT'PCOM I 

(Averages in parenthesis). . I so at cells 

PCBM Active 
Sample 

conlent Solvent Th ick Jsc Vee 1'1' area HT 
code 

(% wt) (em) nm rnA/em' V .. 
0.082 

0.19 0.71 0.29 009 
69 11 C+D 50 CHC1, 120 (0.15) (0.68) (0.29) (007) 

0.081 
0.72 1.00 0.19 1-

029 
69 11 5+1' 50 CB 130 (0.60) (0.95) (0.38) (0.23) 

0.080 
0.69 0.98 0.18 0.27 

691 1U+V 50 CHCI,+CB ISO (0.59) (0.95) (0.17) (0.22) 

0.57 0.97 OJ) 0. 19 0.090 
6911W+I 50 CHCI,+CB IJO (0.5 1) (0.96) (0.14) (0.17) 

0.59 0.94 
0.090 

0.15 0.2 1 

6911Y+Z 50 CHCI,+CB 140 (0.56) (0.9) (0.16) (0.19) 

0.67 0.99 0.16 0.25 
0.080 

69112+3 50 CHCI,+CB 120 (0.62) (0.98) (0.16) (0.2) 

0.6) 0.97 0.4 1 0.27 
0.085 

691 2GHI 67 CHCI,+CB 120 (0.59) (0.94) (0.42) (0.25) 

0.79 0.99 0.19 OJ) 
0.081 

69 121+J 67 CHCI,+CB 100 (0.71) (0.94) (0.19) (0.28) 

0.90 0.92 0.41 0.16 
0.090 

691 2K+L 67 CHCI,+CB 100 (0.8) (0.95) (0.18) (0.12) 

0.80 1.01 0.41 0.15 
0.088 

(0.9) (0.19) (0.10) 6912M+N 67 CHCI,+CB 90 (0.77) 

0.63 0.99 0.43 0.28 

69120+P 67 CHCI,+CB 
0.085 

140 (0.59) (0.97) (0.43) (0.26) 

0.67 0.99 0.4) 0.10 

6912Q+R 67 CHCI,+CB 
0.085 

120 (0.64) (0.97) (0.43) (028) 

0.52 0.97 0.4) 0.2) 

0.085 
120 (0.46) (0.9) (0.43) (0.19) 

691 31+J 75 CHCI,+CB 
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3.4.3 Conclusion 

The polymer PFB-co~FT does not show the sufficient sol ub>l> > 
Illy requ lt't'd rOt" solar 

ce ll appl ication, al least in the tested solvents This I d 
. ea s to II \ cry SCg,rtg.tcd 

morphology fo r the polymer:PCBM mixture as demonstrated b h Ili 
' yteeccisor lht 

thermal annea ling treatment. Indeed, these treatments always > d h 
111 uce lin en anecmcnl 

of segregation between the two different phases in a D'A blend SO they e "- Ili > 
• , anlJll,;t': (tll\t': 

only if the segregation level of the start ing blend morphology is lo\\cr than the 

"optimum" one for a given D:A couple. Given the poor eITt."Cts or sohentlthermal 

treatments, we can conclude that the segregation level of the as.dcposited DCti\ c hl)ers 

is already too high. 

The combination of the lack of control of blend morphology and the poor absorptIon 

properties of the polymer leads to the poor PV performance of the solar cells. 

The invest igation of the trend of Jsc with the light iniensilY (1\ .. ) was done In 

order to have some indications on the presence of space charge eITect. For PFO.(o- l· I: 

I>CBM solar cells the power factor u ' did not change meaningfu lly and ils \'oluc Is 

around 0.9 indicating no significant effect ofspacc charge efTect. 
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t5 BisEII-PFDTBT: I'CBM solar rells " 1 co I .. 
. . . 1 1 PO~ ll lOnal , Ihlf;, kIH' ~ ' •• lI1d 

Ii::!hl intcilsity-drpr ndl' nt Slud) 

Conjugated polymers containing alternating I . 
e eetron·nch and elcttron.pclOf 

monomer un its represents the most Common donor material, d · h ' . . 
usc 111 I C rabncatK)f'J of 

effic ient po lymer solar cells. A relevant class of materials with th h ... 
cSt C aratten IICS 1$ 

represented by the alternating fluorene copolymers (A PFO) 1164, 192.1941, .... hich 

leads to solar ce ll s show ing promiSing power conversion efficiencies. In part icular. 

poly{ 9, 9·bisalkyl fluorene-2, 7-diyl-alt·[ 4, 7·bis(thicn.2-yl).2, 1 ,3.bcnl.Olhiadia/olcl. 

5' ,5" -diyl} (alkyl "'" hexyl, octyl, decyl, dodecyl), containing Ouorcnc.thiophenc. 

benzothiadiazo le-thiophene units in an alternating sequence, [164,184.1951 exhibit 

energy gaps around 1.9 eV and, thanks to their low.lying highest occupicd molecular 

orbital (HOMO) level, the related solar cells can deliver an open circuit voltage as high 

as 1 V, when blended wi th ful1erene derivatives. 

On the other hand, quite surprisingly few stud ies exist on i\PFO bearing 

branched alk yl chains on the fluorene ring 11661. However, as it has betn recentl) 

demonstrated and contrary to the common wisdom, the structure of the conjuguled 

backbone is not the only responsible for the energy levels and the device elliciencics 

{19]. Indeed, fo r II class of dithienonaphthalene_thiophcne.bcnzothiadiazolc.thiophene 

alternating copolymers it has been shown that 2-cthylhexyl [nteral cha ins lead to the 

. . m· ., almost three times Ihan those best performance, With power converSIOn e lelenele 

observed fo r polymers bearing octyl chains. Therefore the conclusions on polymerS 

. I ted to homologucs \\ ith branched 
with linear alkyl chai ns cannot be obVIOusly extrapo a 

. h d halns arc worthy of an in-depth 
chains, and fo r this reason APFO beaTIng branc c I.' 

examination. 
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In this study an extended characterization of I 
SO ar cells made of pol) t9 •• ~.bl.2. 

cthylhcxyl)nuorcne-2,7-diyl.alt-[4,7-bis(thicn_2.yl)_2 I 3 be · '. 
, " nZOlhl3du1l.0Ic:)_S',j" , 

diyl} (llisEH-PFDTBT) as the electron-donor and [6 6[- h ' 
, p cn)l- .. . bul)T ic ktd 

mcthylcSlc r (PCBM) as electron-acceptor is reported [196[ Th 
. c depcodc:ncc or 

photovoltaic parameters on blend composition act ive I h- k 
' ayer I Ie ness, and liahl 

intensity is described, as we ll as the analysis of phOlocurrcnts 'th h ' 
, WI I calm 10 ,dc:n!lf) 

lhe mai n loss mechanisms in this pholoactive blend. 

3.5.1 Effect of blend composit ion 

The absorpt ion spectra of films made of OisEI-I·PFDTOT and OIsHI. 

PFDTBT:PCBM mixtures are shown in Figu re 3.41. The lowcr-encrgy PCIl~ of the 

pristine polymer spectrum is slightly red-shifted with respcctto the blend in 1.1 D_A 

ratio, indicating some alteration of the inter-thain interaction in the prestn t' of I 1)~1 

However, the peak absorption wavelength did not further change for fi lms" ith hIgher 

amounts of PCBM, diffe rently from P)HT:PCBM blends for which significant blue-

shifts of the absorption of P)HT in the visible range were observed \\ ilh increasing 

Il(;BM content, along with the disappearance of the typical vibronic structureS, of Illl l l 

1197). Those spectra modifications were attributed to the disruption of the ordering in 

the P3HT cha ins in the presence of PCBM molecules, leading to the lo\\ering of 

polymer inter-chain interaction. 
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Figure 3.4 1 Typical absorption spectra of BisEH-PFDTI3T:PCIlM film s spin-c03lcd 

onto quartz substrates for different D:A weight ralios, compared 10 thaI of. 

BisEH-PFDTBT pristine film. 

The typical features of P}HT absorption spectrum arc usuully rcco\'crw upon 

thermal an nealing of the P3HT:PCBM composite films! 105. 198.199. Differentl) ~ In 

Pll-/T, BisEH-PFDTBT is an amorphous polymer which does not show the sponltlllCOU$ 

tendency to form ordered packed structures in spin-coated film s. thus ils ubsorpl lon 

spectru m is not significantly affected upon blending with PCDM. 

The quenching of the donor photoluminescence (PI.) was evaluuted in B is l~ ll · 

PFDTBT:PCBM blends wi th different composition by comparing the integral of the I'L 

signals, calculated in the same wavelength range (574 - 900 nrn), Figure 3.42b. 

Films with different D:A composition but with the same optical den it)' of 

around 0.23 at the e.xcitat ion wavelength (552 nm, corresponding to the lo"-cnCfJ) 

absorption peak of BisEH-PFDTBT) were spin-coated onto quartz substrates PL 

. d PL . al of the blend 10 thaI of quenching is here defined as the ralio of the Integrate sign 

552 f BisE II ·PFDTUT:PCU \I pristine po lymer film . The photoluminescence at nm 0 
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blends is significantly quenched, compared to thai of the pristine pol)mer. Figure 3.42. 

indi cating that efficient photoind uced electron transfer OCcurs from the donor pol)mtt 

to the electron-accepting r e BM molecules. 

Monitoring the integral of lhe PL signal as a fu nction of the \\eight fraction of 

r e BM reveals that PL is quenched by two orders of magnitude a! 33% of I Bt-.·, and 

the PL emission is further decreased to 4.8 )( IO'} at 67%. with respeclto thlll of the 

pri stine BisEH-PFDTBT film. The strong reduction of the PL emission lit 6~/. of 

r e BM weight percentage suggests that most of the photogcneraled clCcilons ;n the 

BisEH-PFDTBT phase are involved in the photoinduced charge transfe r process at thai 

blend composition. 

Solar cells with the structure ITOfPE DOT:PSSfBisEII-PFOTB f:1 OM/AI 

were prepared, wi lh a weight percentage of fu llerene of at least 50'1. Ilnd \\ ilh II 

comparable th ickness of the active layer, to study thei r photovoltuic properties with the: 

blend composition. Representative current-density - voltage (J-V) e:urves under AM I.S 

(100 mW em·2) irrad iation are di splayed in Figure 3.43 and the related ph lovohaic 

parameters are collected in Table 3.3. 
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Figure 3.42 Photoluminescence quenching or BisEI~·PFDTBT: PCB~i' fi lms spin-

coated onto quartz substrates: (a) photoluminescence spectra: (b) PL 

quenching for different peBM weight concentrat ion. The e",c lt3tion 

wavelength is 552 nm. 
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Figure 3.43 Current density - voltage curves of ITO/PEDOT:PS !DisH I. 

PFDTBT:PCBMIAI solar cells under AM 1.5 (100 mW cm-l , irradiation for 

different D:A weight ratios: 1:1 (squares); 1:2 (circles); 1:3 (triangles): IA 

(diamonds). 

Table 3.3 Summary of parameters extracted from 'he J-V cur; t' of 

ITOIPEDOT:PSS/BisEH-PFDTBT:I'CBM/AI solar cells. prepared \\ ilh 

different D:A weight ral ios and similar thickness of the !lethe la)cr. 

Photovol131c parameters 
Thickness D:A ratio R. R~ 

(AM I.5.IOOmW cm12 
(nm) (w/w) (n em"2) (0 em" ) J. V~ FF PC!: 

(rnA em"2) (V) ('I,) 

100 1:1 33 4.5 x IOJ 2.48 0.92 0.29 0.6S 

11 0 1:2 24 8.6 x 10' 4.03 0.90 OJ 1.21 

130 1:3 25 6. 1 x IO~ 4.99 0.98 OJ8 184 

120 1:4 14 1.2 x lOb 4.91 1.01 0.42 2 II 
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Al l the photoyoltaic parameters improved w'th In I'C . 
I e OM COntent 10 tht blrnd 

The best pe rfo rmance was achieved with thc highest c 'd d 
anSI erc IlCCcplor COnCCml'Ullon 

For Ihc dev ice made with 1:4 D:A ratio and with an acti ve layer thic kness of 120 
nm. 

4.97 mA em':?, 1.01 V, and 0.42 were obtained for thc shon cireu't (J ) 
- I current lit . Ihc 

open-circuit vo ltage (VOl;) and fill factor (FF) respectively I d' • , en 109 10 a pG\\cr 

conversion efficiency (peE) of 2. 11 %. The increasing fiJI factor, as \\C~II as thc 

decreas ing series resistance (R$), indicates an evolution toward II bener nCI" or~ 

formation as the percen tage of reBM rose, likely with in the acceptor phase. The 

slight ly increasing open-c ircuit voltage could be explained by thc impro\'cd shunt 

resi stance (Rsh) (F igure 3.44), undergoing a variation of around three order of 

magnitude by passing from I: I to 1:4 D:A weight rat io. The drastic increase of R~. 

ind icating a progressive suppression of leakage currents by increasing Ihe acceptor 

concen trat ion, could be consistent with the fonnation. at high PCOl'<\ contents. r II 

vert ically segregated blend morphology, leading to an accurnulution or the acceplOr 

toward the cathode contact and of the polymer toward the ITO/PEDOT: I' anode. 

0 0 R • 
o to' 

30 0 R. 

0 
"- - 0 
E 
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.-
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S- 20 . , 

0: 

'" • to' 
0 -
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. e of ITOIPEDOT:PS lIli,EII-
Figure 3.44 Series resistance and shunt reslstanc 

PFDTBT:PCBM/AI solar cells us a function ofblcnd composition, 
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·:;'=;.2 Light intensity effrl' l 

A light-intensity dependent study was . d . 
carne out by uSing a SCt of neutral 

quartz tilters to atten uate the incident light power (I' ) Th ' d ,n· e cpendence of V« on p. 15 

highl y affected by the blend composition and is stronge fi I ' I'C r or OIl er OM coment!, 

mainly at low incident light power, Figure 3 45 [t has bee" sh h I' . . own t al a mear trend of 

V <.>c, when planed against the natural logarithm of P is eXI'VV'I·· 'I I 'n, . 1" __ o,;u lor po )'mer SO ar 

cel ls in the case of Langevin recombination of charge carriers. In addition. the slope of 

the linear plot is proportional to the thennal voltage kT/q (k is Boltzmann 's cOnstonl, r 

the abso lute temperature and q the electronic charge) and is affected by churge INlpping 

phenomena [200]. 

In the plots shown in Figure 3.45, a linear portion can be detected. limi!(:d for 

lower PCBM concentrations and more extended as the acceptor coment \1 as i ncrca~d . 

The values of the slopes calculated from the linear filS arc displo)ed in Figure 

3.45b versus the D:A weight ratio of BisEH-PFDTBT:PCBM solar cells. For 1:1 and 

1:2 D:A rat ios, a slope of around 51 mY was calculated. uround twice ~ l /q . the 

thermal vohage being around 25 mY at room temperature. 111e slope decreased to 

arou nd 28 mY at 1:4 D:A ratio, ind icating a nearl y trap-frce condition, 3S a slope ofju5t 

kT/q is expected in the absence of trapping phenomena. The effect of charge tNlI)ping 

on yO(; is stronger at low carrier density, that is at low Pili. where trap-assisted 

recomb inat ion lakes over from Langevin recombination [121. 20 II. th us justifying the 

, , B' EI' P"DTBT,lC OM solar cells ntlo\ler P O~ I steep Increase of Y Of; at low Pm lor IS' ~- r . 

contents, Figure 3.45. 

The analysis of li ght in tensity dependence of Voc clearly demonstrates thot 

l'lm 'l l Ihe perfomtance of BisEH·PFDTI3T:PCOM solar cells 
charge trapping effects 

wit h PCBM percentages lower than 80%. 
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Figure 3.45 (a)Open~circu it voltage of ITOIPEDOT:PSSmisEII -PFDTBl :I'CI) i tAI 

solar ce ll s as a function of the incident light power lind ror diITercnl I):A 

weight ralios: I: I (squares); 1:2 (circles); 1:3 (triangles): 1:4 (diamonds). 

The lines represent the linear fil 10 the experimental data. (b) The sk>pcs 

calculaled from the linear fils against the O;A \H~ighl mlio. 

Like ly. the formation of the desired conlinuQus acceptor palh\\ II) is anI) 

reached with the 1:4 O:A ratio in BisEH-PFDTBT:I>CBM blends and for lo"et 
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acceptor concentrat ions electrons arc t cd · . 
rapp In Isolated peOM aw cgatt'S and 

recombine with charges of Opposi te sign from th I 
e po ymer phase. 

The occurrence of trapping effects in BisEH-PFDTllT . 
.I>CUM solar cells coukt 

also explain the lower values of Vox at I sun for 1' 1 d 1'1 D. . . 
. an . .t\ \' elght mllos (Table 

l.l). 

3.5.3 Generation orrree electr'on-ho]e I>alrs 

BisEH·PFDTBT: PCBM blends shows an efficient quenching or Ihe 

photolu minescence emission. However, it has been shown 1202 11hallhe photoinduced 

charge transrer process generates bound hole-electron (h-e) pnirs, because or lhc 5t ng 

Coulomb interaction, which cou ld be dissocialed into rree carriers or recombine. 

The ab ility or generation or rree h-e pairs in BisE II-PFDTOT:1' OM solar cclls 

was investigated by analyzing the pholocurrcnt (J p/I) under reverse bias c ndillon 

l203J. A reverse voltage sweep from 1.2 V 10 -12 V was appli l"d 10 solar cells lind Ihe 

current was measured both in the dark (J o) and under white lighl irradituion (h ). Inc 

effective photocurrent Jph was obtained by subtracting Jo rrom h . As an example. J".. is 

displayed in Figure 3.46a in a double logarithmic scale 35 a function f the elTccti\c 

vo ltage Vo-V for 1:2 and 1:4 D:A ratios, Vo being the VOIHlgC al which JpiI is lero and V 

the externa lly appl ied voltage. 

The generation rate or rrce carriers is dependent on charge carrier III illt) . 

other than on the electric field and temperature. The dependence of JpII on field is 

stronger for lower PCBM concentrat ions in BisEH-PFDTBT:J>CBM solar cells. 

indicating better transport properties for higher acceptor eoneentt1ll ions. as often 

h I sis of the !tend of JpII \\ Ilh the 
reported for polymer solar cells P 90J. From t e ana) 

effective voltage it d b ION· of 0 5 ,'n an intermediate runge of the: 
is evidence Y a s t'~ • 

III 



voltage. This is consistent with the nearly linear Telatio h' rJ ' 
ns Ip 0 ~ ""h p. obscncd ror 

all considered blend compositions. For all D:A ratios J reached h 
, ph I C Sll IUnt.llon al high 

reverse bias (F igure 3.46), indicating thai all phOlogcncrUlcd bound h-< pairs arc 

di ssoc iated into free carriers. From thc saturation CUrrent (J ) the ' r 
~ , gcncrollDn rate 0 

bound hoc pairs Gmax was calcu lated with Equation IJ I and ils value ranged bC"tYo etn 

4.0 x 10
21 

and 6. 1 x 10
21 

em'} s"l for BisE H·PFDTOT:PCI3M solar cells, the laller \aluc 

be ing related to the I: I D:A blend wh ich for comparable thickness absor s more hgtll 

A clear dependence of the percentage of chargc generat ion on l3isH I-PFD I 0 r:PCIlM 

blend compos ition, Figure 3.46b, with respect to its maximum possible value G." \lo llS 

found at short-circuit condition (Y = 0) and at the vol tage VMPfI corresponding \0 the 

maximum power point of the J-Y curve. As e."(pcctcd, both at V · 0 And V · VM" . the 

charge generat ion abili ty reachcd its hi ghest value for 1:4 D:A mtio, with volue of 

64% and 38%, respectively, At 50% by weight of I>CBM, those percentages "ere 

reduced to 39% and 21 %, respecti vely. 

Even for the most efficient blend composit ion, more than olle third of Ihc 

photogeneraled bound hoe pairs docs not lead to the formation of curriers free to mo'c, 

indicating that thi s step is a major limiting factor of the performance of !l ist: ll· 

PFDTBT:PCBM solar cell s. 
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Figure 3.46 (a) Effet:live pholoc urrent against the clTc:ct;\C, \ ohagc of 

ITOIPEDOT:PSSlBisEH-PFDTBT:PCBM/AI solar cells, under "hite 

light irradiation (AM 1.5, 100 mW cm'2). for 1:2 (circles) and 1:4 (squares) 

D:A weight ratios, (b) Probability of c-harge gcnenllion al short-circuit 

condition and at the max imum power point is displayed againsl the D:A 

weight ratio, 
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3.5.4 Effect of active layer thi ckness and !.iF buffer layer 

A study of the behaviour of BisEH-PFDTIlT:PCBM solllr cell s with the actl\C 

layer th ickness was also carried out for the optimum D:A ratio of 1 :4 . For better dc, ICC 

optimization, II LiF (0.8 nm) cathode buffer layer was evaporated on the top of thc 

act ive layer before the AI contact deposition. The parameters cxtracted from the J-

curves are reported in Table 3.4 for active layers thickness ranging bct\\cen 90 nm and 

160 nm. 

Table 3.4 Summary of parameters extracted from the J-V CUI'\C of 

ITO/PEDOT:PSSfBisEH-PFDTBT:PCBM/LiF/AI sainT cell s, prepared with 

the same D:A weight ratio of 1:4 and with different thicknes of the OC1I\C 

layer. 

Photovoltll ic pllrarnctcrS 

Thickness D:A ratio R, 
(AMI.5, 100mWclll·ll 

(w/w) (Q em") J. V« FF I I, 
(nm) 

(rnA cm·2) (VI (y.) 

8.91 5.66 1.05 0.40 2.4) 
160 1:4 

5.42 4.91 1.05 0.42 2.25 
125 1:4 

).90 5. 16 1.01 0.46 2.51 
100 1:4 

5.02 1.04 0.41 2.46 
90 1:4 2.25 

the collection of ncgathe carrierS and . as 
The LiF buffer layer assistS in 

hod contact resistance. resulting In a 
[ II J 't decreases Ihe cat e 

reported by Brabec et al I , I 

) 4 
Thc n.'lrnmeICrs most ntTcctcd by the 

. f lar cells Table . . 1'--
reduced series resistance 0 so I 
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active layer thickness were Ihe series te . Sistancc and fill 

transport limitation in BisEH.PFDTBT' 
.PCOM so lar cells. 

factor, indi l ine hir&( 
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Figure 3.47 (a) The pholocurrent curves against the cffccti,"c \ o llage and for 

different thickness: 93 nm (squares); 126 nm (circ les); 160 nm (triangles). 

(b) Maximum possible generation rate of free carriers in 

lTOIPEDOT:PSS/Bj sEH-PFDTBT:PCBM(I :~ w/wytiF/At solar cc ll~ as a 

function oflhe active layer thickness. 
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The power conversion efficiency did not changca 10' . h h h· 
\\ II I C I 1ckness. being 

compensated by an enhanced light harvesting ab il ity for thicker aC l i \'~ loyers. The best 

overa ll pcrfonnance was achieved with the blend 100 om thick sho" ·, g h . 
, n ' n Ii S on-clrcull 

current of 5. 16 rnA cm,2, an opcn--circuil voltage of 1.07 V, a fill foctor of 0.46 and a 

pe E of 2.57%. 

The photocurrent showed a simi lar behav iour with the effective vOltage for cells 

made with different thickness of the active layer, Figure 3.473. From thc slIIuralion 

currents, the maximum rate for e-h pair dissoci at ion was calcullllCd . 

As ex pected, Gmax is reduced as the active layer becomes thicker and th icker. 

since it represents an average value over the sample th ickness, Figure 3.47b. The 

generation rate probabilities of free carriers at short-circuil condition and Il t the 

maximum power point are displayed in Figure 3.48 as a function of the bl end th ickncs . 

••• • V; O 
70 .. • V = V",pP 

;;, ... 
"-
c 60 • 0 
~ 

~ • m 
c 
m 50 
C> 
m •• ~ ..... .. m 40 r- .... . 
u •••• 

30 • 
100 120 140 160 

Th ickness (nm) 

Figure 
. t short-c ircuit condition Ilnd at the 

3.48 Probab il ity of charge generallon a 

. TO/PEDOT-PSS/DisEIH'FJ)TBT:I'CIlM( 1:4 
max imum power POint for I . 

. r the active layer thickness. 
w/w}/LiF/AI solar cells as a functIOn 0 
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3.5.5 Conclusion 

The overall performance of BisE H-PFDTllT' I'CB'l I I 
. I so ar ~ Is rraches Its 

maximum at 80% by we ight of fu llcrenc content. Device made with IK'thc la)ers or 

comparable thickness and peBM content ranging between 50% and 80% sho" J •• II', 

shunt resistance, and efficiency increasing with the fullercnc content, accomplished b) 

a decreas ing series resistance. Th is clearly indicates the device performance i mainl) 

con trolled by the donor/acceptor intennixed network fonnation rather than b) the 

photon absorption abi lity, also confinned by the trend with the ac\ivc la)cr thiel-.ne s. 

The dependence of V <Ie with light power intensity indicates the occurrcncc of trapping 

effects at lower peBM content. The best power conversion emelcncy was achle\cd for 

1:4 D:A weight rat io and the blend thickness of 100 nm. 

A main loss mechanism is represented by the reduced ability of gencrIltion or 

free electron-hole pa irs. At short ci rcui t condi tion, only 64% of the phologencfillcd 

excitons leads to free carriers, while the percentage is reduced \0 38% (lithe ma.ximum 

power point for the best blend composition. This incompletc dissocintion of 

photogenerated bound electron-hole pai rs under operating condition is therefore a main 

lose mechanism. 
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